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Foreword 

As the chairs of the 53rd International Conference of Architectural Science Association (ASA 2019) hosted 

at IIT Roorkee (India), we are delighted to present this conference proceeding, which brings together the 

peer-reviewed research papers produced for ASA 2019. 

The theme of ASA 2019 is on Revisiting the Role of Architecture for 'Surviving' Development. This is 

important and timely given the era of climate emergency in which we are in, and the limited time we 

have for action to mitigate carbon emissions, and adapt to a changing climate. The twentieth century 

has been a century of material consumption and material consumption has been rampant through all 

walks of our lives. Building, built environment and architecture being the reflection of socio-cultural 

system in time, is also reflecting the same pattern of consumerism. In order to enquire into this, to find 

more insights into the current problem and its architectural solution, it was an appropriate time to this 

about the role of architecture for ‘Surviving Development’. The sub-themes for the conference pave way 

towards an investigation into the theme. There has been a strong support received from all over the 

world by the scientific community through the research work which was shared at this platform.  

The Architectural Science Association has an important role in this transition by promoting sound 

architectural science, theory and practice to colleagues involved in teaching and research in institutions 

of higher education. Through such international conferences every year, ASA enables them to meet, 

discuss, and exchange information about their research and teaching. 

At this 53rd edition of the ASA conference, about 80 peer-reviewed technical papers were presented 

from 14 countries (Australia, Bangladesh, China, Denmark, India, Indonesia, Iran, Japan New Zealand, 

Philippines, Taiwan, UAE and the UK) in 18 technical sessions throughout the three days in November 

2019. The technical presentations were accompanied by moderated panel discussions, keynote 

speeches and industry exhibitions. 

This electronic document includes all the technical papers presented during this conference organised 

by thematic areas such as building performance evaluation, interpreting traditional built environment 

and practices, role of occupants, and architectural education and sustainability. The papers cover the 

depth and breadth of architectural science and - urban design, construction material and construction 

practices to name a few. 

To bring out credible and high quality research, we have been careful to use a double-blind peer review 

process to curate the papers presented in the conference, as done in previous ASA conferences. Over 

200 abstracts were received, from which 83 papers have been published in this electronic document.  

We are grateful to the members of the scientific committee who were involved in the peer review 

process. We are particularly grateful to our Co-scientific chairs- Prof. Priya Rajgopalan and Prof. Ashish 

Shukla for leading the peer review process.  



 

 

 

We are also thankful to the student team which has worked tirelessly towards putting together the 

formatted version of proceedings – Akhilesh Kumar, Shubham Jaiswal, Ragavendra Kuppuswamy and 

Rajon Debnath.  

We hope you find this electronic proceeding of ASA 2019 stimulating and insightful.  

 
 
 
 
 
Dr. Avlokita Agrawal 
Organizing Chair, ASA 2019 conference 
Faculty, Department of Architecture and Planning, 
Indian Institute of Technology, Roorkee, India 

 
 
 
Professor Rajat Gupta 
Scientific Chair, ASA 2019 conference 
Director, Oxford Institute for Sustainable 
Development, Oxford Brookes University, UK 
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Abstract: The New Zealand Government has made a commitment to build 100,000 new dwellings over 
the next 10 years under its Kiwibuild programme. It has also made a commitment, under the Paris 
Accord, to reduce greenhouse gas (GHG) emissions to 30 percent below 2005 levels by 2030. The 
embodied CO2 emissions of the materials used to build 100,000 houses are therefore a critical 
consideration. Increased use of bio-based materials, like straw, could significantly reduce CO2 emissions 
from the construction industry, but are New Zealand farmers able to produce enough straw? Floor plans 
of two typical timber framed three-bedroom Kiwibuild houses were adjusted to incorporate an 
experimental timber and straw bale wall panel system and the number of straw bales required was 
established. The quantity of straw produced annually in Aotearoa New Zealand and the number of bales 
available for construction was calculated using industry data. The results show that at current 
production levels there is enough straw available to build more than ten percent of the total number of 
detached houses consented in 2017, clearly demonstrating that the grain growing sector does have the 
capacity to supply enough straw. 

Keywords: Straw bale; prefabrication; GHG emissions. 

1. Introduction 

The construction sector is one of the largest contributors to world-wide greenhouse gas (GHG) 
emissions (IEA,2018, p.9), and as populations continue to rise so too does the pressure to produce more 
and more buildings.  More buildings equals more GHG emissions, therefore the materials used in 
procuring these buildings is of vital importance if we are to survive development. 

Bio-based materials have very low CO2 emissions and increased use of these could make significant 
reductions in the CO2 emissions from the construction industry. Timber is already the predominant 
structural material Aotearoa New Zealand, but there are other bio-based materials, such as straw, which 
are currently underutilized. The New Zealand Government has made a commitment to build 100,000 
new dwellings over the next 10 years under its Kiwibuild programme. It has also made a commitment, 
under the Paris Accord, to reduce GHG emissions to 30 percent below 2005 levels by 2030 (MFE, 2019a). 
The embodied CO2 emissions of the materials used to build 100,000 houses are therefore a critical 
consideration.  
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The agricultural sector is the largest emitter of GHGs in Aotearoa, producing 48 percent of annual 
emissions, mainly in the form of methane from dairy cattle digestive systems (MFE, 2019b), but it also 
has the potential to provide the raw material for an expanded bio-based construction system. New 
Zealand farmers are good at growing grain; their yields are consistently high. Crop residue (straw) yields 
are also high, but their economic value is low, so much so that between 2008 and 2013 40 percent of 
the residual straw was burned in the field after harvest (FAR, 2013). While the practice of burning is 
favoured by many farmers, the associated fire risk and air pollution are problematic, and burning 
effectively negates the carbon sequestration that occurs as the crop grows.  

This paper seeks to establish whether the grain growing sector produces enough raw material for the 
expanded use of straw bale walls in domestic dwellings. Data from published literature is used to 
determine the size and shape of typical timber framed dwellings on offer from housing companies under 
the Kiwibuild programme. A prototype straw and timber wall panel system, being developed by the 
author as part of a wider research project, is then applied to those designs and the amount of straw 
required is calculated. Updated data on crop residue from the Foundation for Arable Research (FAR) and 
Statistics New Zealand (Stats NZ), and further information gleaned from FAR researchers is used to 
estimate the number of bales currently available for construction.  

2. Straw 

2.1 What is it and why build with it? 

Straw is the stem which supports the head of small grains like wheat, barley, oats and rice. While the 
grains themselves have a high value the straw does not. When the seed heads are harvested a small 
amount of straw is cut with them and the rest is cut off about 100mm above ground level and either 
baled and removed, or left in the field. The cut straw length is 150-450mm but if it is to be left in the 
field, it is cut into shorter lengths by the combine harvester. The remaining stubble with or without the 
cut straw is either left as is with the following crop being sown directly through it (no-tillage system), 
turned back into the soil, or burned before the next crop is sown. 

When straw is removed from the field by a baling machine the bales are large round or rectangular 
bales, or smaller rectangular bales 450mm wide by 350mm high and 900-1000mm long. Since the 
invention of baling machines in the late nineteenth century, these smaller rectangular bales have been 
used for construction, most notably in Nebraska, USA around the turn of the twentieth century (Steen, 
1994). Although the larger bales have been used in Australia and Switzerland (Glassford, 2019; Schmidt, 
2019), it is the smaller ones which are more commonly used.  

The potential for bales to be used as giant building blocks continues to be a major reason why they 
are attractive to people wishing to build their own houses. Straw bales also provide high levels of 
insulation. A plastered 450mm thick straw bale wall is regarded as having an R value of 5.29 C°m²/W (R-
30 in imperial units) by the California Energy Commission (King, 2006). Higher levels have been recorded 
but because of the innate variability of straw bales, the conservative value of R 5.29 is widely accepted. 
The reduced heating requirements for buildings constructed with such highly insulative walls also mean 
an overall reduction in CO₂ emissions. 

The embodied CO₂ emissions of straw bales are extremely low. Andrew Alcorn calculated the 
embodied CO₂ emissions of straw bales in Aotearoa as being -210Kg/mᶟ (2010, p.54). A negative result 
was also arrived at in the United Kingdom (Sodagar, 2011,p.17). The potential that straw bale 
construction offers as a means to reduce CO₂ emissions is significant in the context of Aotearoa’s 
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commitment to the Paris Accord and the recently introduced Climate Change Response (Zero Carbon) 
Amendment Bill (MFE, 2019b). 

2.2 Straw production in Aotearoa New Zealand 

Grains have been grown in Aotearoa for two hundred years. Wheat seed introduced by European 
missionaries was grown by Māori communities who then ‘sold to settlers, exported to Sydney, or used 
[it]themselves’ (Zydenbos, 2009). By 1855 ‘4,000 hectares of wheat [were] grown nationwide’ (BIRT, 
2017). Cereal grain production continues to be significant with 97,000Ha of wheat and barley grown in 
the year ended June 2018, this being slightly higher than the previous year (Stats NZ, 2019). Two South 
Island farmers also hold the world records for wheat and barley production (Hutching, 2017). Yields of 
straw in relation to grain are also high, nearly twice that for the same crops in Australia and similar to 
those in the UK (FAR, 2013, p.16). 

In 2013 Environment Canterbury commissioned the Foundation of Arable Research (FAR) to report 
on the practice of stubble burning, including straw, amid mounting concern about the associated fire 
risk and air pollution. The report explains the rationale behind current grain farming practices and 
investigates other options for dealing with the residue (FAR, 2013).  

Using the figures for area under production and quantity of straw produced from Table 1 of the 
report (2013, p.12), figures for tonnage of straw per hectare are arrived at below(Table 1). 7.6 tonnes of 
straw per hectare of grain production are produced annually. For the 97,000Ha under production in 
2018 this equates to 737,200 tonnes of straw.  

Table 1: Straw production in Aotearoa New Zealand for the year ended June 2018 

 Area grown (Ha) Quantity straw (tonnes) Straw/Ha (tonnes) 

Wheat 54,900 362,500 6.6 
Barley 66,300 563,500 8.5 
Total 121,200 926,000 7.6 

 

In the five-year period 2008-2013, 41 percent of the straw produced was burnt in the field. The rest 
was either removed as bales or retained in the field. Unfortunately, records have not been kept of how 
much is baled, nor the final destination of the bales. The quantity of straw that is available for baling, 
however, is discussed in section 5. 

2.3 Straw bale construction in Aotearoa New Zealand 

No evidence has been found of straw bales being used for construction in Aotearoa New Zealand prior 
to 1995 when a small house in Marlborough was completed (Hall, 2012). At this point, awareness of the 
straw building revival that had begun in the US in the late 1970s spread to Australasia. Since then, small 
numbers of straw bale houses have been built each year and a network of practitioners has developed. 
National figures are not available but in the Nelson/Tasman area there were 32 houses in existence by 
the end of 2010 (Hall, 2012).  

“It is reasonable to speculate that there may be 300 straw bale houses nationwide. 
Assuming the Nelson/Tasman sample is indicative of the national position, 69 percent of 
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the houses were built with a high degree of owner participation, and 85 percent are in 
rural locations. These findings support the general perception of straw bale as a material 
suited specifically to owner-builders on lifestyle blocks” (Hall 2017).  

There is currently no building code in Aotearoa for straw bale construction, meaning that building 
consent applications must be made as alternative solutions. Documentation based on overseas codes 
and guidelines has been used to support applications, most notably King’s Design of Straw Bale Buildings 
(2006) and Appendix S of the [United States] International Residential Code (ICC, 2015). However, a 
recent review of the New Zealand Earth Building Standards, currently out for public comment, contains 
an informative appendix on straw bale construction which, if accepted in the final standard, will make 
the consenting process easier for all parties (NZS, 2019). 

Construction methods invariably involve timber supporting structures with straw bale infill walls, and 
timber framed roofs. Walls have traditionally been plastered inside and out using cement, lime or 
earthen plasters, but more in some cases cavities have been installed on exterior walls allowing a variety 
of cladding materials to be used. For some houses, the straw bales have been designed to take some 
load, but it is not common to use fully load bearing straw bale walls in Aotearoa. Such systems require 
the straw bale walls to be completed before the roof can go on, a situation that has some risk in many 
parts of Aotearoa where weather conditions can change very quickly. It is eminently preferable to have 
the roof on before the moisture sensitive bales are installed, and this has become common practice. 
Applying the plaster finishes is the slowest part of a straw bale build process and adverse weather 
conditions can cause further delays. To speed up the process, some practitioners have been 
experimenting with prefabricating straw bale panels off-site in controlled conditions but to date this has 
not got beyond the one-off experimental stage (Hall et al, 2014).  

3. Prefabrication of straw bale  

3.1 Why prefabrication? 

Prefabrication of building components or whole buildings can have significant advantages over in-situ 
builds. Greater control of environmental conditions, quality of product, material waste, costs and safety 
mean that on site time can be significantly reduced and the quality of the finished product significantly 
increased.  

PrefabNZ, established in 2010, is a “non-profit membership organisation that informs, educates and 
advocates for innovation and excellence in offsite design and construction in New Zealand” (PrefabNZ, 
2019). Membership includes manufacturers, housing companies, professionals and academics all of 
whom look to prefabrication as a means to counter the inability of the construction sector to supply 
houses at an acceptable rate. Whole houses or components of houses are prefabricated using a variety 
of materials but to date this does not include straw bale in Aotearoa.  

If straw bale construction is to gain a stronger presence in the housing market, the process of 
building in straw needs to speed up. Prefabrication of wall panels has the potential to do this and is 
worthy of further investigation. 

3.2 International examples 

Over the past eighteen years, off-site prefabrication has been developing in other parts of the world. 
The most well-known of these are Ecococon, based in Lithuania, and Modcell® Straw Technology, based 
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in the UK. Both companies integrate timber and straw bales into load bearing wall panels which are then 
transported to site.  

Modcell®, in collaboration with the University of Bath, has been developing its wall systems since 
2002. The Balehaus at Bath, constructed on campus in 2009, has provided the opportunity for 
continuous monitoring of the system in use. Large wall panels, consisting of full-width engineered 
timber frames with straw bale infill, are constructed in controlled conditions off-site. Recent changes to 
the panel design include intermediate vertical I-joists with the bales being laid on end between them. 
Finishes vary according to panel type and range from traditional lime plasters inside and out, to 
breathable sheet linings both sides, and cavity battens to the exterior supporting a variety of rain screen 
options. The Modcell® Core+ panel meets Passivhaus standards. Built projects to date include schools, 
business centres and housing projects (Modcell, 2019). 

Ecococon, operating since 2008, also constructs wall panels off-site, but its panels are smaller and do 
not appear to have interior and exterior finishes applied before delivery to site. Sawn timber is used to 
construct double frames spaced 400mm apart to contain the full bale thickness. As with Modcell®, a 
variety of interior and exterior finishes can be applied. Walls have been successfully tested for fire, 
structural integrity, air-tightness and thermal and moisture performance, and meet Passivhaus 
standards. The built examples shown on the Ecococon website indicate that the system has been used 
predominantly for stand-alone houses throughout Europe (Ecococon, 2019). 

Closer to home, Australians John and Susan Glassford have developed the SITUPS panel system. Like 
Modcell, engineered timber is used to construct a smaller frame with infill straw bales. As with Ecococon 
the panels are finished on site (Glassford, 2019). The Glassford operation is much smaller than its 
European counterparts and is geared more as an extension of the traditional rurally based owner-
builder market rather than trying to find a foothold in the mainstream, although that possibility cannot 
be ruled out.  

Any of these systems could be replicated or adapted for New Zealand conditions. The size of the 
panels and the decision to use engineered or sawn timber would depend on the target market and the 
resources of those embarking on the enterprise. For instance, the larger heavier Modcell panels may be 
best suited to commercial builds and larger projects such as schools or medium density housing, while 
the smaller, lighter Ecococon and SITUPS panels may work better for individual or community housing 
projects.  

3.3 Project Pātūtū 

The author is engaged in a research project investigating the design of timber and straw prefabricated 
wall panels. Project Pātūtū seeks ways of integrating straw and timber panels into main stream house 
construction and also at their potential for use by communities wishing to be actively involved in the 
construction of their own dwellings. For Stage 1 the project involves students, technical staff, architects 
and academics.  

During Stage 1 four prototype wall panels are being investigated at one third scale, using a variety of 
timber frame options: laminated veneer lumber (LVL), timber I-beams, sawn timber vertical trusses, and 
a ‘C’ frame where sawn timber and plywood are incorporated to form a channel section (Figure 2). The 
latter prototype has been used to estimate the quantity of straw required to construct a typical New 
Zealand house. 
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Figure 1: Project Pātūtū – ‘C’ Frame timber and straw bale panels. (Min Hall, 2019)   

4. Housing in Aotearoa New Zealand 

4.1 Current situation 

There is a serious housing shortage in Aotearoa, particularly of affordable houses. The problem is 
exacerbated by the size of houses being built which has grown dramatically over the past 50 years to a 
point where it is no longer sustainable in terms of land use, associated infrastructure, affordability, 
material use and energy efficiency. As Guy Marriage pointed out in 2010, “We are now housing less 
people, in larger houses, on less land, and yet costing more money” (Marriage, 2010). Recent changes in 
dwelling type have slowed this growth in size down with a move away from mainly stand-alone 
dwellings to more townhouses and apartments being built particularly in the urban areas. The average 
house is 210m2 and invariably includes a garage (Ninness, 2018).  

When the current government came to office in 2017 it made a commitment to build 100,000 new 
houses over the ensuing ten years and initiated an ambitious programme, Kiwibuild, to facilitate this. 
The programme aims to increase “the supply of affordable homes by incentivising property developers 
to build more affordable, high-quality, starter homes” mainly for first home buyers or others in a similar 
financial position (Kiwibuild, 2019). Housing companies joining the programme commit to providing 
“affordable, modest starter homes” that cannot exceed maximum price limits set by the government. 
The houses vary in size, typically from one-bedroom apartments to three-bedroom stand-alone houses. 
They are not subsidized and purchasers need to supply their own finance. A three-bedroomed Kiwibuild 
house is invariably smaller than the 210m2 average New Zealand house.  

4.2 What is a typical Kiwibuild house? 

Plans for Kiwibuild houses are freely available for download from developers who have joined the 
scheme. Typologies range from single-bedroom apartments to four-bedroom stand-alone houses, with 
the stand-alone houses invariably including a built-in garage. Three bedroomed houses are the most 
common size in Aotearoa (Khajehzadeh, 2016, p.3) and for this reason a three-bedroom Kiwibuild house 
is taken as being typical. 

Mike Greer Homes(MGH) have a variety of Kiwibuild options on their website (MGH, 2019), many of 
which have three bedrooms and which range in size from 116m² to 162m². All of them include a garage. 
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Two designs for houses in Woodend and Rangiora in Canterbury, measuring 156m² and 148m² 
respectively, have been taken as examples. These particular designs have been chosen because in terms 
of size they are at the larger end of the three-bedroom range, and a conservative approach to 
estimating is considered prudent. The plans are also relatively easy to adapt to a panelized wall system 
as illustrated for the Rangiora house in Figure 2.  

 

 

Figure 2: MGH Rangiora house plan on left and adapted for ‘C’ panel construction on right 

4.3 What if the walls were straw? 

For the purposes of estimating the amount of straw required to build a typical Kiwibuild house, the ‘C’ 
Frame prefabricated timber and straw bale panels from Project Pātūtū have been applied. Floor plans of 
both the Woodend and Rangiora houses (Figure 3) have been adapted and redrawn using the ‘C’ panels 
which are 2.7m high, 1.0 - 2.0m wide, and .45m thick for the exterior walls. Table 2 shows the number of 
panels and therefore straw bales required for each house. Windows and doors to main living areas are 
assumed to extend to floor level and elsewhere short panels of three bale courses have been allowed 
beneath the openings. A five percent contingency added. 

Table 2: Straw bales required for Kiwibuild houses 

 Rangiora (156m²) Woodend (148m²) 

Panel Type Quantity Length(m) Bales Quantity Length(m) Bales 
1.0 (7 bales) 19  133 12  84 
1.5 (10.5 bales) 1  11 2  21 
2.0 (14 bales) 7  98 10  140 
Sub-sill (3 courses)  7.0 21  10 30 
Sub-Total   263   275 
5%   13   14 
Total   276   289 
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The Rangiora house requires 276 bales and the Woodend house 289. The difference of 21 bales 
required is best explained by the shape of the two plans. The Woodend house has a more linear plan 
and consequently has a greater wall to floor ratio than the Rangiora house.   

5. Capacity to supply straw 

5.1 How many straw bales are available for construction? 

For the year ending June 2018, 97,000Ha of wheat and barley were grown in Aotearoa (Stats NZ, 2019). 
Ivan Lawrie, General Manager of Research and Development at FAR, estimates that 20 percent of 
farmers retain the residue for soil management, 20 percent burn it and 60 percent will consider market 
options which include selling as bales for: winter feed to dairy cows, horticulture, animal bedding, 
temporary surface water management, and straw bale house construction. He estimates there are 
50,000Ha producing straw for sale annually (Lawrie, 2019).  The figures in Table 1 demonstrate that an 
average of 7.6 tonnes of straw is produced for every hectare in grain production. For 50,000 Ha this 
equates to 380,000 tonnes of straw.  

Information varies regarding the weight of a standard two string straw bale. Jones gives a range of 
16-25Kg, (2015) and King 23-30Kg (2006). The bales purchased for Project Pātūtū average 20Kg. Taking a 
conservative approach, assuming each bale weighs 30Kg or .03 tonnes, 380,000t of straw would produce 
12.7 million bales. Lawrie estimates that at least 5 percent of the straw market would be interested in 
supplying bales for construction, this equates to 635,000 bales. 

5.2 How many houses could be built? 

If a conservative approach is taken and the number of straw bales required to build the exterior walls of 
the Woodend house is used, 289 bales, 2,197 such houses could be built annually using the Project 
Pātūtū panels. For the Rangiora house, at 276 bales, the number of houses rises to 2,300.  

The National Construction Pipeline Report 2018 tabled the total number of dwelling consents issued 
in 2017 as being 31,081 and predicted a steady rise over the next five years as the Kiwibuild programme 
gets underway. The total includes consents for detached (stand-alone) houses, terrace houses, 
apartments and individual units in retirement villages but if only detached houses are considered the 
total was 21,016. Currently enough straw is grown annually to provide bales for ten percent of these to 
be built using timber and straw bale panels.  

6. Discussion 

This paper is by its nature speculative but the question at its heart, “Does the grain growing sector have 
the capacity to supply straw for house construction?” is an important one to address. Estimates for the 
quantity of straw produced, the number of bales that may be available for construction, and those 
required for a typical Kiwibuild house are purposely conservative. The research results conclude that 
there is enough straw to build ten percent of the total number of detached dwellings each year but 
there are other factors that need to be considered. 

Arable farming is particularly susceptible to the vagaries of weather and a changing climate. The 
National Institute of Water and Atmospheric Research (NIWA) predicts that the major grain growing 
regions in Aotearoa will become both hotter and drier over the next eighty years (NIWA, 2008). This may 
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have a negative effect on the sector but it may simply mean a gradual locational shift into regions 
formerly unsuited and/or changes in farming practices.  

Public concerns about the environmental impact of burning crop residue are unlikely to diminish as 
awareness of climate change and the need to reduce the national carbon footprint grows. Farmers too 
are concerned about these issues and they are also pragmatic. If there is an increased demand for baled 
straw, more farmers may look to change their practices regarding preparing for the next crop rather 
than rely on burning. An added advantage of supplying straw for construction is that the carbon 
sequestered in the straw remains in the completed buildings.   

The agricultural sector, despite being responsible for 48 percent of annual GHG emissions, is 
currently not required to enter the New Zealand Emissions Trading Scheme (NZETS), but the recently 
formed Interim Climate Change Committee has been asked to investigate how “obligations could be 
best arranged if agricultural methane and nitrous oxide emissions enter the NZETS” (ICCC, 2019). A 
common option for mitigating the effects of GHG emissions is to invest in forestry: to plant trees which 
sequester carbon. Growing straw for construction could be another option.  

Before building with straw bale can become a viable option for mainstream construction, the lack of 
building expertise and regulations needs to be addressed. If adopted, the proposed appendix on straw 
bale to the New Zealand Earth Building Standards, is a good starting point. Prefabrication of timber and 
straw wall panels also has the potential to make construction on site easier and is in line with the 
Kiwibuild programme which “aims to drive innovation particularly in the area of prefabrication” 
(Kiwibuild, 2019). But perhaps the biggest challenge will be to convince a conservative construction 
industry that building with straw is a serious proposition.  

7. Conclusion 

This paper set out to determine if the grain growing sector has the capacity to supply straw for house 
construction at scale in Aotearoa. Using two typical timber framed three-bedroom Kiwibuild houses as 
models, the plans were adjusted to incorporate an experimental timber and straw bale wall panel 
system. The number of straw bales required to build each house was then calculated. The quantity of 
straw produced annually and the number of bales likely to be available for construction was calculated 
using data from Statistics New Zealand and information from FAR. The results show that at current 
production levels there is enough straw available to build over 2,200 three-bedroom Kiwibuild houses a 
year. This represents more than ten percent of the total number of detached houses consented in 2017 
and clearly demonstrates that the grain growing sector does have the capacity to supply enough straw.  
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Abstract: Courtyards are building elements that originated from the hot dry regions, are amongst the 
oldest architecture footprint that have been used in buildings by human and now has gained wide 
acceptance in various parts of the world. The geometry of the courtyard form affects considerably the 
shadows produced on the building envelope, and consequently the received solar radiations and the 
cooling and heating loads of the building. In recent years, there has been a growing interest in the 
design of courtyards for the microclimatic enhancement of outdoor spaces. However, there is still little 
knowledge regarding the thermal performance characteristics of courtyards, particularly in hot and 
humid climates. This study reviews and evaluates the available literature on courtyards for providing 
thermally comfortable outdoor spaces and analyse and discuss the results of a simulation study 
performed according to different design configurations and scenarios of orientations and use of 
vegetation in an enclosed courtyard space to optimize courtyard orientation and acceptable vegetation 
densities for maximum thermal comfort. 
The software ENVI-met 4.4, a three-dimensional fluid dynamics microclimate software is used as a tool 
to carry out the parametric studies for simulating the outdoor thermal performance of an enclosed 
courtyard in the hot and humid climate of Tiruchirappalli, India, for an identified hot day and building 
occupancy period. This software provides the platform to model the surface- plant- air interactions in 
urban spaces with a typical resolution from 0.5 to 10 m in space and 1 to 10 s in time. ENVI-met requires 
detailed inputs related to the meteorological data, building, vegetation and soil characteristics. Five 
different permutations of vegetation densities and subsequently 10 orientations of courtyard are 
simulated for outdoor thermal performance and comfort. Comparison of the simulated results is done 
on the basis of shadow analysis, air temperature, wind speed, relative humidity and mean radiant 
temperature. Also, the Physiologically Equivalent Temperature (PET) index allowed to further explore 
the thermal comfort conditions of the courtyard space. As a result, guidelines are proposed to optimize 
the design of courtyards based on their vegetation densities and orientation towards enhancing their 
thermal performance characteristics. 
It is important to take into consideration the orientation and location during the early design stage of 
courtyards. The results of the study suggest that a major change in the thermal performance of the 
courtyard can be achieved by properly orienting the building and the courtyard to achieve maximum 
internal shading, better wind speeds and controlling humidity. Even though increasing the use of trees in 
courtyards directly results in an increased level of relative humidity inside the courtyard space and 
reduction in wind movement, it was observed that an abundance in the amount of vegetation in the 
courtyard can help achieve an acceptable level of thermal comfort in the region and may be used by its 
users for a larger proportion of courtyard area and duration of occupancy period. Finally, this paper 
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stresses that only well-designed courtyards and landscapes may represent a viable option for 
sustainable built environments. 

Keywords: courtyard, microclimate modifier, mean radiant temperature, physiologically equivalent 
temperature 

1. Introduction 

Meteorological and climatic conditions of urban areas constitute a relevant issue for urban design and 
urban studies, as they affect human thermal comfort both outdoors and indoors, influencing the 
appreciation and use of open spaces and, indirectly, the energy consumption of buildings for heating, 
cooling and ventilation. Urban design itself plays an important role in determining these conditions, 
which is generally not fully considered by designers. To address this lack of awareness, there is a need 
for an interdisciplinary approach of architecture and urban climatology, able to investigate the long-
term interrelation of climate, thermal comfort and city structure on an operative level, going beyond 
both empirical, inferential studies on single urban areas or single seasons and abstract analysis 
concentrated on physical and atmospheric processes. 

The climate of individual cities depends mainly on macroscale and mesoscale topographical and 
physical factors such as geographical position, orography, water cycle, etc. and it is susceptible to 
relevant variations for limited temporal and spatial changes (Kuttler, 2000). Within the vertical scale of 
Urban Canopy Layer (UCL), which constitutes the lower part of the roughness sub-level, (approximately 
from the ground to the rooftops of buildings), the effect of urban design factors on microclimate 
becomes substantial and it strongly affects thermal comfort (Oke, 2004). 

Urban geometry (dimension of buildings and spaces between them), urban cover (materials of built 
and unbuilt surfaces), urban fabric (construction and vegetation) can modify short and long radiation 
fluxes, air movements and evapotranspiration (Martinelli et al., 2017). Urban geometry and urban fabric 
define typology classification, which provides a simplified description of urban structures for urban 
design (Martin & March, 1972). By removing the complexities of real urban zones, these generic forms 
allow a systematic assessment of the environmental behaviour of city shape and have proven effective 
in linking design strategies and thermal comfort (Ratti, 2003). 

The courtyard typology constitutes a traditional dwelling in many Asian, North African, South 
American and European countries for buildings. A courtyard is defined as a multi-storey building centred 
on an open space, normally accessed from the street. This open space acts as a climate modifier both 
for indoor and outdoor conditions (Givoni, 1998), and provides a more protected microclimate 
compared with the archetypical block and pavilion typologies. Conducting research on sustainable 
design strategies to decrease energy demand is essential. In this regard, the construction of courtyards 
may be an effective sustainable strategy to control the microclimate and the energy consumption of 
buildings. 
 

1.1. Courtyard 

The Cambridge Dictionary defines a courtyard as “An area of flat ground outside that is partly or 
completely surrounded by the walls of a building.” The amount of shadow changes in the courtyard 
during the day, and consequently, temperature differences occur between surfaces and causes a heat 



13 

 

Effect of Courtyard on Comfort - Study of thermal performance characteristics of courtyards in hot and 
humid climate 

transfer through convection between the surfaces and the air in the indoor and outdoor spaces of the 
courtyard. A fraction of the heat is stored in the thermal mass of the courtyard, which is released at 
night. The remaining part of the heat transfers through conduction, and natural ventilation occurs 
through the sky over the courtyard (Oktay, 2002). 

In the late 1960s, Martin and March (1975) studied six urban block forms at Cambridge University. 
Their detailed study of the built potential and daylight amount concluded that the courtyard creates 
optimum land use. Ratti et al. (2003) studied three urban blocks based on Martin and March in a hot 
and arid climate. They calculated the surface to volume proportion, sky view factor, daylight, and shade 
amount and further concluded that the courtyard layout had the best performance among the various 
building forms.  

The implementation of courtyards has always been regarded as a suitable design to offer privacy, 
comfort, and minimum energy usage. Furthermore, courtyards provide a good amount of daylight, 
natural ventilation, and thermal performance. Meir (1995, 2000) also believes that applying courtyard 
structures as microclimatic modifiers has been considered during the last four decades, particularly in 
hot and arid weather. Additionally, research in the United Arab Emirates showed that the annual energy 
consumption of an optimized courtyard is 11.16% lower than that of conventional building forms (Masri 
et al., 2012). 

Many studies with different methods examined the climatic aspects of courtyards. Due to complex 
interactions between the microclimatic and thermal functions of the courtyard, simultaneous simulation 
of the thermal conditions of indoor and outdoor spaces is inevitable. The interactions between the 
building and its surroundings occur at three levels: the building, neighbourhood, and urban levels. The 
integrative approach of indoor and outdoor thermal conditions has been used before; Yi and Peng 
(2014) demonstrated the interaction between building indoor thermal performance and outdoor 
microclimates using three simulation software programs at three microclimate levels: 

 CCWorldWeatherGen at the city level,  
 ENVImet at the neighbourhood level, and  
 DesignBuilder at the building level. 

 

2. Parametric simulations of courtyards  

Parametric simulations for analysing the thermal effects of courtyards in the hot and humid climate of 
Tiruchirappalli have been carried out. Tiruchirappalli is a city in India, a South-Asian country 
encompassing a tropical area and is situated almost at the geographic centre of the state of Tamil Nadu 
near the equator (10°48′18″N 78°41′08″E) and has a hot and humid climate. As such, when designing 
outdoor spaces in this area special attention needs to be paid to the impacts of solar radiation and 
possible ventilation. Annual mean air temperature for Tiruchirappalli is approximately 28.9 °C (84.0 °F) 
and monthly average temperatures ranging between 25 °C (77 °F) and 32 °C (90 °F), making the city the 
hottest in the state. The warmest months are from April to June, when the city experiences frequent 
dust storms. The high temperatures and humidity in the city have been attributed to the presence of 
two rivers, Kaveri and Kollidam, and the absence of greenery around the city. The relative mean 
humidity ranges between 40% and 80%. The days are extremely warm; evenings are cooler because of 
cold winds that blow from the south-east. From June to September, the city experiences a moderate 
climate tempered by heavy rain and thundershowers. Rainfall is heaviest between October and 
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December because of the north-east monsoon winds, and from December to February the climate is 
cool and moist. The average annual rainfall is 841.9 mm (33.15 in). Fog and dew are rare and occur only 
during the winter season. 

2.1. Overview of the methodology 

The thermal performance characteristics of courtyards were analysed according to the following design 
parameters: location and orientation, occupancy period and presence of vegetation. ENVImet 4.0, a 
three-dimensional fluid dynamics microclimate software was used to carry out the parametric studies. 
This software provides the platform to model the surface- plant- air interactions in urban spaces to 
calculate microclimatic parameters like wind, surface temperature, mean radiant temperature, etc. It is 
designed basically for micro-scale simulation with a uniform resolution (0.5 to 10m) in the horizontal 
surface and 10 s in time. It includes the key modelling inputs, initial climatic parameters, building 
structure including site location, plant type and soil type and thermal properties.  

In order to interpret properly the simulation outputs, it is essential to consider the assumptions 
behind ENVImet as shown in the Table 1. 

Table 1. Assumptions for simulation in ENVImet 

Assumptions in ENVImet 

 Flat ground 

 Box shaped buildings 

 Cubic grid with horizontal resolution of 1 m. Higher resolution is enabled only for the vertical axis 

 Empirical initial boundary conditions, found by trial and error, in order to get good agreement with 
average measurement data 

 Constant wind profile during all simulation times 

 Buildings have constant indoor temperature and no heat storage 

 1D soil model considering a five-level profile of humidity and temperature  

 Vegetation model considering the photosynthesis rate, the CO2 demand, and the state of the stomata, 
the interaction of humidity and radiation in soil and air 

 

The study focuses on simulation of air temperature, mean radiant temperature and subsequently 
physiologically equivalent temperature to evaluate the outdoor thermal comfort conditions of 
courtyards based on different design configurations 

2.2. Selection of a typical day 

Based on the Indian Meteorological Department report, Tiruchirappalli is generally exposed to variable 
winds. Since the impact of wind on the thermal performance of outdoor spaces can be significant, 
especially in humid climates, a typical day is selected from the main summer season in the present 
study. In Tiruchirappalli, the highest monthly global radiation can be found between March and June. 
Looking into the average climate data, the month of May had the highest records of the global radiation, 
direct radiation, diffuse radiation, and dry-bulb temperatures. Accordingly, this study selected the day of 
May 09. 
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2.3. Characteristics of the site and courtyard model 

 The study is being carried out in the Hot and Humid climate of Tiruchirappalli, India.  
 The site selected for field study is that of an Institutional building named Lyceum, NIT Trichy, 

consisting majorly of staffrooms. Figure 1.a, 1.b. 
 The said building is of G+2 structure with rectangular landscaped Courtyard and is east – west 

oriented along the longer axis with entries on East and North facades. 
 Building Courtyard is of approx. 14m x 34m and approximate height of 12m divided in 3 floors 

with corridors running along on all the sides. 
 The corridor has a parapet as well as beams on all sides on all the floors. 
 Simulation is done using ENVImet 4.4 software for a sample courtyard with simple rectangular 

shape and dimensions of 14m x 34m, for a stretch of 10 hours based on the average occupancy 
time period, from 8AM to 6PM on hot design day of MAY 9. 

 Adopted Temperature range is 27°C – 38°C 
 Adopted Wind speed is 3.7 m/s from East 
 Plantation type –  

o 2m high dense hedge and 25cm high grass for vegetation simulation 
o Plantation similar to existing vegetation for orientation simulation 

 Static Clothing Insulation is 0.9 Clo 
 Metabolic Activity is 1.9 Met 

2.4. Validating of the software 

Air temperature for the select design day was measured on site using a heat stress meter and also 
simulated using ENVImet 4.0 and compared for a base model with existing design conditions. After 
minor adjustments, the comparison shows high levels of correlation demonstrating an acceptable 
agreement between the predicted values and measured data (Figure 1.c.).  

 

 

Figure 1. 1.a. Google map image of the building; 1.b. Existing Vegetation; 1.c. 
Measured Air Temperature v/s Simulated Air Temperature 

a 

b 

c 
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3. Results and Discussion 

The study looked at different courtyard configurations. The courtyards had an area of 452m2, being 14m 
width by 34m length and staircase shaft cut out of 6m by 4m, surrounded by a triple story building with 
the height of 12m which was modelled according to the typical of office characteristics. The results 
presented in this section are divided into the following subsections: vegetation density (Section 3.1), and 
courtyard orientation (3.2). 

3.1. Effect of vegetation 

The study considered the utilization of five different configurations of grass and dense vegetation in the 
selected courtyard model. It has been established from previous studies that adding landscape, 
particularly trees, will improve the thermal comfort conditions in courtyard because of the larger shaded 
areas. The thermal performance of courtyard models with no greeneries, 100% covered by grass, 25% 
covered by dense vegetation, 50% covered by dense vegetation, and 75% covered by dense vegetation 
were hence evaluated (Figure 2.) and compared against existing landscape model. The results clearly 
show that increasing the use of vegetation in courtyards directly results in an increased level of relative 
humidity.  

 
 

 

Using dense vegetation considerably reduces the level of air temperature during the critical time of 
the day (12 to 16). Nevertheless, it is evident that when the sun is almost above the building and 
insufficient shading is achieved, the adoption of dense vegetation increases the ambient air 
temperature as well. Indeed, despite the benefits of vegetation, there could be negative impacts in hot 
climates due to different reasons: they can reduce the wind speed; and can block the net outgoing long-
wave radiations. Looking at the thermal comfort conditions (both MRT and PET, figure 3 & 4), it is 
inferred that increasing the coverage of dense vegetation generally improves the thermal comfort zones 
and levels. However, coverage of courtyard ground with grass does not have a significant impact on the 
thermal comfort. As shown in the figures 5, it is clearly shown that the courtyard with highest coverage 
of trees (75% dense vegetation) significantly reduces the critical period of thermal discomfort. There is 
sudden rise after 8am and drop after 4pm of MRT in all the models due to absence of direct solar 
radiation. 

Figure 2. Courtyard models according to the vegetation density and type 
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3.2. Effect of Orientation 

The study considered the utilization of 10 different configurations of orientation in the selected 
courtyard model with existing landscape conditions. Each configuration is obtained by rotating the 
entire model by 10- 10 degrees towards south as shown in Figure 5.a. It is important to consider 
orientations of the building and courtyard during the early design phase as it affects the buildings 
internal and external comfort to a great extent by controlling the amount of exposed surface to direct 
solar radiation and wind.  

The main difference caused by changing the orientation of the courtyard is in the percentage of area 
that gets shaded by the building. Results show that the difference occurs only during the early hours and 
late evenings. During the critical period of the day, the sun is directly on the top and hence there is no 

Figure 4. PET plot for different vegetation densities at 3pm 

Figure 3. Minimum and maximum MRT for different vegetation densities 
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major difference caused in shading because of the change in orientation. Ambient air temperature 
(Figure 5.c.) and MRT (Figure 6.) for the 20° rotated courtyard is observed to be least during the critical 
period suggesting maximum airflow inside the courtyard for the simulated wind flow and is highest for 
10° rotation at 4PM. But, to get the best orientation configuration, we also need to observe the 
percentage of area getting exposed to direct radiations and these temperatures and thermal comfort 
conditions which will finally suggest the usable area of the courtyard during the critical period. As we 
can see in Figure 7 and on comparing it with Figure 6, we observe that though the 20° rotate courtyard 
is getting the least of the maximum MRT reached in the courtyard, 80° and 90° rotated courtyards are 
least exposed to direct radiations and thus maximum MRT reached in each condition, proving the 
maximum usable area during the critical period. Also, there is variation seen in PET near the entrances, 
which can relate to greater wind speeds. 

 

 
 

 

 

 

 

 

Figure 5. (L-R) 5.a. Courtyard orientations; 5.b. % of shaded area; 5.c. Maximum air temperature for all 
10 orientations 

Figure 6. Minimum and maximum MRT for different orientations of courtyard during peak temperature 
hours 
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4. Conclusion 

Outdoor thermal comfort plays an important role in enhancing urban life. Through the literature study 
we established that courtyards may improve the thermal comfort of outdoor spaces if they are properly 
designed. Major scientific studies focusing on the thermal behaviour of courtyards are predominantly 
observed in arid or temperate areas. Nonetheless, evaluating the micro-scale thermal environment in 
tropical context was considered important. Accordingly, the thermal comfort during the design hot day 
conditions in the hot and humid tropical context of Tiruchirappalli was studied in this research. Findings 
present new insights to ameliorate the thermal comfort conditions of the built environment in tropical 
areas by designing efficient courtyards. According to numerous simulations, effective design options for 
the integration of courtyards are proposed. As a result, the outdoor thermal comfort in courtyards in the 
hot and humid climate of Tiruchirappalli can improve through adequate attention to the design 
configurations. Hence, as many studies present that courtyards are predominantly operative in hot and 
arid areas, they can also perform in hot and humid climates. 

A comparison between the different configurations helps clarify guidelines for future optimization of 
the thermal performance characteristics of courtyards. 

 It is crucial to control the amount of direct solar radiations received by the ground in tropical 
contexts. In this study, simulations were run in clear sky conditions and as a result, SW direct 
solar radiations are very high. Hence, it should be noted that the high values of PET belong to a 
sunny day with clear sky. 

 Proper selection of orientation of courtyards can lead to receiving maximized wind with higher 
speed plus an increased amount of shade during the daytime., hence, it is an important factor 
for ameliorating the outdoor thermal comfort. 

 Use of vegetation such as grass for covering the courtyard provides a limited influence towards 
improving the thermal comfort compared to the courtyard with bare ground; 

 Use of trees in courtyards can enhance the overall thermal comfort and can reduce the unshaded 
areas having a high level of discomfort. Covering the courtyard with 75% dense vegetation leads 

Figure 7. PET for different courtyard orientations at 3pm 
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to the highest air temperature decrease. Use of trees in warm climates can have negative 
effects on air temperature at particular times by blocking wind, reducing the wind velocity, and 
decreasing the nocturnal cooling. 

 Courtyards in the hot and humid climate of Tiruchirappalli can provide a thermally comfortable 
environment and can be enjoyed only during the early morning hours (8:00 to 10:00) and the 
evening (17:00 onward). It is important to state that the focus of this research was on the 
courtyards which are directly open to the sky and fully exposed to solar radiations, and 
therefore providing high thermal comfort is hard to achieve. 

It is also useful to remind some of the limits of the ENVImet software used: Static wind speed and 
direction throughout the day; building temperature is fixed and identical in all the points of the building 
for all buildings; similarly, the transmittance and albedo values are fixed and identical for all the 
superficies of the buildings; finally, anthropogenic heat and mass (included water vapor) fluxes such as 
traffic or air conditioning are not considered. 

This study was limited to the thermal performance characteristics of courtyards; nevertheless, future 
research is needed to understand the impacts of courtyard on the indoor thermal conditions and energy 
performance of surrounding buildings. 
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Abstract: The Ministry of New and Renewable Energy (MNRE), Government of India, has identified solar 
cities with the object to supplement renewable energy (RE) with conventional energy in a substantial 
way and Coimbatore is one among them. Solar cities aim to reduce their projected energy demand by 
10% over the next five years through RE sources and energy efficiency measures. Coimbatore is taken as 
the city of inquiry to identify the rooftop and façade potential among residential, commercial, and 
industrial (IT) building typologies. A focus group discussion involving stakeholders substantiated that 
incentives from the government are a driving factor for the deployment of solar PV. The challenging 
factors are the mutual shading of buildings, lack of consumer education, and lack of mandatory 
enforcement. From the solar insolation analysis of chosen urban blocks in the residential category, 
enough rooftop space is available for RTPV (Rooftop photovoltaics), which alone can offset 238% 
common energy(for lights and lifts) and west façade can alone offset 104% of common energy in a G+10 
floor apartment in Coimbatore. In a dense commercial setting, with RTPV alone, the offset is from 2%–
23% for air-conditioned shops and 36%–100% for non-air-conditioned shops.RTPV payback period for 
mall and IT offices is less than five years. 

Keywords: Rooftop  PhotoVoltaics (RTPV), Building-integrated Photovoltaics (BIPV), Urban Solar PV 
potential 

1. Introduction 

Most parts of India have 300–330 sunny days in a year, which is equivalent to over 5000 trillion kWh per 
year. This is more than the total consumption of the country's energy per year. The average solar 
incidence is at 4–7kWh/m2/day (Srivatsava et al. 2013). Due to several issues such as limited 
conventional reserves, their environmental and social impacts, energy security and tackling climate 
change, solar energy is becoming an alternative source of clean energy.  Due to its abundant availability, 
solar PV technology with zero fuel cost and with 25–30 years of project life is seen as an attractive 
option (Reaching the sun through rooftop solar 2014) 

Cities consume a major portion of electricity in India. Through the Smart Cities’ Mission, the Ministry 
of New and Renewable Energy (MNRE), Government of India, is to supplement renewable energy with 
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conventional energy in a substantial way and Coimbatore is one among those. Solar cities work in 
conjunction with smart cities. As per MNRE, solar cities aim to reduce their projected energy demand by 
10% over the next five years. The Smart City guidelines suggest that 10% of a Smart City's energy 
requirement should come from solar (Workshop on Smart cities mission 2015). 

2. Research Context and Research Questions 

 The city selected for the inquiry is Coimbatore in Tamilnadu, India. Coimbatore city has a population of 
1,050,721 and the average density per square kilometer is 9950 (Census 2011 and Smart City Profile 
Coimbatore 2012).In the city of Coimbatore, the commercial category stands second in energy 
consumption with 267 million kWh while the domestic category of consumers stands first with 449 
million kWh (Development of Coimbatore Solar City Plan, 2012). Though Coimbatore is selected as a 
smart city, there is no data available about the solar potential of the city. Without such data, it becomes 
difficult for architects and planners, builders or common consumers to opt for solar. Although RTPV 
potential for a representative city of warm-humid climate is available from the research study of BEEP 
(2014), and for some cities like Chandigarh, there is no such study available for Coimbatore and, 
therefore, this particular study is considered as an opportunity. The above-mentioned studies are 
addressing only RTPV and a study on façade PV potential for an Indian city is unavailable and is 
considered as a research opportunity. Coimbatore taken as the primary city of inquiry comes under 
warm-humid climate as per the Bureau of Energy Efficiency. The aim and objectives and conclusions of 
this paper are therefore limited to the discussions on the problems relevant to the above city.  

 

 Buildings will have to become ‘prosumers’, that is they need to become energy producers apart 
from being consumers as well (Snapshot of Global PV Markets,2019). Although India does not have a 
mandatory regulation for all new buildings to be net-zero energy buildings, all energy rated buildings by 
GRIHA (Green Rating for Integrated Habitat Assessment) and ECBC (Energy Conservation Building Code) 
have mandatory regulations to produce energy onsite. Solar potential in an urban context, in general, 
refers to rooftop PV (RTPV) and building-integrated PV (BIPV) due to the non-availability of space in the 
ground. They are termed as ‘Distributed PV’ where the consumption happens at the point of production 
and thus preventing transmission loss through the grid. It is obvious that the envelope of buildings is 
considered as the primary source for harvesting solar energy and they are the rooftops and façades. 
Rooftop PV or RTPV systems are referred to as solar PV systems installed on the rooftop of residential or 
commercial buildings. They can be non-grid interactive primarily used for self-consumption and grid-
interactive, which feeds into the grid through Feed-in-Tariff (FIT) or for self-consumption through net-
metering.Net–meters are bi-directional meters to calculate the net energy fed into the grid minus the 
power that is utilized for self-consumption. The cost for power through net-metering is reduced as the 
consumers pay only for the extra power they draw from the grid apart from what they export to the 
grid. At present, net-metering for Tamilnadu is available for all the low-tension (LT) category consumers. 
For other categories such as industry, off-grid consumption is allowed. This research is limited to 
residential, commercial and industrial (IT) building typologies.   

The rooftop has competing uses. In residential buildings, the rooftop is used for drying, storage, 
water tanks, etc.; in commercial buildings, water tanks or chiller plants could occupy the rooftop space. 
More rooftop space means more production of energy. A lower FSI (floor space index) building has more 
rooftop than a higher FSI building. A smaller building with lesser number of floors has more rooftop 
potential than a taller building with more number of floors. For a taller building, apart from a limited 
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area of the rooftop, the façade can be considered as a viable option to explore the solar potential. The 
façade could be an opaque wall on which a BIPV could be added on top or it could be replaced for 
curtain glazing. What would be the ideologies existing among all the participants involved in the design 
and usage of these building types to opt for solar PV? Such discussions helped to formulate research 
questions. 

2.1          Research Questions 

1. What are the positive and negative factors (variables) that affect the deployment of solar 
PV in dense urban blocks? 

2. What would be the techno-commercial potential for the utilization of solar energy in typical 
urban blocks? 

2.2 Research Method and Approach  

 The following research methods were applied to meet the challenges that the research questions 
posed. 

 Focus group discussion as a research method was carried out, which involves the 
participation of the stakeholders involved in the deployment of RTPV and BIPV.  

 Electricity consumption survey/energy survey of typical urban blocks is used as a  research 
method to know the PV energy than can be supplemented for the energy demand of the 
buildings. 

 Shading analysis and solar insolation analysis through simulation of real urban blocks to 
estimate solar potential is carried out. 

3. Previous works 

Based on inquiries by Kanters & Horvat (2012), it is found that lower FSI (Floor Space Index) has higher 
solar potential in both sparse development and dense development. However, in a dense urban setting 
with a higher FSI, the solar potential of roof and façade is reduced considerably due to the mutual 
shading effect. It is proven that in dense setting, even façade areas have a considerable share of solar 
potential. Square perimeter blocks of equal height have more rooftop solar potential whereas strip 
blocks with spacing in between prove to be having considerable façade potential (Kanters & Horvat 
2012).Uniform layout in heights has more solar rooftop potential whereas blocks that have non-uniform 
heights have lesser rooftop potential due to mutual shading whereas façade solar potential seems to be 
considerable. Kanters et al. (2013) have proved that a 100% load match could be achieved up to FSI of 
2.25 in Sweden. The solar potential threshold for the façade suitable for PV is chosen as 
650kWh/m2/year., whereas the threshold for the roof is taken as 800kWh/m2/year.(Kanters  & Horvat 
2012) for Sweden. A similar façade threshold and façade PV potential for an Indian city are unavailable 
and is  considered as a research opportunity. Although ample studies are available for calculating the PV 
potential for hypothetical blocks such as the ones mentioned above, a study based on real or empirical 
urban blocks is limited and is identified as a knowledge gap.  

For studies that are done for cities located in higher latitudes in the northern hemisphere like 
Copenhagen, north-south-facing buildings are good for sparse density, whereas for a dense street with 
either east and west or north-south orientations of buildings could be preferred, but should be based on 
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the ratio between the street width and the building height. For street width, SW =0.3xBH (building 
height), both north-south and east-west orientations have solar PV potential only in the upper floors 
and mostly do not reach lower floors. When  the street width is increased from 0.5 BH to 2 BH, natural 
lighting and solar availability are increased on lower floors even (Andersen, JS & Sattrup, PA 2011). BIPV 
in a densely surrounded building would have a shorter payback time less than 25 years and 
economically attractive only in the upper part of the façade than in the lower parts due to mutual 
shading of the neighboring buildings (Kanters et al.2014). Such a relation of the SW=BH ratio for 
calculating the façade PV potential is a necessity for an Indian city and is considered as a knowledge gap 
on which this research would dwell upon. 

4. Discussion and Analysis  

4.1. Focus Group Discussion 

Focus group discussion was carried out with representatives from the members involved in the 
supply chain and usage of PV.Representation of groups comprised members who have practical 
experience in the solar PV technology like solar PV companies (assembling and erection) and 
academicians or researchers who have done sufficient research in this area. Architects shared their 
experience in integrating solar PV technologies to the built structure. Representatives from local 
electrical distribution companies (TANGEDCO) and sustainable technology consultants too shared their 
experiences. Two focus group discussions were conducted, which lasted approximately 2 hours of 
duration each. One focus group session had 10 participants and the other group had 9 participants.The 
facilitator and researcher guided the sessions with open-ended questions. The two discussions were 
video recorded and transcripts were coded by the author. The positive and negative factors that were 
identified for the deployment of solar PV in the region are as listed below, besides the inputs related to 
the discussions. 

Positive variables: Grid parity, which is the cost to produce solar PV electricity equaling the utility 
tariff rate, is already achieved in the commercial and industrial sectors. Achievement of grid parity in the 
higher consuming residential sectors guided by utility's tariff rate is a positive factor. Incentives by the 
government, like capital subsidy in the residential sector and accelerated depreciation (AD) in the 
commercial sectors, add up to the positive factors. But, for the current year, these incentives have been 
phased out or reduced due to the dip in the benchmark prices of solar modules as given by MNRE. 
Prevailing business models such as the self-owned or third party– e.g., BOT (Build, Operate and 
Transfer), extension of limitations to implement solar PV from 30% to 90% of the transformer capacity in 
Tamilnadu, and net-metering, which has emerged as a successful policy model  and the lowering 
benchmark costs of solar PV – all contribute to the positive factors.   

Challenging variables: Lack of mandatory regulations to implement solar PV except for energy- 
rating building codes such as ECBC and GRIHA, mutual shading of neighbouring blocks in a dense setting, 
rooftop availability for retrofitting PV in existing buildings  due to competing usages such as chillers, 
drying, solar thermal, and storage, technical feasibility related to the solar market which relies mostly on 
imports and a critical need to increase R&D facilities – all contribute to the challenging factors. Besides, 
lack of consumer education about the energy-efficient gadgets to be used along with solar PV, lack of 
knowledge about the prevailing business models, lack of technical knowledge about the solar potential 
from the façade BIPV for varied orientations and its effect on energy consumption pattern, limited 
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knowledge of architects on building performance software, limited aesthetic designs in solar PV all 
contribute to the challenging variables. 

4.2. Solar Potential of Typical Urban Blocks 

Typical urban blocks in the city of Coimbatore are simulated to find the solar PV potential in rooftop and 
façade PV. As rooftop has competing uses, only around 50%(residential)–70%(commercial) of available 
area is used for the calculation of rooftop PV potential. Façade area for PV potential is taken around 
30%–40% of the available façade area.  The percentage of the PV energy that can offset the energy 
consumed for each of the categories is summarized. A simple payback analysis is being calculated and 
market prices are taken as given in the corresponding table -1, 2 and 3 derived from the real quotes 
given by solar PV installers. 

4.2.1.PV Electricity Generation and Payback Calculation 

The solar PV electricity that can be generated either from RTPV or BIPV is calculated using the following 
two methods: 

Method 1 = capacity/module size in number of kW × 5(hours of peak sunshine per day)× 330 
days(approximate days with sunshine in a year ) –Derived from empirical inputs 

Method 2 = Area in m2 × solar irradiation in kWh/m2/year × cell efficiency × 0.9(inverter 
efficiency)(Robinson &Atheienitis2009) 

 

Polycrystalline cell efficiency is taken as 0.17 for RTPV and 0.15 for BIPV.Amorphous-silicon cell 
efficiency(10%)transparency for BIPV is calculated with a value of 0.1.Inverter efficiency is taken as 90%. 
Solar irradiation for one complete year (2266kWh/m2/year for Coimbatore for rooftop) is derived from 
simulation using DIVA–for–Rhino software using typical meteorological year (TMY source:NREL).RTPV is 
assumed to be polycrystalline cells for residential, commercial and industrial typologies.BIPV for 
residential and commercial is assumed to be polycrystalline cells as an add-on material to the façade. 
For industrial, amorphous silicon of 10% transparency is assumed to replace the façade as a single 
glazed unit (SGU). Electricity generated from RTPV is calculated both from method 1 and method 2 
whereas electricity generated from BIPV is calculated using method 2. 

Payback of RTPV or BIPV in number of years is calculated as follows: 

Cost of RTPV/BIPVin INR/m2÷(PV electricity generated in a year in kWh/m2/year × tariff in INR/kWh) 

4.2.2. Solar Potential of Typical Residential Blocks 

For the residential category, 50% of the rooftop and 40% of the façade alone are considered for solar 
potential. The rooftop energy offset for residential RTPV is from 55% for total consumption apartments 
and 238% for common (lifts and lights) consumption. For apartment alone, facade offset can be 
considered. For contiguous residential streets, façade offset is not required as the rooftop offset itself 
contributes to 100% of usage for most of the time. Façade offset for apartments ranges from 24% to 
104%. Facade payback for apartments is from 6.2 years for the west to 7.7 years for the east and south, 
and 15 years for the north as calculated for common consumption where the utility tariff is higher than 
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the dwelling unit's consumption.RTPV-generated electricity is calculated by method 1 and BIPV-
generated electricity is calculated by method 2. 

For the residential category, differential tariff by the regional distribution company (TANGEDCO), 
guides the payback period in years (Table 1). The average utility tariff per unit for the usage range 200–
500 units is INR 1.8–2.3 and for above 500 units, it is INR 3.9. All the above are bimonthly rates 
(tneb.org).In the apartments, where the consumption was above 500–900 units and the price of RTPV 
and BIPV was lower due to economies of scale, the RTPV payback period is around 4.5years. Among the 
contiguous streets, for the residential category and mixed residential and commercial when the usage is 
more than 500 units, bi-monthly RTPV payback is 5.1 years to 10.2 years. For mixed residential and 
commercial categories where the bimonthly consumption is from 200 to 500 units, RTPV payback is 7.1 
to 12years. If the residential building's single household consumption is less than 200units bimonthly, 
the payback period increases to 33 to 37 years as the utility tariff is very low.  

Table 1. RTPV and BIPV offset in %  and payback in number of years for residential 

COST OF RTPV  for 1-10kW=  INR 60,000/kW;RTPV above 10 kW= INR 48000/kW  
COST OF BIPV – INR 8600/m2; Polycrystalline for both rooftop and façade with 0.17 and 0.15 efficiency;for façade,single glazed unit (SGU) is considered. 

 NO. OF 
FLOORS 

CONSUMPTION 
RANGE in 

kWh/month 

RTPV 
PAYBACK IN 
YEARS  

OFFSET_% 
RTPV _ WHOLE 
CONSUM/ 
COMMON 
CONSUMPTION 

EAST PAYBACK 
IN YEARS 
/INSOL in 
kWh/m2/year  

WEST  
PAYBACK IN 
YEARS / 

INSOL in 
kWh/m2/year 

SOUTH 
PAYBACK 
IN YEARS 
/NSOL 
kWh/m2/ye
ar 

NORTH 
PAYBACK IN 
YEARS/ INSOL 
in 
kWh/m2/year 

FAÇADE 
OFFSET% 

APARTMENTS  
G+10 400–600 4.5 55/238 7.7/880 6.2/1100 7.7/880 15/440 

2
24-104 

CONTIGUOUS –SUKRAWARPET-(Payback 5.1-9.2YEARS) 

RESIDENTIAL G+3 100–500 9.2 108 
 

*  
   

RESIDENTIAL+COMMERCIAL G+3 ABOVE 500 5.1 70 
   

14/550 11.5 

COMMERCIAL G+3 ABOVE1000 2.7 100 *  
    

RESIDENTIAL+COMMERCIAL G+2 100–500 7.1 100 *  
    

CONTIGUOUS -FLOWER MARKET-(Payback 10-37 years) 

RESIDENTIAL+COMMERCIAL G+3 200–300 12 100 *  
 

   

RESIDENTIAL G+10 200 30 100 *  
 

   

RESIDENTIAL+COMMERCIAL G+2 ABOVE 500 10.2 168 *  
 

   

RESIDENTIAL G 132 37 100 
  

*   

CONTIGUOUS - SUNDARAM STREET (Payback 8-33 years) 

RESIDENTIAL+COMMERCIAL G+2 100–200 31.5 100 
   

*NW  

RESIDENTIAL+COMMERCIAL G+2 100–500 8 127 
   

*NW  

RESIDENTIAL G+1 50–200 33 100 
    

 

*mentions the facing direction of the façade; Energy Consumption source: TANGEDCO;Electricity tariff 
from -TNEB tariff, 2017 

4.2.3. Solar Potential of Typical Commercial Blocks 

Around 50%–80% of the rooftop is considered for RTPV and 40% of the façade area is accounted for.. 
Polycrystalline modules are added to the façade with SGU as additional material.RTPV-generated 
electricity is calculated by the method 1 and BIPV-generated electricity is calculated by method 2.RTPV 
is from 2%–23% for air-conditioned shops and 36%–100% for non-air-conditioned shops. The energy 
offset for the façade is from 0.4% to 14%.The minimum payback for RTPV varies from 3.2 years to 4.9 
years. Façade payback is from 4.2 to 8.0 years for the west and 4 years for the east (from sunshade) and 
6.2 to 9 years for the south, and is directly proportional to the insolation received. For the mall, the 
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façade payback is reduced due to economy of scale. For the mall, PV has already been installed in the 
rooftop with a module capacity of 591kW RTPV.So the same has been used for the calculation of RTPV 
payback that is, 3.2 years and the rooftop offset for the mall is 12%.From Table 2, the payback for shops 
is 3.6 years. Shop no. 2, Townhall has a payback of 6 years due to shading of the roof and reduction in 
the number of sunshine hours. 

Table 2.RTPV and BIPV offset in %  andpayback in number of years for commercial 

COMMERCIAL TARIFF = INR 8.05/kWh FOR ABOVE 100 kWh/month usage; RTPV cost = INR 60,000/kW for 1-10 kW and  INR48,000/kW for above 10 kW 
,BIPV = INR 8600/m2Polycrystalline with efficiency of 0.17 for rooftop and 0.15 for  façade SGU –Single glazed unit  

 NO. OF 
FLOORS 

CONSUMPTION 
RANGE 

kWh/month 

PAYBACK IN 
YEARS 
/RTPV 

OFFSET_
RTPV % 

EAST 
PAYBACK IN 
YEARS / INSOL 
in 
kWh/m2/year 

WEST  
PAYBACK IN 
YEARS / INSOL 
in 
kWh/m2/year 

SOUTH PAYBACK 
IN YEARS / INSOL 
in kWh/m2/year 

NORTH 
PAYBACK IN 
YEARS/ INSOL in 
kWh/m2/year 

FAÇADE 
OFFSET
% 

TOWN HALL - N-S STREET (PAYBACK 3.6-6.0 years)  

SHOP NO. 1 7 2,40,440 3.6 4.2 
 

8/1000 
  

0.9 

SHOP NO.2 3 25,682 6 3.7 16/500 
   

0.4 

SHOP NO.3 7 2,27,961 3.6 2.1 8.6/920 
   

0.4 

SHOP NO.4 2 6000 3.6 36 4/1900 
   

3.9 

GANDHIPURAM - E-W STREET(PAYBACK-3.6 years)  

SHOP NO.1 5 30,440 3.6 23 
  

9/880 
 

3.3 

SHOP NO.2 4 32,803 3.6 15 
  

9/880 
 

1.6 

SHOP NO.3 4 7715 3.6 36 
   

17/440 2.3 

SHOP NO.4 3 18,064 3.6 15 
   

17/440 0.8 

AVINASHI ROAD - SW-NE&SE-NW STREET  

COMMERCIAL 4 33,002 2.1 33 
   

8.9/880(NW) 4.4 

COMMERCIAL 3 17,342 2.1 105 
  

8.7/900(sw) 
 

3.9 

COMMERCIAL 3 1392 3 102 8.9/880(NE) 
   

13.6 

COMMERCIAL 3 2287 2.4 92 8.9/880(NE) 
   

14 

KADALAKARA LANE - NORTH-SOUTH STREET 

COMMERCIAL 4 791 4.9 100 * 
   

 

COMMERCIAL 2 1229 4.9 140 * 
   

 

COMMERCIAL 4 965 4.9 112 
 

* 
  

 

COMMERCIAL 3 302 4.9 100 
 

* 
  

 

MALL-1  NW-SE 
ORIENTED 5 10,88,173 3.2 

1
12 6.2/880(NE) 4.2/1300(SW) 6.2/880(SE) 6.2/880(NW) 

 
0.2-2.5 

*mentions the facing direction of the façade; Energy consumption source: TANGEDCO;Electricity tariff 
from TNEB tariff, 2017 

 

 

Figure 1: Pay back in years as a function of façade 
insolation 
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4.2.4 Solar Insolation and Payback for Commercial 

When considering solar insolation, a threshold of 800 kWh/m2/year has a payback of less than 10 
years (Figure1). This threshold of 800 kWh/m2/year is achieved only for a floor height of above 12 m (4 
floors) for medium-rise development (G+4 to G+7)for south and above 6m for west façades and 18m for 
east façade. North orientation has the least solar insolation values received compared to other 
orientations. 

4.2.5.Solar Potential of façades Based on  Street Width and Building Height Ratio 

From Table 3, 800 kWh/m2/yr is taken as the threshold for façade potential, since 800kWh/m2/yr  has a 
payback of less than or equal to 10 years as proved from the economic analysis in section 4.2.4. For 
north-south streets, when street width SW =0.3× Building height (BH), the façade potential is 20% when 
it is increased to 0.75 ×BH, the façade potential increases to the near maximum that is 95%. For east-
west streets, the north potential is nearly zero and the south potential is 50%–100% for a SW=0.8×BH. 
For SW-NE streets, for an SW=0.45×BH, the SW potential is 40% and NE potential is nearly zero. For 
SW=1.3×BHand SW=4×BH, even the NE orientation has a potential of 80%. 

4.2.6. Solar Potential of Typical Industrial Blocks (IT Offices) 

For industrial building typologies, RTPV considered is with polycrystalline cells with 0.17 efficiency and 
for the façade, single glazed unit (SGU) with amorphous silicon 10%(with 0.1 efficiency) transparency is 
considered as a replacement of façade glazing. RTPV- and BIPV-generated electricity is calculated by 
method 2 of section 4.2.1. RTPV offset for IT facility (1) is 15%. RTPV payback is 4.1 years for industrial 
buildings. (Table-4)The reduced payback is due to the lower cost of RTPV panels. The second IT facility 
has already installed 60kW on its rooftop, which supplements the energy consumption up to 70%. 
Façade offset is from 0.3% to 9%. For the façade, if excess cost than that of standard SGU is considered, 
then it is less than 8 years for all orientations except north as mentioned in Table 4. 

Table 3. Solar Potential in % of the Façade for Varied Street Orientations 

NORTH SOUTH STREET    

FAÇADE INSOLATION MAP FAÇADE POTENTIAL IN % above the 
800 kWh/m2/year threshold 

SW: BH(STREET WIDTH: 
BUILDING HEIGHT 

TOWN HALL REGION   

 WEST-30% 
East -25% 
 

SW=0.6×BH 

SUKRAWARPET   

 EAST -90% 
WEST -95% 

SW=0.75×BH 

KADALAKARA LANE   
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 EAST-15% 
WEST-20% 

SW= 0.29×BH 

CROSSCUT ROAD-EAST-WEST STREET    

 SOUTH-50% 
NORTH -0% 

SW=0.86×BH 

Table 4.RTPV and BIPV offset in %  and payback in number of years for industrial (IT Offices) 

ELECTRICITY TARIFF: INR 6.35/kWh, BIPV COST AT INR 9310/m2; RTPV –Polycrystalline with 0.17 efficiency; RTPV PRICE: INR 48,000/kW 
 BIPV-Amorphous Silicon  Semi-transparent  STPV with efficiency 0.1 (SGU-Single glazed unit)(Façade payback calculated with excess cost than that of standard SGU) 

 
NO. OF 
FLOORS 

CONSUMPTION 
RANGE 

kWh/month 

PAYBACK IN 
YEARS /RTPV 

OFFSET 
_RTPV 

EAST PAYBACK 
IN YEARS / 
INSOL in 
kWh/m2/year 

WEST  
PAYBACK IN 
YEARS / INSOL 
in 
kWh/m2/year 

SOUTH 
PAYBACK IN 
YEARS / INSOL 
in kWh/m2/year 

NORTH 
PAYBACK IN 
YEARS/ INSOL 
in 
kWh/m2/year 

FAÇADE 
OFFSET% 

ITPARK – 1 - SEZ area 

5 15,28,453 4.1 
1

15 8/880 6/1200 8/880 10.7/660 
 

0.29-0.83 

ITFACILITY -2  

3 18,599 4.1 71 8/880 6/1200 7.8/900 11/600 
1

1.8-8.7 

Energy consumption source: TANGEDCO; Electricity tariff from TNEB tariff, 2017 

5. Conclusions 

In the focus group discussions, the participants were in agreement that the grid parity of solar PV 
was already there in the higher consuming sectors of residential and commercial sectors in the region. 
Though the incentives and subsidies play a major positive role in the deployment of solar PV, lack of 
mandatory reinforcement by the government and lack of consumer education about the PV prices, 
incentives, and business models were stated as the challenging factors.MNRE has proposed even third-
party business models where the rooftop is leased out by the owners and solar PV given to the owners 
at a rate lesser than that of utility tariffs. This was a welcoming gesture from all the participants. For 
higher energy consuming residential category like the common consumption (lights and lifts) for a G+10 
apartment, the payback is around 4.5 years for RTPV, which makes it comfortable to gain the 
investment. RTPV offset is 238% for common consumption and façade offset ranges from 24% to 
100%.Façade payback is 6.2 years for west and 7.7years for the east and south orientations for common 
consumption. RTPV offset for residential total consumption ranges from 50% to 100%. Differential utility 
tariff rates for residential category guides the payback. For the commercial category, as the tariff rate is 
higher compared to residential, the RTPV payback period is less than 5 years for both lower and higher 
commercial consumptions slabs.RTPV offset for air-conditioned shops is around 2%–23% and 36%–100% 
for non-air-conditioned shops. Facade offset for the commercial category is from 0.2% to 14% and the 
payback ranges from 4.2 to 8years in the west by using a single glazed unit, which is used as an add-on 
material.For commercial tariff, insolation received with 800 kW/m2/year proves to have a payback of 
less than 10 years. For north-south street, a street width of SW=0.75×BH (building height)proves to have 
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a façade potential of more than 90%. For east-west oriented streets, north-facing façade potential is 
almost nil and south-facing has a potential of nearly 90% for SW=0.8×BH. For IT-oriented offices, the 
RTPV offset is from 15% to 71%. Payback for IT offices is less than 5 years due to economies in scale and 
the façade offset is from 0.3% to 8.7% where building-integrated amorphous silicon STPV façade is used 
as a replacement of façade glazing. 

To sum up, the conversion of Coimbatore to a solar city could be a feasible option. For lower energy 
consuming developments in residential and commercial, RTPV alone is recommended; for such facilities, 
BIPV may not be needed as rooftop itself would contribute to the entire energy demand. For higher 
consumption ranges, like that of the energy consumed by common facilities, RTPV could offset 238% of 
the energy demand and BIPV could offset around 100% from using only one façade for a G+10 
apartment. For energy-intense buildings, BIPV-electricity generation from the façade might be 
considered especially for IT offices when it replaces conventional glazing. Such replacement has other 
benefits like reduction in the cooling load apart from generation of PV electricity. 
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Abstract: Water scarcity is one of the major problems in hill towns. Increasing urban population, 

infrastructure development, climate change and the decrease in groundwater recharge is intensifying 
water problems in hill towns. After the notification of the first hill town, Dharamshala, under a smart 
city provision on dated 24th. June 2016  (Governor et al., 2016) has been taken as a case study. This may 
lead to amplify the urban growth of the hilltown and resulting in an instant hike in urban population. 
With this increase, its effects on water demand also get greater than before, but the resources are 
static. The findings of this research highlight the diverse water supply systems of Dharamshala case and 
explore the probability of tapping water sources through different ways and means. The paper also 
discusses the allocation of different water resources with respect to the residents and finding the gap 
between water supply and demand. The water supply stress index (WaSSI) is supposed to be used in the 
study area to know about the intensity of stress which leads to frame plausible guidelines and 
deliberations. The study will help in arriving at some feasible solutions to deal with the problem of 
increasing demand-supply gap.  

Keywords: Water supply system; smart city; urban growth; water supply stress index (WaSSI); hill towns. 

1. Introduction 

This is the need of an hour to manage water in the highly urbanized areas, especially in hills. These hill 
towns are the tourist destination due to their serene environment. We can’t stop cities to grow or get 
urbanized but side by side we have to plan our self to manage water services to fulfill their demands, 
especially in summer season in which the tourists flow is on the peak. Particularly, Shimla, Manali, and 
Dharamshala are the most affected hill towns of Himachal Pradesh due to the tourist thrust regarding 
water scarcity. In 2018, Shimla administration took a harsh decision by saying “no” to the tourists to visit 
Shimla in summer season due to the shortage of water. We live in a deeply divided and unequal world 
that is changing very fast. Most of our cities, towns, and villages continued to be unliveable, unsafe and 
increasingly inhuman. But this need not be true for the future. The process of Indian organization if 
adequately organized and managed with wisdom foresight and focus on implementation and details, 
can change our everyday urban reality. Worldwise the population accelerate by three times within 100 
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years and the water demand increased by six times. In every 20 years, water consumption as human use 
becomes double, which is more than twice the rate of increase in population (Environmental, 2009). In 
1951, only 5 Indian cities were there with a population of more than 1 million and 41 cities with 
population more than 0.1 million. Most of the population lived in villages- about 0.56 million, but now in 
2011, there are 3 cities having population more than 10 million and 53 cities with a population of more 
than 1 million. More than 833 million Indians live in 0.64 million villages and 377 million live in 8000 
urban centers (Revi, 2012). At present 50% of the world’s population resides in urban areas (Liang, 
2011). It is estimated that about 60% of the world’s population becomes urbanized up to 2025 (Global 
Water Partnership and Rees, 2006). People started moving towards urban centers to get good facilities 
and life. It is the presumption of mankind that cities are more good liveable places as compare to 
villages. Which may be true due to the facilities they are getting in the town. All these Hilltowns got 
overcrowded beyond the carrying capacity of that region. So the administration wouldn’t able to fulfill 
the facilities of water requirements and other commodities. Many settlements are shifting from rural to 
urban category. Large cities of the 20th century are growing slow pace but the smaller one is developing 
at a faster pace (Revi, 2012). As the population grows, it put more pressure on the commodities 
specifically the water facilities. As the population grows, the water demand will automatically have 
enhanced. This demand of water expected to grow by more than 40% until 2050 (Eliasson, 2015). There 
will be a scarcity of water as the population growth (Eliasson, 2015). The volume of public water-use 
depends upon the size of the urban population. As the urban population grows up, the requirement of 
water will also have got accelerated (Durga Rao, 2005). Climate change, floating population, and 
inherent urban growth has led to the depletion in natural water sources. The impacts of climate change 
are visible on water supply and the gap in demand and supply is increasing at an alarming rate. 
Therefore, water insecurity happens due to non-consideration of water governance problems and the 
failure in urban planning, floating population as the tourists as well as the climate change, which worsen 
the situation (Singh et al., 2019). Literature also talks about the pressure on freshwater by the increase 
in urban growth and economic development, leads to incremental water demand (Savić, Vamvakeridou-
Lyroudia and Kapelan, 2014). Also, there will be an increase in per capita water demand which is directly 
proportionate to population growth (Hurlimann and Wilson, 2018). Urbanisation along with climate 
change, prone to affect water availability and demand (Eggimann et al., 2017). So it becomes more 
essential to manage water in this rapid urbanisation (Liu, Giurco and Mukheibir, 2017).    

2. Study area 

The present investigation has been carried out in the hill town of Dharamshala of district Kangra in 
Himachal Pradesh, India, as shown in Figure 1. This is the second capital of Himachal Pradesh state 
(Singh, 2017) and located on latitude 32023’ North, longitude, 76032’ East. The average elevation of the 
town is 1457m from mean sea level, but it ranges from 1250m to 2082m. It considered as the first smart 
city of the hill state Himachal Pradesh. Dharamshala is one of the fastest-growing urban centers after 
declaring as Smart city (Governor et al., 2016). People start attracting towards this hill town due to its 
importance and serene environment. From the last decade, there is a huge increase in population. As 
per the census, 2011 the town (urban area) has only 30,764 people, but now the number reaches up to 
53,553 in 2015 with a growth rate of 74.08% within 5 years of time span. Another reason for 
acceleration is the addition of new wards/areas. This population growth of the town is much higher than 
the national level growth of the urban areas which is crossing 30% as per census 2011. 
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Figure 1: Location Map of Dharamshala in Kangra District and Himachal Pradesh State. 

  

3.          Data collection and methodology 

This study is based on primary and secondary data. Primary data collected from the fields and the 
secondary data is collected from the government offices like Municipal Corporation; Town and Country 
Planning office and IPH i.e. Irrigation & Public Health Department Dharamshala. Additional data would 
be collected from published and unpublished literature for validation of the statements. All the 
statistical analysis was carried out in MS-Excel. The city receives rainfall with an average annual 
precipitation of 2433 millimeters (Bhagat, Singh and Kumar, 2006). But now this rainfall trend is 
continuously decreasing after validating through the Mann- Kendall test of seasonal and annual rainfall 
as shown in Table 1. The data required for this study are the rainfall only. This rainfall data has been 
collected from the Indian Meteorological site of Indian Water Portal for time series-years 1901-2002 
(Indian Meteorological Department and Portal, 2019) and the rest of the data collected from 
Meteorological Centre, Shimla, H.P (Shimla, 2019).  From Table 1 it can be seen that the district Kangra 
receives the highest rainfall of 250.90 mm followed by the month, August is having rainfall 246.72 mm. 
The monthly mean is lowest in November i.e. 7.50 mm followed by October is 12. 58 mm. From MK test 
it is also found the lesser coefficient of variation (CV) of these two months, July and August which is 0.55 
& 0.56 respectively. These two months falls in monsoon period and the rainfall of these two months 
contributes about 54% of the total rainfall for the whole period of the year.  So, for the whole period 
water will be preserved in the form of lakes, ponds, aquifers, rivers/ khads and in the form of 
groundwater. During this period cloud burst and flash floods also take place. The pre-monsoon and 
post-monsoon rainfall is less and contributes for the remaining 46% of the total rainfall for the whole 
year. The annual mean rainfall in Kangra district is 916.30 mm along with a standard deviation of 353.71 
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mm and CV of 0.39%. However, finally, annual rainfall trend value (-2.04) (Table 1) depicts a negative 
trend which exceeds the value (-1.96) at a 95% level of significance. The average monthly mean, 
standard deviation, and coefficient of variation of rainfall for 117 years (Kangra district) are computed as 
given in Table 1. Mann- Kendall (MK) test has been carried out for getting the trend of rainfall.  Temporal 
variation of a monthly series from January to December from years 1901 to 2017, of rainfall of Kangra, 
has been calculated. To get an idea of rainfall trend, annually, a data series of 117 years of Kangra for 
the total annual rainfall has been analyzed. Overall annual data trend series of Kangra shows decreasing 
trend as shown in Table 1 (i.e.-2.04). In the years 2012-2014, the rainfall trend was increasing, but after 
that, it drops down in the next consecutive years.  

Table 1: Monthly, annually and seasonally (Pre- Monsoon, Monsoon, Post- Monsoon, and Winter) rainfall 
mean, standard deviation (SD), coefficient of variation (CV) and rainfall trends for 117 years – 1901 to 2017, of 
Kangra District, H.P. 

Months Mean (mm) SD (mm) CV (%) Trend (mm/ year) 

January 35.37 25.85 0.73 -1.85 

February 37.38 30.15 0.81 -1.61 

March 34.61 31.56 0.91 -2.07* 

April 21.82 15.9 0.73 -1.1 

May 25.2 18.24 0.72 -0.7 

June 91.06 72.98 0.8 -2.00* 

July 250.9 137.71 0.55 -2.34* 

August 246.72 137.68 0.56 -1.02 

September 136.32 89.15 0.65 -2.08* 

October 12.58 16.6 1.32 -1.59 

November 7.5 11.95 1.59 -2.33* 

December 16.83 17.41 1.03 -2.05* 

Annually 916.3 353.71 0.39 -2.04* 

Pre-Monsoon 65.05 38.9 0.6 -2.74* 

Monsoon 423.16 205.27 0.49 -2.08* 

Post- Monsoon 149.32 89.96 0.6 -1.84 

Winter 64.87 34.08 0.53 -2.17* 

Note: The normalized test statistic (Z) has been calculated @ 95% confidence level for getting the trend as 
shown in bold and marked ‘*’. (value of Zstrd at 5% of the level of significance or @ 95% confidence level is 

1.96). 

 

Trends of rainfall have been calculated by using a non-parametric test (Mann-Kendall) to measure 
the possibility of increasing (+ve) and decreasing (-ve) trend w.r.t ‘0’ up to the level of significance (5%) 
i.e. the value should lie beyond -1.96 to +1.96 in the rainfall time series. Seasonal data have also been 
calculated to get accurate variations in trends, seasonally. Seasonal distribution of rainfall is divided into 
major four categories, namely: 1. Pre- Monsoon, 2. Monsoon, 3. Post- Monsoon, and 4. Winter. Pre- 
Monsoon includes: March, April, and May months, Monsoon include: June, July, and August months, 
Post- Monsoon includes: September, October, and November, and Winter include December, January, 
and February months. Dharamshala situated very near to the Dhauladhar mountain range. It 
experiences snowclad mountain almost throughout the year. The snowfall playas a major role for the 
water requirement. The perineal rivers flow throughout the year due to snow meltwater.   
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4. Urban Growth in Dharamshala Hilltown 

Dharamshala comprising of Planning as well as Municipal area. The area comes under planning is 41.63 
Km2 and Municipal council constitutes in 10.63 Km2. Administratively, Dharamshala town was divided 
into 11 wards, when it was Municipal Council. In 2015, for involving town under the smart city, which is 
based on population, the administration took the decision to involve few villages in MC limit. Also, the 
Dharamshala Municipal Council got upgraded to Municipal corporation with the addition of 6 wards. So 
restructuring has been done during that period by merging those villages and finally 11 wards converted 
to 17 wards. Now, at present, Dharamshala Municipal Corporation comprises of 17 wards and area 
increased from 10.63 Km2 to 27.60 Km2 (Department and Pradesh, 2017). After the notification of the 
first hill town, Dharamshala, under a smart city provision on dated 24th. June 2016  (Governor et al., 
2016), the urban growth pressure would become very high and may lead to an instant hike in urban 
population. Dharamshala area growth is not limited to the Municipal limit but the Out Growth (OG) area 
too.  

Table 2: Population growth of Dharamshala town (MC area) since 1901 - 2015 year, as per census data of India. 

Year Population Source % age increase/ decrease 

1901 6971 Census data 
 

1911 6923 Census data -0.69 

1921 4904 Census data -29.16 

1931 6359 Census data 29.67 

1941 9653 Census data 51.80 

1951 9933 Census data 2.90 

1961 10255 Census data 3.24 

1971 10939 Census data 6.67 

1981 14522 Census data 32.75 

1991 17493 Census data 20.46 

2001 19124 Census data 9.32 

2011 30764 Census data 60.87 

2015 53543 MC Dharamshala 74.04 

 

 
Figure 2: Bar chart of urban population growth. 

 
Figure 3: Line diagram of urban population growth 
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The trend of urban growth in Dharamshala from 1901 to 2015 has been analyzed and is shown in Table 
2. The primary and secondary data of Complete urban population growth pattern of Dharamshala town 
urban area/ MC area has been taken as per the census data of India, from 1901 to 2011, 2015 
population have been taken from MC Dharamshala site (Dharamshala, 2019), and graphical projections 
in the form of bar chart as shown in Figure 2 and line diagram as shown in Figure 3 are made 
accordingly.  

As per the census 2011, Dharamshala town or M.C. Area had a population 22,586 but it’s Out 
Growth (OG- Out Growth is the area surrounding the main town and depending on it. Out Growth data 
is taken from Census data) had a population 8,178 which together make a total urban population of 
30,764. With a growth rate of 60.87 %  as shown in Table 3 from 2001 to 2011. Table 2 shows that there 
is huge incremental growth in population from 2011 to 2015 with a growth rate of 74.04%. 

Table 3: Growth Rate in Population in Dharamshala Planning Area, 2001‐11 

S.No. Description 

Population Growth Rate (%) 
2001-2011 1981 1991 2001 2011 

1 
Dharamshala 
Planning area 22161 41109 51871 62279 20.07 

2 

Dharamshala Urban 
(Municipal Limit + 

Outgrowth) 14522 17493 19124 30764 60.87 

   

4.1 Decadal built-up area growth of Dharamshala town (MC + Out Growth)   

  Decadal growth has been analyzed by using the NDBI- Normalized Difference Built Index of 
Dharamshala town. Built-up maps of the town for the years 1987, 1997, 2007 and 2017 have been 
analyzed and the percentage growth in built-up areas has been tabulated as shown in Table 4. The 
percentage growth for every decade has been calculated and found 2.80%  growth rate from 2007 to 
2017, 1.95% rate from 1997 to 2007 and 6.79% rate from 1987 to 1997 from Table 4.  

Table 4: Decadal built-up area trend analysis (NDBI) of Dharamshala town from 1977 to 2017 

Year BUILT-UP AREA (sq km) %age 

2017 8.08 2.80 

2007 7.86 1.95 

1997 7.71 6.79 

1987 7.22   

1977 DATA NA   
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5. Overview of water resources in Dharamshala town 

A water supply system (WSS) of Dharamshala town depends upon springs and streams originating high 
above in the Dhauladhar hills. Seasonal recharge of these watersheds and flows in various springs and 
khads substantially depends upon rainfall trends (Jaswal et al., 2015), snowfall, rate of snowmelt, 
landuse in the catchment, and climate change, urbanisation, etc.. About 70-80% of the water supply is 
from gravity-fed natural sources (Department and Pradesh, 2017). The water supply system of 
Dharamshala is catered by mainly Glenmore spring, Bagsunag spring, Charan Khad, Bather khad, and 
Gajeu Nalaha and two tube wells (Sterkele and Zurbrügg, 2003). The two streams of Batherkhad and 
Chaurankhad are perennial streams and feeds the central water supply system. Bhagsunag spring 
supplies water to the village of Bhagsunag and parts of McLeod Ganj. The spring at Glennmore is used to 
supply Forsythganj. Upper Dharamshala has low groundwater potential, whereas large groundwater 
aquifers are assumed in lower Dharamshala as per the Irrigation and Public Health Department (Sterkele 
and Zurbrügg, 2003). The city receives high rainfall with an average annual precipitation of 2433 
millimeters (Bhagat, Singh and Kumar, 2006). The list of all water sources along with their individual 
estimated capacity is shown in Table 5. 

Table 5: An overview of existing water resources of water along with estimated capacity, 
Dharamshala. 

Source  
 

Type Estimated capacity [m3/d] 

Bather khad  Perennial stream  4200  

Chauran khad  Perennial stream  1100  

Bhagsu spring  Spring  360  

Glennmore  Spring Spring  10  

Gajeu Nalaha Nallaha  50 

Others Tube wells 180 

Total  5900 m3/d (Say 5.90 MLD) 

 (Source: IPH, Department, Dharamshala) 

6. Water supply network in Dharamshala town  
WSS in Dharamshala town is divided into 7 zones (Irrigation & Public Health Department, 2018). 

Average water supplied at a rate of 80 (Department and Pradesh, 2017) liters per capita per day (LPCD). 
As against the total water requirement of 7.2 MLD in Municipal Corporation area at a rate of 135 LPCD, 
only 5.9 MLD is available to the city from 5 main sources (Department and Pradesh, 2017). This deficit of 
1.30 MLD is going on increasing day by day. Henceforth, there is an enormous gap between water 
supply and the demand, especially in summer when there is a huge tourist inflow. This supply and 
demand gap goes on increasing, resulting in water scarcity of the town. And the administration has to 
take harsh steps by saying ‘no’ to the tourists to visit Hilltowns during the summer season, causing 
financial loss to the town and the GDP also got affected. Even the livelihood of hill settlements depends 
upon the tourists. But due to water scarcity, they are inadequate of providing facilities to the tourists as 
well as to fulfill their own requirements. On average, the inhabitants are getting 1-hour water supply or 
sometimes the water reaches to their taps on the third day in summer. In rural areas, water is supplied 
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at a rate of 70 LPCD (Department and Pradesh, 2017), and the primary source of water is tube well, 
spring source, hand pump, etc.  

7. Exploration of water resources in the city (Dharamshala) 

Since there is a deficit in water supply from the existing sources of water, the only way left for fulfilling 
the water requirements is by exploring other ways and means. Also, due to climate change, the 
efficiency of water resources got affected and decreasing day by day. During the physical survey of the 
town, it has been noticed that after getting piped water supply to every individual household, the 
traditional water resources become redundant which are abundantly available in the town. Before this 
100% piped water supply, the inhabitants were dependent on these traditional water resources which 
are known as Baudi, Nauwn, Kuhal, and Churudu, etc. As the quantity of water of existing resources are 
static or decreasing due to the climate change, so we have to explore the additional sources to meet out 
the water demand which is amplifying day by day. Reusing of wastewater which is about 80% of the 
water used, is also an additional water resource. Small and medium-sized wastewater treatment plants 
(Ostoich et al., 2017) can be established and reclaimed water can be generated, which helps in lowering 
down the pressure on freshwater (Langergraber et al., 2018). A few depressions/ ponds/ catchments are 
also available in the town, which is not in use and can be rejuvenated and becomes an additional 
resource of water.        

8. Allocation of water resources with respect to settlements 

Earlier settlements were located near to the water resources. The reason behind this was the 
importance of water in our daily life and also this helps in the easy conveyance of water to the end-users 
with optimal pressure. In Dharamshala hilltown, the resources are generally available at valley level and 
at the upper side of the settlements, near to mountain range. About 80% of the water intake points are 
fed by natural gravity system which is located near to the mountain range. So the water conveyed 
through gravity and reaches to the intake units, further conveyed to the inhabitants after the treatment, 
through overhead reservoirs or the underground reservoirs, located according to the settlements. A few 
locations which are new or expanded during the temporal growth of the town got affected by the water 
pressure issue due to their odd situations with respect to the reservoirs. So there is a scope of 
constructing additional decentralized reservoirs to serve all inhabitants till the end-user. And also to 
revive the traditional resources which were situated within the settlements to act as an additional 
resource.       

9. Introduction of water supply stress index (WaSSI) 

To address water shortage issue, the Water Supply Stress Index (WaSSI) has been developed (Steven G. 
McNulty, Ge Sun, Jennifer A. Moore Myers, Erika C. Cohen and Caldwell, 2011) to quantitatively assess 
the relative magnitude of water supply and demand. With the use of the US Geological Survey’s eight-
digit hydrologic unit code (HUC, the following formula was developed:  

WaSSI= WD/WS                                                                                      (1) 

In which WD is water demand and WS is water supply. On the basis of the formula, the WaSSI 
classification system was determined. 

Normal condition = > 30% 

Abnormally stressed = 20-30% 
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Moderately stressed = 10-20% 

Severely stressed = 5-10% 

Extremely stressed = 2-5% 

Exceptionally stressed = 0-2% 

Applying this formula, it was determined that WaSSI classification for Dharamshala town is 1.69 % 
which comes under exceptionally stressed condition.  

10. Conclusion  

From the urban population growth pattern, it has been clear that the hill town Dharamshala 
experienced a tremendous hike in the urban population which leads to putting more pressure on water 
infrastructure. However, water resources still remain unchanged. Five water sources in the town of 
Dharamshala are also unable to meet the city's water requirement. So how the water authorities will be 
able to fulfill the smart city mission of providing 24X7 water to the hill town of Dharamshala. There 
would be some generic solutions for tackling water scarcity problems in Hilltowns, not specifically to 
Dharamshala but in rest of the Hilltowns as well. As we know that there is not enough scope of 
augmenting the sources of water, so the only solution left for getting alternate water sources to fulfilling 
the demand is the reuse of wastewater or the greywater (Díaz et al., 2016), which is 80% of the used 
water. Redistribution of treated wastewater saves nearly 30 % of water use. So one should make 
attempts to optimize the use of freshwater through redirecting the left-out wastewater back in 
circulation. Nearly 25% of such water is proposed to be used at city level parks, recreational areas, and 
other ancillary activities. The author also suggesting for the rejuvenation of traditional resources for 
fulfilling the water demand. Presently these resources are not in use for many years/ decades, since the 
households got piped water supply. So these can be made an additional water resource. These 
traditional sources not only proving water to the inhabitants but also helps in recharging groundwater. 
Finally, there should be enforced legislation for using a single drop of water from the rooftop as a 
rainwater harvesting, which may be directly used for many purposes without its treatment and resulting 
in putting less pressure on freshwater. These measures help to achieve sustainable water management 
systems in Hilltowns. 
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Abstract: The city of Dehradun till 1980 was well known as a city of green hedges and gray hairs. With the time, 
the city has experienced prompt socio-economic changes both positive and negative on the general public. These 
revolutionary changes are seen after November 2000, when Dehradun made the capital of Uttarakhand state. 
Being the capital of a new state acted as a magnet for a variety of new jobs. The studies show a built-up area of 
the city is almost doubled in the amount that was twenty years back.  One side the population and load on land is 
increasing on the hand availability of land is restricted. Due to urbanization in Dehradun changes in a built-up 
area, impact a lot on socio-economic conditions of people. To identify the Impact of land-use and land cover 
change on the residents of Dehradun the field survey was done on a restructured questionnaire among the 303 
samples. The samples include the head of the families since 1998 living into Dehradun along their experience 
with the growth. This research predicted the socio-economic impact of urban growth ahead of the actual growth, 
raising realm stage of the future urban growth and expected to avoid ill effects, if any, through holistic integrated 
and sustainable planning measures. 

Keywords: Revolutionary changes, magnet, changes in residential areas, sustainable planning 

1. Introduction 

Dehradun is the capital of Uttarakhand State in India. Uttarakhand is divided into two broad regions--Garhwal 
and Kumaon. The state is comprised of 13 districts, namely, Chamoli, Pauri, Tehri, Uttarkashi, Dehradun, 
Haridwar and Rudraprayag in the Garhwal region and Nainital, 
Almora, Pithoragarh, Udham Singh Nagar, Champawat and 
Bageshwar in the Kumaon region. Out of these 13 districts, four 
districts Nainital, Haridwar, Dehradun and Udham Singh Nagar 
have large areas in the plains, whereas the other nine districts 
comprise the hill region of the state. Dehradun town is well 
known as tourism spot. Apart from this, the town also performs 
administrative, commercial, and defense related functions. A 
large number of educational institutes as well as research 
institutes are situated in Dehradun town i.e. Survey of India, 
Forest Research Institute, Indian Institute of Remote Sensing, Oil 

and Natural Gas Corporation, Zoological Survey of India, Indian 
Military Academy, Wadia Institute of Himalayan Geology and 
Indian Institute of Petroleum. Geographical extension of 
Dehradun town is between 78°00‘ E to 78°15‘ E longitudes and 30°15‘ North to 30°25‘ N latitudes. (Ref. Figure 1) 

Figure -1 Dehradun city location and 
famous places images   (Source: Author)  
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Dehradun is located in a synclinal valley within the Siwalik formation. Dehradun city covers an area of 57.31 sq. 
km. Uttarakhand State was carved out of the state of Uttar Pradesh on November 9, 2000. After November 2000, 
many changes have been seen with the formation of Uttarakhand state and Dehradun as its capital. A sizable 
amount of immigration from rural areas and nearby adjoining states such as UP, Haryana, Punjab, and Delhi has 
also resulted in the gradual expansion of Dehradun. The inner and outer areas of the Dehradun city have 
undergone revolutionary changes in their land use. The changes in built-up areas, green areas, infrastructure, 
transportation, roads, has been noticed.   

2. Objectives   
The basic objective of the study is to analysis the result of 303 surveys on the topic “Socio-economic impact 
assessment of city growth on neighbor land of Dehradun” particularly infrastructural changes of land use after 
being Dehradun the capital of Uttarakhand. 

 Comparison between the present and old infrastructural conditions of Dehradun city. 
 To analyze  the socio economic view of the respondent about the impact of growth  in the 

neighborhood of Dehradun from the period  1998 to 2017 

 

3. Field Survey method for Data collection 
The information is collected directly through field surveys, interviews, questionnaire and focus group interviews. 
Data is collected by the researcher. This seeks to identify and analyze residents of Dehradun the field data 
collected from 303 respondents using pre-structured questionnaires. The perception of growth of Dehradun after 
1998 has been surveyed to find Changes in Dehradun in last 20 years in the residential areas. Between January 
2018 to April 2018 survey has been conducted by the researcher. Continuous visits to 60 wards of Dehradun 
municipality corporation 2011 map. The preference is given to those people living in converted land from 
agriculture area to build up areas. 

4. Compression of Dehradun Now And Then 
In Dehradun, It is also observed that present status is that 
they converted into Slum. Dehradun city lives between 
two rivers, Bindal and Rispana. The two rivers that are 
part and parcel of the city’s life are horribly polluted. A 
few people know that all the dirt and filth that gets 
collected in these two rivers finally goes into the Ganga 
(Ref. Figure 2). The city congestion and crowding is 
deteriorating city environment. Various forms of urban 
development are taking shape on the ‘green fields’ which 
is within the commuting range of the city. Due to 
population explosion, the inner and outer areas of the 
Dehradun city have undergone revolutionary changes in 
their land use. The population is rising in city to 

accommodate them the demand of housing is greater 
than ever. To fulfill the increasing requirement of 
housing, cutting of trees is increasing. Green lands are 
converting into the buildup areas. To fulfill the increasing 
housing demands builders are making more mid-rise housing apartment.  The development leads to 
disappearance or decline of vegetation land to build up uses. As the city built up areas expand, vegetation is 
pushed outwards and most of the cultivated area is using for residential purposes. One sees the illogicality 
overcrowding and vast amount of partially developed land. The natural landscape close to the city is destroyed. In 

Figure 2 : compression of before 1997 and today’s 
road conditions and Rispana River 
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the city the need to provide shelter to the increasing population is making the city expand along its boundaries, 
along the roads submerge many colonies, villages and small towns along its path. According to the Census of 
India (2011), total population of the Dehradun as per Municipal Corporation record in 1981 is: 211,416, 1991 is 
283,537, 2001 is 426,674 and in 2011 is 569,578. Built up area of city is extended from 31.08 sq. km. to 68.18 sq. 
km. There were sudden jumps of population. In 1991-2001 decadal population increased by 39.73%. 
 

5. Procedure and discussion  
5.1.  Sampling Method and Sample Size for Main Study: Dehradun 
Dehradun city was considered as a study for present study. By the Municipality Dehradun has been divided into 
60 wards, which have many numbers of colonies, locations, mohallas and sectors. All the wards of as per 2011 
municipality map (Ref. figure 3) of city were formed as universe of study. The residents (living in Dehradun before 
1998) were considered as a universe of the study. Random Sampling of 303 respondents has been done from all 
the 60 wards of city (Ref. Table: 1). The more samples from new colonies mainly on the outer skirts supervised by 
a researcher whose plot which are converted from agriculture land (presently residential area) have been taken 
into consideration. The samples from core old city wards who has also built their new houses in outer /new areas 
also taken into consideration. From the 60 wards, 303 households were 
selected randomly making the final sample size of households. 
However, data was collected from the household members, which 
were 1408 of respondents in all. Thus, the final sample size for this 
study was 303 households and 1408 residents. The study has been 
done from old residents of the Dehradun to get their experienced point 
of view of changes in social cultural and economic changes. The land 
changes of the year 1998, 2007 & 2017 have been identified using 
satellite images. From the old wards such as Bakrawala, Indira Colony, 
Race Course, Jhanda Mohalla, Khurbura etc. less nos. of samples are 
selected. From the outer boundaries of the Dehradun city new 
developed areas more no. of samples are selected. Researcher also 
tried to select the samples those from core old Dehradun shifted to new 
areas. 

S. No. Name of the ward 
No. of 
samples selected 

S.No. Name of the ward 
No. of samples 
selected 

1. Rajpur 16 2. Sahastardhara 5 

3. Jakhan 6 4. HathiBarkala 5 

5. Arya Nagar 3 6. Dobhalwala 5 

7. Vijay colony 4 8. Krishan Nagar 1 

9. D.L. Road 2 10. Rispana 5 

11. Karamu 2 12. Bakrawala 2 

13. Chhakhuwala 2 14. Indira Colony 2 

15. Clock Tower 3 16. Race Course 2 

17. M.K.P 1 18. Kalika Mandira Marg 2 

19. Tilak Road 2 20. Khurbura 2 

21. Shivaji Marg 6 22. Indresh Nagar 2 

23. Dhamawala 2 24. Jhanda Mohalla 2 

25. Dalanwala(North) 2 26. Dalanwala(East) 2 

27. Dalanwala(South) 2 28. Adhoiwala(North) 15 

29. Adhoiwala(South) 2 30. Bhagat Singh Marg 2 

31. Rajeev Nagar 1 32. Defense Colony 4 

33. Nehru Colony 6 34. Dharampur 2 

35. Deep Nagar 16 36. Ajabpur 10 

37. MataMandir road 3 38. Race course (South) 4 

39. Rest Camp 1 40. ReethaMandi 3 

41. LakhiBagh 1 42. Kargi 5 

Figure 3: 2011 Municipality Map of 
Dehradun City 
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43. Patel Nagar (East) 3 44. Bharampuri 3 

45. NiranjanPur 6 46. Mazra 15 

47. Turner Road 35 48. Indira Purum 5 

49. Dronapuri 1 50. Kanwali 5 

51. Indira Nagar 6 52. VasantVihar 15 

53. Mohit Nagar 3 54. Patel Nagar (West) 5 

55. Gandhi gram 3 56. Yamuna colony 5 

57. Govindgarh 3 58. Shri Dev Suman Nagar 2 

59. Ballupur 8 60. Kaulagarh 15 

 Total 151  Total 152 

Table 1 : List of the no. of samples selected from the 60 wards  

Table 2: List of the no. of samples selected from the 60 wards  

6. Result of the survey of Impact of the neighborhood of Dehradun from 
the period 1998-2008.  

The review of the four major factors Socio- cultural Effect, Economic scenario of 303 respondents about their 
neighborhood on scale of 7 has been taken. The 12 variables under socio-economic effect and 9 variables under 
Economic scenario factors have been studied. Below is the calculative table showing percentage of respondents:  

6.1. Impact of Social –cultural (SC) Activities changes:   
  Following in detail with help of graphs result of survey of 303 samples among the Dehradun 60 wards has been 
presented:- 

6.1.1. SC-1: Effect of Recreational Facilities in the Area                                                                                                     
The result of 303 respondents on the rating scale of 1 to 7 shows people of Dehradun residents  have given 
maximum 4 rating means 28% i.e. neither good nor bad for the Effect of Recreational Facilities in the Area 
facilities (graph 1). People are neutral on impact of growth with the time on recreational facilities of their 
neighborhoods areas. 20 years back Dehradun was known for open and green spaces but with the growth its 
becoming compact and compact but still there is greenery but if the local development authorities will not take 
proper care of recreation facilities in the next few years people will be unhappy. 

  .  
Graph 1: Effect of Recreational Facilities in the Area facilities rating in percentage 

Graph 2: Local values rating in percentage 
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S.No. Year of construction 
of house 

No. of samples 
surveyed 

percentage of total 
survey 

Remarks 

1 1998-2007 94 31% 31% are surveyed in the wards are shown in the 
map below 

2 2007-2018 82 27% 31% are surveyed in the wards are shown in the 
map below 

3 1998-2018 127 42% 31% are surveyed in the wards are shown in the 
map below 
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6.1.2. SC-2:  Local values 
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows people of 
Dehradun residents have given maximum to 4 i.e. neither good nor bad for the Local values i.e. 31%.(Graph 2).It 
means residents of Dehradun still have local values. Local values people still believes in old religious Gurudwara 
such as Jhandeji Gurdwara and every year after 5 days of Holi most of the local residents went to do the religious 
rituals. 

SC-3: Traffic Norms of area  
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows people of 
Dehradun residents have given maximum to 4 i.e. neither good nor bad for the Traffic Norms of area i.e. 24%. 
People wish there will be no jams on the roads sometimes there are traffic jam for 3-4 hours it should be 
Controlled strictly (Graph 3). 

 

 
 

 
Graph 3: Traffic norms of Area facilities rating in percentage 

Graph. 3: Customs rating in percentage  
 

6.1.3. SC-4 : Customs 
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows people of 
Dehradun residents have given maximum to 5 rating means 30% have chosen good for customs. People are 
happy with customs. Secondly are 4 i.e. neither good nor bad for the customs (graph 4). Every festival such as 
Diwali, Holi, Eid etc. maximum residents celebrate with full enthrisium and true manifestation of its rich culture 
and traditions. 

6.1.4. SC-5 : Shopping Opportunity 
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows people of 
Dehradun residents have given maximum to 6 rating means 32% have chosen very well People are happy with 
Shopping opportunity(graph 5). Some has mentioned in special comment that shopping opportunities are 
increased with the time, happy with it. 

          
Graph.4: Shopping opportunity rating in percentage 

Graph.5: Maintenance of Historical monuments rating in percentage 
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6.1.5. SC-6 : Maintenance of Historical Monuments 
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows people of 
Dehradun residents have given maximum to 5 rating means 30% have chosen good (graph 6), People are happy 
with Maintenance of Historical Monuments.  

6.1.6. SC-7 :  Peace of the Area 
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows people of 
Dehradun residents have given maximum to 4 rating means 24% have chosen neither good nor bad. Secondly is 5 
with 23% i.e. for the Peace of the Area (graph 7). 

     
Graph.6: Peace of the Area rating in percentage 

Graph.7: Literacy rate rating in percentage 

 

6.1.7. SC-8 : Literacy Rate 
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows people of 
Dehradun residents have given maximum to 5 rating means 35% have chosen good People are happy with 
Literacy Rate. Secondly are 6 i.e. very good for the Literacy Rate (Graph 8). Mostly people are educated in the 
city. Dehradun is also known as education hub. 

6.1.8. SC-9 : Faith in local deities 
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows people of 
Dehradun residents have given maximum to 5 rating means 31% have good, People are happy with Faith in local 
deities. Secondly is 4 i.e. neither good nor bad for the Faith in local deities (graph 9). Shakubhari Devi temples, 
Jhandeji Gurudwara & Daat wali devi are some of the oldest religious places in the city. 

    
Graph.8: Faith in local deities rating in percentage 

Graph 9: Crowd of the neighborhood rating in percentage 

 

6.1.9. SC-10 :  Crowd of the neighborhood 
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The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows 
people of Dehradun residents have given maximum to 4 & 5 rating means 21% have chosen neither good 
nor bad& good People are happy with Crowd of the neighborhood (graph 10). 

6.1.10. SC-11:  Social Evils (Alcoholism, Gambling and Prostitution in the Area) 
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows 
people of Dehradun residents have given maximum to 4 rating means 25% have chosen i.e. neither good 
nor bad for People are happy with Social Evils for example Alcoholism, Gambling and Prostitution in the 
Area. Secondly is 20% with ranking 3 i.e. bad. Some has mentioned in special comment that at night) is 
increasing and not happy with it (graph 11). 

  
Graph.10: Social Evils in the Area rating in percentage. 
Graph.11: Law and order problem rating in percentage 

 

6.2. Impact of Economic scenario ( ES) Changes :   
Following in detail with help of graphs result of survey of 303 samples among the Dehradun 60 wards has 
been presented:- 

6.2.1. ES-1: Cost of land /housing 
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows 
people of Dehradun residents have given maximum to 6 rating means 33% have chosen very increased. 
People are not happy with Cost of land /housing. (Graph 13). Due to demand and limited land the Cost of 
land /housing is increasing like anything. 

      
Graph.12: Cost of land /housing rating in percentage 

Graph.13: Cost of day to day basic needs rating in percentage 

 

6.2.2. ES-2: Cost of day to day basic needs 
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows people of 
Dehradun residents have given maximum to 6 rating means 33% have chosen very increased  (graph 14). People 
are not happy with Cost of day to day basic needs. 

6.2.3. ES-3: Family income 
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The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows 
people of Dehradun residents have given maximum to 5 rating means 33% have chosen increased (graph 
15). People are not happy with Family income. As since 2000 Dehradun become a capital there job 
opportunities are increased. 

             
Graph.14: Family income rating in percentage 

Graph 15: Rent of property in percentage 

 

6.2.4. ES-4 : Rent of Property 
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows 
people of Dehradun residents have given maximum to 5 rating means 38% have chosen increased (graph 
16). People are not happy with Rent of property. Due to demand Rent of property is increasing like 
anything. 

6.2.5. ES-5 : Service/job opportunities 
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows 
people of Dehradun residents have given maximum to 5 rating means 30% have chosen increased (graph 
17). People are happy with Service/job opportunities 

           
Graph 16: Service/job opportunities rating in percentage 
Graph 17: Industrial opportunities rating in percentage 

 

6.2.6. ES-6 :  Industrial opportunities 
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows people of 
Dehradun residents have given maximum to 2 rating means 20% have chosen much decreased (graph 18). People 
are not happy with Industrial opportunities. 

6.2.7. ES-7 : Educational opportunities 
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The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows 
people of Dehradun residents have given maximum to 5 rating means 27% have chosen increased (graph 
19). People are happy with Educational opportunities. 

         
Graph 18: Educational opportunities rating in percentage 

Graph 19: Medical treatment facilities rating in percentage 

6.2.8. ES-8:  Medical treatment facilities 
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows people of 
Dehradun residents have given maximum to 5 rating means 35% have chosen increased (graph 6.52). People are 
happy with Medical treatment facilities. 
 

7. Residents satisfied with the changes in Dehradun 
The result of 303 respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows people of 
Dehradun residents have given maximum to 4 rating means 25 % have chosen neutral with the growth of the city. 
People are neutral but they are happy with the growth but not at the cost of environment. 
 

 
Graph 21: Residents satisfied with the changes in Dehradun 

The respondent special comments how people are satisfied with the growth of the city The result of 303 
respondents on the rating scale of 1 to 7 for extremely good or extremely bad shows 25% people of Dehradun 
residents have given maximum 4 rating means they have chosen neither good nor bad. Overall results are neutral 
in other words researcher finds residents of Dehradun are happy with the urban growth but not at the cost of city 
environment and greenery. Considering the number of people living in Dehradun city, the pressure of socio 
economic, environment and infrastructure is a valid concern of the authorities. Besides, though there are many 
initiatives by the local governing bodies to improve the same, it has been observed that the efforts are more 
often inadequate.  
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Conclusion  
The analysis shows in the Socio- cultural Effect people are happy (more than 4 rating) with Customs, Shopping 
opportunity, Maintenance of Historical Monuments, Literacy Rate, Faith in local deities not happy with (less than 
4) Effect of Recreational Facilities in the Area, and neutral with Local values, Traffic Norms of area, Peace of the 
Area, Crowd of the neighborhood, Social Evils (Alcoholism, Gambling and Prostitution in the Area), Law and Order 
Problem. Overall the Effect of Recreational Facilities in the Areas needs attention to improve so that people will 
be satisfied with the growth. Socio cultural Effect view of the respondents  about the growth in their 
neighborhood of Dehradun period 1998-2017 , 80% respondents are satisfied and happy with shopping 
opportunities, maintain ace of historical monuments, customs but only 50% are satisfied with Social evils, law and 
order problem, traffic norms of the area.The analysis shows in the Economic scenario people are happy (more 
than 4 rating) with Agricultural facilities, Industrial opportunities not satisfied with (less than 4) Cost of land 
/housing, Cost of day to day basic needs, Rent of property, Family income, Service/job opportunities. The working 
class people are not happy with increasing cost of land and day to day basic needs. In economic Scenario result 
shows people are satisfied with service job, educational and medical treatment facilities. On the other hand not 
happy with cost of day to day basic needs, increasing cost of land /housing (35%) and industrial opportunities 
(20%) are satisfied. So overall the people are unhappy with present economic scenario of Dehradun due to the 
changes. To conclude Architectural built forms of the residential areas is changing; to accommodate the 
increasing requirement of housing agricultural and open areas are converting into residential colonies. The 
architectural built forms the city residence planning from horizontal planning changes into vertical planning 
because of shortage of land in Dehradun. The apartments and group housing is now a day in trend in the city. The 
other cities also facing the effects of change of land use ref chapter III of literature review. In the research the 
architectural model is built for the future prediction and if the growth / built up areas in the city will be increased 
with the same rate then Dehradun will totally lost its natural beauty. 
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Abstract: Passive systems for natural ventilation design have the ability to control the mechanism of wind in order to 
improve indoor conditions. Many of the previous studies have focused on analyzing different parameters and passive 
systems to predict the indoor natural airflow. Building parameters and systems are important in determining the 
feasibility of natural ventilation design. In an urban scale, traditional buildings in the north of Iran used the passive 
cooling system which is called breezeway (Nafas Kesh) in order to make buildings more breathable and cool the 
internal spaces. This study focuses on the performance of the earth duct connected to a double brick wall 
(breezeway) system and the impact of different breezeway width on indoor natural ventilation. This system was 
simulated by computational fluid dynamics (CFD) program. A model with fixed earth duct height of 0.01 in reduced 
scale and different breezeway widths of 0.008 m and 0.02 m and 0.04 m in 1:200 reduced scale was analyzed. Results 
show that model with fixed earth duct height of 0.01 m connected to breezeway widths of 0.08 m and 0.02 m 
decreases indoor volume flow rate 10% and 4%, respectively. While the model with breezeway width of 0.04 m 
increases indoor flow rate slightly equal to 2%. In a model with breezeway widths of 0.008 m and 0.02 m Indoor 
mean air velocity decreases 30% and 10%, respectively. Although in model with breezeway width of 0.04 the mean 
air velocity increases 3%. 
Keywords: Natural ventilation, breezeways, earth ducts, CFD. 

 

1. Introduction 
The wind has played a great role in architecture in hot and humid seasons. Air movement makes human feel cooler 
and conditions the indoor spaces better under a hot and humid environment. Thus, natural ventilation serves as the 
most effective passive design strategy for hot and humid regions. Buildings develop in order to adapt to their climate. 
Decisions which respond to climate, make their mark in design. Considering the vernacular architecture in the north 
of Iran, the vernacular buildings were designed on stilts with elevated floors in order to take the full advantage of the 
prevailing wind. Holmes (1994) found out Building which has an elevated floor, the effect on natural ventilation in a 
positive way. In urban scale, the vernacular buildings on stilts are located near the backyard brick wall which mostly 
has a width of 1m and called breezeway (Nafas kesh). The breezeway is connected to a raised-up floor (crawl space) 
under the building and mostly made up of two brick walls. In this type of buildings, the air passes under the raised-up 
floor and exits from the breezeway (Figure 1). Therefore, this system affects indoor natural ventilation and airflow. 
Many previous researchers have studied the effect of different parameters and systems on natural ventilation in 
vernacular buildings. Similar to other parameters, breezeway at the backyard of buildings could also affect indoor 
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natural ventilation. Therefore, it is an important measure to take into account. The geometry of breezeways at 
building backyards can increase or decrease indoor natural ventilation. The purpose of this paper is to study the 
effect of breezeway shaft depth on indoor airflow.  Computational Fluid Dynamics is a powerful tool for studying 
natural ventilation and was used as a data collection tool in this study. 

 
Figure 1: Breezeway at the backyard in urban scale vernacular buildings in north Iran.  

 

2. Literature review 
The range of vernacular low-rise buildings in hot and humid climates have several notable characteristics which have 
an effect on natural ventilation. These characteristics are defined in four major groups: 1) pitch roofs, 2) large 
openings, 3) elevated floors, 4) building aspect ratio. There are some studies within group 1 including gable-roof, 
arched roofs and shed roofs. Holmes (1994) found out mean pressure difference between windward and leeward 
facades increases by  

increasing pitch angle in gable roofs. Tomingaa et al. (2015) studied three different pitch gable roofs and 
pointed out the flow pattern around the building changes critically around 20% at the pitched roof. Holmes (1994) 
compared gable roof of 18" pitch with a hip roof which was studied by Meecham et al. (1991)  and found out the 
highest pressures on the hip roof were significantly less than those on gable roof of the same pitch. Holmes(1994) 
also found out by increasing roof elevation, external mean pressure on building increases. Chu and Chiang (2014) 
found out building aspect ratio affect indoor natural ventilation. they found out by increasing the depth of the 
building, the pressure difference decreases. They found out the best depth to height ratio is less than 5. The 
information from these studies is important to those choosing pressure coefficients for ventilation design. 

Peren et al. (2015) pointed out that indoor natural ventilation increases in shed roof with asymmetric opening 
positions. Chu and Chiang (2014) suggested that the ventilation process in openings in opposite corners of the 
windward and leeward facades was 15.5% lower than that of openings on the centerline of buildings. Tominaga and 
Blocken (2015) found out buildings without shelter have 30% more natural ventilation. 

Some researchers studied on the effect of detail component designs on natural ventilation. Peren et al. (2015)  
worked on the impact of eaves on indoor natural ventilation and found out both windward and leeward eaves result 
in an increase of volume flow rate and windward eaves with an inclination of 27' (equal with a roof angle) result in 
the highest increase of volume flow rate. Kosutova et al. (2019) worked on isolated building equipped with louvers 
and found out that louvers at the upper part of the façade had the most indoor airflow rate compare to lower and 
middle openings without. Montazeri and Blocken (2013) studied pressure distribution as an important factor 
parameter for natural ventilation on a building with and without balconies. They found out it can cause significant 
changes in pressure distribution, as much as 30% in some areas. Tantasavasdi et al. (2001) found out it is better to 
use square-shaped plan than rectangular for natural ventilation. Therefore, in this study, a cubic model was chosen 
as a base model and then investigated. 

Three types of measurements can be used to study natural ventilation: scale model, wind tunnel 
measurements, and full-scale measurements. Computational fluid dynamics (CFD) is a powerful approach to study 
natural ventilation. Experimental measurements can give much more accurate results than analytical models. Many 
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building parameters and systems were investigated in previous studies. The review of the literature shows that 
almost no studies have been conducted on the effect of building on stilts integrated to breezeway shaft on indoor 
natural ventilation. Therefore, this study investigates the effect of different breezeway width on indoor airflow 
pattern and volume flow rate in an elevated floor building with symmetric opening positions using computational 
Fluid Dynamics. CFD is one of the most powerful software in predicting indoor airflow. All of the simulations were 
performed using ANSYS Fluent 12. The experimental data breezeway used to validate the numerical data which was 
performed by Karava (2008). 

  

3. Methodology 
Experimental measurements are described in subsection 3.1. The numerical model based on experimental data for 
validation is presented in subsections 3.2.  After a good agreement between experimental data and numerical data 
from simulations, section 4 presents the CFD simulation results for the models without the breezeway shaft and with 
the three different breezeway shafts base on 0.01 height elevated floor. Discussions and conclusions are given in 
section 5. Wind tunnel experiment was used to provide accurate flow data for validating the results of computer 
simulation. The experimental model which was used for verification and validating of the numerical model is 
described in the following section. 

3.1. Wind tunnel experiment model 
The experimental data by Karava (2008) was used to validate the numerical data. A small-scale cubic model (1:200), 
0.1 m × 0.1 m × 0.08 m (W×D×H) was constructed out of 2mm cast transparent Polymethyl methacrylate (PMMA). 
The scale model was corresponding to dimensions of 20 m× 20 m × 10 m (W×D×H) in full scale. The studied models 
had three different wall porosities 5%, 10% and 20% with three different opening positions at the bottom, middle 
and top in both windward and leeward facade. The PIV measurements for an isolated building model was carried out 
in wind tunnel of Concordia University, Canada. The mentioned wind tunnel is open-circuit boundary layer wind 
tunnel with a test section of 1.8 × 1.8 × 12 m3. The mean wind speed and turbulence intensity were measured 6.97 
m/s and 10%, respectively at the building model height. For more information related to the experimental data 
which was used in this study, the reader is referred to the Karava (2008). In this study, the focus is on the reduced 
scale experimental model with symmetric opening positions at the middle of the windward and leeward façade and 
with wall porosity of 10%. The center of the opening is 40mm height at both windward and leeward façade. The size 
of each opening was 0.046 m × 0.018 m (length × height) (Figure2). The defined AB line at the middle of the 
windward and leeward opening (40mm) used for comparisons in simulations. 

 
 

 
Figure2: Front, section and perspective view of the reduce-scale experimental model studied by Karava 

et al. (2008) used for numerical simulation. 
 

3.2. CFD model description 
3.2.1. Boundary condition 

In order to replicate the experimental wind tunnel measurements performed by Karava (2008), building 
geometry was modeled in a computational domain. The computational domain was modeled base on the best 
practice guidelines by Franke et al. (2007) and Tominaga et al. (2008). The outer computational domain had an 
upstream length of 3H, a downstream of 15H, a lateral length of 3H on both sides of the building, and a vertical 

A
B 
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length of 3H above the building height. The domain size was 0.9 m × 0.48 m × 1.54 m in a 1:200 reduced scale, which 
corresponds to 180 × 308 × 96 m3 in full scale. Figure 3.a indicates the computational domain. 

 
Figure 3: Perspective view of a building model in the computational domain. 

Three meshes, course with 456192 cells, basic with 773936 cells, and fine with 1617840 cells, were applied for 
grid independence test (Figure 4). The mesh density is increase near the openings. Grid independence tests indicate 
mesh size with 773936 cells are sufficient for the model (Figure 5). The Building geometry was constructed by Gambit 
software. The mesh was fully structured.  

a b c 

   
Figure 4: View of computational grid.a.coarse grid, b.basic grids and c. fine grid 

 
Figure5:  Comparison between coarse mesh, basic mesh and fine mesh. Results show that basic mesh is 

sufficient. 
Karava (2008) revealed the incident vertical profiles of mean wind speed and turbulent intensity based on 

wind tunnel measurements. The profile of mean velocity for inlet boundary condition simulation was based on 
obtained incident profiles. Blocken et al. (2007) found out Using incident profiles rather than approach profiles is 
important to have simulation accuracy. The inlet wind velocity profile was defined based on logarithmic law (Eq.1). 
UABL is a friction velocity equal to 0.35 m/s. k is a von_Karman constant equal to 0.42. The turbulence kinetic energy 
was calculated from (Eq.2) Where Iu is a turbulent strength or turbulent intensity which is calculated from one 
direction in wind tunnel experiment by Karava (2008). a is a parameter range from 0.5 to 1.5. Peren et al. (2015) 
found out a = 0.5 provided the best agreement with the experimental results in building with asymmetric positions. 
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Tominaga et al. (2008) proposed to use a = 1 and Ramponi and Blocken (2012) also found out a = 1 is the best value 
for buildings with symmetric opening positions. Therefore, in this study as the building has symmetric opening 
positions the value of parameter a in equ.2 is equal to 1. Turbulence dissipation rate (ε) and specific dissipation rate 
(ω) are defined by Eq.3 and Eq.4. where C is an empirical constant taken equal to 0.09. Figure 6.a shows the incident 
profiles of mean wind (U), turbulent kinetic energy (K) and turbulence dissipation rate (ω) at the inlet of the domain 
defined by Peren et al. (2015) while the parameter a is equal to 0.5. In this study  Incident profiles of mean wind (U), 
turbulent kinetic energy (K) and turbulence dissipation rate (ω)  at building position and in an empty domain are 
given in Figure 6.b. Sandgrain roughness is an important factor for wind profile accuracy. Blocken et al. (2007) 
derived Sandgarin roughness height based on aerodynamic roughness length Z0 and roughness constant of 0.874 and 
based on Eq.5. Therefore, in this study Sandgrain roughness was taken equal to 0.28 mm. 

  

U (z) =  In ( ) 

Where:  
U(z) = A speed in [m/s]; UABL = friction velocity in m/s; k = von-Karman constant equal to 0.42 

(1) 

K (z) = a (I u(z) U(z))2 

Where:  
K(z) = turbulence kinetic energy in [m2/s2]; I u(z) = turbulent intensity in percent; U(z) = velocity 
at z height in m/s. 

(2) 

ԑ= u*3 ABL/ (z+z0) 
Where:  
ε = turbulence dissipation rate in [m2/s3]; UABL = friction velocity in[m/s]; K(z) = turbulence 
kinetic energy. 

(3) 

 (z)= ԑ(z)/Cµ K(Z) 
Where:  
  = specific dissipation rate[m2/s3]; ԑ(z)= turbulence dissipation rate; Cµ = constant equal to 
0.09. K(z) = turbulence kinetic energy in [m2/s2] 

(4) 

K S =9.793 Z0/ CS 
Where:  
KS = Sand grain roughness; CS = roughness constant; z0 = height in meter [m]. 

(5) 

 

b a 
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Figure 6: a.Inlet Velocity, turbulence kinetic energy and turbulence dissipation rate at the inlet of the 
domain defined by Peren et al. (2015) while a parameter is equal to 0.5. b.measured Velocity, turbulence 

kinetic energy and turbulence dissipation rate at building position in an empty domain while a parameter is 
equal to 1 and turbulence model is k-ω. 

3.2.2. General CFD set up 
All simulations were performed using ANSYS FLUENT 14. General simulation settings such as k-ω sst as a 

turbulence model was used. k-ω sst has the best agreement result for indoor natural ventilation. The commercially 
ANSYS FLUENT 14 software was used for the CFD simulation. The simulation governed by 3D dimensional Reynolds 
Averaged Navier_Stokes equations (RANS) in order to solve the steady-state governing equations in combination 
with turbulence model. The k- ω SST (shear-stress transport) was used as a turbulence model with standard wall 
function. The second-order upwind scheme was used for other governing equations and the "SIMPLE" (semi-implicit 
method for pressure-limited Equations) algorithm for the pressure_ velocity coupling was performed. The 
Simulations were run in steady-state mode with the convergence criteria of 10 -6 for x and y momentum, 10 -5 for z 
momentum, and 10 -4  for k, ε and continuity. The results observed over 9800 iterations. The oscillator convergence 
was observed. Ramponi and Blocken (2012)also found an oscillator convergence simulation of cross-ventilation flow 
for different isolated building configurations. In order to evaluate a constant value in oscillatory variations, the 
average of 800 iterations (between 9000 and 9800 iterations) for pressure and velocity were calculated.   

3.3. Compare to experimental data 
The results show that the CFD setup simulation has good agreement with experimental wind tunnel data 
by Karava (Figure7.a). 

b a 

 

 
Figure 7: a. Comparison of the mean wind velocity from the wind tunnel experiment and CFD simulation 

at defined AB line. the result shows a good agreement with experimental data. b.the velocity vectors in CFD 
simulation. 

3.4. Domain dimensions Independent test 
The scale experimental model does not replicate other geometries considered in this study. Adding a 

breezeway at the back of the model change the aspect ratio of the validated model, this aspect ratio minimizes the 
distance for the air to flow. To not affect the results, a sensitivity analysis on the boundary condition has been 
conducted. The cube model was tested in new computational domain size with 0.9m × 0.48 m× 1.58 m in 1:200 
reduced scale. The domain was expanded at the downstream of 15H to indicate that the results are independent 
from the downstream domain size. Figure 8 shows the comparison between indoor mean velocity at the defined AB 
line of the base model in domain size of 0.9 m × 0.48 m × 1.54 m and domain size of 0.9m × 0.48 m × 1.58 m. The 
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results indicate that the domain size becomes independent. Therefore, the new domain was simulated for all the 
models with breezeway. 

 
Figure 8: Analysis of domain size independence for two different boundary sizes. 

 

4. The effect of breezeway width on indoor natural ventilation 
 

Simulations were conducted to model the effect of breezeway shaft depth on indoor airflow. Four different 
geometries with a fixed stilt height and different breezeway depth were analyzed. Geometry “a” is a cubic model 
based on the experimental model with an elevated floor of the ground. Other three geometries “b”, “c” and “d” are 
the same model with an elevated floor connected to a 0.049 meter height breezeway without any obstructions. 
Simulation “a” served as a baseline case to compare against other simulations. The volume of all these models kept 
constant and equal to 0.7cm3 in reduced scale. The cubic model has a 0.1m depth, 0.1 m width, and 0.07 m height. In 
case b, c and d the breezeway shaft is modeled with cross sectional area of 0.000392m2, 0.00098 m2 and 0.00196 m2, 
respectively. All four cases have an equal elevated floor height of 0.01m in reduce scale corresponds to 2m in full 

scale (Figure9). 
d c b a 

    

    

Figure 9: Four different geometries were simulated 
Four models were analyzed and compared with each other at the defined line in the middle of the windward 

and leeward opening. Experimental set up is mentioned in chapter 3, and is used for conducting simulations. The 
goal of this section is to understand the effect of breezeway shaft depth in indoor airflow. Velocity and pressure 
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contours are shown in Figure.5.  As it is shown Results from small scale simulation suggest that the breezeway shaft 
at the backward of the building impact the airflow inside the building.  

The air pathway bends toward the breezeway shaft opening. As it is shown, as the breezeway shaft expands 
(model d), more airflow into the breezeway shaft. This corresponds with a pressure loss at the leeward façade. 
Pressure loss in breezeway shaft leads to a larger pressure difference between windward and leeward opening and 
increase indoor flow rate. In model b and c due to a lower breezeway width, the airflow couldn't pass easily in the 
breezeway shaft. The air turned into small wakes which cause lower air velocity in the shaft and increase pressure at 
the back of the model. The measured pressure coefficient for all the models is presented in table1.  

 
Table 1: Pressure differences between windward and leeward facades of building models 

Model P coefficient 
windward opening 

P coefficient 
leeward opening 

∆P 

a 0.87 0.07 0.8 
b 0.9842 0.033 0.6542 
c 0.9 0.16 0.74 
d 0.86 0.03 0.83 

  

  

  

  



59 

 

CFD simulation of Earth Duct connected to double brick wall system on indoor airflow in model with 
symmetric opening position (traditional passive cooling system in the north of Iran) 

  

  
Figure10. Velocity contours and pressure contours along the middle plane for geometry a,b,c and d. 

contours indicate the air entering the building through the crawl space under the building and first floor and 
exit from the breezeway shaft. 

5. Conclusion 
Results from small scale simulation suggest that the breezeway shaft at the backward of the building impact 

the airflow inside the building. Figure 11.a indicates comparison between indoor mean wind velocity along the 
defined horizontal line (AB) at the middle of the windward and leeward opening in all four models. As it is shown 
compare to the base model (a model without breezeway shaft), the mean wind velocity along the horizontal line is 
30% and 10% lower in model “b” and “c”, respectively. In model “d” mean wind velocity along the horizontal line 
increases 3% compare to the base model. As the breezeway width increases, the indoor air velocity increases. 
Figure11.b shows the differences in indoor airflow rates between all four models. pressures were measured at the 
windward and leeward openings. As it is shown model “d”, has the highest indoor airflow rate compare to other 
models. Model “d “compare to models “b “and “c “increases indoor airflow rate 12% and 8% respectively.  Model “b 
“has the lowest airflow rate, compare to all the other models. Compare to the model without the breezeway (model 
a), models “b“and “c“ decreases indoor airflow rate 10% and 4% respectively. This study suggests that the aspect 
ratio of 1-meter breezeways used in low rise traditional buildings in the north of Iran had a negative effect on indoor 
airflow. 

b a 

 

 
Figure 11- Comparison of mean wind velocity and indoor volume flow rate between four different 

models 
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This study investigated the effect of breezeway width on indoor natural ventilation in an elevated building 
with symmetric opening positions. However, there are a number of limitations that can be studied in future 
researches. First of all, the effect of the side yard wasn’t taken into account in this research, even though it is an 
important factor and has an effect on indoor natural ventilation. Secondly, the model was adiabatic and the effect of 
temperature on this system wasn’t analyzed. There is also a need for analysis on further building aspect ratios in 
order to understand the effect of elevated floor height on indoor natural ventilation. Overall, the backyard 
breezeway width is an important factor in design for an appropriate indoor natural ventilation. The backyard 
breezeway wall should be placed at the correct distance from the building wall in order to increase indoor airflows. 
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Abstract: Architectural history and traditional culture of India has been overshadowed by rapid urban 
development in last few decades. In such a scenario, appreciation of architectural heritage in 
contemporary work is a sustainable building challenge faced by the architectural fraternity. Indian 
architecture of the 21st century witnesses numerous projects that claim to ‘interpret’ and ‘manifest’ 
traditional architectural styles, the inherited including Colonial, Greek and Roman, and the indigenous 
such as the Rajputana. However, a closer look at most modern ‘imitative’ works highlights that only a 
handful of parameters have been given due importance in this appreciation, while numerous other 
significant parameters face complete neglect. The research questions our methods of interpreting the 
traditional built environment and processes of inheriting from our legacies, with a wider intent to 
prevent further dilution of the architectural style they refer to. Design values, principles and elements in 
colonial architecture by Lutyens have been identified, and compiled for reference of modern Indian 
architects, so as to avoid notable gaps in the process of translation. 

Keywords: Architectural Symbolism; Colonial Architecture; Traditional Built Environment. 

1. Introduction 

Modern interpretation of sustainability is based on three pillars: Environmental, Economic and Social. 
Environmentalists advocate the environment and capitalists advocate the economy; however, the social 
pillar fails to find considerable support for its recognition. Social aspects like heritage, culture, lifestyle 
etc. still remain unaddressed in discussions on sustainable development. This failure is also evident in 
the realm of architecture. The research deals with the subject of superficial symbolism, a socially 
unsustainable approach widely adopted for architectural design. Most modern symbolic projects based 
on specific styles forego key factors governing architectural experience, such as orientation, internal 
planning, and fenestration proportions. A sheer neglect of these architectural components, hence, 
causes these modern projects to be read as mere façade treatment glued over buildings, results in 
dilution of essential characteristics that define a particular architectural style, and misses out on any 
consideration of culture or heritage from an era. 

Colonial era significantly influences modern Indian architecture, and hence, the research uses ‘British 
Colonial Architecture’ to explore two key strands: (a) what constitutes the ‘symbolic and image’ in 
inherited architectural styles, and (b) details of the ‘lost’ in imitation of traditional architecture. 
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The research elaborates upon underlying geometry and spatial character of early 19th Century 
British Colonial Architecture in India with the intent to lay a foundation for a deep-rooted, relevant and 
sustainable modern interpretation of historic architecture. It is carried out in three key phases: 

 Understanding British colonial architecture (theory and work) in the Indian context 
 Understanding space and its parameters 
 Identification of interface governing post-colonial architecture 

In order to narrow down scope and complexity, the research deals with ideologies and works of 
Edwin Lutyens in England (to understand colonial architecture), and then in India (Delhi) to explore how 
the design principles have been accentuated or subdued by him in the princely palaces, specifically the 
Baroda House and Hyderabad House, to suit the local context (Baroda and Hyderabad Houses are formal 
residences of Indian maharajas of the mid-20th century. Their scale is larger than the buildings found in 
Lutyens residential zone, but smaller than the western and eastern courts, and Rashtrapati Bhawan). A 
key focus is on the spatial geometry of Lutyens works in New Delhi, which often are used as references 
while designing modern ‘mimic’ buildings. 

2. British Colonial Architecture in India 

Colonial architecture is a style from a mother country incorporated in buildings and settlements of the 
colonies of the mother empire in distant locations. The British Empire acquired large number of 
territories around the world. British Colonial Architecture was used to showcase this power and control 
of the Empire, in which British architects used English style of architecture, while incorporating local 
elements to suit the context. The process gave rise to different types of British colonial architecture in 
North America, Hong Kong, Australia, and India (Tadgell, 1990). 

2.1. Indian Context and British Influence 

Architecture of major Indian cities that grew during the British rule for trade and administrative reasons 
(like Delhi, Mumbai, Kolkata, and Madras) is influenced by colonial architecture (Nilsson, 1968). Since 
European architects used architectural styles that were native to their ancestral home, architectural 
styles favored by the British were often Gothic or Neo Classical. During the late 19th century, Britishers 
began a movement known as the Indo-Saracenic revival. This form of architecture was most common in 
grand public buildings such as clock towers, courthouses and town halls, and possessed numerous 
common features: domes, arches, overhanging eves, vaulted roofs, pinnacles, open pavilions and 
pierces open arcading (Smith, 2010). Construction materials remained localized, for instance, majority of 
British structures within Delhi were built in red and white sandstone. The most evident connection 
between European city planning principles and India's emphasis on the use of North-South axis was the 
creation of Janpath, previously known as the Queen's Way, which formed the axis between Rashtrapati 
Bhawan (Viceroy’s House), India Gate and Connaught Place (Tadgell, 1990). Colonial Architecture in 
Delhi resulted with the shift of the Indian capital from Kolkata to Delhi in 1911, which ensued the 
construction of an overly ornate official British administrative center in the heart of the new capital city.  

2.2. Lutyens: Theory and Work 

Sir Edwin Lutyens, an English architect, played a huge role in the planning of Delhi. Lutyens designs were 
embedded with principles of Neo-Classicism and Historicism. Most of his work was greatly inspired by 
Tudors Architecture, a form of architecture prevalent in England from 1480-1600 (Holland, 2018). 
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2.2.1. Evolution of Lutyens’ Design Theory 

In his early years, Lutyens had been greatly influenced by the Arts and Crafts movement and his work 
always had underlying disciples which eventually led him to classicism. The vernacular buildings of 
Surrey and Sussex were his first inspirations (Baker, 1975). Deanery Garden (Figure 1) is a perfect 
example of Lutyens’ early romantic works in Arts and Crafts style. Sonning was the perfect location for 
the residential building which harmonized well with the existing general environment. The site was 
surrounded by an ancient wall which was a part of the village structure. Most components used in 
Deanery Garden had their own appeal. A medieval door led to the structure, and vaulting of tile and 
chalk on the roof suggested cloister. Vaulting continued along the same central circulation axis, granting 
a Romanesque strength to the pattern (Baker, 1975). 

 

    

Figure 1: Plan of Deanery Garden    Figure 2: Plan of Papillion Hall 

 

Taking inspiration from the plan of Edwardian Butterfly House, Lutyens’ proposal for Papillion Hall 
(Figure 2) suggested keeping the existing structure at center of the expansion, and adding one storey 
and four separate wings radiating from it at 45⁰ each. Entrance to the house was marked by a flagged 
courtyard covering a water spring, and the forecourt was in the shape of an oval (Holland, 2018). While 
the concave nature of the entrance to the house appears welcoming, a completely different 
philosophical gesture is observed in the entrance to the Hyderabad house, elaborated later. Both the 
residential projects discussed have vast differences from one another, as Lutyens’ ideology and style 
underwent change during the course of his architectural practice. Deanery Gardens is based on the 
concept of Historicism, whereas the Papillion Hall extension has a more Neo-Classical resemblance due 
to the shift of Lutyens’ ideology towards this style during the late 19th Century. Classicism became more 
evident in Lutyens’ designs as he progressed in his widespread work. This phase also included the 
planning of Imperial Delhi, where Lutyens combined classicism with local elements and motifs. 

2.2.2. Hyderabad House (1926-28) 

The biggest and the costliest princely palace was built for the seventh Nizam of Hyderabad, who was 
rumored to be the richest man of the world at that time. Rulers of Indian princely states looked up to 
British taste in fashion and architecture, which led to the appointment of Lutyens by Maharajas to build 
their palaces. Butterfly shape of palaces had been common in Britain for over three decades. The 
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Hyderabad House (Figure 3) was a variant of the same style, where Lutyens’ halved the butterfly. 
Beneath the majestic dome (placed to symbolize power) was the entrance hall from which radial and 
symmetrical wings extended at an angle of 45⁰. 

 

 

Figure 3: Elevation of Hyderabad House (Source: Banerjee, 2014; 
Retrieved from http://www.victorianweb.org/art/architecture/lutyens/13.html) 

 

Wings of the Hyderabad House, however, did not reach out as a welcoming gesture, but swept back 
to protect the Zenana (women's quarters) from guests and public view. The dome was employed as a 
symbol of princely power, and is a key common characteristic of the Hyderabad House and Rashtrapati 
Bhawan. The facade was ornamented using Dholpur stone jallis, arcaded verandas and prominent 
cornices. It is interesting to note the use of domes and jaalis (inspired from Mughal architecture), and 
red and white sandstone in combination with roman elements such as Palladian openings. Main 
entrance hallway of Hyderabad House (Figure 4) resembles the entrance of the passage way from Uffizi 
to Arno River in Florence (Figure 5). The entrance has a concave façade unlike the linear façade of Uffizi 
to allow a welcoming feel at the main entrance. Directly above the arched entrance is a rectangular 
opening to maintain a balance between round and rectangular openings in the façade, also seen in 
Museo Napoleonico. The rectangular opening is covered by a jaali, flanked by Corinthian columns, and 
has a bare cornice without a pediment. 

 

    

Figure 4: Entrance Hallway, Hyderabad House  Figure 5: Entrance of Passage from Uffizi to Arno 
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The main hall of Hyderabad House contains round arches flanked by rectangular openings till the 
height of the impost, similar to the ones used in the Pantheon, or in the Durban City Hall. Hyderabad 
House has similar combination of rectangular and round arches, and a grand central arched opening 
flanked by two rectangular openings on both sides supported by Greek columns. It is adorned with semi-
circular arches, bare columns, shallow urns and obelisks of European influence, while the carved jallis 
and domes are clear influences from Indian architecture. The architecture does not have any formal 
elements suggested by Nizam except for the central dome. The driveway of the palatial house is similar 
to the curving garden façade of Villa Giulia in Rome. Other inspirations like alternative round arches and 
rectangular windows can be also seen in Palladio's Teatro Olimpico in Vicenza (Volwahsen, 2004). 

2.2.3. Baroda House (1921-36) 

Surrounded by Englishmen from the beginning, the tastes of Gaekwar of Baroda were inclined towards 
Colonial style, and he commissioned Lutyens to build his palace right next to the Hyderabad house. 
Maharaja was aware of the Neo-Palladian forms used by Lutyens, who created Baroda House in a British 
aura with shady terraces, cooling arcades, gardens, and Anglo-Saxon furniture (Volwahsen, 2004). 

    

Figure 6: Façade of Palladio's Teatro Olimpico  Figure 7: Fenestrations at Baroda House 

 

Baroda House follows the same concept and butterfly plan as the Hyderabad House. Inspired by 
Palladio's European facades (Figure 6), Lutyens placed only one motif, a large arch flanked by two 
rectangular wall openings, on the façade of the building. The facade is punctured using French windows 
and semi-circular arches of a classical proportion divided by mullions, inspired by façade of Museo 
Napoleonico in Rome and other roman buildings (Figure 7). In the case of Baroda House, the columns 
are characterized by highly ornate column capital, but the lack of pediment suggests a mixing of the 
styles. Jallis are more European in nature than commonly found Indian patterns. All motifs of this buff 
sandstone building are Anglo-Saxon, except for the dome inspired from the Sanchi Stupa. Each wing, 
being a replica of the other, consisted of three square rooms of the same size. A square hall and an open 
court were added to each and had the same area. The staircases leading to arcaded verandah, loggia 
and courtyards are a direct replica of the one in Home House, London built in 18th Century. The columns, 
similar to the Hyderabad house, are not ornamented. According to Volwahsen (2004), Baroda House is a 
"series of courtyards, arcades, corridors, and richly decorated living rooms, all conceived in the 
Renaissance style." 
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3. Lost ‘Colonial’ Practices in Architecture 

Princely Palaces of New Delhi have been analyzed on quantitative and theoretical parameters so as to 
understand the historical practices, and examine similarities and gaps in modern interpretations: 
quantitative analysis deals with ratios and proportions of various elements, and the theoretical part 
deals with the principles prevalent in design. 

3.1. Structural Composition 

Smaller recurring and inter-related ‘units’ constitute the ‘whole’ structure of both the Princely Palaces. 
Hyderabad House (Figure 8A) and Baroda House (Figure 8B), both, are supported by circular and square 
load bearing columns and thick shear walls. The central area of the main hall is composed of bulky 
columns and walls, and a clear square grid is followed in the wings. Similar visual appeal of both houses 
can be attributed to the fact that the colonnade on the periphery of both buildings has similar width, 
and is punctured with the same elements in different configurations. 

   
Figure 8: Structural Plans of Hyderabad (A) and Baroda (B) Houses 

 

3.2. Geometry and Order 

Plans of both the houses are composed of rectangles and circles. Axial symmetry of these plans can 
be attributed to identical nature and equal dimensions of the rectangular wings, which intersect at an 
angle of 55⁰, overlapping in the centre at the main circular hall (Figure 9A). Larger end of the overlap 
constitutes the porch, from which a circle is subtracted to form a concave entrance (Figure 9B). 

   

Figure 9: Geometric Composition of Hyderabad House 

A B 

A B 
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Figure 10: Geometric Development of Baroda (X) and Hyderabad (Y) Houses 

 

The axis is divided into two parts by an arc running through the centre, and the lower part of the axis 
in then further divided into 4 equal segments. Lower end of the axis is taken as the centre and two 
concentric circles are drawn (Figure 10A). The radius of the larger circle is equal to one segment of the 
divided axis (Figure 10B). Two lines, at an angle of 55⁰ from each other, are drawn from the top of the 
axis. These lines make boundaries of the plan, and the concentric circles constitute the entrance porch. 
Perpendicular lines from the divided segments extend to meet the boundary lines, forming lines of 
transition in the palace (Figure 10C). Two sets of lines, at the same angle of 55⁰, extend from top half of 
the axis marking perpendicular lines of transition, functionally used as corridors (Figure 10D). In both 
buildings, Hyderabad House and Baroda House, mirrored rectangular wings intersect to give space for a 
circular hall, a pure geometric diversion from square grid around, often observed in British buildings. 

3.3. Form and Volume 

The buildings sit as a single mass on each of their sites, without any volumetric subtractions. 
Numerically, fenestrations constitute 23% of the total façade area in each house. Plans and sections 
exhibit the same proportions, however, in different scales. The section of the dome in Hyderabad house 
is in a ratio of 1:2 with its plan. The height of two storey buildings is one-third the width of the buildings. 

 

Figure 11: Façade Analysis for Hyderabad House (Front Elevation) 

A B X 

C D Y 
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Façade analyses of both Hyderabad (Figure 11) and Baroda houses exhibit similar characteristics, 
where a bulky, simple and grounded elevation is punctured by a series of alternating arched and square 
openings on the ground floor, and a series of arched and square windows on the first floor. It is 
interesting to observe the relationship between the repetitive and unique elements, where a unique 
element has been surrounded by repetitive ones. Here, the unique element is a central arch on ground 
floor topped with a ‘jaali’ on the first floor, to break alternating arrangement of repetitive fenestrations. 

4. Way Forward 

Colonial architecture is appreciated for the use of ratio and proportion in conversion of plans to 
elevations and sections, i.e., the heights of all elements are at a certain ratio to the widths. Design 
principles such as symmetry and balance are evident, and configuration of similar shapes but of 
different scales, often overlap to form different parts of the same structure. Lutyens altered a similar 
concept for both palaces, differentiating the façade and function to suit needs of respective Maharajas. 

A sustainable architectural future does not merely rely on environmentally conducive and energy 
efficient practices. The capitalist world is already on its path to consume the social and cultural remains 
from our history. Deep rooted principles of well thought colonial architecture have long lost with time, 
and replaced by mere arrangement of functions. It is necessary that due consideration is given to the 
‘social’ pillar of sustainable development, that encompasses appreciation of culture, history and 
lifestyle. The vision of the research is to address this social and cultural parameters of traditional 
architecture, most often neglected in hurried development, by acknowledging the lost practices of 
British Colonial architecture, and questioning the superficial symbolism that has replaced the original 
practices. The research has looked into few of the most established projects and practices of Colonial 
architecture in India, and has covered various topics such as ratio and proportion, flow of activities, 
structure and geometry etc. which have been a part of this style since its inception. 
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Abstract: There are many studies conducted to emphasize the importance of climatic conditions in 
defining the traditional house form but in 19th century another school of thought was introduced by 
researchers stating that the essence of a traditional house form is the socio-cultural aspects of the 
community it belongs. The paper is based on understanding the role of climate and socio-cultural 
aspects in Indian context with reference to typical hill settlements by taking three different villages in 
the Kangra district, Himachal Pradesh having similar topography, climatic conditions and available 
resources. The study based on primary data collected using the case study method. Field visits were 
conducted to interview people and document traditional houses from villages selected. Typical house 
plan of each village is chosen for analysis and different elements of the house are related with the 
climate and socio-cultural aspects of the region. The points of similarity and contrast are found to 
understand the role of climate and socio-cultural aspects in the traditional house form. Finally, it is 
concluded that difference in organization of spaces, aesthetic treatment and material used accentuates 
the fact that socio-cultural aspects play a dominant role in deciding the form and spatial organization of 
spaces.  

Keywords: Sustainability; climate; socio-cultural; traditional house forms. 

1. Introduction 

Housing sector being one of the major consumers of resources is looking for options to determine 
sustainable practices specially in developing countries facing critical situations due to population growth 
and lack of resources. Exploration of sustainable practices based on traditional know-how are popular 
for quite some time. Studies are done to learn from the traditional house forms in order to achieve 
human comfort by design of houses keeping climatic response. It is assumed that these houses are in 
response to the climatic conditions of the region. Exceptional cases exist where house forms are not as 
per the climatic conditions leading to exploration of other forces acting on the traditional house forms. 
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In 1970’s Amos Rapoport emphasized the importance of culture in the built-up environment and 
explained through his works the man and nature relationship, social setup and culture taking physical 
manifestation through house forms. He proved this relationship to be pivotal by taking examples from 
every part of the world and concluded that climate and materials are just modifying factors of house 
form (Rapoport, 1969). Paul Oliver further took these studies and explored the relationship deeply to 
understand the social setup and cultural practices of a region and their translation in house forms. In his 
seven volume encyclopaedia he has documented traditional house forms from all parts of the world  
(Oliver, 1997). The United Nations Brundtland Commission in the year 1987 defined sustainability as 
“meeting the needs of the present without compromising the ability of future generations to meet their 
own needs”. Three pillars of sustainability as economic, social and environmental were declared (Anon., 
n.d.). With UN’s concern over sustainability issues, options to achieve sustainability in different fields 
was looked upon by nations around the world to reduce the burden on available resources. Again, on 
the onset 21st century, another pillar of cultural sustainability was added making overall four pillars. The 
UNESCO declared that no development is sustainable without including “culture” and “full integration of 
culture into sustainable development policies”. Cultural sustainability is to be achieved by reviving our 
local cultures that are in sync with nature (Nurse, 2006).  

 
The focus of the paper is on understanding the role of socio-cultural aspects in shaping the traditional 
house forms with climate as a modifier element. Case of three villages in the Kangra district of Himachal 
Pradesh has been taken to justify the same. The study is exploratory in nature with data collected in the 
form of unstructured interviews, documentation of traditional house forms and observations made on 
site. The analysis focuses on exploring main elements of a typical house from each village and finding 
similarities and contrast between the house and its surroundings with aspects of socio-cultural and 
climatic conditions. To conclude, it can be stated that by achieving cultural sustainability one can 
contribute in social, cultural and architectural continuity and retain local identity.    
 

2. Study of traditional house forms in other parts of India  

 
Relevant literature study was reviewed to understand the influence of socio-cultural aspects and climate 
on the house form taking examples from Indian context. The traditional house form examples are 
analysed on the basis of their socio-cultural elements and climate. The first example is from Rajasthan 
having hot and arid climate. Jaisalmer Haveli’s are rectangular and linear in form with rooms arranged 
along a central courtyard. These mansions primarily belong to merchants exhibiting grandeur through 
intricately carved exterior facades. The male and female domains are segregated through courtyard and 
for similar reason the front rooms of the house are used by outsiders and male members of family and 
rear portion for female members. The role of women confined to household activities, taking care of 
children and elderly. Multiple rooms arranged along colonnaded veranda abutting central courtyard to 
accommodate joint families. Lattice windows to restrict view inside the house, interaction with outside 
is limited to front of the house and female interaction within family takes place in courtyards and 
interaction with outside world is from balconies. Features supporting climatic conditions include 
courtyard planning as it acts as releaser of heat, the colonnaded veranda along the courtyard becomes 
buffer between outside and inside rooms, rooms abutting towards courtyard reducing the amount of 
heat entering inside the rooms. The lattice windows reduced the amount of direct sunlight entering 
inside. Openings provided at upper level inside the rooms as region is prone to wind storms (V., 
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2005)(Gupta, 1985)  (Krishnan, 1996). The second example is of Chettinad houses in Tamil Nadu 
experiencing tropical climate with warm, humid summers and moderate winters. The plan is rectangular 
with linear layout and rooms placed along central courtyard. According to the socio-cultural aspects of 
the community, minimum two number of courtyards provided each for male and female members. The 
front courtyard is used for religious activities and large enough to accommodate dining of 250 people. 
The rear of house meant for children, women and servants. These houses belonged to the family of 
lenders with business links abroad, therefore they showcase grandeur through high ceiling rooms and 
expensive materials like coloured marbles. Joint family structure followed resulting in addition of rooms 
when required. The climatic aspects incorporated are front ‘Thinnai’ and colonnaded veranda around 
courtyard acting as buffer between outdoor and indoor space, high ceilings provided to create airy 
interiors and multiple openings to allow cross ventilation. The finishing materials used helped in keeping 
the interiors cool (V., 2005) (Patwardhan, 2018).  
 
The third example is weaver houses of Marikal, Telangana a semi-arid area having predominantly hot 
and dry climate. The house forms are rectangular small units with central courtyard. These houses 
belonged to the weaving community. Their professional requirements are fulfilled by accommodating 
areas for work on three sides. The front part and upper floor is used for household and sleeping. Joint 
family structure adopted and all family members involved in weaving therefore no segregation of spaces 
within the house. Comfortable environment is provided inside keeping the size of courtyard 
proportional to height providing shade in the courtyard throughout, roof windows provided to avoid hot 
winds inside (Indraganti, 2010) (V., 2005). Another example is of Nalukettu houses of Kerela 
experiencing tropical humid climate. Mainly square in form, rooms arranged around central courtyard. 
Keeping gender roles observed by community in mind, front part of the house is meant for male and 
rear for female members. Cooking and storage areas also provided at the back for the convenience of 
female members. The kitchen led to secondary entrance at the rear leading to kitchen garden where 
hawkers can be entertained. Three or four generations staying together and more number of square 
units added to accommodate. The houses are set in groves of coconut trees to provide coconut that is 
ingredient of many delicacies. As area receives high rains therefore sloping roofs are provided to drain 
water. To keep interiors airy, window openings are to provide for cross ventilation. Level difference 
between courtyard and colonnaded veranda is provided to collect rain water (V., 2005)(T., 2014). Lastly, 
the houses of Basor community in Madhya Pradesh having tropical hot climate. Their houses are 
rectangular and compact with front courtyard. As the community is engaged in bamboo crafts therefore 
they preferred to live near forests to get raw material easily. The house has enclosed courtyard in the 
front used as work place, storage and selling of goods. Joint families stay together and being economic 
weaker section had no segregated spaces for family members. The compact house made of mud walls 
and thatched roof helped in keeping interiors cool. The front and rear courtyard acted as releaser of 
heat providing comfortable environment (Shikha Patidat, 2014).  

3. Traditional house forms in Kangra, H. P. 

Himachal Pradesh is one of the states lying in the Himalayan ranges with altitude varying from 350-7000 
meter above sea level and climate varying from hot and sub-humid tropical, warm and temperate, cool 
and temperate, cold high mountain and snowy frigid alpine (A.K. Jaswal, 2015). The villages chosen for 
study lie in the low altitude region of Kangra district having sub-humid tropical climate. The society is 
involved in agriculture and cultural setup is governed by religion. As per census 2011, 96.76% population 
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in Kangra is Hindu following the Varna system of caste hierarchy. The state has several famous Hindu 
pilgrimages and is known as ‘Dev Bhoomi’. The study was based in Kangra district as it exhibits unique 
architectural style and extreme climate making thermal comfort important consideration for people. 
The selection of villages was based on areas having similar climatic conditions, topography and available 
materials so that variations can be understood in terms of architectural elements responsive to the 
socio-cultural considerations. The three villages chosen for study are Dhanot, Pragpur and Bharouli 
Kuthiyara lying in same climatic zone.   
 
3.1 Traditional house in village Dhanot: The village spreads over slope of a hill overlooking the valley 
that is used for farming. Sloping side facing sun preferred for construction of houses in small clusters 
approached through meandering pathways. The houses small rectangular in plan made of mud walls, 
sloping roof structure of wood or bamboo covered with slates. The traditional house consisted of three 
main zones: the courtyard, semi-covered space and the built-up area. The built consisted of two rooms 
on ground floor and two rooms above, refer figure 1. 

 

 
Figure 1: Typical Plan of houses in Dhanot 

 
The main purpose of the house was for storage and cooking and for sleeping in extreme weather. The 
entrance room was followed by small dark room ‘obri’, also considered private room to be used only by 
family members. The upper floor ‘boud’ used for cooking, and storage. In some houses, space for 
washing of utensils provided near cooking area as ‘chala’. The loft space i.e. the space between the 
ceiling and sloping roof of ‘boud’ was used to keep grains and agricultural equipment.  

 

Socio-cultural considerations: The village inhabited by Rajput as dominant caste. Two- three houses of 
supporting communities were provided at the peripheral areas. The main profession of the people was 
agriculture making land a major asset. People preferred to live in small houses placed on sloping areas 
leaving flat land of the valleys for agriculture. The families busy throughout the day in activities related 
to agriculture, taking care of cattle and farm animals, processes related to making of cloth, wool and 
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converting them to wearable items making house place for storage, cooking and shelter from extreme 
weather. All members including children contributed in different capacities in household and agriculture 
related activities. People preferred to stay together and help each other making joint family setup. As 
the family busy whole day therefore need of house limited to storage and shelter from climate. Religious 
activities took place on occasions like marriage, child birth, death, festivals and other celebrations. 

Climatic considerations: Houses placed facing south to receive direct sunlight throughout the day 
providing comfort from cold weather and light to perform daily activities. Compact house form provided 
thermal comfort inside the house. Thickness of walls was kept 18” to provide insulation. There was 
single entrance door and two small windows of small size along both sides of this door to provide 
insulation from cold weather. Hipped roof provided to drain off rain water as area receives heavy rains.  

 
3.2 Traditional house in village Pragpur: The settlement is along a central core formed by village 
pond ‘taal’ and market along this pond. There is dense network of palatial houses near the core and the 
density decreases outwards. The agricultural land is on the outskirts of the village with cluster of houses 
near the fields. Two-to-five houses were placed along a shared central courtyard forming clusters having 
a walled periphery defining boundary having access through a gateway approached by narrow streets. 
The houses are placed adjacent to each other sharing walls with length of courtyard depending on 
number of houses on each side. The house found are mainly of 3 types: the first with courtyard, semi-
covered space and built area; the second type did not have a semi-covered space and one can enter 
directly to the built-up space from the courtyard and the third type of houses had semi-covered balcony 
at the upper floor. This semi-covered balcony may have separate approach through stairs. There is no 
other difference in plans. The houses were of two or three floors, having 2-3 rooms on each floor, refer 
figure 2.  

 
Figure 2: Typical plan of house in Pragpur 

 
The entrance leads to the main room used mainly to receive guests, having one room one each side and 
a narrow staircase in the corner leading to upper floors.  
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Socio-cultural considerations: The village core was inhabited by merchant class of ‘Soods’ occupying the 
prominent location being the dominant caste in the area. The ‘Soods’ had their timber business in the 
upper Shimla area and their families stayed here. They possessed wealth and travelled for business 
bringing influences on architecture and technology adopted. The caste hierarchy followed outwards 
with lower castes occupying the outer most areas near the agricultural land. The houses sharing the 
common courtyard belonged to the same family. The courtyard had a ‘Tulsi’ plant over mud pedestal in 
the centre and was worshipped twice daily by women of the family. The plant was considered 
auspicious signifying ‘devtaon ka vaas’ i.e. presence of Gods and kept the evil spirits away. Men used to 
worship the plant during important occasions. The important family functions related to marriage, child 
birth, death, festivals and other ceremonies took place in the courtyard and a feast for entire 
community was hosted in the same. The courtyard also acted as an interaction space between the 
family members. The boundary wall defined the cluster and secured the clusters from outside 
intervention.  

 
Climatic considerations: The courtyard received ample sunlight and the boundary wall restricted the 
cold winds to enter inside the courtyard. The compact layout of the houses provided thermal comfort 
inside. The kitchen placed at topmost floor keeping the floor below warm. The semi-covered space 
provided buffer between the outside and inside of house. The sloping roof with slate tiles drained rain 
water efficiently and non-porous slippery slate ensures that no water is penetrated inside. The sundried 
bricks covered with mud plaster provided thermal comfort. The window and door openings are provided 
in the front façade opening in the courtyard, small ventilator openings of different shapes are provided 
on other sides of the house.   
 

3.3 Traditional house in village Bharouli Kuthiyara: The village was developed linearly along both 
sides of main road. The houses were placed on sloping areas with agricultural land surrounding them. 
The houses are similar to houses of Dhanot village in appearance having three main zones: the 
courtyard, semi-covered space and the built-up area, refer figure 3. These houses were generally single 
storied.   

 
Figure 3: Typical plan of house in Bharouli Kuthiyara 
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Socio-cultural considerations: The people were involved in agriculture with moderate to poor economic 
status. The families of same kin had houses together in a cluster enclosing a common courtyard. The 
clusters belonging to Brahmin family had a ‘tulsi’ plant in the centre of the courtyard to be worshipped 
every day. The courtyard was hub of activity throughout the day and all celebrations took place there. 
The built-up area was used for activities to be kept isolate or involving family members. Owing to poor 
economic status they used simple techniques to build their houses using locally available materials. 

Climatic considerations: The inner and outer walls were made of 18” thick mud walls to provide thermal 
insulation. Few necessary openings provided to keep the extreme climatic conditions at bay. Hipped 
roof covered with slates to facilitate the drainage of excessive rain water. The roof was projected 2’-0” 
to protect the walls from dampness. Plinth of stone provided to protect the penetration of rain water in 
the floors 

 

4. Discussion 
 
Typical house plan is taken from each village and parameters of house form are discussed. It is observed 
that since the micro climate in three villages is same, the requirements of thermal comfort are same in 
all villages but the house forms are not same in these villages. Variations in house form are there in 
every village depending on the occupation, economic status, caste and family structure as shown in 
table 1. The houses of Dhanot and Bharouli Kuthiyara are similar in form and arrangement of spatial 
elements. The material and construction techniques are also similar. These similarities are because both 
villages have agriculture as main profession. 
  
As the profession is same so their economic status is similar i.e. moderate to poor, making choice of 
materials limited to locally available materials. As they are dependent on agriculture so land is an asset 
and they preferred to keep all the flat land for agriculture and built houses on the slopes restricting the 
size of the houses. The number of rooms irrespective of members in the family is limited and 
surrounding landscape is similar in both villages. On the contrary, the houses in Pragpur are built on flat 
sites as they belonged to rich timber merchants. The houses are made of sun dried bricks with exposed 
surfaces or mud plastering. The door and window frames are intricately carved using best quality wood. 
The structures are two-three floors in height with additional attic floor. The roof profile is complex with 
gable windows requiring skilled workers to construct.  
 
The houses of the farmers had simple hipped roofs constructed by family members. The houses of 
Bharouli Kuthiyara and Pragpur are arranged along a central courtyard with ‘Tulsi’ plant in the centre as 
daily worship of the sacred plant is essential ritual of the people living in these villages. This element is 
missing in Rajput community of Dhanot village. The element common in all villages is that all kin 
members used to build their houses in clusters enclosing a shared courtyard. The climatic aspects are 
taken care by providing thick walls, less openings to provide thermal insulation and sloping roofs to 
drain off water of excessive rains received in the region. 
 
The material chosen is local due to accessibility issues in the past. Depending on the affordability, the 
houses in Pragpur used better quality wood for joinery. The aesthetic elements in the form of arched 
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openings, carved jambs and beautiful brick patterns on facades of houses can be seen in the houses of 
merchant class whereas the houses of farmers were simple and decorated by painting motifs around 
door frame during special occasions using rice paste.   
 

Table 1: Comparison of elements of architecture and socio-cultural aspects 

 

  Typical House Dhanot Typical house Pragpur Typical house Bharouli 
Kuthiyara 

Elements 
of House 
Form 

Spatial 
Organization 

Rectangular plans, two 
rooms on one floor, max. 
two floors, 2-3 houses 
share common courtyard, 
courtyard as hub of 
activities, storage and 
cooking inside, cattle 
shed provided near main 
house  

Rectangular form, three 
rooms on each floor, 2-5 
houses share common 
courtyard, daily activities 
take place in courtyard, 
living area, storage and 
cooking inside 

Rectangular form, two 
rooms on one floor, max. 
two floors, 2-3 houses 
share common courtyard, 
daily activities take place 
in the courtyard, storage 
and cooking inside, cattle 
shed provided near main 
house 

Built and 
open spaces 

Built-up area, semi-
covered verandah and 
open courtyard 

Built-up area and open 
courtyard, semi-covered 
verandah may or may 
not be present 

Built-up area, semi-
covered verandah and 
open courtyard 

Walls walls made of mud, mud 
plastered, decorated 
occasionally with 
traditional patterns made 
of rice paste  

walls made of mud 
bricks, may or may not 
plastered  

walls made of mud, mud 
plastered, decorated 
occasionally with 
traditional patterns made 
of rice paste 

Openings Minimum openings,  
small in size, little or no 
ornamentation 

Small openings, 
ornamented, different 
shape of openings 
provided 

Minimum openings,  
small in size, no 
ornamentation,  

Roof Profile Sloping covered with slate Sloping covered with 
slate 

Sloping covered with 
slate or thatch 

Socio-
cultural 

Occupation Agriculture Merchant class Agriculture 

Dominant 
Caste 

Rajput Sood Sharma 

Family 
Structure 

Joint family Joint family Joint family 

Economic 
Status 

Moderate-Poor Rich Moderate-Poor 

 
 

5. Conclusions 

 

Role of climate as guiding factor to provide comfort is well known, but the presence of elements like 
courtyard and semi covered verandah in traditional houses throughout India irrespective of climate type 
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indicates that there is some other guiding force behind. Similarly, justification of same elements being 
guided by socio-cultural elements is more justifying. The study of traditional houses of selected villages 
in Kangra (H.P.), proves that the socio-cultural aspects of a community affect the choice of site, size of 
house, material and technology used, aesthetic elements and form of the house. The role of climate is 
vital but is limited as a modifying element. In present context, the house forms are based on climate 
factors. People will relate to the physical environments around them in better way if it suits their socio-
cultural requirements are taken care. Therefore, we can learn from our time-tested knowledge systems 
and use the wisdom in our present and future houses to make them more suitable for our physical and 
societal requirements and achieve cultural sustainability in the built environment surrounding us. 
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Abstract: This paper reviews the IGBC Green Campus rating system and outlines the essential elements 
for understanding the various dimensions of this rating system. This rating system is compared with 
some existing international campus rating frameworks (STARS and CSAF), and an attempt has been 
made to identify its merits and lacunae to determine the scope for future development. Sustainability is 
a high level, complex, and multidimensional concept, especially for higher educational institutions. The 
concepts of sustainable development (SD) and practices in campuses help in addressing the issues of 
natural resource conservation; good health and wellbeing; and economic vibrancy. In India, the need for 
green campuses and SD is increasing manifolds due to its status of an emerging economy with constant 
development in the education sector. To adapt to this need, the Indian Green Building Council (IGBC) 
has framed a new rating system for campuses. Though this rating system is not solely for educational 
campuses, it is an initiative in the direction of SD in campuses. IGBC Green Campus rating system is 
designed for both new and existing campuses. The most tangible benefits green campus is the reduction 
in water and energy consumption right from day one of occupancy. Intangible benefits of green campus 
include health & well-being of the occupants, enhancing air quality & promoting biodiversity, safety 
benefits and conservation of scarce national resources. This rating programme is a tool which enables 
the designer to apply green concepts and reduce measurable environmental impacts. Though this rating 
system is primarily based on the environmental aspect of SD, it also contains some aspects of social 
sustainability. The dimension of the economy, education, administration and engagement are currently 
missing in this rating system. Though it is an excellent start to SD of campuses in India, it needs specific 
modification so that the educational campuses can adopt it. 

Keywords: Sustainable Development (SD); Sustainable Campuses; IGBC Green campus rating system; 
Indian campuses. 

1. Introduction 

Sustainability science has grown and become an important field of science over the last 15 years that 
seeks to understand the fundamental character of interactions between nature and society. 
Sustainability is environmentalism along with concern for social equity and economic development. 

mailto:nparvez@ar.iitr.ac.in
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Extensive researches are being carried out to enhance sustainability in the various fields. Campuses 
being the representative of larger human settlements is the best example for demonstrating sustainable 
development (SD). Therefore, sustainability became an integral part of campus life. Higher Education 
Institutes (HEIs), around the world, are restructuring their academics and lifestyle on the campus 
following sustainability goals. As per the literature SD in HEIs of developed countries is at an advanced 
stage with the evolution and extensive use of various assessment systems. Lack of abundant literature 
on SD in Indian campuses compared to the global scenario of SD in HEIs, marks it as an essential study 
area. Indian campuses have started to work in the direction of SD, but the pace is slow. There is a lack of 
holistic SD on Indian campuses. Indian campuses do not have a contextual campus assessment system 
for SD, and suitable indicators remain unestablished. Thus, there is a general lack of assessment of SD on 
Indian campuses. 

Indian Green Building Council (IGBC) has created awareness and works to provide tools that facilitate 
the stakeholders for adopting green building practices in India. IGBC Green Campus rating system is one 
of their recent steps to embrace the green concepts in the various campuses such as administrative 
campus, convention centres, educational campuses, healthcare campuses, hospitality campuses it parks, 
industrial parks, leisure and recreational campuses military campuses, religious campuses, etc. 

Green campuses address the issue of water efficiency, energy efficiency, reduction in the use of 
fossil fuel for transportation and efficient handling of consumer, thus conserving natural resources. They 
enhance the occupant’s health, wellbeing, safety and security.  

2. IGBC Green Campus rating system 

The methodology of the paper is based on the review of the IGBC Green Campus rating system. The 
features of this rating system are discussed in detail. Further, these features are compared with two 
international rating systems- Sustainability Tracking, Assessment & Rating System (STARS) and Campus 
Sustainability Assessment Framework (CSAF). The comparison of the IGBC Green Campus rating system 
with the other two rating systems led to the identification of the merits and lacunae to determine the 
scope for future development. Figure 1 enlists the steps of the research. 

 

Figure 1: Methodology Chart 
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3. IGBC Green Campus rating system 

3.1 Overview 

IGBC Green Campus rating system was developed in January 2017 to facilitate environmentally friendly 
campuses. It is a comprehensive rating system based on some mandatory and credit points. It majorly 
focuses on the optimisation of water use for construction; improving lung space in the campus by 
emphasising on green cover; encouragement to more green buildings on the campus; effective 
management of waste generated on the campus, using cleaner modes of transportation on the campus 
and providing facilities to improve the health and well-being of the campus occupants. This rating 
system has two option to choose from- new campuses and existing campuses. The campuses covered 
under this rating system can have multiple buildings with the same or different functions with single or 
multiple ownership.  

3.2 Features 

The IGBC Green campus rating system addresses features in the below eight categories. 

1. Site Planning and Management 

This category deals with adequate planning and management of the campus site to enhance sustainable 
development of the campus. This category weighs 25 per cent of the total weight of this rating system. It 
comprises of 5 indicators- 

 Green Buildings Within the Campus: aims to design and construct high-performance buildings 
within the campuses to minimise the negative environmental impacts resulting due to 
development. It includes either certified green built-up area on the campus or retrofitting with 
green features. 

 Site Preservation: aims to reduce the negative environmental impacts on sie by retaining site 
features like existing landscape, trees, site contour, water bodies. 

 Green Cover or Vegetation: aims to promote habitat and biodiversity and minimise disturbances 
and restore green cover or vegetation on-campus site. 

 Heat Island Reduction, Non-Roof: Reduce the negative impact on the microclimate of campus site 
by minimising heat island effect through increasing impervious area, tree shade and covered 
parking spaces. 

 Outdoor Light Pollution Reduction: aims to enhance the nocturnal environment by reducing light 
pollution and increase night sky access through perspective approach and simulation approach. 

 

2. Sustainable Transportation 

This category reduces the use of motor vehicles on campus hence reduce pollution and carbon 
footprint. It will encourage a healthier environment and improve the physical health of the occupants. 
This category weighs 11 per cent of the total weight of this rating system. It comprises of 3 indicators- 

 Pedestrian Network: aims to encourage the campus community members to be safe and 
comfortable walking through designing interconnected pedestrian network. 
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 Bicycle Lane Network: aims to improve physical activity and health of the campus community 
members and reduce automobile dependency, thus reducing fuel consumption and vehicular 
emissions by providing bicycle lane network. 

 Access to Sustainable Transportation: aims to provide sustainable public transportation facilities, 
thus encouraging the use of public transportation on the campus.  

 

3. Water Conversation 
This category decrease water usage, increase conservation and protect the habitat on the 

campus. This category weighs 19 per cent of the total weight of this rating system. It comprises of 6 
indicators- 

 Rainwater Harvesting: aims to improve the groundwater table and reduce the dependency on 
municipal water supply through rainwater management. 

 Landscape Design: aims to design a sustainable landscape which requires minimum water 
consumption.  

 Management of Irrigation Systems:  aims to conserve water through efficient irrigation system and 
techniques. 

 Wastewater Treatment and Reuse: aims to reduce dependency on potable water and conserve 
water through treating wastewater on campus and thus avoid polluting the environment by safe 
disposal.   

 Optimise Water Use for Construction: aims to minimise potable water for construction by 
enhancing water use efficiency. 

 Water Metering: aims to reduce water wastage and improve water performance through metering. 

 

4. Energy Efficiency 

This category decreases energy consumption and increases renewable energy generation on campus 
thus reducing pollution and conserving resources. This category weighs 21 per cent of the total weight 
of this rating system. It comprises of 6 indicators- 

 Energy Efficiency in Infrastructural Equipment: aims to improve energy efficiency for various 
power equipment and using lighting controls. 

 On-Site Renewable Energy: aims to maximise on-site renewable energy generation thus reducing 
environmental impacts associated with the use of fossil fuel energy. 

 Off-Site Renewable Energy: aims to reduce environmental impacts associated with the use of 
fossil fuel energy through purchasing renewable energy from outside the campus after 
maximising the generation on site. 

 Energy Metering: aims to encourage sub-metering to control energy consumption on campus. 

 

5. Material and resource management 
This category ensures on-campus organic waste treatment and reduces waste and energy spent on 
waste management by facilitating solid waste segregation, thus encouraging recycling of materials, 
avoiding waste being sent to landfills and using local materials. This category weighs 6 per cent of the 
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total weight of this rating system. It comprises of 3 indicators- 

 Organic Waste Management- Post- Occupancy: aims to avoid organic waste being sent to landfills 
and improving health and sanitisation by managing the organic waste through waste treatment 
on the campus itself. 

 Handling of Waste Materials, During Construction: aims to reuse and reduce construction waste 
through proper management. 

 Local Material: aims to reduce energy wastage on transportation by procuring and using locally 
available materials on campus. 

 

6. Health and Wellbeing 
This category works to enhance the health and wellbeing of the entire campus community by providing 
essential facilities to them on the campus itself. This category weighs 9 per cent of the total weight of 
this rating system. It comprises of 4 indicators- 

 Basic Amenities: aims to improve the health and safety of the campus occupants by providing 
essential amenities such as a bank, post office, cafeteria, crèche, entertainment facilities, etc. 
on site itself thus promoting walking and safety of the community. 

 Health and Well-being Facilities: aims to provide facilities for physical activities, healthcare and 
security on campus to improve the health and wellbeing of the campus community. 

 Universal Design: aims to ensure the campus design caters to the differently-abled and senior 
citizens by designing or retrofitting the campus following the guidelines of the National Building 
Code (NBC) for differently-abled. 

 Basic Facilities for Construction Workforce: aims to provide necessary facilities to the 
construction workers following the guidelines of the Buildings and Other Construction Workers 
Act. These facilities include housing, sanitary facilities, first aid and emergency facilities, 
drinking water facilities, etc. 

 

7. Green Education 
This category focuses on providing essential knowledge of sustainable practices to campus occupants 
and local communities. This category weighs 3 per cent of the total weight of this rating system. It 
comprises of 2 indicators- 

 Green Education: aims to organise periodic educational programmes on campus for increasing 
public awareness on environmental sustainability. 

 Green Campus Guidelines: aims to adhere to green features and maintain the green design of the 
campus by providing a set of guidelines for campus occupants. 

 

8. Innovation in Design 
This category seeks innovative solutions to sustainability challenges on the campus. This category 
weighs 6 per cent of the total weight of this rating system. It comprises of 2 indicators- 

 Innovation in Design Process: aims to credit the innovative solutions adopted in the campus for 
sustainable development. 
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 IGBC Accredited Professional: aims to encourage the involvement of IGBC Accredited Professional 
in green campus projects, to integrate appropriate design measures and streamline the 
certification process. 

4. Comparison with Other Rating Systems 

3.1. Sustainability Tracking, Assessment & Rating System (STARS) 

The Sustainability Tracking, Assessment & Rating System (STARS) was established in 2006 by the 
Association for the Advancement of Sustainability in Higher Education (AASHE). It is a transparent and 
voluntary rating system which has a self-reporting framework for rating and checking the comparative 
growth in sustainable development achieved by the campuses. STARS provide a comprehensive guide 
with all required details for promoting sustainability in higher education. It targets all categories of 
sustainable development: education, research, operations, administration and economy. It provides a 
common standard of measurement for quantifying sustainability in higher education which facilitates 
significant comparisons over time and across institutions. It leads to a collaboration of institutions with 
each other and sharing of information about their sustainability initiatives and performances. It 
encourages the continuous sustainable development of the institutions by providing them with goals 
and incentives. STARS can be implemented for all institutions, including leaders and beginners (AASHE, 
2012). There are four STARS ratings available: Bronze (25 to 44 credits), Silver (45 to 64 credits), Gold (65 
to 84 credits), and Platinum (85 and above credits). 

3.2. Campus Sustainability Assessment Framework (CSAF) 

CSAF was developed by Lindsay Cole and 15 experts in campus sustainability. CSAF was coordinated by a 
body named as The Sierra Youth Organization Coalition (SYC). SYC is a Non-Governmental Organization 
(NGO) in Canada with its main aim is to encourage the incorporation of sustainability in educational 
campuses’ operations, academic and research programs, student activities and community outreach. It 
is a comprehensive measure of an institutions’ performance towards sustainability. Eighty institutions 
and campuses in Canada are using CSAF as a guide.  The campuses in Canada have supported CSAF 
through taking part in the CSAF project on their campuses. CSAF has over 130 different sustainable 
campus proponents. A comparative analysis of the sustainability assessment tools, audits, rating and 
ranking systems led to the development of an exhaustive list of parameters and their indicators. CSAF is 
continuously evolving and emerging as a comprehensive sustainability rating and ranking system 
through the implementation of its pilot version on various campuses (Cole, 2003). 

3.3. Comparison 

Table 1 compares the three rating systems based on the weights given to different categories. 

 
Table 1: Comparison as per the weights of different categories 

S. No. Category IGBC Green Campus rating system STARS CSAF 

1 Academics 3% 28% 12.3% 

2 Engagement - 19.7% 14.7% 

3 Operations 57% 31.5% 39.2% 
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4 Planning and Administration - 15.2% 11.7% 

5 Innovation and Leadership 6% 1.9% - 

6 Health and wellness 9% - 11.17% 

7 Economy and Wealth - 2.8 10.5% 

8 Site Planning and 
Management 

25% - - 

 

4. Results and Discussions 

4.1. Results 

Academics are given only 3% weight in IGBC Green Campus rating system while it has been given 28% 
and 12% weight in STARS and CSAF respectively. There is no category which promotes and involves the 
engagement of the campus community members by working together in IGBC Green Campus rating 
system. Operations or environmental sustainability is the primary focus of this rating system with 57% 
weight. The categories-  Planning and administration and Economy and Wealth are lacking in IGBC 
Green Campus rating system. However, it has an additional category of Site planning and management 
with 25% weight which is not present in STARS and CSAF. 

4.2. Discussions 

The comparison of the IGBC Green Campus rating system with two leading international rating systems 
led to the identification of the following merits and lacunae. 

Merits 

 Site Planning and Management has been incorporated and given 255 weight to improve the 
sustainable features on the site of the campus. 

 Since it is a green campus rating system, due importance is given to the operational category of 
indicators. 

 6% weight to innovation and leadership will lead to innovative ideas and exemplary performance 
in sustainability on the campuses. 

Lacunae 

 Only 3% weight is given to the category academics which is very less. 

 Engagement category needs to be adopted in the rating system to enhance the social and 
cultural sustainability of the campuses. 

 Sustainability in Planning and administration should be incorporated in the rating system to work 
towards holistic sustainability in a planned manner. 

 Economic sustainability should be adopted in this rating system. 
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5. Conclusions 

IGBC Green Campus rating system is a green campus rating system for a different type of campuses 
and not focused on educational campuses. Hence it focuses more on operational/environmental 
categories. For it to achieve a status of educational campus sustainability rating system, it needs to give 
more weight to the category academics and involve indicators of social, cultural and economic 
sustainability. Although it has categories such as site planning and management which deals with the 
overall sustainability of the campus site, there is a lacks the category of economy, education, 
administration and engagement are currently missing in this rating system. Though it is an excellent 
start to SD of campuses in India, it needs specific modification so that the educational campuses can 
adopt it. 
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Abstract: Academic workspace remains an emotive topic. It is bound tightly with each academic’s 
identity, purpose and status.  As universities increasingly focus on cross-disciplinary collaboration to 
produce new knowledge, the sanctuary of the individual office is under challenge. Inspired by 
precedents in the commercial world, universities are experimenting with more open workspace 
environments with a desire to promote collaboration and increase space utilisation. However, there is 
resistance within the academic community. Given this context, there is a surprising paucity of research 
into the design and occupation of academic workspaces. This research begins to fill that gap through a 
scoping literature review specific to the academic workspace and a new approach to academic 
workspace evaluation (AWE).  The AWE approach focuses on the alignment of people, purpose and 
place, differentiating itself from the predominant post-occupancy evaluation foci of budget, time, 
environmental performance and user satisfaction.  A key finding of the research has been that change 
management – as an integral aspect of the project design process – is as important to the success of 
future-focused academic workspace projects as their spatial design. 

Keywords: Academic workspace; faculty workspace; workspace design; post-occupancy evaluation. 

1. Introduction 

In the competitive research and teaching environment of the higher education sector, universities are 
seeking to provide the best quality, innovative spaces. The contemporary higher education campus 
offers a curated set of experiences for individuals and collectives. In recent decades, the spatial 
transformation of universities has responded to a range of disruptive sectoral changes. Ubiquitous 
technology is combining with learner demand to make online teaching more mainstream; therefore the 
spatial design of a campus plays a vital role in supporting ‘encounter management’ for mutually 
beneficial interactions (Temple, 2018). The ‘sticky’ campus is one where students (and staff) wish to 
linger: it requires the increased provision of informal learning settings for collaboration, relaxation and 
socialisation. Students are increasingly encouraged and sometimes required to take non-cognate 
subjects in addition to their primary study direction. Research centres for collaboration support cross-
disciplinary research to solve wicked problems. The spatial and experiential transformation of 
universities to support collaboration and convergence is evident, yet the academic workspace has 
changed little over the past century. Individual cellular offices remain the norm in many institutions, 
reinforced by a binary view of enclosed offices versus open plan. 
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Examples of open, innovative academic workspaces are emerging in higher education.  Controversial 
media article headings, for example, ‘A room of one’s own in academia? No, more like a desk in a call 
centre’ (Wolff, 2015), epitomise the backlash against this change. Despite the controversy, there is a lack 
of research into these emerging spaces as evidenced by the small set of scholarly peer-reviewed papers 
on the topic. Our multidisciplinary research team comprises members from the disciplines of 
architecture, education, psychology and health evaluation to explore the wicked problem of the 
changing academic workspace. Our largely qualitative post-occupancy evaluation (POE) approach 
focuses on the alignment of people, purpose and place to complement the typically quantitative 
approach of POEs.  This approach builds on a decade of post-occupancy and workforce evaluation in the 
school and health sectors by the authors and introduces a qualitative overlay to examine both the 
process design and lived experience of emerging academic workspaces. As researchers, we seek to 
understand how academic and research workspaces differ from other workspaces in the health, 
education, and commercial sector; creation of an evidence-base about what is working, what is not, and 
why, will be of practical relevance to university management, facilities teams, design teams and 
academic teams and individuals.  

This paper begins with a scoping review of literature specific to the academic workspace, which we 
define as the physical, measurable location of work. Second, the paper considers theoretical frameworks 
that embrace the user experience in the built environment. The concept of the workplace extends the 
physical workspace to include the elaborated cultural meanings people attach to where they work. 
Third, the paper reflects on a qualitative POE approach that complements the more traditional 
quantitative POE measures of time, cost, indoor environment quality (IEQ) and design relative to the 
brief. The paper concludes with a discussion about the practical applications of the approach and 
proposed next steps in research. 

2. The changing academic workspace 

There is a growing body of literature that looks at the changing nature of workspace (e.g. Babapour, 
Karlsson, & Osvalder, 2018; Candido et al., 2019). However, as noted by Gorgievski and colleagues 
(2010), surprisingly little research examines the academic’s experience of emerging workspace models.  
Our wide-reaching study revealed a literature set of 28 items specific to the academic workspace, of 
which 21 are peer-reviewed articles, and seven are grey literature, such as reports dated between 2006 
and early-2019. We used the following Boolean search terms to capture literature from a range of 
disciplinary perspectives: "workspace*” AND "universit*"; "office*” AND "universit*"; "open*” AND 
"universit*";  "faculty *” AND "open*"; "faculty *” AND "office*"; "academic*" AND "open”; “academic* 
AND office*”; “research* AND office*”; and “activity-based AND "universit*". The reference lists within 
the articles revealed further articles. The literature confirmed the traditional academic office as 
multivalent, supporting activities including solitary research, lecture preparation, peer meetings, student 
supervision, administration and tutorials. The literature also highlights that this model is under challenge 
as policy, technologies and economics drive changes in research and teaching foci and approaches. 

2.1. Policy and Facility Drivers 

The academic workspace literature identifies a desire for increased knowledge sharing as one of two 
primary drivers for this transformation. In the highly competitive realm of teaching and research, 
institutions are recognising the need to nurture innovation through more cohesive, knowledge-sharing 
teams and increased collaboration between academic communities of practice (Doshi & Clay, 2017; 
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Kang, Ou, & Mak, 2017; Lansdale, Parkin, Austin, & Baguley, 2011; Van Marrewijk & Van den Ende, 
2018). Suckley and Dobson (2014) note that this recognition stems from studies (e.g. Dunbar, 1995) that 
highlight the critical role of incidental team discussions in major research breakthroughs. Therefore,  
arguments in favour of a transition to more open academic workspaces often refer to the role that the 
physical environment plays in supporting collaborative working and innovation (Parkin, Austin, Pinder, 
Baguley, & Allenby, 2011).  Temple (2018) suggests that university management need to focus on how 
physical space can enhance the intellectual activities of the academic staff community. Increasingly 
these are virtual collaborations as well as face-to-face interactions.   

Cost is the other primary driver identified in the literature associated with workspace 
transformation. In countries such as Australia and the UK, declining government funding has placed 
significant pressure on universities to increase revenue and reduce costs (Baldry & Barnes, 2012). 
Revenue is increased through growing student numbers and greater industry collaboration. Costs are 
reduced through a range of initiatives, with physical space being a significant budget item. The 
adaptability of workspace over time is a key consideration for a facilities team as they respond to 
changing staff numbers and team configurations (Van Marrewijk & Van den Ende, 2018). Responding to 
these changes, also known as churn, can become a costly exercise. As a result, the literature reveals a 
strong theme of seeking greater performance from less space, while improving the quality of both 
provision and experience to meet contemporary and future needs (e.g. Marmot, 2013; Sheahan, 2014).   

There are also other concurrent policy influences. As universities seek to increase their collaboration 
with industry, they look to innovative workspace trends globally across the knowledge economy 
(Berthelsen, Muhonen, & Toivanen, 2018).  Younger academic staff have different expectations of how 
and where they work with mobile technology (Sheahan & King, 2016). Selingo (2018) estimates that 
fewer than one-third of academic staff are on track for tenure. Numerous researchers posit that the 
16th century spatial model of individual academic offices is no longer appropriate for 21st-century 
knowledge work (e.g. Parrish & Parks, 2018; Samson, 2013). With many academics arguing for individual 
offices (e.g. Wilhoit et al., 2016), this is an interesting moment to examine the emerging alternatives. 

2.2. Academic workspace typologies 

 

Figure 1: Academic workspace typologies – informed by Cairns and Harrison (2008)  
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Baldry and Barnes (2012) adopt the terminology of ‘open plan academic offices’. This language presents 
the open plan academic office as a homogenous typology, yet the literature identifies a diverse range of 
spatial typologies. Numerous research studies differentiate between cell offices and open plan offices, 
using terms such as individual offices, shared offices, open plan, hot-desking, combi-office layouts, 
activity-based offices and flex-offices (Berthelsen et al., 2018; Lansdale et al., 2011; Parkin et al., 2011; 
Suckley & Dobson, 2014; Van Marrewijk & Van den Ende, 2018). Although this wide range of terms can 
be confusing, Cairns and Harrison (2008) provide a useful set of definitions that our research team has 
illustrated in Figure 1. Various space ownership approaches are possible, with the terms ‘agile and ‘flex’ 
generally referring to non-territorial space allocation. Each academic community of practice, or 
discipline, has specific needs, and appropriate workspace solutions will likely be a hybrid of these, with 
the additional considerations of proximity to laboratory space, teaching space and other specialist 
amenities. 

2.3. Post-occupancy evaluation 

The literature identifies a range of POE approaches that span the quantitative to the qualitative.   IEQ’s 
measurable factors of layout, air quality, thermal performance, lighting and acoustic environment have 
been a cornerstone of academic workspace POE approaches (Kang et al., 2017; Lou & Ou, 2019). 
Andargie and Azar (2019) posit that layout, noise and natural light are the key factors to positive user 
experience. However, these IEQ approaches only capture aspects of the user experience. Capturing data 
on work practices, values and cultures across a university, faculty, department or staff cohort require 
mixed-methods approaches (Wilhoit et al., 2016).  

Van Marrewijk and Van den Ende (2018) conducted an ethnographic study of lived experiences and 
daily practices through expert observations, semi-structured interviews, focus groups and reflective 
diaries, both before and after the move to new workspace. Their evaluation method focused on 
behaviours and attitudes, highlighting a cultural resistance to change.  Other researchers have adopted 
similar social and space syntax approaches of structured behavioural observation, on-line occupant 
questionnaires and semi-structured interviews (Lansdale et al., 2011; Suckley & Dobson, 2014; Toker & 
Gray, 2008; Yusof, Hashim, & Kian, 2016). Berthelsen et al. (2018) used an online survey to track staff 
wellbeing in a new ABW workspace before and after the move.  Gastelaars (2010) takes a reflective 
walkthrough approach, observing the psychosocial and material relationships between users and 
buildings. The most comprehensive POE approach in the academic workspace literature is proposed by 
Tookaloo and Smith (2015), collecting both subjective and objective data through quantitative and 
qualitative methods.  Their approach includes plan analysis, IEQ monitoring, on-line user satisfaction 
questionnaires, structured walkthroughs and expert observations, semi-structured and structured 
interviews with building’ users, and focus groups. 

2.4. Relationships between people, purpose, place and process design 

Baldry and Barnes (2012) discuss the personal academic office and its role in contributing to and 
sustaining professional identities, positing that the introduction of open plan academic offices is a 
challenge to academic autonomy and identity.  Wilhoit et al. (2016) describe the tensions of moving out 
of individual offices despite the possibilities of increased informal collaboration. Samson (2013) 
counterbalances these views by suggesting that activity-based working (ABW) is a logical step to support 
the various tasks that comprise academic work, academe’s desired degree of autonomy, and the 
availability of ubiquitous, mobile technology. Yusof et al. (2016) provide a noteworthy cultural 
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perspective, observing that in Islamic cultures, open offices are preferable to shared offices as they 
avoid placing men and women in awkward spatial collisions.  These examples position space as both a 
catalyst and support for organisational change.  They also highlight that there is no single approach or 
solution. 

The research suggests that universities need to invest more time explaining and negotiating the 
wider context and rationale for transforming work practices that are deeply rooted in academic culture.  
Multiple narratives explain that academic staff feel that they have little influence over the development 
of new workspace models; that new academic work practices are imposed on them (e.g. Gorgievski et 
al., 2010; Wilhoit et al., 2016). The lack of influence is a common theme, highlighting the tensions 
between institutions and an academic workforce that values its autonomy (Berthelsen et al., 2018). Van 
Marrewijk and Van den Ende (2018) found that hierarchy prevailed in ABW settings. People became 
static despite project intent, and senior staff claimed ownership of the best physical locations. 
Berthelsen et al. (2018) also observed academics following their move to an ABW workspace.  Despite 
extensive pre-design consultation that highlighted staff resistance to ABW, the institution overruled 
staff wishes. The lived experience is that 86% of staff sit at the same desk; social connections have 
declined as people prefer working from home. Stakeholder engagement that asks for user input and 
then ignores users’ views is a high-risk activity. 

Other research shows that positive and sustainable change is possible when academic staff influence 
or initiate the briefing and design process. Medical researchers Doshi and Clay (2017) described how 
their multi-disciplinary teams wanted to encourage more serendipitous encounters, so they developed a 
collaborative project brief informed by a design thinking process across four phases: hear, understand, 
create and deliver. Their POE assessment showed that teamwork improved with implementation of a 
new range of settings, which comprised open office areas with access to adjacent collaboration areas 
and quiet spaces. Other research highlights the importance of workspace pilots to explore the alignment 
of new workspace, behaviours and practices before a broader rollout, followed by transparent POE 
processes that identify both workspace strengths and areas for improvement (Parrish & Parks, 2018; 
Pinder et al., 2009). Pilot projects allow academics to test new spaces and behaviours before introducing 
larger-scale change.  

From the literature, our research team highlights the critical role of inclusive process design in the 
success of innovative academic workspace projects. By process design, we are referring to the user 
experience of all the phases of a workspace project, from conception to design to occupancy, as well as 
all associated communications and change management activities. 

3. Evaluating the academic workspace 

Vischer and Fischer (2005) described two major methodological categories for workspace evaluation; 
the POE which focuses on measurable factors such as IEQ and cost, and the Building Performance 
Evaluation (BPE) which attempts to match user satisfaction with these POE measures. Together, these 
evaluation approaches inform various workspace evaluation methodologies such as the Building 
Occupants Survey System Australia – BOSSA (Candido, Kim, de Dear, & Thomas, 2015).  

The literature reveals that a holistic approach to the evaluation of academic workspace is needed, an 
approach that complements the BPE approach with the alignment of place, people and purpose.  
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3.1. Theoretical perspectives 

There is a tradition of evaluative methods that seek to align user experience, behaviour, values and 
workspace. Friedmann, Zimring, and Zube (1978) articulated a simple method for organising four 
interdependent factors of evaluation information. First, the organisation context of culture, goals, 
practices and functioning. Second, the user characteristics, attributes, perceptions, behaviours, and 
values, be it an individual or a collective. Third, the environmental context such as the social, physical 
and ambient qualities of the environment. And fourth, the design process and the process design, such 
as the values of the various actors and their role in design-related decisions. For academic workspace, 
the contexts of social, economic, historical and technological trends shape our views of these four 
factors. 

The user-centred theory of the built environment (UCT) builds upon these traditions (Vischer, 2008) 
and proposes that a user’s experience of and interaction with the built environment becomes a measure 
of workspace effectiveness.  UCT provides an analytic framework for assessing the user’s experience of 
workspace through three lenses; functional comfort, physical comfort and psychological comfort.  
Physical comfort refers to safety, hygiene and accessibility, as covered by building codes and standards. 
Functional comfort is how well the built environment supports users in their various tasks and activities. 
Psychological comfort includes feelings of belonging and connection, choice and control over the 
workspace. A range of external influences affects how users feel about and use space, including shared 
values, expectations and memories.   

Through the lens of psychology, self-determination theory (SDT) suggests that autonomy, 
competence and relatedness are basic psychological needs (Ryan & Deci, 2000). Autonomy is the need to 
self-regulate experiences, actions and have some sense of control. Competence is the need for a sense 
of mastery and achievement in tasks. Relatedness is the need for social connection and mutual reliance 
on others. The level to which the workplace meets these needs can determine the level of employee 
motivation, productivity and wellbeing.  

A final theoretical perspective is that of change management. Of the various change frameworks, the 
McKinsey 7-S Framework (Figure 2) examines change through seven lenses: skills, staff, style, strategy, 
structure, systems, and shared values (Hayes, 2014). The 7-S approach proposes that all seven 
components need to be aligned and mutually supportive in an effective organisation; it, therefore, 
provides a useful change lens for the academic workspace. 

3.2. Drawing on an existing evaluation approach focused on the user experience 

Development of the academic workspace evaluation (AWE) approach brings together strategies 
developed and applied by the authors over the past decade for learning space evaluation with 
complementary expertise brought by a health evaluation expert. Drawing together the themes of design 
for learning, design for wellbeing and user experience is timely and appropriate given the increasing 
complexity of academic work, academic employment and funding contexts. Drawing on our existing POE 
approach for learning environments, our focus is on the alignment of people, purpose and place, 
identifying areas for improvement and guiding future development. Pivotal to the methodology is the 
recognition that the values and beliefs of a community should inform evaluation; that the value of a 
setting relates to intended use rather than a general set of values and beliefs. Adopting a relational 
framing of evaluation to include a high degree of stakeholder engagement (Davidson, 2012), we create 
an inclusive process design that is appropriate to the academic workspace. A robust evaluation 
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framework for the user experience of the academic workspace emerges when combined with 
parameters informed by UCT and SDT.  

3.2. The evaluation method  

The AWE method involves three phases of fieldwork. Phase 1 focuses on user-voice and begins with 
high-level strategic interviews of team leaders, facilities managers and consultants involved in the 
development of the space under study. These interviews explore project vision and values. Academic 
staff occupying the space are then invited to respond to an online survey that comprises positively 
framed multiple-choice questions covering issues around physical, functional and psychological comfort.  
These questions also explore process involvement and invite respondents to match current and 
preferred work settings against a visual-spatial taxonomy informed by Cairns and Harrison’s (2008) 
workplace definitions.   Some short answer questions invite open-ended, reflective responses. 

Phase 2 involves an observational walkthrough, where an ‘outside’ expert is invited to evaluate 
specific spaces within a location for physical, functional and psychological comfort – aligned with the 
questions asked of users in Phase 1. A small interdisciplinary team conducts the walkthrough. While the 
expert number and disciplines can be adjusted to suit the surveyed spaces, a ‘user expert’, a ‘design 
expert’ and a ‘facility management expert’ is included as a minimum.  Findings from the interviews, 
online survey and observational walkthrough collectively gather perceptions of alignment and gaps 
between people, purpose and place. 

Phase 3 of the fieldwork brings participating staff, team leaders, facilities managers and consultants 
to a focus group.  Phase 1 and Phase 2 findings are grouped into overarching themes and presented to 
focus group participants in the form of themed word clouds and other visual representations for further 
interrogation. Focus group participants respond to targeted questions emerging from the data, with a 
focus on how the workspace enables or constrains work activities, while also exploring future 
opportunities for refinement.  Finally, an integrated report evaluates the setting under review with 
comparable settings.  

 

Figure 2: 7-S Framework, adapted from Hayes (2014); Figure 3: AWE approach 
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3.3. Evaluation within an iterative process 

The AWE approach generates multiple data sets covering people, purpose and place. The place data set 
captures observations related to the physical environment, including spatial typologies, spatial qualities 
and building performance of completed workspace projects. The people data set captures the alignment 
of physical comfort, functional comfort and psychological comfort. The purpose data set captures an 
understanding of skills, staff, style, strategy, structure, systems, and shared values. These three data sets 
from completed projects inform the process design of subsequent projects and contribute to an 
iterative feedback loop (Figure 3).  The AWE approach is intended to be of practical value to universities 
and academics, and research value by addressing a gap in this area of research. 

Through the development of the AWE approach, the research team seeks to collect data from a 
multitude of recent academic workspace projects. This robust data set can guide university 
management, facilities teams, design teams and academic teams in their approach to process design 
and workspace design. Understanding the factors contributing to successful projects will ultimately 
inform practical guidelines and recommendations.  The term ‘success’ is likely to have a different 
meaning in different contexts, and the growing data set will highlight a range of measures of success. 

4. Discussion 

Through the lens of our multidisciplinary research team, the following reflections on the AWE are 
notable. Firstly, as revealed in the scoping review of the literature, the traditional nature of academic 
workspaces is changing, and challenged, by a range of policy, technological and economic drivers. In this 
paper we have focused on the workspace for academics, as one identifiable group within a complex 
organisational and spatial system that also comprises professional staff and students; including PhD 
students who are the academics of the future. Academic workspaces are not closed-systems; they can 
be conceptualised as dynamic contexts, with high levels of uncertainty and interdependencies. 
Academic workspace qualities present challenges to traditional evaluation approaches. The mixed-
methods AWE approach provides an alternate way of ‘evaluative thinking’ that is aligned with Preiser 
and Nasar’s (2008) assertion that consumer-oriented democratic approaches to building evaluation are 
needed to sustain adaptation and continuous improvement. 

Secondly, the AWE approach enables multiple evaluative purposes to be realised (Ovretveit, 2002). 
The AWE is a formative evaluation approach that seeks to articulate underlying issues, identify needs, 
and then inform the design of supportive interventions. It is a process evaluation approach that seeks to 
document if interventions are implemented as intended.  It is also a summative evaluative approach 
that seeks to identify the effects, benefits or unintended consequences of the intervention.  

Thirdly, the AWE approach aligns conceptually with the four independent factors of evaluation 
information proposed by Friedmann et al. (1978), these being; the organisation context, the user 
characteristics, the environmental context, and the design process or process design.  

The complexity of the AWE approach matches the complexity of issues related to the changing 
academic workspace. As researchers, we are now undertaking three case studies in engineering faculty 
workspaces as proof of concept. This focus on engineering spaces will allow us to review our findings 
against those in the literature (Lansdale et al., 2011; Parkin et al., 2011; Toker, 2006; Toker & Gray, 
2008). 
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5. Conclusion 

Given the wealth of research data available for activity-based workspaces and flexible office spaces in 
the commercial sector, we were surprised by the small amount of research data on the academic 
workspace. This paper highlighted salient issues from the limited literature available and proposed an 
alternative approach to the evaluation of academic workspace. The key theme emerging from the 
scoping review was that process design is as important to the success of new workspace designs as the 
design of the workspace itself. The inclusion of the user voice within the process design has been a 
consistent message. Our ongoing research seeks to provide both theoretical and practical evaluative 
approaches to guide university management, facilities teams, design teams and academic teams in 
developing workspaces that achieve a ‘better fit’. Over time, we envisage the AWE approach to 
contribute a compelling evidence-base to inform nuanced, inclusive conversations about the future 
academic workspace in support of scholarly endeavour in a rapidly changing world. 
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Abstract: India is a country where we see a lot of architectural versatility from Vedic Period, Rock-cut 

Architecture, Blends of different foreign architecture with various Indian regional architecture, 

Vernacular Architecture, Contemporary Architecture, Green Architecture, etc. The Vernacular 

Architecture in India meaning variety of aspects of climate, materials, local craftsmen and utmost 

comfort.  In true sense these designs are energy efficient. But in Modern Architecture majority of time 

buildings are designed based on passive, mechanical systems to consume more energy. But in 

comparative analysis they prove how they are energy efficient. But if these buildings are designed by 

understanding proper sun-path, climate and wind directions; these buildings can be more energy 

efficient than the former one. This paper is showcasing the different possibilities for building zonings, 

orientations, and fragmentation of the building foot-print to get more responsive design with respect to 

climate, sun-path and wind flows along with proper landscape to divert wind flows. If at schematic levels 

buildings are designed with these strategies energy consumption after building completion is reduced. 

Keywords: Sustainability, sun-path, wind-flow, building orientation 

1. Introduction 

In India right from ancient time buildings are schematically designed based on Vastupurusha Mandala, 

Nav-graha Mandala, Nav-Rasa, etc. Kautilya has showcased many town planning modules based on 

“Eight Orientations and Vastupurusha Mandala”. But in Modern Era buildings are designed many times 

by overlooking the sun-path, climatic aspects, and wind directions. Majority of time such buildings are 

relying on mechanical aspects to get comfort. 
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2. Reality for Sustainability in India 

 India is now in intensive development, which will bring with it many new and varied changes, 

economically and socially, for the general well being of the population. 

 On this background there are many choices with the developer and designer: 

 Non-sustainable, copying the conventions, fashions, and mistakes of the ‘developed world’. 

 Sustainable, developing fresh, original, appropriate patterns of development, responsive to the 

need of Indian society and resources, contributing to the ‘New world environmental order’. 

India houses about 16% of world’s population (a proportion which is still increasing); China about 

21%, and if one looks at all Asia, the region accounts for 59% of the people of the world – and the whole 

region is in a greater or lesser state of accelerated development. (Source: Climate responsive 

architecture)  

If the per capita energy consumption of the Asian region increases to the levels of Europe, global 

energy consumption will increase by 115%, (Source: Climate responsive architecture) with almost 

unthinkable global environmental consequences. The global environment in future is in danger. So just 

copying the planning strategies of developed world is unfair. The Indian architects should think of the 

strategies suiting to Indian climate, economy and society. At the planning stage only, they should think 

of surrounding, local micro climate, wind flows, sun path, available resources and minimalism. India is 

preoccupied with its own problems, will hopefully make some serious efforts to put their own house in 

order to follow reduction in possible energy consumption. 

 

3. Sustainable Architecture  

How are we going to achieve architectural sustainability? Certainly not through following “conventional” 

western design pattern, copying stylistic fashion, or adopting inappropriate technological fixes from 

other climates, regions, or cultures. The rigid beaurocratic controls help in achieving this in diverse 

country like India. But the real solutions must come from “within”, by following: 

 Select diverse and locally adapted solutions for development. 

 Use of locally available appropriate resources suitable to local climate response. 

 Design for local social customs, conventions and aspirations. 

 Use original thinking based on vernacular aspects rather than adopting or copying                             

readymade ideas. 

 Conserve non-renewable energy – limit it to use highly efficient, essential functions, understand 

the need of massive consumption. 

 Introduce incentives for energy efficiency, climatically responsive developments, by 

understanding micro climate, sun-path, wind flows. 

 Utilize energy performance equipment’s and systems. 
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These are just few ideas, approaches and concepts that are fundamental to a sustainable approach to 

development of the built environment.  

4. Methodology 

The following 10 steps can be considered before designing the building: 

4.1. Perform a site analysis 

Determine the weather patterns, climate, soil types, wind speed and direction, sun path, habitat and 

geology of the site. Document all these aspects while zoning the building. This is an approach which 

considers the best environmental sustainability practices. 

 

4.2. Layout the building on the site 

By understanding the factors of site analysis, use a basic massing of the building layout by 

understanding design constrains like access, entrance, circulation, connectivity, design program, etc. 

 

4.3. Orientation of the building based upon cardinal directions (sun path) 

By understanding the sun path orient the building to reduce direct heat on the facades of the 

building as well as to minimise heat generation due to radiation. 

4.4. Select the appropriate window areas and glazing types based on orientation 

The window openings on the wall can be planned by understanding figure no. 2. Avoid massive 

openings on south facades. If not possible south facing facades should utilize a window area 

appropriate to its orientation and glazing should utilize a double or triple paned glass with a low e-

coating.  

 

4.5. Design building envelope by understanding sun path 

When designing the envelope of the building, especially southern façade inclined it by understanding 

altitudes and azimuth for critical conditions. The opacity, transparency and openings can be 

determined by understanding surroundings. 

Fig 1: Shading of the building. 

(Source: https://fairconditioning.org/knowledge/passive-design/form-and)orientation/) 
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Fig 2: Window locations and wind flow. 

(Source: http://www.yourhome.gov.au/passive-design/orientation) 

 

4.6. Minimize the building foot print   

Fig 3: Design of foot print of building 

(Source: http://www.nzeb.in/knowledge-centre/passive-design/form-orientation/) 

 

By minimizing the building foot print the cost on massive excavation can be saved. Facades will be 

more in area to get sufficient light and cross ventilation. Desired space will be available for 

plantation to cool down surrounding and to divert desired wind flows. 
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4.7. Design for natural ventilation 

By understanding natural wind flows and diverted wind flows design inlets of appropriate sizes and 

design outlets to escape warm air at higher locations compare to inlets. It can cut down the 

consumption of electrical devices indoor. 

Fig 4: Design of natural ventilation different types 

(Source: http://www.yourhome.gov.au/passive-design/passive-cooling) 

 

4.8. Design for occupants comfort 

By using natural systems i.e. sun and wind, reduce the amount of energy used to cool and heat the 

building can result in using natural systems, meaning the sun and the wind.  The window openings 

are operatable to adjust comfort condition indoor as per occupant’s whim.  

 

4.9. Energy modeling and analysis 

Energy modeling, lighting models, day lighting studies, computational fluid dynamics are other 

different tools that designers can use while designing by understanding the local climate and micro-

climate features specific to the site. 

 

4.10. Perform multiple iterations 

If you are not successful in desired results, then utilize above constrain with other alternatives 

repeatedly and arrive at the best solution with comparative analysis. 

 

5. Sun path with eight orientations 
By considering four main orientations and four sub orientations, building can be divided into 9 parts. 

The four sub orientations are having their own significance. Being in Northern hemisphere of the world 

India has geographical significance. North-East (Ishanya – God) is very significant orientation. 
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India gets secured from the freezing winds of north flowing from China due to Himalayan Ranges. 
The rising sun enters the Indian continent from this orientation only. India got many perennial rivers 
originating from the Himalayan Ranges. From north-east side we get rich D vitamin from rising sun. 
Hence with respect to Indian context this orientation is having divine nature, hence termed as God. 
Because of Himalayan Ranges India has got tropical climate. The building at north-east side can be 
opened more to get ample morning sun rays, the orientation of the doors and entrances of the building 
are preferred the most at north-east side. 

The South-East orientation is termed as Agneya (Agni – Fire), depicting fire element. Hence functions 

like Kitchens, Toilets, and Gardens are placed here. Generally massive openings are minimized here to 

stop heat radiation creeping indoor of the building, happening from South-East and South direction.  

South-East side may be cooled down by growing lush Green trees, bushes and lawns in the 

surroundings. The building elevations at North-East side can be inclined properly by understanding sun-

path for critical span of time. Due to inclined surface the requirement of surface treatment in such cases 

can be minimized. The boxes, fins, heavy chhajjas, pergolas can be avoided to save extra cost of 

material, labour and supervision. Hence lot of energy is saved. 

The South-West orientation is termed as Nairutya (Neer – Water) depicting water element. But for 

tropical India monsoon arrives from this side only for an average 4 months. This orientation is termed as 

“Earth Element.” 

The fourth orientation North-West i.e. Vayavya (Vayu – Wind), is depicting “Wind Element.” In the 

context of India, the wind flowing to this direction is coming from Afghanistan and Pakistan, with warm 

air. This warm air can be avoided with various aspects. So, in design criteria while zoning these are the 

strong elements which can be considered. For sun-path with respect to India, sun rises at East, move 

Fig 5: Orientation of longer facades towards north 

(Source: http://www.nzeb.in/knowledge-centre/passive-design/form-orientation/) 

towards South and sets at West. From January to July sun is more vertical and days are bigger than 

nights. For this period the heat due to sun is more and critical. From August to December sun is more 
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inclined and the days are smaller compare to the nights. When the sun is vertical the heat generated is 

more and in Indian context the heat spread indoor due to heat radiation happens from the south 

direction. To control the heat creeping indoors, we can design weather protections or inclined the 

Southern Facade by considering altitude and azimuth for that date. From north we are getting diffuse 

sun light throughout the year. 

At the time of design if these points are considered then the typologies utilized after construction is 

over to cool down the façade can be eliminated; to save the energy, material and labour cost in future. 

 

6. Wind Flow  

Another important criterion is the “Wind Direction.” Generally, wind direction for any plot is changing in 
a day many times. By considering the possible wind directions for the particular plot there are different 
remedies to follow. In general, when obstacles are coming in the way of wind direction, they cause wind 
shaded areas on the opposite side of the obstacle. If buildings are becoming the obstacle for wind flow, 
then they are creating wind shadow regions at the opposite side of the building, causing problems. In 
this shadow area if dwarfed buildings are placed with proper openings, such dwarfed buildings get 
surprisingly good cross ventilation as illustrated below in the figure 6. 

 
Fig 6: Tall buildings and wind  

(Source: http://www.nzeb.in/knowledge 

centre/passive-design/form-orientation) 

Fig 7: Variable height buildings and wind flow 

(Source:http://www.nzeb.in/knowledge- 

centre/passive-design/form-orientation) 

  

While designing the buildings in big layout we designed variable height buildings. The placement and 
zoning of the buildings can be decided by understanding wind flow. The building can be stilted and 
placed in ascending order of heights along the win direction to achieve maximum cross ventilation in all 
buildings. This is illustrated in figure 7.   

When the buildings are zoned perpendicular to the wind flow, wind shadow effect occurs at the 

opposite side of buildings creating uncomfortable conditions. To overcome these buildings can be 
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placed in angular way i.e. to an angle of 30 or 45 degree to get ample wind flow and cross ventilation 

(figure 8). Even the buildings can be staggered to divert the wind flow within the buildings (figure 9). 

 

Fig 8: Angular placement of buildings and wind flow (Source: http://www.nzeb.in/knowledge-

centre/passive-design/form-orientation/) 

Fig 9: wind flow and staggered buildings (Source: http://www.nzeb.in/knowledge-centre/passive-

design/form-orientation/) 

Many times as per the microclimate site gets good wind flow. But if it is not captured well it just 

blows around the building but cannot flow inside the building if it is not managed well in design. The 

following example illustrates how wind can be forced to flow inside the building with proper openings 

and plantation of trees. 

The fragmentation of building or staggering the rooms give ample cross ventilation and even 

enhance the aesthetics of the building. This is achieved by providing tree plantation at require places. 

Due to desirable cross ventilation the comfort level of the building is as well enhance and additional 

sources for mechanical ventilation can be omitted. (Fig. 10) 
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Fig 10: wind flow and Design (Source: http://www.yourhome.gov.au/passive-design/orientation) 

 

7. Design strategy for existing building 
One of the existing educational buildings in Mumbai is now consuming more electrical energy to provide 
comfort level for the occupants. The building site is having great wind flow from east to west for entire 
year. At the time of building design this wind flow was not considered. At present the comfort level of 
occupants is not good even after running many fans. If the building is provided generation of negative 
pressure with industrial exhaust fan at west end of the passage, this cool breeze can be diverted within 
the building. With plantation of few trees at north-west end, the flowing wind is blocked and diverted 
within the building. The schematic diagram in figure 12 is illustrating the remedy can be used to solve 
the problem. 

Fig 11: plan of existing educational building from Mumbai 

The adjoining building at south side is causing the shadow on the educational building in the 
afternoon. So the building is not heated from south side due to sun rays as well as heat radiations. 
Hence south side can be designed with glass wall to get more light. Entire longer northern facade can be 
designed with glass wrapping to get ample day light into the educational building. The room walls at the 
southern side of passage can be designed with louvers or trellis work to allow wind in. The room walls at 
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northern side of the passage can be designed with ventilators to allow cross ventilation. Now the 
comfort level of the occupants is increases much more than the previous state. 

Fig 12: plan of existing educational building from Mumbai after treatment 

 
7. Conclusion 
In developing country like India, the architectural designs can be made very sensible at planning stage 

only by understanding sun path, micro climate of the site, wind directions, locally available material and 

vernacular aspects like culture, social and economical impacts of the society, to conserve energy for 

every development.  

How much energy is being saved in such cases? Further research can be done to calculate amount of 

energy saved with comparative analysis of various methods adopted for mechanical ventilation.  
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Abstract: Despite cellular offices historically having a predominant role in facilitating academic 
productivity, alternative office configurations for academic staff have emerged in Australian universities. 
This paper presents key post-occupancy evaluation (POE) survey results of a high-performance 
university office building (c.2012) in the urban centre of Melbourne, Australia. The POE survey 
responses of full-time academic research staff (ARS) were conducted to investigate satisfaction with 
indoor environmental quality (IEQ) variables and perception of their overall productivity as effected by 
their office environments. Despite the POE survey results indicating only 22% of ARS consider their 
working environment to have a positive effect on their work productivity, key IEQ variables showed 
significant correlation with their perceived productivity (R=0.661, R2=0.437, F(13,85) =5.075, p<0.000). 
As high-performance office buildings are either retrofitted or developed to house growing number of 
academic staff in Australian universities, additional research is required to further evaluate academic 
staff preferences with their indoor environments that facilitate and augment their productivity.  

Keywords: POE; academic staff; productivity; office design. 

1. Introduction 

Significant resources are used in designing workspaces. These workspaces are expected to foster social 
bonds and encourage creative collaboration and communication at work – and universities are no 
exception. University office accommodations for academic research staff (ARS) vary in configuration, 
size and population. However, they are historically cellular with sizes typically linked with rising 
academic rank.  Of the over 58,000 full-time ARS currently hired by Australian universities, more than 70 
per cent are expected to be research-active (ARC, 2018; Norton et al., 2018). The process of research – 
as a combination of creative thinking and intense focus – typically requires high levels of acoustic and 
visual isolation and is often completed privately.  Cellular offices typically facilitate these environmental 
conditions suitable for academic productivity.  

Research on optimally productive office environments has produced variable results. Although there 
is general consensus that IEQ factors influence human health (Hedge, 2004; de Dear et al., 2013), others 
question the use of measures of ‘satisfaction with the work environment’ as evidence of productivity 
(Purdey, 2013; De Grussa et al., 2018; Zhang et al., 2019).  Duffy (1974a; 1974b), an early proponent of 
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acknowledging different work types require different office configurations, stressed the need for equal 
attention be given to occupants and buildings in quantitatively measuring their mutual impacts.  
However, in recent decades, architectural trends towards open-plan configurations regardless of work-
type has been espoused within Australian commercial and university offices (Baldry and Barnes, 2012; 
Candido et al., 2019).  

Universities develop and maintain office environments for staff that typically account for 30 to 66 
per cent of the total buildings on campus (Baldry and Barnes, 2012). Australian universities are 
transitioning their building stock to high-performance buildings (Francis and Moore, 2019) and this 
bears on the provision of space and use. A case in point is the trend of moving university office 
provisions for academic staff into open-plan configurations despite clear opposing preferences by 
academics (Lansdale et al., 2011; Parkin et al., 2011; Oyetunji, 2013; Wineman et al., 2014; Berthelsen et 
al., 2018). 

This paper focuses on the selected key results of POE of academics occupying a high-performance 
office building in the Melbourne, Australia. In particular, the paper reports on the results of staff 
satisfaction with their office environments and perceptions of self-reported productivity. The POE 
adopted the industry recognised Building-in-Use Survey (BUS) methodology (Arup and Leaman, 2016). 
The BUS was distributed electronically to all ARS (n=127) within the case-study building. The office 
configuration and subsequent perceptions of these space provisions are discussed and analysed 
alongside their perceived productivity. Principal component analysis (PCA) followed by regression 
analysis were used to evaluate which IEQ variables indicate significance in perceived productivity 
measures. What constitutes academic productivity in Australian universities is also briefly discussed 
alongside future research suggestions. 

2. Staff post-occupancy evaluation of a university building 

The university office building used in this case-study is occupied by over 850 staff including 127 full-time 
ARS as well as other part-time, sessional, or professional support and administrative support staff. 41 
ARS responded to the POE survey. All respondents were aged over 30 years and confirmed that the 
case-study building was their primary place of work and have worked in the building for more than one 
year. The male-female ratio was effectively even. The mean reported number of hours academics spent 
in the building per day was 4.7 hours (SD=0.8). This result is unsurprising given prior work acknowledges 
work autonomy of academic staff enables remote work (Wood, 1990; Winter, 2017). Participation in 
teaching or administrative tasks also reduces the average time academics spend in their offices but their 
offices are used for research-related and teaching-preparation work. 10% of academic staff surveyed 
indicated mean time spent working within the case-study building averaged more than five days per 
week. 

3. Staff satisfaction of the indoor environment 

The high-performance, green-rated office building (c.2012) is approximately 33,650m2 with teaching 
spaces and a total office area approximately 26% of the total net lettable area (20,830m2). Academic 
office spaces in this building are typically cellular with glass walls and surrounding additional open-plan 
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offices used by professional support staff and graduate students (Figure 1). The POE was conducted 
approximately 3 years after building commissioning was completed. 

 

 
Figure 1: Typical floor and office layout of the case-study university office building (source: 

RMIT, 2018) 

 

Academic staff reported that their perceptions of the building overall was on average 57% satisfied 
(rating 5, 6 or 7 in Likert scale, rating 1 = very unsatisfied, rating 7 = very satisfied) and 26% were 
unsatisfied (rating of 1, 2 or 3 on Likert scale). The highest satisfaction was for ‘image of building to 
visitors’ with 85% satisfaction and the lowest satisfaction of 24% was for ‘provision of cleaning’. 
Perceptions of thermal comfort during the winter season were generally positive, with 54% of ARS 
expressing satisfaction (µ=4.56, SD=1.94). Fewer ARS were satisfied with the internal conditions in the 
building during winter (49% satisfied, µ=4.22, SD=1.81). Despite these satisfaction levels, ARS had high 
response levels of ‘no’ personal control during winter (98%, µ=1.24, SD=0.66). Responses to questions 
about air temperature, humidity and air flow during both summer and winter within the case study 
building indicate general satisfaction (44% satisfied, µ=4.1, SD=1.53). Dominant neutral perceptions of 
temperature in summer (51% neutral, µ=4.05, SD=1.34) and winter (44% neutral, µ=3.1, SD=1.39) 
indicate that the building maintains a consistent indoor temperature for all occupants throughout the 
year. For summer comfort negative responses to perceptions of the building’s performance were 
related to inadequate air movement (61% ‘too still’, µ=2.9, SD=1.43). 

A series of questions relating to noise in their normal work area were asked of the ARS occupants. 
These included seeking ARS perceptions about noise emanating specifically from people, noise from 
interior or exterior sources, noise creating unwanted interruptions, and their overall perceptions of 
noise in their immediate workspace. Most respondents (59%, µ=3.2, SD=1.91) considered their indoor 
environment to be unsatisfactorily noisy and disruptive to work. Academics can separate themselves 
from other academic colleagues within their own workspaces, yet the ARS participants indicated that 
they were very dissatisfied with their ability to control noise sources (78%, µ=2.05, SD=1.5). This result is 



110 S Matthew C. Francis and Mary Myla Andamon 
 

 

surprising given the flexibility and autonomy ARS have in choosing their working environments 
(Kolsaker, 2008; Winter, 2017). Noise and associated disruptions to work productivity are known 
concerns for work requiring high levels of concentration (Jahncke et al., 2011) and results in this study 
are consistent with such prior findings. 

Overall, ARS were satisfied with the lighting (59%, µ=4.9, SD=1.74) and had no concerns with glare 
with 71% indicating ‘none’ on the question of glare from the sky.  However, access to natural light was 
considered poor with 54% indicating ‘too little’ (µ=2.98, SD=1.51). Despite the generally positive 
evaluation of the building indoor environmental conditions overall, results show that 56% of the staff 
perceived their building had reduced their productivity. Only 22% estimated that their productivity as 
increased. This implies that other psychological or psycho-social factors may have a greater influence on 
perceived productivity for full-time ARS (Baldry and Barnes, 2012). 

4. Academic staff productivity evaluation 

Australian academics vary from ‘A’ Associate lecturer, to ‘E’ Professor in categories defined nationally by 
the Australian Research Council (ARC), a governing body within the Australian federal Department of 
Education. The ARC also requires certain measures of productivity for each academic staff member to be 
recorded by each ARS host university.  These measures of individual ARS in their simplest form are two-
fold and influence their universities ranking and funding allocations: the number of publications each 
year and the total annual amount ($AUD) of grant income for research-related work. Teaching and 
student consultations, graduate supervision, collegial contributions, administration and service to 
industry are important requirements but not included in these formal metrics.  

The BUS methodology POE survey collects the perceptions of occupants about aspects of IEQ, 
building spatial efficiency and usage, facility management, and building cleanliness. It also elicits ‘big 
picture’ responses to how the building impacts occupants’ lives and aggregating these responses into 
whole-of-building representations of occupant preferences. The POE survey includes a question on 
perceived productivity where staff are asked to self-report on how their productivity has decreased or 
increased due to the environmental conditions of the building.  

Having conducted the POE and identified and selected these predictor components through the PCA 
enabling a hierarchical list of regression predictors, multiple linear regression was utilised to ascertain 
the influencing variables for the questions associated with perceived productivity from the building 
occupants’ associated IEQ responses. Multiple linear regression analysis is considered with perceptions 
of productivity and how the building is perceived to impact the occupant’s output at work. Results of the 
multiple linear regression analysis (Table 1) show that perceived productivity for ARS is significantly 
influenced by the building’s indoor environment. (R=0.661, R2=0.437, F(13,85)=5.075, p<0.001). Of the 
13 components representing the predicting variables (out of more than 41 IEQ variables within the BUS 
survey), for the question of overall productivity as it is perceived by the ARS occupant to be influenced 
by IEQ, there were three significant factors: 

 Overall satisfaction with quality of air in winter  
 Dissatisfaction with quality of air in summer, and 
 The perceived quantity of too many unwanted interruptions  
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These results echo the staff evaluations on their perceived productivity and are consistent with 
literature that maintaining indoor air quality (IAQ) throughout the year is critical to maintaining 
workplace productivity (Dorgan et al., 1998; Wargocki et al., 2000; Wyon, 2004). A significant 
relationship between academics’ perceived productivity and too many unwanted interruptions is also 
consistent with the limited literature available, and moreover, logically plausible (Bland et al., 2005; 
Berthelsen et al., 2018; Göçer et al., 2019). The implications of these findings are discussed in the 
conclusion further below. 

Table 1: Multiple linear regression model (academic perceived productivity and IEQ variables) 

 Unstandardized 
Coefficients 

Standardised 
Coefficients 

t Sig. 95.0% Confidence 
Interval for B 

B Std. 
Error 

Beta Lower 
Bound 

Upper 
Bound 

Component 4.192 0.193  21.745 <0.001 3.808 4.575 

Air in winter overall? 0.974 0.175 0.469 5.563 <0.001* 0.626 1.322 

Air in winter fresh or stuffy? 0.228 0.210 0.091 1.084 0.282 -0.190 0.646 

Air in summer odourless or smelly? -0.474 0.206 -0.191 -2.298 0.024* -0.884 -0.064 

Noise from colleagues? -0.289 0.214 -0.113 -1.349 0.181 -0.715 0.137 

How satisfied were you with the 
speed of response to FM request? 

-0.394 0.213 -0.162 -1.851 0.068 -0.818 0.029 

Air in summer dry or humid? -0.146 0.212 -0.058 -.689 0.493 -0.567 0.275 

Noise from outside too little or too 
much? 

0.228 0.197 0.098 1.157 0.251 -0.164 0.619 

Control over noise? -0.066 0.212 -0.027 -0.312 0.756 -0.487 0.355 

Noise from other people too little 
or too much? 

0.009 0.184 0.004 0.050 0.960 -0.356 0.374 

Control over ventilation?  0.082 0.179 0.039 0.455 0.651 -0.275 0.438 

Control over lighting? -0.151 0.179 -0.072 -0.845 0.401 -0.506 0.204 

Frequency of unwanted 
interruptions? 

-0.424 0.193 -0.186 -2.204 0.030* -0.807 -0.041 

How do you rate the cleanliness of 
the building? 

0.191 0.176 0.091 1.083 0.282 -0.159 0.540 

*Results with statistical significance 

5. Conclusions 

Perceived productivity measures as they relate to indoor environment preferences of full-time academic 
staff occupying a high-performance office building were analysed. PCA and multiple linear regression 
was completed resulting in two primary IEQ themes being statistically significant influencing variables 
for overall perceived productivity of ARS.  These were: 

 Overall satisfaction with air quality, and 
 Too many unwanted interruptions. 
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These results are consistent with literature to indicate the importance of IAQ in office environments. 
As the occupants who responded to this POE survey primarily resided within their own dedicated glass-
walled cellular offices, the results regarding the presence of too many unwanted interruptions implies 
visual privacy (and the associated enabling of preventing unwanted interruptions whilst at work) 
remains a concern to ARS despite architecture enabling greater acoustic privacy. These results also 
aligns with the results from limited prior work on academic research staff preferences for heightened 
privacy whilst conducting and documenting research work (Duffy, 1974b; Sundstrom et al., 1980; 
Heerwagen et al., 2004; Wineman et al., 2014). 

Overall, this work contributes to the comparative paucity of literature available on occupancy 
preferences of full-time academic research staff professionals. Further studies on the relationship 
between academic researcher’s productivity and work environments is required, particularly as trends 
towards open-plan office configurations in Australian universities gather apace. 
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Abstract: Architecture can play a crucial role in supporting ecosystems and reducing biodiversity loss in 
urban environments. With predicted urban population increase and a subsequent need for more 
housing, how buildings and infrastructure is designed will have a direct impact on surrounding 
ecosystems and biodiversity. Therefore, the built environment design should include careful 
consideration of how to actively integrate with and regenerate ecosystem services and biodiversity. 
Through emulating ecosystems and their functions using an ecosystem services framework, and through 
incorporating biophilic design principles, a regenerative design practice may emerge that positively 
impacts socio-ecological systems from a health and wellbeing perspective. This research explores this 
proposition through a design-led research methodology, combining ecological and environmental-
psychology knowledge into architectural design practice. The outcomes range from neighbourhood 
scales through to architectural, and focus on retrofit and new build design. Wellington, New Zealand is 
the site of the design research. New Zealand’s biodiversity is unique, having evolved free from most 
land-based mammals before humans introduced non-indigenous species. The research concludes that 
through an ecosystem services and biophilic design framework, architecture can have a positive roles in 
ecosystems, from both a technical perspective and as an influencer of user behaviour. 

Keywords: Regenerative urban development; biophilic design; urban biodiversity; ecosystem 
biomimicry. 

1. Introduction: critical urban ecosystem services issues 

Ecosystems and the biodiversity they are made up of are crucial to the health of the planet and its 
climate, and therefore to humans (Rapport et al., 1998). Biodiversity loss is occurring because of climate 
change and loss of habitat, which is driven by urbanisation influenced land-use change (Rastandeh & 
Pedersen Zari, 2018). Biodiversity is essential for all beings because of its crucial role in ecosystem 
health and the production of ecosystem services (Chapin et al., 2000; Díaz, et al., 2006). Ecosystem 
services are the aspects of ecosystem functioning that enable human survival and wellbeing (figure 1). 
Current built environments and the behaviours of people living in them negatively impact ecosystems in 
a variety of ways (Eigenbrod et al., 2011). This requires society to urgently reassess and change the way 
urban environments are built and how society lives within them. 

mailto:jenniferkoat@gmail.com
mailto:maibritt.pedersen@vuw.ac.nz
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Figure 1: Ecosystem services (adapted from Pedersen Zari, 2018). 

Urban environments are now the habitat of most humans (Eigenbrod et al., 2011). Thus, changing 
the design of built environments needs to encourage and facilitate a change in behaviours for users of 
the city. In New Zealand for example, in the thirty years from 2013 to 2043, there will be a predicted 
increase of 1.19 million people in urban centres (Stats NZ, 2017). With this comes an increased demand 
for more housing and infrastructure. This means potentially increased damage to ecosystems through 
the construction of new buildings and infrastructure unless these are designed to be regenerative 
(Newman, 2006). In this context, regenerative design refers to the design of buildings and urban spaces 
that create ecological and human health rather than damage it (Pedersen Zari, 2018). In current 
‘sustainable’ or ‘green design’, the goal is typically to minimise ecological damage rather than to create 
health (Reed, 2007). 

One approach to changing the way built environments function is through an ecosystem services 
framework, where buildings or whole cities are designed to create and/or integrate with ecosystem 
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services provision (Pedersen Zari, 2018). The aim is to create or re-design buildings and urban areas so 
that they more effectively produce ecosystem services can reduce pressure on both local and distant 
ecosystems. Healthier ecosystems more readily provide ecosystem services to humans the built 
environment cannot provide itself and can enable humans to better adapt to the impacts of climate 
change (Pedersen Zari, 2010). This is critical as cities continue to expand and as the climate continues to 
change (McKinney, 2006). Mimicking what ecosystems do can become the overall ecological 
performance goal generator, while the specific methods or technologies to achieve the goals can be 
drawn from a wide range of existing design techniques and tools (Pedersen Zari & Hecht, 2019). 

Biodiversity conservation and ecosystem services research has typically been the domain of 
ecologists and related scientists. This has led to an understanding of the role that urban design and 
architecture has to play in these fields, however it is now crucial that designers contribute to research to 
bring knowledge of ecology disciplines into design theory, and critically, into design practice. It is crucial 
to practically demonstrate to architects and related design practitioners the influence they might have 
in the design of buildings and urban environments that positively regenerate or create ecologies. 

2. Ecosystem services framework and biophilic design 

2.1. Ecosystem services framework 

Healthy ecosystems produce services essential to life on earth. There are several ways to categorise and 
name ecosystem services (Millennium Ecosystem Assessment, 2003; de Groot, et al., 2002; Potschin, et 
al. 2016) (figure 1). Through a comparative review and a prioritisation process, Pedersen Zari (2018, p. 
126) identified seven key ecosystem services that are most suited to replicating in built environment 
design. Suitability relates to: 1/ the ecosystem service being able to be mimicked or integrated by built 
infrastructure; 2/ the relative impact the ecosystem service has on overall ecosystem health; and 3/ the 
built environment’s impact on an ecosystem service. The seven ecosystem services identified include: 
from the ‘provisioning’ category, provision of food, fuel and energy, and freshwater; from the 
‘regulating’ category, climate regulation and purification of air, water, and soil; and from the 
‘supporting’ services, nutrient cycling and habitat provision. Pedersen Zari (2018) excludes cultural 
ecosystem services for various reasons. In this research, it incorporates cultural ecosystem 
services through integrating biophilic design principles. There are synergies and trade-offs between the 
different ecosystem services (Grêt-Regamey, et al., 2013; Howe, et al., 2014). These are crucial to 
understand and explore through design if there is an intention to create a design that incorporates more 
than one ecosystem service.  

2.2. Biophilic design principles 

An increasing body of international research details the benefits that arise when people have a direct or 
indirect relationship with the natural world (Gillis & Gatersleben, 2015; Soderland & Newman, 2015). 
Design that responds to an understanding of people’s innate connection to the living world can be 
termed biophilic design and draws upon the biophilia hypothesis (Wilson, 1984), along with research 
from the disciplines of neuroscience, environmental psychology, and evolutionary psychology (Kellert & 
Calabrese, 2015). Biophilic design encompasses urbanism and architecture as well as interior spaces. 

A literature review was conducted to deduce common themes and differences between various lists 
of biophilic design elements and attributes. Kellert, a key figure in biophilic design theory simplified the 



118 ` Koat J. and Zari M. P. 

number of biophilic elements and attributes over time, from 73 suggestions with Heerwagen and Mador 
(Kellert, et al., 2008), to only 24 with Calabrese (Kellert and Calabrese 2015). The smaller number is 
easier to manage from a designer’s perspective, however, the list of 73 biophilic attributes is valuable to 
refer to for design inspiration. Common themes in biophilic design theories were identified, and resulted 
in a condensed list of 32 design elements (Table 1), split evenly across three main groupings, namely: 1/ 
physical nature in space; 2/ ideas or representations of nature; and 3/ nature of spaces. 

 
Table 1: Combined list of biophilic design elements 

Physical nature in space Ideas or representation of nature Nature of the Spaces 

Water 
Natural light 
Non-visual (other senses) connection 
to nature 
Natural thermal & airflow variability 
Visual connection with nature 
Connection with natural ecosystems 
Plants 
Animals 
Fire 
Community gardens/ edible 
Landscaping 

Natural materials 
Natural colours 
Natural geometries - mathematically 
driven 
Naturalistic shapes and forms 
Age, change, and the patina of time 
Images of nature 
Sensory stimuli & variability 
Simulating natural light and air 
Information richness 
Evoking nature 
Biomimicry 

Risk & peril 
Prospect/ view 
Cultural and ecological attachment 
to place 
Mystery, surprise, curiosity 
Refuge/ sanctuary 
Organised complexity 
Integration of parts to wholes 
Transitional spaces 
Mobility and wayfinding 
Connection with landscape 
Spatial Harmony 

 

Kellert and Calabrese (2015) define broad level ‘principles’ for biophilic design: 
1. Biophilic design requires repeated and sustained engagement with nature 
2. Biophilic design focuses on human adaptations to the natural world that over evolutionary time 

have advanced people’s health, fitness and wellbeing 
3. Biophilic design encourages an emotional attachment to particular settings and places 
4. Biophilic design promotes positive interactions between people and nature that encourage an 

expanded sense of relationship and responsibility for the human and natural communities 
5. Biophilic design encourages mutual reinforcing, interconnected, and integrated architectural 

solutions 

In this research, the determined list of biophilic design elements (table 1) was used to generate design 
ideas and the five principles acted as criteria to evaluate the biophilic qualities of the designs. 

There is a clear disconnect between ecosystems and life in the urban environment. Urban 
environments and buildings tend to have been designed and built without an explicit understanding of 
ecology or ecological processes (Orr, 1999, p. 212). As Wilson (1984, p. 2) points out, ‘to the degree that 
we come to understand other organisms, we will place greater value on them, and on ourselves’. The 
invisibility of these systems further disconnects society from its means of survival (i.e. ecosystems). By 
exposing the ecological interactions of building systems, users of the systems could be encouraged to 
change how they interact with them (Alberti, et al., 2003). This is at a user level, however, a change at 
the infrastructure level is also crucial to create a difference and change the role of urban environments, 
from a user of resources to a producer of ecosystem health.  The way people live in cities impacts on 
ecologies. Thus, it is important to highlight the human relationship and connection to what they are 
affecting. Pedersen Zari (2017) explores what makes a city biophilic and discusses the importance of 
activities that occur in and around the city as well as the physical elements and spatial attributes. This 
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contrasts with Kellert et al. (2008), Kellert & Calabrese (2015), and Browning et al. (2014) who discuss 
design qualities rather than how spaces are used. Thinking about what activities are present in the 
building and urban context that support human-nature relationships is important and could tie into how 
ecosystem services are incorporated into the design. Strategically designing activities that enable users 
to interact with the provision of ecosystem services, or to at least see them, is a further way to 
(re)connect people to ecologies through design, and is reminiscent of the theory of ‘eco-revelatory’ 
design (Alberti et al. 2003). 

Through incorporating biophilic design principles with the seven ecosystem services described 
earlier, urban design and architecture could remind city dwellers of the natural ecosystems they are a 
part of and potentially influence them to change some behaviours that negatively affect climate and 
ecosystems. 

3. Designing urban ecosystem services through the medium of 
architecture 

In a context of densification of cities and higher populations, urban green space per capita is diminishing 
in many urban centres. This is true of Wellington, New Zealand (Blaschke et al., 2019). This means future 
cities cannot necessarily rely on urban green and blue space to provide vital ecosystem services as has 
traditionally been the case (Lee, et al., 2015). Instead, architecture must also become a medium for 
generating these ecosystem services. This research sets out to test how designers can facilitate the 
creation of urban ecosystem services through the medium of architecture in addition to surrounding 
urban green/blue space. The research methodology is design-led, meaning that through the act of 
design, research findings can be deduced (Sanders, 2008).  

The research site is Wellington, New Zealand. Wellington, the capital city of New Zealand, is a small 
city of approximately 200,000 residents. It is a coastal settlement located in the southern-most part of 
the North Island and is a city of steep and often deep green, bush-clad hills surrounding a large harbour. 
Mostly because of its setting and access to ‘wild’ nature, Wellington has been identified as a biophilic 
city, through the international Biophilic Cities Network (Beatley, 2016). The research focuses on a 
particular commercial neighbourhood in Wellington, Tory Street (a 1.5km street in the Eastern CBD). It is 
situated in a zone largely devoid of biophilic design attributes (Pedersen Zari, et al., 2017), but is in a 
central city area that will likely see a 100% increase in population in the next 30 years through 
densification (Blaschke, et al., 2019). In New Zealand, including Wellington, findings from the Ministry 
for the Environment and Stats NZ (2018, 2019) and Scaher et al., (2006) show the built environment 
causes ecological damage. It does so through: air pollution, greenhouse gas emissions, contamination of 
soil, pollution of waterways including aquifers and marine environments, heavy metal pollution, nutrient 
in-balance issues, native biodiversity loss, increase of invasive species, and land cover change. For 
example, current native land cover is less than 2 per cent in urban areas (Clarkson, et al, 2007).  

Through incorporating the emulation of natural ecosystems and their functions with strategic 
employment of biophilic design principles, urban environments have more potential to be regenerative 
(Pedersen Zari, 2018). Pedersen Zari (2018) sets out clear design goals for the Wellington Region based 
on the ecosystem services analysis (ESA) methodology (table 2).  ESA derives quantitative site-specific 
ecological performance goals for architectural and urban design through understanding the ecosystem 
services provision potentials of the ecosystem that existed on the same site pre-development (Pedersen 
Zari 2018). These ESA derived goals are used as aims for the performance of buildings in this design-led 
research.  
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Table 2: Ecosystem services design goals (adapted from Pedersen Zari, 2018) 

Ecosystem Service Design Goals 

Climate Regulation Reduce land-use change by not expanding the urban environment 

Enable behaviour change 

Produce renewable energy 

Purification (of Air) Development should achieve at least the minimum its proportion of the city’s 
required air purification e.g. 0.001% of area = 0.001% of the pre-development 
ecosystem kg NO2 which is 160 kg NO2 

Provision of Fuel/Energy Reduce requirement for fuel/ energy, using technologies as well as design. 

Increase the amount of energy produced in the urban environment 

Provision of Freshwater Assuming each household is 2.6 people consuming 165L per day, each dwelling 
would need to capture and store 156,585 L per year 

Reduce the amount of water used, by 20% 

Provide means for rainwater catchment 

Provision of Food Encourage people to utilise back gardens or apartment balconies 

Increase the amount of food provided within the urban environment 

Educate about the consumption of food, method of production of food and 
dietary choices to reduce associated emissions 

Habitat Provision Increase the amount of indigenous habitat - minimum 10% of the design area  

Nutrient Cycling A target of 104,628 fewer tonnes (a 43% reduction) in annual waste 

At least 33% of all materials used to generate products in Wellington should be 
sourced from within the area itself from ‘waste’ or renewable local sources 

80% of materials should be reused or recycled indefinitely preferably in 
Wellington itself 

 
There are at least two ways of achieving ecosystem service goals. The first is to leverage design to 
enable change in user behaviour, and the second is to include appropriate technology and infrastructure 
to reduce the human requirement for and to support the health of ecosystem services. Ideally, these 
two strategies should work in tandem. 

4. Design-led research experiments 

4.1. Experiment 1 and 2 – masterplan and new build 

The first experiment was a masterplan re-design of Tory Street on the eastern side of the CBD to identify 
potential sites able to provide ecosystem services, and to test how to achieve the ESA derived design 
goals for the area. The second experiment was designing a new building on Tory Street, to test how to 
integrate all seven services into one building, while acknowledging and designing around the trade-offs 
that will likely occur. To simplify the process, only one or two tactics were focused on for each 
ecosystem service (Table 3). 

Table 3: Ecosystem services emulated in experiments 

Service Masterplan New build 

Climate regulation (teal) Redesign of the street to reduce 
vehicle use/encourage cycling, 

Carbon/ greenhouse gas storing 
building materials; timber as the 
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walking, scooters main structural material 

Purification (dark blue) Rain gardens & permeable surfaces Biofilters 

Provision of fuel/energy (yellow) Solar panels Solar panels 

Provision of freshwater (light blue) Rainwater collection Rainwater collection 

Provision of food (red) Urban greenhouses Indoor food gardens 

Habitat provision (green) Revegetation Revegetation 

Nutrient cycling (orange) Repeated stream separated waste 
bins along street 

Composting on-site & use of 
recycled building materials  

 
It was found to be important to design the masterplan of the street to create a connected and repeated 
experience of both the ecosystem services and biophilic design, in order to enhance the positive effects 
of biophilia (Pedersen Zari, 2017; Kellert and Calabrese, 2015). The current broad assignment for 
provision of fuel/ energy, achieves approximately 4630MWh per annum, 0.63% of the city 
requirements. For the provision of freshwater, the total water collection per year is around 126,780m3, 
which is enough for 810 dwellings. Through revegetation, the goal for habitat provision, a minimum 10% 
of design area being indigenous habitat, is achieved with 15.5%. Currently, the research does not have 
accurate calculations for the service of purification, climate regulation, provision of food, and nutrient 
cycling. 
 

 
Figure 1a (left): The masterplan of Tory Street;            Figure 1b (right): The building scale 

 

Completed alongside the masterplan, was the design of a new building on a vacant site on lower 
Tory Street. The aim was to explore how to design for the provision of all seven ecosystem services 
within one site. The initial focus was on how to providing ecosystem services separately, but within the 
same site. Different programmes (i.e. what a building is for) were then selected to explore how to 
integrate the ecosystem services with different architectural typologies. Typologies explored were 
residential; office; café/bar; and public space. Alongside this, was an intent to design the building so that 
the spaces and building systems themselves would educate users about how they work. In turn, through 
exposure to and celebration of ecosystems, along with complementary biophilic design principles, the 
theory was that this would inspire people to examine their behaviours and mind-sets. This broadens the 
potential impact that the building could have in terms of creating a more regenerative Wellington. The 
initial research looked at how a mass could occupy the site through a series of considered design 
iterations. The final conceptual idea chosen for developed is a terraced building. This allows rooftops to 
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be utilised for the provision of various ecosystem services, while building users can see them and access 
them potentially, while leaving habitable space for human programmes inside the building.  

Both parts of this design experiment utilise biophilic design principles from the beginning, enhanced 
by the complimentary relationship between ecosystem services design and biophilic design principles. 

5. Findings and discussion 

Key findings from this research include that architectural designers having a holistic perspective of how 
a city functions, along with an understanding of each ecosystem service and how they might be created 
in the urban environment is of great importance. A systematic approach to handling the complexity if 
ecosystem services based design is also key. Many design iterations and experiments are necessary to 
arrive at solutions that practically work in terms of ecosystem service provision and biophilic design 
impact on human wellbeing. 

The crossover between ecosystem services provision design and biophilic design principles is most 
easily achieved through the first category of the biophilic design principles: ‘physical nature in space’. 
There are also synergies with the second category: ‘ideas or representation of nature’. The experiential 
‘nature of the space’ category has the least synergies with ecosystem services provision design. 
Intentional and careful design decisions are required in order to include the second and third categories 
of biophilic design principles when designing primarily for the provision of ecosystem services. 

Additionally, designing to support the ecosystem service of climate regulation is better suited to the 
urban design scale, whereas the ecosystem services of providing fuel and energy, and freshwater, are 
better suited to the architectural scale. Habitat provision is suitable for either. This is because each 
ecosystem service is negatively affected by human behaviour at different scales and in different ways. 
Users at the masterplan scale affect climate regulation through transport emissions for example, 
whereas how people behave in a building does not affect this service to the same degree. This is the 
opposite of the use of energy and freshwater, where most usage occurs within buildings. Habitat 
provision is not affected directly by individual users at either scale so there is little difference between 
suitability of either scale. 

Designing through an ecosystem services framework provides designers with a method of 
understanding how the urban environment affects natural ecosystems and how to avoid or remedy 
negative impacts. Assigning a ‘value’ to these ecosystem services is what might convince crucial 
decision-makers to invest in regenerative projects.  

This article presents findings at a mid-point through the research. The research to date has 
focused on the technical side of the design rather than user behaviour. Further research to be explored 
through design is how architecture and urban design can influence user behaviour to support ecosystem 
services provision at both the masterplan and architectural scale. 

6. Conclusion 

By designing urban environments and architecture to provide ecosystem services, it could create a 
regenerative environment that supports native biodiversity. This could change the way cities function at 
many scales and in many aspects. This could change the way cities function at many scales and in many 
aspects. To achieve this, it requires the collaboration of many disciplines to identify and solve the trade-
offs in ecological performance that arise. Urban environments should not be a threat to ecosystems and 
wildlife and should instead become able to work in harmony with nature. Scientists, designers, 
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developers, and policymakers must urgently re-evaluate how built environments are constructed and 
lived in. The requirements for this are at a large scale and incorporate social, cultural, and economic 
systems. This means that architects and designers cannot alone solve these issues. Instead, they must 
cooperate with and be supported by councils and governments to address the fundamental question of 
how buildings and urban spaces can contribute to the health of ecosystems and people rather than 
diminish it.  
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Abstract: Due to lack of communication tools, the non-experts in a participatory urban design process 
face difficulty to take part actively in the stage of design ideation and generation. Mostly, the design 
ideas stay in conceptual form and do not provide enough perceptual understanding to conceive the 
design actions fully. The research hypothesises that an Immersive Virtual Environment (IVE) instrument 
enhances layperson’s urban design participation and collaboration during the early stage of the design 
generation. The research involves non-expert stakeholders as co-designers for a neighbourhood design 
in New Zealand. The paper discusses as a parallel reporting with other coming articles on how the IVE 
instrument facilitates successful design collaboration among fellow laypersons to design their own 
neighbourhood. A protocol analysis validates the success of design communication happened during 
non-experts design engagements. An expert evaluation is done to rank the generated design in 
responding to understand the ideas. In conclusion, the article speculates that an IVE assisted 
participatory urban design process empowers laypersons to take part actively in urban spatial design.  

Keywords: Co-design, Design Participation, Urban Design, Immersive Virtual Environment, Laypeople 

1. Introduction 

The quality urban design is that which response sufficiently to social, economic and environmental 
issues through the physical design. The traditional design approach has not had the tools to visualise 
urban form concurrently during the decision-making stage. They do not allow non-experts to participate 
in the early stages of design ideation and generation. The research engages laypersons using a virtual 
communication system for design discourse, which leads to producing meaningful urban design 
outcome. These tools offer a ubiquitous virtual interaction platform to produce and visualise iterative 
design ideas. Engaging laypersons from a neighbourhood in this way able them to create and collaborate 
on designs, including important perhaps less exciting design elements like driveways and fences. The 
paper is a part of the continuous report of Immersive Virtual Environment (IVE) engagement of 
laypersons from a low-density suburb Karori, New Zealand. In our earlier work, Chowdhury and 
Schnabel (2018) describe a set-up for VR community engagement. The article discusses the design 
outcome and the nature of design participation happened during the laypersons’ engagement. It also 
reports a survey on an urban design consultation process held by the city council, where the participants 
stated their interest to take part in the design ideation process. It concludes by comparing the results 
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with conventional consultation methods of urban design and discussing how IVE instrument facilitates 
co-design communication to generate meaning design outcome.    

2. Design and Design Representation  

A designer uses different representation techniques to communicate with co-workers, clients or user 
groups (Akin & Weinel, 1982). Designers always seek suitable means to construct imaginations to 
express design concepts and turn the concept into visible artefacts (Chan, 2011). It is essential to 
investigate critically the understanding of virtual 3D artefacts in design representation which allow 
laypersons to ideate and generate meaningful urban design options.  

2.1 Design as Social Process and Using Artefacts 

 

Figure 1 Design, Public and Community Participation in the abstract and concrete space (Lee, 2006). 

 

Traditional artefacts such as drawings, product samples, models, and now virtual artefacts as 3D models 
are used to mediate the journey of a building concept to the actual built form. Most often, these 
artefacts are produced for different purposes and obviously for people with different levels of 
understanding of the design and construction process. Luck (2007) studies design practice by observing 
the conversations that surround the use of physical artefacts at the early stages of building design and 
reveals that the appropriateness of the method of conversation develops users’ understanding of the 
design, as well as the knowledge that is embedded in the artefacts themselves. The design conversation 
builds the user’s confidence in the appearance of the design, rather than only by the ability of the 
artefacts to represent a future reality. The artefacts embody the current knowledge of the design in its 
present status, but during a conversation, it prompts discussion of ideas to modify the design. ‘The act 
of interpretation’ is acting as part of the design process. 

Henri Lefebvre (2003) argues two different design worlds between experts and non-experts. He 
defines abstract space for the experts’ world and concrete space for non-experts world. Experts such as 
planner, architects and designers create the physical environment in the concrete space by the tool of 
abstraction and representation. That is why non-experts in concrete space need to conceive design 
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through abstract space. Since modernism, these two worlds were separated, where professionalism 
always stood apart, and people were treated as the subject of reactive information. A new form of in-
between space can be formed when these two worlds re-join (Lee, 2006), where the realm of design 
collaboration comes in. Lee develops a diagram to show the three modes of participation (Figure 1). He 
explains design participation as tactics as the format represent a universal way of design intervention. 
The design participation mode comes up to empathize the design experience with the inclusion of 
collaboration between experts and laypersons. It attempts to redefine the concept of ‘Design 
Participation’ to investigate creative ways to design with users. Lee (2006) mentions that design 
practices working in abstract mode with limited contact with users are called Design Participation for 
innovation and if people are working as a designer for their projects are called Design Participation for 
motivation. Design participation for collaboration happens in between these two realms, which aim to 
encourage the co-design process.   

3. Participatory Urban Design Process and Tools   

The conventional urban design process includes institutionalised techniques and knowledge of trained 
professionals who utilise empirical knowledge in dealing and designing an urban situation which only 
can be understood by the fraternity of those institutions. Conventional urban design techniques cannot 
offer flexibility to cater to a wide range of social issues in the design process (Kiddle, 2011).  Methods 
like design charrettes and planning workshops already have seen their good days in such democratic 
engagement in the design processes (Batchelor & Lewis, 1985; Knevitt & Wates, 1987; Steinø et al., 
2013). However, in spite of having such established methods, there are still differences exist in thinking 
and communicating language between experts and laypersons (Forester, 1988; Friedman, 1973). The 
lack of engaging ways eventually pushes researchers to rethink for a new form of design-decision 
making platform where non-experts can fully understand the spatial implications of planning and design 
decisions.  

Healey (1997) points out the demands of public participation in decision-making for more 
accountability on the parts of stakeholders. The integration also encourages social resiliency. It 
facilitates citizen participation through informing citizen about their rights, responsibility and decision to 
show their interest in the urban design process. Such participation process also promotes people’s 
attitude to create and manage the urban environment. However, it is hard to exclude the conventional 
design process, as at the end the professionals have the sole responsibility to the final product. Again, 
due to the lack of design communication methods, the citizen cannot fully engage in the professional’s 
design process. The existing participatory design process only can allow collective discussion on the 
planning stage, not in full-scale spatial intervention. A new design communication process requires 
which can facilitate spatial design collaboration with perceptual understandings between citizen 
themselves and other stakeholders.  

At first Design Research Society proposed that computer-aided design and human-computer 
interaction could be potentially combined to develop a system for design participation (Cross, 1972). 
Based on that concept, now advanced computational tools capable of generating 3D artefacts for 
seamless design communication which have affordance (Gaver, 1991) for non-experts to involve in 
design ideation process. These tools also align with the suggestive urban design toolkit of  New Zealand 
(Mfe.govt.nz, 2009). The toolkit is developed for dealing participatory design process in urban 
development projects to collect consensus from the end-users. They encourage to use interactive 
visualisation tool to engage people. They are giving more importance of using design consultation 
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techniques, which has limited scope for end-users to communicate design ideation on building shape, 
form and types with fellow participants. Moreover, the process of design consultation is usually a one-
way communication where there is no scope of the participants to generate new design alternatives 
(Mattelmäki & Visser, 2011). The article reports a survey on an urban design consultation where the 
community residents express their interest to take part in the design generation process.   

4. Research Methodology and Reports 

Within a framework of qualitative research, a series of surveys and experiments were set up to 
investigate the scope of laypersons’ active design ideation, generation and collaboration in 
neighbourhood design. The methodology incorporates a preliminary survey of urban design 
consultation, developing the VR instrument, engaging laypeople in IVE urban design, a survey on IVE 
experiment, an audio recording of the design conversation, transcribing recorded data, protocol analysis 
and expert evaluation (Figure 2). This article reports on the survey of urban design consultation, 3D skill 
level of the design participants, the protocol analysis of the IVE design communication and expert 
evaluation. The extended report of the protocol analysis is published in Chowdhury and Schnabel 
(2019). 

 

Figure 2 Research Methodology. 

 

4.1 Preliminary Survey   

Wellington City Council (WCC), ran a design consultation with the Karori Community people on 7th 
November 2018, where they presented four Karori Neighbourhood design options. The design ideas 
were presented in a 2D colour printed medium with a perspective and a plan for every design option. 
The session started with a presentation, then question answering session with the Karori people and 
finally a voting session on the design options. The preliminary survey aims to identify the task to involve 
laypersons’ in IVE design participation. Survey results come to the conclusion that the participants want 
to take part as active designers in the design process. There are 30 participants. The measuring value of 
each answer is the level of choices like ‘Absolute’; ‘It is Ok’, ‘Neutral’, ‘Not Really ’and ‘Not at all’.  
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In terms of designing their own design, almost 53.8 % of participants want to have own design along 
with proposed set design solution (Figure 3). There are 34.6 % of people who also want to have a set 
design solution. There are also a handful of people who completely want to design by themselves. The 
results indicate that the community people want to take part in the urban design ideation and 
generation stage with more understanding of the proposed spatial context.   

4.2 IVE Experiment  

The IVE experiment method is akin to Schnabel’s (2011) immersive virtual environment design studio 
research. A unit diagram is shown in Figure 4, where Designer A designs in IVE and Designer B 
communicate with the design representation through a 2D display screen. Supporting Kocaturk and 
Codinhoto (2009) definition, here, the IVE designer interacts with digital media as internal 
representation to mentally construct, generate and model the design artefact. Simultaneously, Designer 
A generates external representation to communicate design information with Designer B (or other 
stakeholders) through the output in the 2D display screen. Eventually, it results collective creativity.  The 
technique has advantages by allowing designers to tackle real-world issues through a discursive process 
and create a perceptual understanding of the generated ideas in the VE. 

 

Figure 4 One unit of ‘Enhanced Communication”. 

34.6 7.7 53.8 3.8 

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100% 

Prefer to Design (h=30)  

set solution own design a mixture of both no preference 

Figure 3 Prefer to design. 
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4.3 Meaningful Design Outcome 

The IVE design experiment task is described in our earlier paper Chowdhury and Schnabel (2018). While 
the designers are designing, the visual information helps them to speculate different functional 
arrangement for the site. Designers propose mixed-use commercial spaces with restaurants/ parks/ play 
centers/ art pavilions/ a place for food truck standings. We report eight design alternatives. The 
produced design options are:  

Option 1: Mixed-use urban park  
Option 2: Outdoor café and event space  
Option 3: Mixed-use urban park  
Option 4: Playground  
Option 5: Night-market, food stall, community event centre  
Option 6: Mixed-use retail and café  
Option 7: Play centre  
Option 8: Urban park  

Figure 5 shows except design Options 5 and 7, rest of the design teams have at least one 3D skilled 
participant. However, all of them able to produce design alternatives due to the IVE experimental setup 
of design collaboration.  
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Figure 5 No of Participants and 3D skilled in produced design options. 
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4.4 Design Communication and Participation   

The recorded conversation is transcribed to analysis the design conversation through protocol analysis. 
Based on Tsai et al. (2009), a coding scheme was developed to evaluate virtual design communication 
and collaboration. The four major categories of the scheme are 1. Communication control, 2. Design 

communication, 3. Social communication and 4. Communication technology. The result shows that 
there was evidence of successful design communication happened between the participants (Figure 6). 
Around 62.37%, 62.79% and 46.51% of the conversation respectively for option 2, 4 and 7 happen about 
deriving design concept. It indicates that the VR engagement facilitated the scope of collaborative 
design ideation. Similarly, there is frequent non-task-related social communication happened, which 
also proves the presence of social communication (Figure 7). Almost 75.76 %, 16.67% and 80.52% of the 
conversation respectively for option 2, 4 and 7 occur as non-task related social communication. It 
indicates the design actions generated by Designer A is communicated to Designer B in a successful way 
to form a meaningful outcome.   
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Figure 6 Design Communication. 
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Figure 7 Social Communication. 
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4.5 Expert Evaluation  

Two architects have evaluated the produced design ideas. The evaluation criteria had been set on 
functionality, aesthetics and experiential qualities of the design options. Design options 2 and 4 got the 
highest average points (Figure 8). In general, evaluating aesthetics in design is mainly a matter of 
grasping its sensuous qualities. Assessing aesthetic qualities it does not mean that it exhausts all the 
different properties that design compasses, like functionality and sustainability. The evaluation on 
aesthetic reflects how the laypeople’s proposed building form and its function have been communicated 

to the experts.   

5. Discussion 

Through engaging non-experts, the research impacts on the perceptual affordance created through the 
interaction of virtual 3D models, immersive, non-immersive visual information and verbal conversation. 
Participants actively take part in the design ideation and generation stage. Only one person was allowed 
to design in the immersive world, and others were allowed to provide verbal feedback. In between their 
conversation, the computer produced 3D urban forms which provide visual feedback to continue the 
discourse. In contrast to Lefebvre, here the non-experts are designing in the abstract space, where they 
usually participate in concrete space. That means the VR instrument is facilitating design participation, 
which is re-joining the scope of non-expert’s role to the expert’s role. The report of the protocol analysis 
also shows that design communication happened regarding task-related design actions. It means the 
participants took design decision through their action in the IVE environment. Moreover, the experts’ 
evaluation legitimizes the design outcomes as products of meaningful design participation.   

Conventionally participatory design activities are dealt with urban professionals in a media either 
resembles paper and pencil method or models or most recently in a non-immersive game-based virtual 
environment. On the contrary, our research shows that the end-users are getting the opportunity to 
involve in the discussion by being perceptually inhabited in the urban context. The IVE instrument and 
the design engagement set-up helped the laypeople to decide on specific perceptual qualitative parts of 
urban form through collaboration. The procedure of design engagement helps to facilitate design 
discourse through visual and verbal interaction. The design engagement empowers the participants to 

Figure 8 Average Ratings Attributes 1= Not at All, 2= Not Really, 3=Neutral, 4=It is OK, 5=Very Much. 

2 
4 2.5 

4.5 3 2.5 2 2.5 
2 

3.5 
3.5 

4 
3 

2 3 3.5 
2.5 

4 
3.5 

4 

2.5 
2 2.5 

3 

0 

5 

10 

15 

Option 
1 

Option 
2 

Option 
3 

Option 
4 

Option 
5 

Option 
6 

Option 
7 

Option 
8 

Expert Average Ratings 

Functionality  Aesthetics Experiential  



133 

 

Virtual Medium for Design Participation: A Shared Perceptual Understanding in an Urban Design 
Approach 

design building form, shape, texture and also placement in the real context. So, from the perspective of 
the end-user, they are acting as a designer in the urban design process, and the expert plays the role of 
facilitators. It seems the roles of designers and users are coming to a level where the users can create 
and propose design ideas through collaboration with fellow designers. The participatory mindset values 
people as co-creator in the design process. This immersive virtual participatory design is bridging the 
power between designers and users, where the users are getting the privilege to put their design 
interest collaboratively by being perceptually inhabited in the urban context.  

6. Conclusion 

The research undertaken has not only moved the IVE from architecture design to participatory urban 
design but also from the expert realm to non-expert realm in a new, unforeseen and materially different 
way. It moves us closer towards a better understanding of integrating an easy intuitive IVE interface for 
laypeople’s spontaneous design participation. It demonstrates that integrating suitable IVE instrument 
minimizes the distance between the non-expert’s collective design imagination and its representation 
during the initial stage of urban design. Most tools in IVE are used for design consultation through 
presentation or simulation. Designing within IVE leverages local people to visualize and discover their 
design concepts together for their community. It empowers laypersons to express, explore and convey 
their imagination to engage actively in urban design. By analysis of design conversation and 
representations, the research has demonstrated that laypeople’s collaborative conception, perception 
and understanding of spatial volumes within IVE contribute to the quality, understanding and designing 
urban space and forms. Moreover, its easy nature of design creation, communication and collaboration, 
offers an opportunity for experts and non-experts collaboration in the early stage of urban design. 
Therefore, it re-establishes a new direction to include stakeholders in the design process where the 
intuitive design communication empowers non-experts to participate in a spatial discussion on designing 
future neighbourhood.   
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Abstract: Open spaces do affect the Ecology of the campus, both behaviourally and functionally, any 
Institution which can understand the characteristics of its campus can successfully achieve the 
transformation in a constructive way. To understand the characteristics of a campus and to act 
accordingly, the institutions would need a reference which can be in the form of a checklist or proper 
guidelines; this gap is filled by the evaluation matrix. Evaluation matrix is a tool that helps institutions to 
value the quantity and quality of open spaces. It is used to identify active open spaces by campus 
landscape design taxonomy, categorising them into ten variables; from which 6 parameters are framed 
which will help in defining an eco-campus. The methodology is being applied on National Institute of 
Technology, Tiruchirappalli the results show the advantages and shortcomings of the matrix. The matrix 
is limited to academic zone since a campus has various zones that vary behaviourally and functionally. 
The paper is a work in progress, future steps are inclusion of results from testing the hypothesis by the 
survey conducted. 

Keywords: Evaluation matrix, Open space, Eco-campus. 

1. Introduction 

Educational Institutions with grandeur buildings have well maintained landscapes around 
them which create a visual appeal that contributes to their image. These open spaces might 
have an intended purpose or are utilized for future developments, in either case the activity of 
the area depends on the infrastructure provided in the specific space. The substances and 
surfaces in these spaces provide affordances (Gibson J.J, 1976) or detectable functions, and 
also determines the how and type of function/ activity happening in that particular open 
space. Also studying campus-student transactions i.e. how a student’s life is affected by the 
campus open spaces and how they affect these spaces can help us in predicting the possible 
behavior of the user in these spaces (Banning J. and Kaiser L. 1974). The word Eco-campus is 
derived from this study, it explains about a campus which is bothered about how well the 
environment provided by it is functioning psychologically on the user’s behavior, and focusses 
on livable environments that thrive towards user’s well-being.   Ultimately when it comes to 
campus design, earlier emphasis was more on design of built form than the planning part of 

mailto:shwethasrm@gmail.com
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the campus (Coulson J. et.al.2014; Turner P.V. 1984; Dober R.P. 1996), recently universities 
started embracing the idea of developing master plan for campuses in order to addresses their 
vision, increasing the quality of life in the campus attracted more number of students, 
enhanced learning environments, contributed to quality of research and creating sustainable 
campus would benefit surrounding neighborhoods (Chapman, M.P 2006; Coulson, J. et.al. 
2010, 2014; Delbanco, A. 2014; Disterheft, A. et.al. 2014; Dober, R.P. 1996; Kenney, D.R. 2005; 
Mitchell, W.J & Vest, C.M.2007; Strange, C.C & Banning, J.H. 2001; Turner, P.V. 1984). But 
universities were only interested in mere transformation of themselves into visual entities that 
are smart, environment friendly, sustainable, energy efficient, green campuses that satisfy the 
core needs of a pre-determined checklist, in this process the essence of the idea was lost. This 
led to research in various fields other than building design specifically in landscape ecology, 
(McHarg I.L 1969) environmentally sustainable landscapes (Makhzoumi J.M. 2000), and 
synthesis of ecology and design of landscapes in curtailing degradation of resources with 
combination of nature and culture (Forman R.T.T. 2002). Various technological advancements 
on analytical tools for studying change in landscape, spatial inter relations, suitability of land 
and social impact (Grove J.M. et al.2006; Hulse D. et al. 2004; Johnston D.M. & Braden J.B. 
2007) helped in inclusion of the outputs of the research into campus planning effectively. 
Apart from these several tools for campus landscape management like campus information 
modeling (CIM) (de Laat R., & Van Berlo L., 2011), campus landscape information modelling 
(CLIM) (Swarts M. et al. 2013), SELES (Fall A. et.al 2001), LANDSVIEW (Birt A.G et. Al., 2009), 
also interaction with large screen maps (MacEachren A.M. et al 2006) virtual reality in 
Landscapes (Ball J. et al 2005), terrain manipulation (Pipper. B et al. 2002) and evaluation of 
campus qualities like campus score (Hajrasouliha A. 2016) built form analysis by using space 
syntax (Can.I and Heath. T 2016), theories on behavioral psychology and campus planning 
(Dober.R.P. 2000; Daniel 1990; and Chein. I 1954) serve the purpose. Also, lot of focus has 
been given on the design of active open spaces and behavioral study individually, what more is 
required is an assessment technique that would identify active open spaces, (that are catering 
to the needs of Campus Ecology) and preparation of such a tool forms the crux of the paper. 

2. Aim 

To Understand the physical & ecological characteristics of campus and Identifying an 
assessment metric and generating an index where campus qualities may be associated with 
user satisfaction. 

3. Study Area 

The campus of NIT Trichy is selected as part of the study area for the paper.  NIT Trichy is one 
of the 31 NIT by Government of India, it offers 10 UG programs and 28 PG programs and 
Doctoral programs from all the departments. The campus is located on Tiruchirappalli- 
Thanjavur highway in Thuvakudi. With a campus area of 800 acres, NIT Trichy provides 
excellent infrastructure to cater academic and extracurricular activities. The campus has 
around 3585 UG Students, 1511 PG students,990 Ph.D. students, 272 MS (by Research) 
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students and 219 Faculty.  The study area is limited to Academic zone due to the vastness of 
the campus, segregation into various zones and based on the campus landscape design 
taxonomy as shown in Figure-1. a., 6 active open spots are identified by the method of 
Behavioural observation as shown in Figure-1. b.  

          

Figure 1.a: Campus plan (source: NIT Trichy) Figure-1. b: Active spots in academic zone (source: authors)  

4. Research Design 

4.1. Methodology 

This research paper is focussed upon creating an index by analysing User behaviours with respect to 
Activity taking place in open spaces. Only after observing user behavior and spatial organization can one 
suggest improvements in campus ecology and better strategies. The idea of generating the evaluation 
matrix was conceptualised from of two Questions, i.e. How influential is the landscape on activity? How 
active are the open spaces? The answers to these are found out by using a multi layered methodology. 
The first phase involved identifying the presence of landscape in the campus open spaces, with the help 
of campus landscape design taxonomy (Dober R.P. 2000), based on which the study area was limited to 
academic zone, The second phase is explored by identifying the activeness of open spaces in the campus 
through behavioural observation (Lofland J. (1973), where 6 most active spots in the academic zone 
were identified. Six parameters are identified as part of Evaluation Matrix, the layers formed by these 
dimensions on the active open spaces will clearly explain why these spaces are used and what is lacking 
in it.  The Six parameters that are identified in the generation of Evaluation Matrix are i. Morphology 
(Hajrasouliha, A. (2015); Can, I., & Heath, T. (2016); Hajrasouliha, A. & Ewing, R. (2016); Videira, M.L 
(2017)) ii. Accessibility, (Hajrasouliha, A.  & Yin, L. (2015)) iii. Activity (Salama, A.M (2008), Duzenli, T. et 
al (2012), iv. Outdoor treatments (Aydin, D. & Ter, U. (2008); Griffith, J.C. (1994); Yeh, T.L,  & Huang, 
C.J.,(2015),), v. people’s behavior (Place attachment) (Abu Ghazzeh, T.M. (1999); Barker, R.G. 1968; 
Sommer, R. & Sommer, B. (2001); and vi. People participation and awareness (Radtke, R.  (2016)). Each 
parameter requires specific methods to conduct the study  

4.1.1. Morphology 
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The main is to provide a descriptive analysis of the morphological traits that influence the activity 
pattern in the selected open areas, which was carried out for a period of 2 sample weeks inclusive of 
weekends, in the month of March based on the framework proposed by Creswell and Stake (Videira, 
2017) as shown in Figure-2.  

 
Figure 2, Methodology flowchart showing framework by Creswell and Stake, source: Videira, 2017 

This involves identification of issues in the study area, descriptive analysis of each spot based on site 
visits, direct observation, graphic descriptions and schematic drawings as well as a space syntax tool 
called Depth Map X, tools as AutoCAD, Revit, and Google Maps were employed for documentation and 
analysis and canopy cover grid for vegetation. Four independent variables i.e. ‘location, accessibility, 
land use, landmarks, vegetation’ related are to build form and people density the 5- point scales 
employed along with variables are shown in Table-1 post which Interpretation and generalisations were 
performed. 

Table 1: Shows the variable and their scales of evaluation 
Variable Scale of Evaluation 

Location Peripheral, Incorporated, Sprawled, Interspersed, Extensive  
Accessibility Low, Medium-Low, Medium, Medium-High, High 
Land use Predominantly Academic, Predominantly Commercial, Mixed Use, 

Predominantly Recreational, Predominantly Residential 
Landmarks No Notable Landmark, One Notable Landmark, Few Relevant 

Landmarks, Minor Landmark, Major Landmark 
Vegetation Scarce/scrub, Open Forest, Tree Line, Moderate, Dense, 
People density Low, Medium-Low, Medium, Medium-High, High 

4.1.2. Accessibility   

The Literature review was done firstly to get a theoretical framework for the procedure. Spatial analysis 
of nodes is done first using depth map X tool. Afterwards actual site observations were noted down at 
specific time intervals of 8-9:30am, 12:30-2pm, 4-6pm.The results from the two study procedures were 
compared to arrive at a certain set of conclusions. 

4.1.3. Activity 

The study is done through literature reviews, self-observation, semi structured interviews and mapping 
of the activities within the campus, analysis of data explains how flexibility in use and visual attraction 
can support in preference of the specific open space.   

4.1.4. Outdoor treatment 

Identifying parameters of study, Assessment of study locations on the basis of identified parameters, 
Questionnaire survey and interviews (involved information regarding the experiences of the user), 
analysing the data collected are the steps involved in the methodology. 
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4.1.5. People’s Behavior (Place attachment) 

An observational study was conducted to analyse the user behaviour towards a particular site and their 
psychological impacts in an institutional campus. The components of this research were conducted 
using social behavior mapping and intercept surveys. All recordings were collected from Feb 2019 
through April 2019. The subjective questionnaire of participants was used in the observation which were 
carried out during the same period. Six major spots of an institutional campus were selected. Each spot 
has their own kind of identity, people, duration of hours spent, this lead to understand the behaviour of 
various people in various settings and comparison allows to analyse their psychological impacts. 

4.1.6. People participation and Awareness 

The study includes two stages, 1. Walkthrough observation and 2. Questionnaire survey, where 
walkthrough observation was done to get an awareness of existing places of activity, the Questionnaire 
survey had three questions which are related to awareness, frequency of visit and satisfaction of the 
particular place, a sample of 134 was collected in this regard. 

5. Results and Findings 

With the help campus landscape design taxonomy divided into ten determinants i.e. Boundary, 
Accessibility, parking, vegetation, Aesthetics, healing, creative spaces, recreation, Interior spaces and 
Man-made elements, the presence of landscape in the campus open spaces are identified, as shown in 
the Table-2,  Since the percentage of all the spots are 50 and above , they are chosen for the study. 

Table 2: Shows the open spaces and the determinants present in percentage 
open space   Determinants present Number 

present 
Absence of determinants Number 

Absent 

Spot-1-MIG 
plaza 

Boundary, Accessibility, Aesthetics, healing, 
creative spaces, & Man-made elements -60 % 

6 Parking, vegetation, 
recreation & Interior 
spaces  

4 

Spot-2-
Orion 

Boundary, Accessibility, parking, vegetation, 
creative spaces, Interior spaces and Man-made 
elements -70 % 

7 Aesthetics, healing, & 
recreation.  

3 

Spot-3-barn 
hall 

Boundary, Accessibility, parking, vegetation, 
creative spaces, recreation, and Man-made 
elements-70% 

7 Aesthetics, healing and 
Interior spaces  

3 

Spot-4- LHC Boundary, Accessibility, parking, Aesthetics, 
recreation and Man-made elements-60% 

6 vegetation, healing, 
creative & Interior spaces  

4 

Spot-5- 
sports 
complex 

Boundary, Accessibility, parking, vegetation, 
Aesthetics, healing, recreation, Interior spaces 
and Man-made elements-90% 

9 creative spaces 1 

Spot-6- 
shopping 
complex  

Boundary, Accessibility, parking, vegetation, 
recreation, Interior spaces and Man-made 
elements-70% 

7 Aesthetics, healing & 
creative spaces 

3 

 

5.1. Morphology 
Through the analysis of morphological factors, the pattern of activity and relation between 
open spaces and closed spaces can be clearly identified. By observing and analysing the six 
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spots chosen in the NIT Trichy campus, both individually and as a whole, the spots can be 
classified according to their morphological characteristics as shown in Figure-4. data collected 
during observations and Depth Map X analysis gave relatively similar results and can be 
effectively used to analyse connectivity in the spots. Through the collective analysis based on 
Land use map, Landmarks map, Accessibility (Depth Map X), Accessibility (Observation), Figure ground 

map, vegetation map and density maps (weekend & weekday) of the entire campus, it is found that 
Landmarks, activities, vegetation attract users around the area as shown in Figure-5    

 
Figure-3: Showing the collective analysis with Land use map, Landmarks map, Accessibility (Depth Map X and 
observation), Figure ground map, vegetation map and density maps (weekend & weekday) (source: Authors) 

 
Figure-4: Building morphology on open spaces with 6 active spots   Figure-5- Accessibility map (source: Authors) 

5.2. Accessibility 

The color spectrum from red-orange-yellow-green-blue shows the gradation from street having highest 
connectivity to the lowest one. Red color- Highest Connectivity Value, Blue- Lowest Connectivity Value 
as shown in Figure-6. NITT campus has good connectivity owing to the grid iron layout of the roads, 
Nodes like Lecture hall and barn hall have high level of visual and physical Accessibility.  
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5.3. Activity 

The daily activities are charted in the activity map as shown in Figure-6, Generally students after the 
class hours, during breaks gather at food joints or diverging points and spend time either in groups or 
individually. The potential spaces are roads, Infront of food joints etc. Hourly activities throughout the 
day from 6 AM to 10 PM are charted out in the Figure-7, where 3 most active spaces are college avenue, 
shopping complex and outside barn hall, & 3 least active spaces are NSO ground, MIG plaza, GJCH  

 
Figure-6: Activity map -throughout the day (source: Authors) Figure-7: Hourly Activities in 6 spots (source: Authors) 

5.4. Outdoor treatment  

The outdoor elements are charted out in the Figure-8 the study concludes that the maintenance of the 
elements contribute to comfort of the users. Lack of cleanliness discourages the users from using the 
spaces, which is why most of the spaces require self-cleansing natural material.   

 
Figure-8: Outdoor elements affecting activity   Figure-9: Classification of activities (source: Authors) 

5.5. People’s behavior (Place attachment) 

Activities determine people’s behaviour, the type of activities happening in the specified areas are 
shown in Figure-9. Interaction is classified into 3 types Indirect, Incidental and Intentional, measured on 
geographical scale of the place attachment i.e. Environmental space, Geographic space and panoramic 
spaces. Analysis of the six spots is done based on these as shown in Table -3.  
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Table 3: Shows typology, geographical scale and interactions in the space 
Setting    Description Geographical scale Interactions between 

people & setting 

Spot-1-MIG plaza Open space dominated by built form Panoramic space INCIDENTAL 
Spot-2-Orion Area with recreational activities Environmental space INTENTIONAL 
Spot-3-barn hall Public interaction high Geographic spaces INTENTIONAL 
Spot-4- LHC/Hostel 
office 

Open space dominated by few food 
joints 

Environmental space INCIDENTAL 

Spot-5- Sports 
complex 

Transitional space where people’s 
influence is dominative 

Panoramic space INCIDENTAL 

Spot-6- shopping 
complex  

Commercial spaces dominated by 
various built forms 

Geographic spaces INTENTIONAL 

5.6. People participation and awareness 

The results from the sample show that of 134 about 60% of the users weren’t aware of the MIG plaza as 
shown in Figure-10, satisfaction and frequency of visits to the spaces around the spots are relatively 
proportionate to activities happening around that specific spot as shown in Figure -11 & 12.  Due to lack 
of availability of Activities around the MIG plaza most of the users aren’t aware of the space, they are 
more un satisfied with the space and visit less frequently whereas the barn hall and shopping complex 
as mostly occupied spaces. 

 
Figure-10: Awareness of the spaces (source: authors) 

 
Figure-11: Satisfaction of the spaces   Figure-12: Frequency of visits (source: authors) 

6. Conclusion 

Observation can help us in identifying the active spaces, though seemingly active concluded by the 
campus landscape design taxonomy, certain spots lacked design determinants. With the help of the 
parameters in Evaluation matrix, the issues in the spaces are identified, and future solutions to rectify 
them can also be suggested. The influence of elements like vegetation are evidently seen in the 
activeness of the open spaces (MIG plaza as well as LHC are the least influential spaces owing to lack of 
vegetation). User’s attachment psychologically and physiologically is directly related to the quality of 
open spaces provided in the setting (MIG plaza and LHC are dominated by built form or facilities which 
makes these spaces susceptible to transactions between user and environment). Most of the users 
weren’t aware of the spaces in MIG plaza due to lack of activities, Activities can be created only if people 
feel that the place could make an impact on them or they could get attachment to the particular space. 
The attachment will be strengthened by improving the quality of space, which will develop a sense of 
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ownership towards the particular open space. Since all the other spots are adhering to the parameters 
of evaluation matrix, which makes them parts of eco-campus behaviourally.  

7. Limitations 

The study is limited to testing in Academic Zone of National Institute of Technology, Tiruchirappalli, due 
to presence of various zone in the residential campus. The application of the matrix, analysis of results is 
shown up to the earlier stages. Due to presence of massive amount of data and page restrictions the 
part with the testing couldn’t be included in the paper. 
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Abstract:  
Much has been written regarding environmentally sustainable design, but some of this rhetoric is not 
correlated with a coherent supporting evidence-based body of research. Sourcing literature from 
biophilia, environmental psychology and the psycho-socio spatial determinants of health and wellbeing, 
this paper strives to link evidence-based policy with design practice. In so doing it also seeks to frame a 
model ecosystem for spatial evaluation at various scales of planning and design practice. These scales 
range from the design of floor-planning and building design to campuses, neighbourhoods, streetscapes, 
suburbs and urban design to critically interrogate possible spatial relationships with health and 
wellbeing. Using a ‘critical realist’ approach, the relevant literature is evaluated and framed within the 
three categories of actors, systems and power at each of the scale levels. The literature demonstrates 
that psycho-social spatial determinants can elicit a major influence on population health and well-being. 
The interdisciplinary nature of many professions involved in the ecosystem requires the development of 
a complex model which frames the inter-relationship between the many elements in the ecosystem. The 
paper concludes that it is critical to ensure that students training in these professions can navigate their 
way through such complexities to base their biophilic practices around evidence. 

 
Keywords: Psycho-social, spatial, determinants, biophilia 
 

The scope of health and wellbeing related to environmental factors 
 
The complex inter-relationship between space, place and health and wellbeing is realising a resurgence 
in the built environment sector led largely through large workplace furniture suppliers such as Steelcase, 
Haworth and Hermann Miller to name a few. Having been unable to successfully link office planning and 
design to worker productivity due to the significant range of confounding factors – even with the advent 
of activity based workplaces (ABW) – due the difficulty of measuring ‘productivity’ as key performance 
indicator, they have now resorted to measuring the health and wellbeing of workplace inhabitants. 
Thus, there has been a renewed focus on indoor environmental and psycho-socio-spatial qualities. This 
trope has now been leveraged into the study of the built environment together with natural or outdoor 
environments with biophilic design becoming a popular way of integrating the two. Biophilia has been 
seen over the past two decades or so as a means of integrating parallel research activities in people-
environment studies (IAPS 2019), environmental design (EDRA,2019) and health environments research 
and development (HERD, 2019).  
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But what defines ‘health and wellbeing’? The New Zealand Government (2019) recently decided to 
measure their national budget performance indicator through this metric rather than through the 
traditional method of gross domestic production (GDP). The Australian Government also has social 
indicators for health and wellbeing (see Figure 1.), whilst the Oxford University Press associates these 
metrics with the environment, as in Figure 2.  

 
A confounding factor in these overlapping 
domains is the varied methodologies and scales 
which are being utilised by researchers and 
professionals alike, with many operating within 
silos and not connecting with other relevant 
disciplines. Bourdieu’s (1984) concept of habitus 
identified a ‘spatial subconscious’, with the 
average person not generally cognitively mapping 
or connecting the links between behaviour, health 
(mental and physical) and the environment. 
However, there is a direct implied relationship in 
the policy directions in these references relating 
health and wellbeing to environments. This is 
supported by the emergence of therapeutic and 
healthy landscapes and the identified causal links 
between nature and health and wellbeing through 
rehabilitation practices. 

 
 

Fig 1: Health and the environment (Sainsbury & Long, 
2011/8) 

 

Emerging research domains: embodied cognition, environmental psychology and 
neuroscience  
 
Indeed, it could be argued that a healthy body 
supports a healthy mind which may support – 
in the case of learning environments, for 
example – in more optimal learning outcomes. 
Yet restorative spaces are largely overlooked in 
the design of vocational colleges, schools, 
university campuses and other public and 
institutional buildings. The epistemological 
domains reside in the social sciences, the 
natural environmental and the built or 
constructed environment. Each of these 
sectors has a subset of domains as illustrated 
which, when linked, can inform an overarching 
domain of ‘environment, behaviour, and 
society’ or EBS.  
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Figure 2: Domains affecting health and wellbeing 

(Oxford Handbook of Public Health and Nature, 2018) 
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The EBS concept resonates with an ecological perspective of health and well-being (Salisbury & 
Long, 2011). It maps the natural and built environments, the activities, the local economy, the 
community and lifestyles with various human attributes across biodiversity, macroeconomic, 
political and global forces, together with comparative studies of a range of neighbourhoods and 
regions. Figure 3 illustrates a possible framework which seeks to integrate these complex psycho-
social spatial-ecological perspectives. 
 

Framing an evidence-based biophilic design ecology  
 
Several of the key elements in the proposed framework require some explanation. All of the 
elements may form part of the evidence-base, but all sources of data and research must be 
assessed for their validity, repeatability and scholarship and thus their potential for informing 
spatial practices. This ecosystem model is based on translational (clinical medical) research, 
which itself has informed evidence-based health planning in hospital facilities. Norman (2010) 
argues that this model can be extrapolated into translational development and translational 
design, where theory and practice are seen as interactive and inter-dependent. 
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Figure 3: Mapping biophilia, health and wellbeing domains (author, 2019) 

 

Evidence-Based Planning and Design 
 
Systematic literature reviews are considered one of the best methodologies for determining the 
categories of legitimately scholarly research. ‘Systematic literature reviews are ranked very high in 
research and are considered the most valid form of medical evidence’ (Jahan et al, 2016). For example, 
Ulrich (2008) postulated a systematic literature review in which the sources of literature are rated 
according to their scholarly depth and rigour. Using this model has been instrumental in influencing the 
evidence-based planning and design of health environments – see his ranking method in Figure 4. 
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Abstracts Table

Reduce Staff Stress

No. Study Environmental

variable(s)

studied

Outcome measure(s) Research design Sample

description

Major findings Grade

1 Alexandre, N. M.,

de Moraes, M. A.,

Corrêa Filho, H. R.,

& Jorge, S. A.

(2001). Evaluation of

a program to reduce

back pain in nursing

personnel. Revista de

Saude Publica,

35(4), 356-361.

Intervention

program: set of

exercises and

educational

component

stressing

ergonomic

aspect (included

ergonomic

orientation about

workplace: work

surface height,

workspace, and

height of reach)

Intensity of pain before

and after ergonomic

intervention program

using a visual analog

scale

Before-after study;

intervention

administered twice

a week for four

months

Nonprobabilistic

sample of nursing

aides less than 50

years: control

group (n = 29) and

intervention group

(n = 27)

There was a statistically significant

decrease in the frequency of cervical

pain in the last two months and in the

last seven days in the intervention

group. There was also a reduction in

cervical pain intensity in the two

periods (two months, seven days) and

lumbar pain intensity in the last seven

days.

B+

2 Annis, J. F., Case,

H. W., Clauser, C.
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Research, 17(3),
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Literature review Longitudinal and

cross-sectional
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need for flexibility in future workplace

designs, the authors conclude that age-
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insufficient in themselves to justify the

resizing of existing ergonomically
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Review
 

Figure 4: Systematic Literature Review Evaluation Structure. Ulrich, R. (2008). 

As noted above, the approach is modelled on translational medical research practice (Cornell 
University, 2019) which strives to test drugs, for example, and various clinical operating procedures in 
large scale double-blinded trials. Whilst this approach is not readily possible in the education sector 
because of the many non-fixed variables, it is possible to use an expert elicitation (Slottje et al, 2016) 
process to gain a sufficient number of responses to model the research findings within the 
translational research methodology. Both marine and terrestrial biologists frame much of their work in 
this way. A former deputy principal of the (Flinders University based) Australian Science and 
Mathematics School has submitted his Doctor of Education for examination using this method. The 
research trajectory outlined in this paper needs to be succinctly packaged in terms of medical, health, 
well-being and restorative practices - with a focus on the spatial – which can be tackled in workable 
pieces or elements. 
 

Social Determinant Indicators 
 
This data is increasingly being used to determine strategies and policy for population health and 
wellbeing as noted above. Increasingly anonymized data is available through national health authorities 
(especially in Scandinavia), and this data can be matched with spatial data sourced from a range of 
databases such as AURIN (2019). The World Health Organisation also has an ongoing programme in this 
space. Many of these datasets are made publicly available to secure strategies for sustainability. These 
tend to be directed at government policy frameworks. An excellent example by Engemann et al (2019) 
matched data from satellite images to green park locations in Danish populations. The findings noted: 
 

Green space can provide mental health benefits and possibly lower risk of psychiatric disorders. This nation-
wide study covering >900,000 people shows that children who grew up with the lowest levels of green space 
had up to 55% higher risk of developing a psychiatric disorder in- dependent from effects of other known risk 
factors. Stronger association between cumulated green space and risk during childhood constitutes evidence 
that prolonged presence of green space is important. Our findings affirm that integrating natural 
environments into urban planning is a promising approach to improve mental health and reduce the rising 
global burden of psychiatric disorders. Engemann et al (2019, p5188). 

 

Nature, Public Health and Natural Capital 
 
The data can be used to map health and wellbeing with spatial indicators. This is illustrated in the 
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Figure 5: Oxford Handbook of Public Health and Nature (2018). Green and Blue Natural Capital. 

increasing interest in the relationship between nature and public health espoused through the concept 
of ‘natural capital’. The Oxford Handbook of Public Health and Nature (2018) explores two aspects of 
natural capital – green and blue – with the latter related to views of sea, lakes, ponds or rivers – see 
Figure 5. The interdisciplinary nature of this approach is epitomised through the Stanford University’s 
cross-faculty Natural Capital Project (2019). 
 

Neuroscience and Spatial Mapping 
 
Recent developments in mapping neurological responses to specific environmental exposures has 
enabled the tracking of various behaviours/emotions/feelings in subjects (Techau et al 2018). Instances 
include measuring brain responses to natural environments such as forests, to therapeutic landscapes 
and to various built environments including both architectural and interior examples. Neurological 
scanning has emphasised the links between ‘hedonic’ pleasure and environments as illustrated in Figure 
6. 
 
It has been suggested that ‘neurogenesis’ can 
occur with exposure to ‘healing environments’ 
to enhance brain function (Techau et al 2018, 
p25). Zeisel (2006) also supports these 
concepts in his methodologies to evaluate the 
efficacy of physical environments. Others, such 
as Myers-Briggs (2019) postulate that there  

 
Figure 6: Hedonic reaction in the brain related to environmental 

exposures (Techau et al 2018) 

are differences in the ‘affect’ of individuals – a form a psychometric testing – wherein 8 personality 
characteristics are identified including: extraversion-introversion; sensing-intuition; thinking-feeling; & 
judging-perceiving. The questionnaires self-select for each individual associated with four of these 
typologies creating a behavioural preference. For example, one might be an ISTJ ‘introversion, sensing, 
thinking, judging’ and so collaboration between personality types will need to take account of these 
behavioural traits in designing activity-based workplace environments. These personality types may 
also have preferences for ready access to nature (the author prefers not to work in airconditioned 
offices as his productivity reduces significantly). 



 150 Fisher K. 

 

 

Psychoanalytic geographies  
 
This is an emerging inter-disciplinary approach which strives to understand at a much deeper level the 
relationship between behaviour, the environment and improved health and wellbeing outcomes. For 
example, the concept of ‘embodied cognition’ is emerging as a way to unpack the largely spatially sub-
conscious comprehension of many users of the built and non-built environment. Directly sourcing 
methodologies from evidence-based medicine, leading to its adaptation to the evidence-based design of 
healing environments - both of which have had decades of procedural development - may be a way of 
improving our understanding at a deeper level in support of this paper’s thrust (HERD, 2019). Using 
Freud, Lacan and Irigary’s psychoanalytic probing of the ‘spatial mind’, as illustrated in Kingsbury & Pile 
(2015), informants engage at a deeper level with the concepts of the interaction between space and 
behavioural responses.    
 

Critical Realist methodologies 
 
This method seeks to interrogate the intersection of often siloed disciplines engaging in an associated 
wide range of related domains. Aligning space and wellbeing is a complex area implying the need for a 
cross-disciplinary mixed methods approach. Whilst the author has a strong focus on qualitative research, 
in the education sector there is an increasing practice towards seeking to identify trends quantitatively 
from data and then reviewing this data through a qualitative lens to understand the relationships at a 
deeper level.  
 

The theories that help us get closer to reality, i.e. that help us identify causal mechanisms driving social 
events, activities, or phenomena, are selected and formed using rational judgment of these social events. 
The ability to engage in explanation and causal analysis (rather than engaging in thick empirical description 
of a given context) makes CR useful for analysing social problems and suggesting solutions for social change. 
(Archer, Bhaskar, Collier, Lawson, & Norrie, 1998, p183.). 

 
This process is akin to Lather’s (1986) 
‘dialectical theory building’ wherein 
repeated ‘critical ethnographic’ 
conversations delve ever deeper into 
each informant’s concepts. These 
findings are then reviewed by the 
researcher, further theorised and then 
further ethnographically developed with 
each respondent. This hysteresis loop 
approach serves to ‘funnel’ the findings 
into a mutually agreed outcome. 
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interpretation
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Figure 7: The CR ‘Iceberg’ (Fletcher, 2016) 
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Biophilia and Sustainability 
 
Erich Fromm (1964) conceived the  
original concept of ‘biophilious’ (bio = nature; philous = love) and this concept was later popularized by 
Wilson (1984) as ‘biophilia’. 
 
More recently the concept has been ‘unpacked’ for use by professional and academic practitioners. The 
concept urges an integrated ecosystem including nature, the built form and humans, all combining in a 
sustainable environmental habitat. Terrapin (2014) - in attempting to articulate these concepts further - 
codified the biophilic philosophy into 14 steps framed around three elements eg: (1) Nature in the Space 
(seven biophilic design patterns): visual connection with nature; non-visual connection with nature; non-
rhythmic sensory stimuli; thermal & airflow variability; presence of water; dynamic & diffuse light; and 
connection with natural systems; (2) Natural Analogues (three patterns of biophilic design): biomorphic forms 
& patterns; material connection with nature; and complexity & order; and (3) Nature of the Space (four 
biophilic design patterns): prospect; refuge; mystery; and risk & peril.  
 
In suggesting ‘patterns’ Terrapin align their thinking with Alexander (1977), but this thinking can be restrictive 
in that it may limit creative and innovative solutions to a bounded framework which is defined by that 
pattern. In reality, biophilia should engage with all elements of an ecosystem. This is attempted in the Well 
Certified Building Code (2019), which is in the process of becoming an attachment to the Green Buildings 
Council (GBC) in Australia. The Well Code adds three key human elements ie. ‘mind’, ’community’ and 
‘innovation’ to the standard GBC or LEED sustainability measures. 
 

Urban Design and Landscape – the ‘thirdspaces’ 
 
Often the urban and the landscape are discounted in favour of architecture, as budgets are more often than 
not set around the built form, rather than the ‘spaces in between’ or ‘thirdspaces’ (Soja, 1996). It is all too 
common, especially in educational campus planning and design, that the thirdspaces are overlooked. 
However, as the digital knowledge and ‘experience economy’ emerges at ever increasingly rapid rates, it is 
the thirdspaces that offer greater opportunities for both flexibility and a focus on health and well-being. The 
concept of ‘restorative commons’ is at last taking hold as evidenced in a recent project at the Queensland 
University of Technology in Brisbane (Sweasy, 2019). 

 
Another very notable approach to redress this deficiency at the landscape level is the Learning Through 
Landscapes (2019) programme originating in the United Kingdom and now operating in many countries in 
alternative formats. There is now also a significant push in terms of environmental curricula in schools, as 
well, now seen in the Australian Association for Environmental Education (2019). Further the University 
sector has a ‘Sustainable Universities (2019)’ urging all university ecosystems to be environmentally 
sustainable.  
 
The concept of the therapeutic landscapes is also growing in application and is related to the idea of 
‘restorative landscapes’. There is a long history of healing gardens and waters originating in Egypt in circa 
1500BC. This was followed by Greek Athenian restorative gardens and later by Roman baths. Courtyard 
houses then emerged in Syria (formerly the Levant and Babylonia) and in the 7thC Moorish healing gardens 
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emerged as reflected in the Alhambra and the Carmen gardens in Grenada. Therapeutic gardens were also 
evolving from China into Korean and Japanese Zen Gardens. There is increasing evidence as to the health and 
wellbeing effects of these environments (Cooper-Marcus & Barnes, 1999). A Master’s Elective Subject in 
Therapeutic landscapes (2019) is in the process of being launched at the University of Melbourne. Further, 
community gardens also provide an avenue for social determinant indicators in social and environmental 
capital (Beilin & Hunter, 2011).  
 

‘Healing’ Architecture 
Designing and building for health, well-being and sustainability may well become a regulated 
process and product if the evidence emerging from research gains traction (Dannenberg, Frumkin 
& Jackson, 2011 and Sternberg, 2009). Ulrich (2008) – as noted above - has identified healing 
spaces in hospitals and this approach lends itself to similar research in other places and spaces. 
Design for Ageing in Place (2019) is another programme at the University of Melbourne as is the 
Thrive Research Hub (2019). The latter is very active in this realm exploring the relationships 
between people, buildings and ecosystems. These programs also illustrate links to universal 
design and human centred design. In evaluating design for health, Zeisel’s (2006) seminal ‘Inquiry 
by Design’ offers insightful, coherent and integrated theories linked to practictical professional 
and research approaches to develop an evidence base for ‘what works’. 
 

Workplace 
Excellence by design: transforming workplace and work practice (Horgen, Joroff, Porter & Schon, 
1999) is a useful place in which to base instruction in the proposed cross-disciplinary domain of 
biophilic design. Donald Schon in particular – a former Dean of Architecture – is a specialist in 
studio teaching as illustrated in his seminal work ‘The Reflective Practitioner’. Research 
colleagues at the University of Melbourne are also using mixed methods to, for example, 
understand more effective ways of rehabilitating stroke victims in the Florey Neuroscience 
Institute. They, too, explore psycho-socio spatial determinants at various scales in scholarly 
attempts at linking the physical environment with rehabilitation, health and well-being (Florey, 
2019).  
 

Research led biophilia teaching for FABPL, other Faculties and Executive 
Development 

The Bartlett School of Architecture (2019) at the London University College (LUC) has launched a similar 
programme to the University of Melbourne project on Evidence-Based Design for Health and Wellbeing. 
Entitled ‘Health, Wellbeing and Sustainable Buildings’ it offers a Master of Science within the Institute 
for Environmental Design and Engineering. The core subjects include: Health, Comfort and Wellbeing in 
the Built Environment; Wellbeing in Buildings: Theory and Practice; Integrated Building Design for 
Health, Comfort and Wellbeing; Methods of Environmental Analysis; Health and Wellbeing in Cities: 
Theory and Practice; Indoor Air Quality in Buildings. Optional subjects can be selected from: Light, 
Lighting and Wellbeing in Buildings; Building Acoustics; and Designing Inclusive Places. A dissertation 
makes up approximately 30% of the course. 

The University of Melbourne approach will be to link between the Faculties of Architecture, Building, 
Planning & Landscape (FABPL); Science (including Forestry & Environment); Engineering and Health, 
Medicine and Dentistry. By connecting these Faculties, the Graduate Certificate in Evidence-Based 
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Biophilic Design for Health and Wellbeing can be taught via specialists from each of those Faculties. It is 
likely that the subjects may be selected as electives by students from those Faculties thus providing a 
rich mixture of participants to cross over disciplinary barriers in collaborative problem- and team- based 
learning. This method has been trialled in the Design for Ageing in Place Master’s Course and has proven 
very successful. 

In particular, many of the subjects listed in the Bartlett program offering are already available within the 
University of Melbourne’s FABPL and these can become electives of the proposed course in Biophilic 
Design. Of considerable importance is the ability to connect to the research centres and institutes of 
those faculties to – in effect – offer a translational research experience (Cornell University, 2019). 
 

Further research 
 
A key platform which underpins this course proposal is examining the possibility of establishing a 
research centre focussing on ‘Evidence-Based Biophilic Design for Health and Wellbeing’. Whilst a recent 
‘Research Hub’ proposal - along the lines of the abovementioned ‘Thrive Research Hub’ – was 
unsuccessful, with the rapid emergence of health, wellbeing and the environment as a ‘wicked problem’ 
another bid attempt can be prepared. 
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Abstract: This paper discusses the process followed and the design outcomes from applying data 
gathered from a performance art-based urban design project (‘Lookout’) shared between children and 
adults, to the design of a small public park in suburban Auckland.  The rationale for the project is that 
while children have both acknowledged legal rights & developmental capability to participate in 
decisions about their environment, they are most often left out, so there is a need for improved 
methods. Meanwhile, Auckland city is currently undergoing widespread densification due to housing 
demand and this is leading to a decrease in private green space (the ‘kiwi backyard’) for children’s 
unstructured play and exploration.  Set against this is diminishing children’s independent mobility (IM) 
as fearful parents/caregivers act as gatekeepers in children’s lives.  As a result, areas close to home for 
play and greater passive surveillance by the community are increasingly important factors within urban 
design.  The research found that even though the ‘Lookout’ production was broadly-focused and CBD-
located, it generated information that was valuable and relevant for the park design, especially since it 
enabled the voice of both children and adults to be captured. Although the success of ‘Lookout’ and the 
richness of the findings we obtained are largely attributable to its writer, Andy Field, we propose the 
process warrants further research as a possible method of participation for children in design due to its 
innovative & engaging approach that could double as a learning tool.  Children’s concern for their city 
and their vision for its future as a more equitable and inclusive place was a strong design driver and a 
poignant prompt that we need to be frequently reminded of.  Adults’ nostalgia-leaning interest was also 
a cue of the importance of making design connections to the past.  

Keywords: Children, participation, performance art, urban design 

1. Introduction 

The aim of this research project is the improvement of children’s lives through design of outdoor public 
space. This is relevant in terms of the conference theme of ‘surviving’ development for the planet, since, 
by 2030 more than half the world’s urban population will be less than 18 years old (Glover, 2019). The 
wellbeing and environmental empathy felt by this frequently ignored demographic by urban planners is 
vital to older generations.  We will be relying on them to provide services and economic growth as we 
age, and to assume responsibility for the state the planet has gotten into, largely during the lifetime of 
the ‘baby-boomers’ (born 1946-1964).  The main objective of this research-by-design project is 
investigating possible design outcomes due to application of an alternative method of design 
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participation with primary-school-aged children.  The research question asks, what design outcomes can 
emerge when data from an urban design-oriented and environmentally-focused drama-in-education 
project is applied to a site of urban regeneration in Auckland, New Zealand?    
 
‘Lookout’ is a performance art-based production developed by UK writer and actor, Andy Field and his 
partner and producer, Beckie Darlington (see http://andytfield.co.uk/projects/).  It has been performed 
in several cities across the world and came to the Auckland Fringe Arts Festival in 2017.  An inner-city 
primary school, that enrolls children aged approximately 5-10 years, agreed to participate and 
workshops were held, followed by three days of performances.  The performances were unique in 
involving a one-on-one conversation between a child and an adult while looking out over Auckland from 
a central city vantage point.  Qualitative data about their experiences and learning was collected from 
participating schoolchildren (16), lead teacher (1) and parents (4) who also attended a performance. 
Andy Field was also interviewed by Skype and asked questions about his vision and techniques for the 
production.   
 

The performance of ‘Lookout’ is set within the following urban scenario.  Auckland, New Zealand’s 
largest city (1.66M), is intensifying (projected 2.4M by 2048), under the Auckland Plan 2050 (Auckland 
Council, 2018a).  Areas of high concentrations of Government housing, mainly built in the 1940s-1960s 
are being targeted, especially in inner-city suburbs, for fast-tracked large-scale redevelopment.  These 
houses were largely built as stand-alone bungalows on 650-1000m2 sections of land. What one 
household lived on, will soon be occupied by many.  With this loss of outdoor space, and in the face of 
raised concerns internationally about children’s physical & emotional wellbeing, alongside the widely-
acknowledged benefits of children having unstructured time in green/natural environments (Williams 
and Brown, 2012), it is questionable whether these developments will incorporate sufficient substitutes 
for the loss of green space around houses (the once ubiquitous ‘kiwi backyard’) .  Meanwhile, research 
suggests that parental fears regarding children’s safety leads to reduced independent mobility (IM), and 
is resulting in children being limited to outdoor spaces that are close to their homes. (Witten et al., 
2013).  

The ‘Lookout’ project used a ‘shared dialogue’ technique to ‘allow’ both participants (child & adult) 
to contribute equally in a conversation about experiencing Auckland, considering both the past and 
future design of the city.  As such, it represents an example of participation in design, using an 
alternative method, namely, performance art.  It was proposed that the findings could be applicable to 
guide a design process that aims to shape future Auckland positively regarding provision of quality green 
space for children, and all layers of the community.   This paper presents and discusses results from the 
data collected on the ‘Lookout’ project and applies them to the design of a chosen site in an Auckland 
suburb, undergoing housing intensification. As a Masters of Landscape Architecture project, the design 
is hypothetical and will not be constructed.   

2. Theoretical Framework 

2.1. Children’s participation, independent mobility (IM) and Child-Friendly Cities 

Through Article 12.1 of the UN Convention on the Rights of the Child or UNCRC (UNHCHR, 1989) it is an 
established right that children should be included in decision-making about matters that affect them, for 

http://andytfield.co.uk/projects/)
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example the design of their environments.  Further, their capability as knowledgeable and actively 
engaged participants has been established within disciplines such as children’s geographies and 
childhood studies (Holloway and Valentine, 2000).  Despite these acknowledgements of young people’s 
interest and ability, we are still lagging in providing opportunities for them to participate meaningfully 
(Corkery, 2017).  In addition, a New Zealand urban planner recently proposed that while the past 25 
years has witnessed great success in increased quality and quantity of formal play spaces for children, 
the emerging problem is accessibility as parental fears are resulting in decreased rights for children to 
spend time exploring and moving about independent of adult supervision (Freeman, 2019). She 
comments that this is noticeably more prevalent in Minority World (First World) countries, especially in 
high socio-economic neighbourhoods.  For example, a study in New Zealand indicates that nearly 60% of 
children’s journeys to school are now made in cars (Witten et al., 2013). This implies that areas for play 
should be close to children’s homes.  A Danish researcher concurs (Troelsen, 2014).  His research, 
involving tracking devices worn by school children, found that an ‘activity hotspot’ was a humble 
playground in the courtyard of a large apartment complex that local children could access 
independently.  It is also relevant to point out that while play equipment provides some of children’s 
development needs, they also need time for unstructured exploratory and imaginative play in 
environments that are natural and relatively unscripted (Moore and Cooper-Marcus, 2008).   

Ironically, 2019 marks the 30th anniversary of the drafting of UNCRC, and while children’s 
participation has become much more mainstream, and is widely practiced at local government level in 
the Minority World, it is still often absent from design projects in the private sector.  In addition, there is 
difficulty in coming up with a method that is practical, yet meaningful - given constraints of time, 
resources, ethical issues around children’s involvement, methods to use and facilitator/researcher skills 
at guiding the process to a truly representative outcome.  As Robbé (2017) points out, it can easily 
descend into a ‘shopping exercise’ with children picking items from a playground catalogue or 
responding to example photos by wanting one ‘just like that’.  It is important to delve deeper into the 
kinds of play or experience that is wanted and Robbé favours a method called ‘Gulliver’s Mapping’.  This 
uses a large-scale map of the site and surrounding area, which participants populate with their 
‘footsteps’, represented as memories, wishes and ideas for the site.  Francis and Lorenzo (2006) mapped 
six ‘realms’ or fashions of participation over 40 years and propose that ‘proactive approach’ or 
‘participation with vision’ is a more inclusive way of gathering ideas from children, adults, planners, 
designers and decision-makers.  They claim this uses “social science methods such as environmental 
autobiography as a way for adults to rediscover their own childhood experiences and share them with 
their children” (p. 232).  These researchers emphasise that it is a process of negotiation that involves 
learning by all parties, active listening by adults, and includes children in the all-important ‘problem-
identification phase’. 

The UNICEF Child-Friendly Cities initiative is a global movement that advocates for urban design that 
has children in mind and strongly believes in children’s rights and inclusion in city design (UNICEF, 2019).  
They consider that a city that works well for children will work well for everyone and this mantra has 
been widely picked up, including by Auckland Council, who, in their ‘I am Auckland’ Youth Action Plan 
(Auckland Council, 2014), have committed to becoming more ‘child, youth and family-friendly’.  One of 
the strategy goals is ‘I can get around and be connected to people’.  Yet, Auckland has a long history of 
poor public transport and a strong reliance on private cars.  A New Zealand study found that 
parent/caregivers fear of dangerous traffic is a top reason for disallowing children to walk or cycle 
independently to school (Duncan and McPhee, 2015).  In a ‘catch-22’ situation this leads to them driving 
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their children everywhere and therefore adding to the traffic risks. The study by Carroll et al. (2015) 
found that what children want in their environment are friends close by, play places & close amenities, 
quiet places and their school.  They dislike dangerous traffic & its noise, people being drunk or behaving 
weirdly, bullying, scary dogs, having to be quiet, rubbish and unkempt/graffiti places.  In significant 
ways, this is the antithesis of what urban life has come to represent since cities are so car-dominated 
and children therefore struggle to move freely around it.  

2.2. Nature experiences and the concept of ’affordance’ 

Many researchers have attempted to define the value of children’s (and all ages of people) exposure to 
nature, whether it is wild or tame spaces (Moore and Cooper-Marcus, 2008). Increasingly ‘green space’ 
is recognised as contributing to ‘wellbeing’ (Souter-Brown, 2015). According to Heft (1988), the most 
important aspect is not what the environment is, but how it functions.  Using Gibson’s original concept 
of affordance, which advocated functionality within design, Heft looked at children’s environments and 
proposed that affordability refers to the multiplicity of uses for any single thing within an environment, 
with the intent being to design for flexible use.  For example, a swing has limited affordability while a 
tree has high affordability, including unlimited opportunities for play. The more prescriptive a play 
environment is the less affordances it has and the less value it therefore has to users. Strongly nature-
based environments will have more affordances since they offer many ways of engaging with it. 

2.3. Performance art as a medium for participation - ‘Shared Dialogue’ approach 

An alternative method of children’s participation that is being proposed in this paper is via the 
medium of performance art. The ‘Lookout’ project involved a conversation between an adult and a child 
(aged 8-10 years) about the future of their city, while looking out over it from a high vantage point.  It 
was performed over three days with a cast of schoolchildren interacting with one adult theatre-goer 
each, three times per day.  Prior to the performances, the children workshopped their dialogue so that 
some of it was scripted and recorded on small audio devices held by the theatre-goer and some was ad-
libbed.  The focus of the performance was a ‘shared dialogue’ between the adult and the child about 
their city, especially focused on imagining the future - 30, 60 and 90 years ahead, including under 
conditions caused by a natural disaster, such as may occur due to climate emergency.   

This type of theatre is known as ‘process theatre’ or ‘pedagogical theatre’, defined as involving 
trained performers working with non-trained participants (such as school children) to partially or 
completely develop a piece to perform (Curtis et al., 2014). According to McNaughton (2004) one of the 
strengths of performance art as a tool for eliciting feelings and ideas is that it immerses actors in their 
role while, simultaneously,  giving them a degree of separation or anonymity.  This provides two 
important criteria of successful participation - deep involvement and understanding of the issues being 
addressed (immersion) plus a shield created by the ‘mask’ of the character being played that helps draw 
out inhibitions through creating a comforting ‘distance’.  Since our interest was in the potential of the 
process as a method of children’s participation in design, we were especially interested in the way Andy 
Field prepped the children for this experience. 

With his creative work, Andy Field is interested in creating spaces for sharing and in evoking unusual 
relationships or couplings to see how they play out.  In the case of ‘Lookout’ he wanted to give children 
the tools to interact with adults on their level.  Therefore, the workshops held the week before the 
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performances were critical in setting up the conditions that played out during the performances.  It led 
to the children feeling confident and in a position of control when interacting with each adult 
participant. Warm-up skits got the children doing roleplay and this was played forward and backward in 
time, allowing the children to imagine the same activity happening in the past and future.  Time was also 
spent looking at overseas examples of urban development so the children were aware of how other 
cities were implementing ‘greening’ projects.  In the process, they thought deeply about their own city, 
now and in the future and came up with questions to ask the adult participants about their views and 
interactions with Auckland city.   

3. Method 

This research project follows a research by design methodology, including identification of a design 
problem, then a process of data collection, site analysis, mapping and iterative design is followed to 
result in a final design that attempts to answer the research question. According to Roggama (2016) 
“research by design is a type of academic investigation through which design is explored … by the 
development of a project and also exploring different materials … sketches, mapping, among others” (p. 
3). In this project, multiple layers of information were collected.  Each will be explained here.  

Firstly, data from the ‘Lookout’ project was collected in May 2017, following the performances 
occurring in March.  Ethics approval was obtained from an approved tertiary institute committee. 
Sixteen children from an inner-city Auckland primary school took part in the project (12 girls and 4 boys) 
and they were aged 8-10 years.  Two focus groups of eight children each ran for 45 minutes. These 
asked the children to talk about their experience of the project and provided them with a sheet of 
warm-up questions that were probed in more detail during the focus groups. Then, to capture the 
perspective of adult participants, 45 minute interviews were held in person, over the phone or by Skype 
with 4 parents (who had all participated in ‘Lookout’, although not paired with their own child), the lead 
teacher during the project and Andy Field, the lead artist and creator.  These interviews were audio 
recorded and transcribed. Data was analysed thematically (Braun and Clarke, 2006).  It is important to 
note that this data was not originally collected for the project being presented here. 

The design site of Freeland Reserve was chosen due to its location in the middle of an extensive 
Government housing rebuilding project where 60-70-year-old single occupancy houses are being razed 
to replace with higher density and more modern living (e.g. warmer, lighter, insulated).  This public 
green space reserve is a narrow, underused area of grass, some trees and a steeply-sided stormwater 
channel that overlays a piped and culverted stream.  It is near a primary school and there is a new 
playground opposite.  Extensive mapping and site analysis has been carried out - looking at physical and 
cultural aspects.  There is some infrastructural and recreational work already planned for the reserve, 
managed by Auckland Council, Healthy Waters team and the Local Board for Mt Roskill.  This involves 
adding paths for walking/cycling and daylighting a small portion of the stream that runs through the 
reserve.  This will result in a permanent planted wetland and riparian edge (Auckland Council, 2018b).  

The Auckland suburb (approximately 7km from Auckland CBD) containing Freeland Reserve is one of 
the most ethnically diverse in Auckland (reported to be up to 54 different nationalities).  This is largely 
due to the significant subdivisions comprised mainly of State or low-rental Government housing that 
were built in the suburb in the mid-twentieth century.   These historically housed many indigenous 
Māori families (6% of current total Mt Roskill population) and Pacific Island families (16%), but now have 
a majority of Asian/Indian (44%) and European (38%) households, largely due to immigration in the last 
30 years (Auckland Council, 2016).  Although State houses (traditionally constructed of native timbers 
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and clad with brick or weatherboard with a steeply gabled and hipped roof of clay tiles) were solidly 
constructed, a combination of time, overcrowding and lack of quality maintenance has left them in 
often, poor condition, under State ownership.  They are however, very desirable on the open market 
and have become somewhat iconic as representative of a nostalgic era of wealth and social investment 
in New Zealand. The area is named for the dormant volcano, called Mt Roskill or Puketāpapa, that 
dominates the landscape.  At 110m high this was an important Māori Pa or fortress site, pre- and post-
European arrival and colonisation in New Zealand. The local primary school nearest to the Reserve is 
decile 1 (in a scale of 1-10, reflecting ascending socio-economic wealth) and the Acting Principal told us, 
when we visited, that the Reserve is currently not popular with the students due to it not offering 
anything of interest, and being regarded as ‘unsafe’ since it is not ‘looked upon’ by residents’ houses in 
the neighbourhood (i.e. it lacks passive surveillance).   

4. Findings and design ideas 

On analysing the data collected from the child participants in ‘Lookout’, several overarching themes 
emerge.  These reflect these children’s concerns about their city and their future-focused approach to 
solutions.  Table 1 below, compiled from the warm-up question sheets used during the focus groups, 
illustrates the wide range of points they made under six key themes identified. 

 

Themes Examples the children mentioned 

Safer 
10 children contributed comments 

More lights, cleaner - less broken materials, no smoking, less violence, kids can walk home on 
their own, subway tunnels, less drunk drivers, less cars. 

More environmentally-
friendly 
16 children contributed comments 

Different rubbish technology (eg flying), more rubbish bins, less people chucking 
inappropriate things on the ground - cleaner, solar powered cars, no smoking, no traffic. 

More fun/play 
13 children contributed comments 

More playgrounds and parks, more activities for kids, water parks, more for kids, theme parks 
and carnivals, Cooler playgrounds, lots of parks and greenery, less electronics, more 
silly/funny things, more arts & graffiti, more trampoline parks & pools. 

Mobility 
11 children contributed comments 

More bike and walking paths, flying trams, technology, more bikes. 

 

Greener/more nature  
15 children contributed comments 

Less ugly buildings, more colourful buildings and not square (interesting shapes), more parks 
and trees, cleaner places, rivers/parks/more nature, less building demolition, nicer buildings. 

More inclusive 
16 children contributed comments 

Nicer people, more animal friendly places, so that you can buy the food you need, eco-
friendly buildings for $20, less expensive housing, homeless shelters, less expensive public 
transport, more libraries, public concerts & stuff people don’t have to pay for. 

Table 1: Children’s suggestions for improving Auckland City from the ‘Lookout’ Project focus groups 

 

This was reinforced by the transcribed data from the focus groups, with the children suggesting, for 
example, “I really like graffiti [street art] and I think there should be more places to do it”, “I think if we 
added in things like more libraries, more playgrounds, more parks … I know I do [want these things]”.  
Overall, the children indicated that they did not think Auckland was very child-friendly, despite the 
declared aspirations of Auckland Council and the Goals of ‘I am Auckland’ (Auckland Council, 2014).  
They were concerned about the cleanliness of the city (especially rubbish and smoking) and its 



161 

 

How will the children play? A participatory design response to Auckland’s intensification & green 
space provision 

appearance, especially the buildings, which they declared to be often ugly and boring (in colour and 
shape), as well as one child saying, “Auckland would be a better place with less buildings and less 
apartments because there are too many.”  They also felt that “the transport is really bad … it is too 
expensive.”  However, a key concern and design wish was for the city to be more inclusive - especially 
regarding cost and providing for marginalised people such as those who are homeless.  It is important to 
acknowledge that this data was collected at a time when there was a lot of media coverage about 
Auckland’s large house price rise, coupled with the Auckland Plan 2050 densification agenda (Auckland 
Council, 2018a).  When the children were asked how much they felt they were influenced by what the 
adult participants in ‘Lookout’ had said to them during the performance, one responded with, “I thought 
about it a bit before but then it kind of made me think about it more.” The children were unanimous 
about the performance part of ‘Lookout’ being their favourite experience of the whole process, and this 
was largely due to the interaction with the adult participants.  They also clearly felt empowered to 
influence the adult participants.  For example, one child said, “I quite liked listening to what the other 
people had to say and try to kind of get them to side with me.” They loved the creative and imaginative 
aspect of the experience and another clear theme was the ease with which they imagined futuristic 
technological solutions for Auckland’s ‘problems’ such as room for housing (cloud houses), rubbish (sky-
based sucker-uppers) and public transport (sky trams).  They also wanted to have fun, such as a slide 
coming down off Auckland’s tallest building, the Sky Tower.  This focus on the future can be contrasted 
with the more nostalgic and past-focused tendency among the adult participants we interviewed.  For 
example, one parent said “I said to her (child-performer), most of these buildings weren’t here when I 
was a little girl and I’m looking around at the modern buildings and I can’t actually see one that I would 
pick as my favourite because they don’t mean anything to me.  Lots of the buildings that I probably 
knew from childhood, some of them aren’t there anymore.”  

The design ideas have therefore focused on the idea of inclusivity (including ages, cultures, abilities), 
history and play/fun.  These are detailed in Table 2 below and Figures 1 and 2 overleaf show 
perspectives of the ex-State House Community Hub & Garden and the Activity Zone area of the reserve.  

 

Theme Design intervention 

Historic/ 

Inclusive 

At the main entrance an ex-State house will be renovated to provide a nostalgic glimpse of what was once a 
widespread view in this neighbourhood, and fast disappearing.  This will serve as a community hub, with 
book share library & community fridge for sharing surplus food. A place for community groups & meetings. 

Historic/ 
Inclusive 

At the rear of the ex-State house community centre, garden will be set up like the vernacular ‘kiwi backyard’ 
of old.  A concrete path to the washing line and community raised gardens for vegetables and an orchard will 
encourage different ages, abilities & cultures to interact and grow and share vegetables & fruit important in 
their culture.  A traditional mara kai (Māori food garden) will be included, for growing kūmāra (sweet potato).  
This will also promote wellness. 

Historic/ 
cultural 

Concrete pipes from the stream daylighting project will be mounted end on end on the highest point of the 
reserve and modified to create a giant periscope from which the nearby extinct volcano, Puketapāpa can be 
viewed (otherwise unable to be seen from the site).  This maunga (mountain) is a sacred place to Māori, as 
an ancient Pā site (fortified village).   

Play/fun Other stacks of recycled concrete pipes will be stacked up and fitted with slides - in tandem, to allow for 
races.  Tandem zigzagging wheel tracks will snake down the hill for racing on scooters, bikes etc. 

Inclusive/ 

Cultural/fun 

All the concrete ‘towers’ will be colourfully painted in street art style by local artists to represent the many 
different cultures in Mt Roskill.  This will also be carried out with smaller sections of the pipe along the street 
in a route to the local primary school to add colour, fun and meaning. 

Inclusive/ Seats have been designed, also out of recycled concrete pipes.  These will be situated within the reserve for 
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Cultural/fun relaxing and socialising.  They will also be painted as above. 

Table 2: Design ideas and their connection to the themes from the ‘Lookout’ Project data. 

 

Figure 1: Community Hub & garden perspective showing ex-State house (rt) & orchard (left) for 
community connectedness and enjoyment. 

 

 
Figure 2: Activity & Cultural Zone perspective showing periscope tower (left rear) to view Mt Roskill, 
racing slides & wheel tracks (right) and daylighted stream with opportunities for exploration and 
engagement. 

 

5. Conclusion 

Using the ‘Lookout’ project as a method of participation with children and adults yielded some creative 
and inclusive design ideas with high affordance, when applied to the chosen site of an under-utilised 
public open space in an Auckland suburb undergoing housing renewal and intensification.   Much of the 
collected data was in the form of general observations, suggestions and ideas, which is unsurprising 
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since it related to a different site and purpose (that is, ‘Lookout’ was performed in the CBD and took a 
broad approach to the city), but this was found to be meaningful in application to the site chosen for 
this research.  The suggested reason for this is that the issues raised during ‘Lookout’ were city-wide, & 
the way they were brought out and managed during ‘Lookout’ was democratic and empowering; using 
the mask of performance to allow children to express themselves without reserve.  The child performers 
were set up well, through the pre-performance workshop process, to engage equally with the adult 
participants, who were amazed by the children’s confidence and articulation of complex issues of city 
planning and visioning of a future for that city.  As one parent said during the interviews, “When you are 
in a space where they [children] were taken seriously and where we were paying attention to them … 
that really validated a child’s worldview.” Equally, the child performers gained confidence and 
knowledge, one child saying, “That, like, you could talk to strangers … and it’s not that bad to.”  Another 
child liked, “Meeting new people … Learning new facts.”  It was the deliberate intention of Andy Field to 
set up this uncommon, yet equal, coupling between two people and his performance-based method was 
effective in enabling children to have an equal conversation with adults about design. In this way it has 
similarities to Francis and Lorenzo’s (2006) ‘proactive process’,  except the focus in ‘Lookout’ is on giving 
children the tools to talk to adults rather than renewing adults memories of childhood to share with 
children.  In common, both methods require active listening on both sides, and skilled facilitators.   

As a child performer from the ‘Lookout’ project said, “I think children’s ideas should be noticed 
more because, well, some adults just don’t pay much attention to children’s ideas because they think 
they are not as good.  Some people when they get older, they lose their imagination in a way.  We see 
things in a different way.”  Parents interviewed were unanimous in their awe of the way the child 
performers came across as articulate, informed, challenging and capable.  This, and the different 
perspectives offered by the two age groups - future-focused by the children and more historic, 
nostalgia-focused by the adults, plus the overt concern from the children towards making Auckland a 
more fun, cleaner, brighter, greener, fairer, cheaper and more inclusive city, provided a strong design 
brief for the design at Freeland Reserve. Further research is recommended into developing this method.  
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Abstract: This research investigates how contingency is currently calculated in project budgets within 
the building industry. This is an important aspect to consider as a large proportion of construction 
projects are significantly over-budget. The study presents three non-simulation methods and one 
simulation method for calculating cost contingency following the results of a forthcoming journal paper. 
These methods are applied against a case study project in attempt to highlight the most reliable 
method, and to create a methodology that will be useful to the industry. This paper identifies that the 
traditional fixed percentage approach is not sufficient and suggests that this could be one of the main 
reasons why construction projects are over budget. While it is unclear which method is the most 
reliable, this study provides a focus for future research into reliability and utilisation of contingency 
methods in the building industry. The research demonstrates that current practice needs to change to 
reduce the large number of construction projects that run over budget. 

Keywords: Cost; contingency; construction; traditional contingency calculation. 

1. Introduction 

Flyvbjerg et al. (2002) identified that in global construction, nine out of ten projects had a cost overrun. 
His research was based on a sample of 258 companies across twenty countries and five continents. 
Flyvbjerg et al. concluded in a later study that the main cause of project overrun is the underestimation 
or ignorance of the risks around complexity, scope changes, lack of knowledge, etc. (Flyvbjerg et al., 
2009). Cost estimation and control is also a significant challenge in the construction industry (Shane et 
al., 2009). Ultimately, project managers in the construction industry are underestimating the uncertainty 
or contingency on a project. Contingency is defined as “an amount of funds added to the base cost 
estimate to cover estimate uncertainty and risk exposure” (England and Moreci, 2012, p.1).  

Cost control, as defined by The Chartered Institute of Building, involves the closest possible 
estimation of the following six factors in order to successfully manage the project within the approved 
budget (The Chartered Institute of Building, 2010, p.31): 

 Establishing project costs to date 
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 Anticipating the final cost of the project 

 Determining the future cash flow 

 Assessment of ongoing project risks to costs 

 Consideration of the operational cost of the project 

 Potential project savings 

This paper focusses on the fourth factor by investigating how contingency is currently calculated in 
the construction industry. The study also attempts to identify which contingency method will more 
reliably predict risk and uncertainty in order to improve project success. The success of construction 
projects is important in New Zealand because the construction sector contributed to eight per cent of 
New Zealand’s Gross Domestic Product (GDP) in 2015 and over the last three years has seen a GDP 
growth of seventeen per cent, becoming the eight largest contributing sector to the country’s GDP (Rice 
and Forgan, 2016). Controlling risks and uncertainties through accurate contingency estimations could 
have a significant impact on New Zealand’s GDP.  

One of the first written definitions of uncertainty is “the subjective uncertainty resulting from the 
imperfection of man's knowledge is uncertainty” (Willett, 1901, p.33). Unreliable contingency estimating 
techniques and lack of knowledge around uncertainties is possibly one of the main reasons that 
construction budgets exceed the initial estimated cost.  

Three studies have identified the ways in which contingency is calculated (Bakhshi and Touran, 2014; 
Baccarini, 2005a; El-Touny et al., 2014). Table one lists each method identified and demonstrates that 
these methods were developed between 1983 and 2003. 

Table 1: Contingency calculation methods and authors. Table recreated from Baccarini (2005a) and 
Bakshi and Touran (2014). 

Contingency estimating method Author 

Traditional percentage Ahmad 1992, Moeslhi 1997 

Expert Judgement Heemstra, 1992 

Method of Moments Diekmann 1983, Moselhi 1997, Yeo 1990 

Monte Carlo simulation Lorance and Wendling 1999, Clark 2001 

Factor rating Hackney 1985, Oberlender and Trost 2001 

Expected value Mak et al,. 1998; 2000 

Range estimating Curran 1989 

Regression analysis Merrow and Yarossi 1990; Aibinu and Jagboro 2002 

Artificial neural networks Chen and Hartman 2000; Williams 2003 

Fuzzy sets Paek et al., 1993 

PERT Naval Weapons Department of the Navy Washington, D.C 1957 

Optimism Basis Uplifts Ove Arup and Partners Scotland, 2004 

Probability tree/influence diagrams Diekmann and Featherman 1998 

Theory of Constraints Leach 2003 

Analytical hierarchy process Dey et al., 1994 
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The paper by Baccarini (2005a) reviews the flaws of the traditional fixed percentage estimation 
approach. While it is important to identify the reliability of each contingency method, the research and 
developed methods are at an early stage of development and no clear model exists. Chapman and Ward 
have researched risk and uncertainty management for over twenty years and conclude that a simplistic 
approach is the best way to control risk and uncertainty (Chapman and Ward, 2003). Salah (2012) 
identified that project managers and estimators avoid using alternative contingency calculation methods 
because the methods can be complex, and the accuracy of models is assumed to be lower than the 
traditional approach. While the aforementioned papers and the wider literature describe cost 
contingency calculation methods, no study explicitly details how each of these methods can be applied 
against a case study project. This paper aims to describe several of the most familiar methods and uses a 
case study to provide a mathematical example so that these methods can be implemented in the 
industry. The contingency calculated from applying each method is compared to the actual contingency 
required on the project. The hypothesis presented is that the typical fixed percentage method is the 
least reliable. Understanding that this most commonly used approach does not work effectively can 
begin to pave a way for a change in behavior in the industry to estimate contingency.  

2. Scope of the study 

Bakhshi and Touran (2014) reviewed each of the contingency calculation methods described above and 
determined the advantages and disadvantages of each. They concluded that the modern mathematical 
techniques, such as fuzzy sets and artificial neural network analysis, require more time and budget to be 
implemented in the industry. For these reasons, these two methods are excluded from the study. 
Burroughs and Juntima (2004) compare the traditional percentage method, expert judgement, Monte 
Carlo simulation and regression analysis. They identify that regression analysis requires historical data to 
estimate a contingency percentage. Since no historical data has been gathered for the case study project 
due to time constraints, this technique is also excluded from the study. Steyn (2001) identified that the 
Theory of Constraints (TOC) method was initially developed for project scheduling or programming. The 
TOC method, when applied to cost management, is more of an approach to life cycle costs rather than 
being explicitly used to calculate contingency therefore this method was also excluded from the study. A 
forthcoming journal paper created a methodology which describes how the rest of the twelve methods 
can be applied to case study data. This paper presents three non-simulation methods and one 
simulation method that predicted the closest amount of contingency when compared to the actual 
contingency amount in the case study.   

3. Methodology 

A recently completed Wellington, New Zealand case study project was selected for this study. This 
project was selected because it is one of the most current projects in the building industry, the actual 
cost could be determined, and a large level of detail around risks and uncertainties was known on the 
project. The project involved the construction of a new eight-metre-high, twenty-two-metre long 
shotcrete retaining wall. First, the original budget and the actual cost of the project was obtained then 
the actual contingency amount was determined by subtracting the final cost from the original budget. 
The contingency required was $89,016.28 or 46.59 per cent of the original budget (refer to table two). 
This cost overrun was caused by several factors including large scope change, site constraints and 
programme constraints. Four non-simulation methods and one simulation method will be applied to this 
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data set in attempt to identify the most reliable contingency method, that being which most closely 
estimates the actual contingency amount required. 

 
Table 2: Original budget and actual cost breakdown of case study project. Source: Octa Associates 

Limited. 

 Summary Description Project budget Actual cost 

1 Contract works Demolition $10,000.00 $7,000.00 

  Remediation $5,000.00 $8,000.00 

  Retaining Wall $90,000.00 $137,200.00 

  Other Trades $29,706.00 $44,016.16 

  Preliminary and General $15,294.00 $22,500.00 

  Subtotal $150,000.00 $218,716.16 

2 Professional fees Structural Engineer $1,800.00 $1,800.00 

  Project Manager $15,000.00 $22,275.00 

  Civil Design $21,250.00 $28,505.00 

  Fencing $0.00 $683.38 

  Specialist Consultant $0.00 $2,700.00 

  Disbursements $0.00 $462.00 

  Subtotal $38,050.00 $56,425.38 

3 Miscellaneous Resource/Building Consent $3,000.00 $4,924.74 

  Subtotal $3,000.00 $4,924.74 

  Total $191,050.00 $280,066.28 

  Contingency amount  $89,016.28 

  Contingency percentage  46.59% 

3.1 Traditional fixed percentage  

Statista undertook a global survey to identify the range of fixed contingency percentages used in 
construction projects. The survey was answered by 109 respondents, senior leaders and CEO’s. The 
survey found that the most common fixed percentage used in the construction industry is somewhere 
between five and ten per cent (Statista, 2014). Applying a ten per cent fixed percentage, the 
contingency estimated for the case study project was $19,105. 

3.2 Optimism bias uplifts 

The optimism bias technique builds upon the fixed percentage of ten per cent. “Optimism bias is the 
tendency of individuals to expect better than average outcomes from their actions” (Reyck et al., 2017, 
pp. 2). This can lead to underestimation of project durations, overestimation of benefits and 
underestimation of the total cost. MacDonald (2002) studied cost escalations of eighty projects during 
the early stages of project design, and at a late stage before the tender award. The results of the study 
are depicted in table three, six project types were identified. The formula for expected project cost is: 

EV = original budget * early-stage OB uplift (1) 
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Where EV is expected value and early-stage OB uplift is a percentage selected from table three. The 
case study used in this research is a standard civil engineering project, therefore after applying the 
optimism bias technique the total project cost was $275,112 or forty-four per cent more than the 
original budget. 

Table 3: Optimism bias uplift identified across eighty construction projects in the UK. Source Revck et al. 
(2017) recreated from MacDonald (2007). 

Project type Early-stage OB uplift Late-stage OB uplift (before 
contract award 

Standard buildings 24% 2% 

Non-standard buildings 51% 4% 

Standard civil engineering 44% 3% 

Non-standard civil engineering 66% 6% 

Equipment/development 200% 10% 

Outsourcing 41% 0% 

3.2 Program evaluation and review technique (PERT) 

Each cost element can be expressed by a probability distribution that is; the minimum, most likely and 
maximum value. Each distribution has expected values and variance, calculated as follows: 

EV = (min + 4 * most likely + max)/6 (2) 

SD = (max – min)/6 (3) 

Where EV is expected value, SD is standard deviation, min is the minimum estimated value, most 
likely is the most likely estimated value, and where max is the maximum estimated value. The expected 
values and standard deviation for all cost elements are summed to calculate the total expected value 
and standard deviation for the total project cost (Ozcelik, 2015). To calculate the contingency required 
for a 99.73% confidence interval, the standard deviation is again multiplied by three. The optimistic, 
most likely and pessimistic values were estimated by the first listed author of this paper, the project 
manager on the case study project. Therefore, the total project cost is calculated at $269,630 or $78,580 
more than the original budget. 

Table 4: PERT method applied to the case study data set. 

Description Optimistic Most likely Pessimistic EV SD 

Demolition $7,000.00 $10,000.00 $15,000.00 $10,333.33 $1,333.33 

Remediation $3,000.00 $5,000.00 $7,000.00 $5,000.00 $666.67 

Retaining wall $80,000.00 $90,000.00 $140,000.00 $96,666.67 $10,000.00 

Other trades $15,000.00 $29,706.00 $45,000.00 $29,804.00 $5,000.00 

Preliminaries and general $9,552.50 $15,294.00 $22,000.00 $15,454.75 $2,074.58 

Fees $28,657.50 $38,050.00 $52,000.00 $38,809.58 $3,890.42 
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Consent $2,000.00 $3,000.00 $5,000.00 $3,166.67 $500.00 

Total project cost   $191,050.00 Expected cost $199,235.00 $23,465.00 

      Contingency at 99.73% confidence  $70,395.00 

3.3 Expected value 

The amount of contingency can be calculated based on the expected value for individual risk events. 
First, the risks are identified for the project. These risks are assigned an impact (monetary value) and a 
probability of occurrence. The sum of the expected value for each risk is the contingency amount 
required for the project (Baccarini, 2005a). The equation is: 

EV = I * P (4) 

Where EV is expected value, I is impact in terms of cost, and P is the probability of the risk occurring. 
The risks, impacts and probabilities were also estimated by the first listed author of this paper, the 
project manager on the case study project. Table five demonstrates that $72,500 of contingency is 
required when the expect value method is applied. 

Table 5: Expected value method applied to the case study data set. 

Risk Impact (I) Probability (P) Expected value (EV) 

The demolition scope increases  $5,000.00  20%  $1,000.00  

The remediation scope increases  $2,000.00  40%  $800.00  

The retaining wall cost was estimated incorrectly  $60,000.00  90%  $54,000.00  

Variations occur  $10,000.00  50%  $5,000.00  

Preliminaries and general item overruns  $4,000.00  70%  $2,800.00  

Fees increase as project cost increases  $9,000.00  90%  $8,100.00  

Consent item overruns  $2,000.00  40%  $800.00  

Expected value (contingency)      $72,500.00  

3.4 Monte Carlo 

A Monte Carlo simulation requires each cost element to be defined as a probability distribution; that is a 
minimum cost, most likely cost, and a maximum cost (Bouayed, 2016). The probability distributions for 
each cost element identified above are the inputs into the Monte Carlo simulation model. Visser (2016) 
used two case studies to compare the Triangular, Gumbel, Lognormal, Normal, Weibull and Frechet 
distributions. He identified that the mean and standard deviations calculated only varied a fraction of a 
per cent between distribution types and concluded that the distribution method selected will not 
significantly alter the results. Each input was assigned a triangular distribution because it derives its 
statistical properties from its geometry and so will better reflect the probability distributions selected 
(Vose, 2018). The formula when using the free ModelRisk software is: 

EV = VoseInput(“element1”) + VoseTriangle(min, mostlikely, max) (5) 
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Where EV is expected value, min is the minimum estimated value, most likely is the most likely 
estimated value, and where max is the maximum estimated value. After each cost element has been 
assigned a Triangular distribution input, the output of the model is set as the sum of the inputs. This is 
defined as the total project cost and can be calculated using the following formula: 

TotalProjectCost = VoseOutput(“TotalProjectCost”) + SUMPRODUCT(sum of EV’s) (6) 

The Monte Carlo simulation builds upon the Method of Moments technique as it uses the same 
formulae to calculate the mean, variance and the standard deviation (Vose, 2018). The model was run to 
simulate 10,000 different scenarios within each cost elements’ distribution triangle. Figure one shows 
that the total expected project cost for a confidence interval of 99.73% is $251,200 which is $60,150 
more than the original budget or 31.48%. 

Figure 1: Monte Carlo simulation results using the cost distributions in tables three and four above. 
Source: ModelRisk software. 

4. Results and interpretation  

The contingency calculated by applying each method to the case study data set is presented in table six. 
As expected, the traditional fixed percentage approach was one of the least reliable. This is likely to be 
one of the main reasons why project budgets in the building industry overrun. The Optimum Bias Uplift 
technique calculated the closest contingency required at forty-four per cent. Second was the PERT, 
estimating 41.13 per cent of contingency. Third was the expected value technique which calculated 
37.95 per cent of contingency. Lastly was the Monte Carlo Simulation which calculated 31.48 per cent of 
contingency. While the case study required 46.59 per cent of contingency, this has significant political 
implications in that there are usually tight restrictions on budget increases and this level of budget 
increase may not be possible in a large portion of industry construction projects. Further analysis is 
required to understand how budgets are determined in the building industry.  
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Table 6: Contingency calculations when applying different models against the data set. 

Method Contingency Calculated ($) Contingency Calculated (%) 

Case study $89,016.28 46.59% 

Fixed percentage $19,105.00 10.00% 

Expected value $72,500.00 37.95% 

Optimism bias uplifts $84,062.00 44.00% 

Pert $78,580.00 41.13% 

Monte carlo simulation $60,150.00 31.48% 

5. Conclusion  

Three non-simulation methods and one simulation method for calculating cost contingency were 
described and then applied against a case study project to estimate the contingency value. Each 
estimate was compared to the actual amount of contingency required, presented in table six. The 
traditional fixed percentage approach proved to be one of the least suitable for estimating the actual 
contingency required. The three methods presented were relatively simple to understand and use, 
suggesting that any one of these techniques may be better that the traditional fixed percentage 
approach to calculating cost contingency in the construction industry.  

6. Future research 

Further research could compare these methods against multiple case study projects in order to 
determine the most reliable method as this was not evident from a test of one case study. Further work 
is also required to test the implementation of these methods in the construction industry. Some papers 
attempt to identify what methods are being used in practice though there is little research that test 
actual implementation. Current cost models and cost management standards could be developed 
further to increase implementation in the industry. These will need to be mandated or automated in 
some way to significantly affect current practice. Jackson (2012) identifies that lack of time and 
resources are two of the reasons why cost management procedures are not followed. Baccarini (2005b) 
identifies that of seventy-eight project practitioners; seventy-seven per cent continue to use the 
traditional fixed method approach, forty-six per cent work in an organisation that does not have a policy 
for calculating contingency, and thirty-six per cent do not manage contingency at all. Further 
investigation is required to identify exactly why the industry is not currently using these techniques and 
proposed ways to overcome these issues. 
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Abstract: This research discusses designing an experimental framework to reinterpret the urban form of 
self-organizing traditional Islamic cities with computational design tools. These types of ancient urban 
tissues are characterized with emergent behaviour that is expressed through the incorporation, in their 
spatial structure, of apparent randomness and inherent complex organization. The said framework 
highlights some of the important physiological and organisational features of theses urban 
environments before reinterpreting to be incorporated in a computational design process. A set of 
functional constraints and objectives inspired by characteristics of the aforementioned urban settings 
are defined for a form-generation algorithm. This methodology is described through a threefold process 
comprising of formulation, generation and evaluation steps that allow for the optimization of the urban 
form. While making use of algorithmic design software to define the components for a generative urban 
design model, this research also uses multi-objective optimization evolutionary algorithms as a 
theoretical basis for the optimization and analysis of this model. An evolutionary computing solver and 
Pareto front evaluation methodology are used in order to evaluate and visualize a multitude of 
optimized solutions. Built on these features, the development of an experimental urban model means 
both to explore the generation of proposed results and to develop the design system behind it.  

Keywords: Urban form; multi-objective optimization; Pareto efficiency; generative design. 

1. Introduction 

In a period of rapid urban expansion, it is now more important than ever to develop tools that can help 
design urban tissues adapted to the needs of their environment. In the context of Arab-Islamic cities, 
the transition from a traditional urban configuration to a modern was accompanied by issues related to 
the lack of housing to meet the needs of urbanization. This led to the creation of multiple self-organized 
settlements that, regardless of their safety or quality helped palliate the demand for housing.  

Through the following simulation for designing social housing settlements, contextualizing the issue 
means that it is relevant to make a model inspired by these factors of these unplanned, spontaneous 
urban tissues, as a basis, in order to develop a self-organizing generative system that seeks to optimize 
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their morphology as proposals for new developments. Approaching the solution through a 
computational design methodology in the form of a self-organizing simulation model has the advantage 
of proposing relative adaptability to design constraints and exploring a diversity of design configurations 
(Narahara, 2008), which can be for the benefit of a more dynamic and evolving urban design. 

The use of computational design for problem-solving as a methodology in urban design and 
architecture became more prevalent in recent years. The present study follows on from these lines of 
works(Beirao et al., 2010, Chowdhury and Schnabel, 2018) and contextualizes the problem-solving 
process for formulating a framework that allows for automated-generation of constraint-specific urban 
form proposals. Indeed, modern urban design is often criticized for being top-down, too rigid and fixed 
in time. The advantage of employing an algorithmic model is that it can be modelled in order to offer 
both predictive but also adaptive features. This can be done while also offering the possibility to modify, 
adapt and evaluate defining parameters while the algorithmic processes are still ongoing.  

2. Interpreting traditional Islamic urban tissues 

Describing a traditional Islamic city can be a difficult task because its morphological dimension is deeply 
entangled with a set of fundamental criteria that relate to the religion of Islam. This type of traditional 
urban fabric reflects a living style that is organized around the cultural interpretation of Islam, the local 
climate and several environmental and social factors. These old traditional Islamic towns are enclosed 
by ancient city walls, blocks are of irregular shapes yet very compact in nature; they are also open to the 
inside using interior courtyards that play the double role of keeping privacy and moderating the 
environmental comfort inside buildings. These urban settings are of a strong local identity that is 
organized around social cohesion and the respect of privacy, while always keeping a spatial logic when it 
comes to the separations of functions and structuring the urban space and around neighbourhood 
facilities such as mosques, traditional schools, public baths. 

Nowadays, these settlements suffer from multiple urban and social related issues. Taking the case of 
Morocco as an example, due to the housing segregation practice during the French protectorate, these 
neighbourhoods still suffer from very high population density and a lack of public equipment. The 
inhabitants are a relatively vulnerable population that consists of rural migrants or impoverished 
populations. Although the modern project of the new city was made, the over densification in the old 
medina, as well as the lack of adequate housing to accommodate the massive rural exodus, led to the 
creation of precarious settlements (Navez-Bouchanine, 1997). These settlements are indeed 
characterized by their high density and low-rise morphology, but many issues related mainly to over 
densification have turned them into structurally unstable, unsanitary settlements. In comparison to 
optimal conditions, before the modernization during the 20th century, the case of the city of Fes can be 
taken as an example to show the high flexibility and upgradability of these types of urban contexts. Prior 
to the colonization era, the old city of Fes had an optimum density of 400 inhabitants/ha. Because of the 
housing segregation policy implemented during that period, the density rose to over 900/ha. As of now, 
it is falling towards 500/ha, partially because of the structural instability of some houses that caused the 
eviction of their tenants. Therefore, it is mandatory for us to consider the optimal historical condition of 
these urban tissues as a conceptual basis for our system to aim for when designing the objective 
functions that allow for optimization. 
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2.1. Re-interpreting traditional Islamic urban tissues 

The spontaneous urban tissues in the case of ancient Islamic cities are characterized by their 
adaptability and incremental evolution without the intervention of any form of planned urbanism. 
Although they seem as they are developed in an archaic way, a clear number of social, cultural and 
spatial rules are set in order to guide their urban growth (Hakim, 2008) 

While it is perhaps easy to argue about the consistency of the Arab-Islamic city form throughout 
history, as it was pointed out in previous researches(O'Meara, 2007); for the case of North African 
medina-type cities, it is a much bigger task to define the founding logic for the organization and of its 
space it in a thorough way. Beyond a mere description of its urban form, it is more relevant for this 
study to establish factors of reinterpretation that can define its interaction and. It was with Hakim’s 
work (Hakim, 2008) on the study of the impact of scriptures on the organization of urban space, that the 
founding principles behind its self-organization were pointed out in a manner more relevant to the 
problem solving of urban-related issues. Then, a tentative definition of the factors of reinterpretation of 
old Islamic urban tissues can be formulated through three main axes. 

 Morphology. One of the main characteristics of an Islamic city's urban form is its constant 
evolutive growth which, in certain cases lasted for more than a millennium. A kind of space that 
can be assimilated to an architecture without an architect, that results from the organic 
expansion and development of the city through hundreds of years of trial and error operations. 
It is also known for being compact and of high density, allowing for a form that favours highly 
mixed spaces. Similarly, it is highly adaptive to its specific context and shows a high capacity for 
evolving through the flow of time. 

 Organization. While it is known for its self-organization, it is achieved through the bottom upping 
of local interactions between housing or spatial units to form one whole coherent form. Its 
expansion is done through the incremental aggregations of spaces through time to adapt to the 
needs of users. It can also be achieved through the flexible trading of spaces between these 
users. 

 Community. While there is a strong sense of living in a highly dense space together with a 
community. There is also an emphasis on private spaces. The city is formed by its urban 
function, which is also reflective of the functions of its communities, this can allow for highly 
mixed and cohesive urban spaces 

While considering the three points above as the key factors that can describe the Islamic city, with 
the use of computational design tools and strategies, we are seeking to reinterpret them with a process 
that can integrate them in a self-organizing urban development model. 

3. Urban form generation and optimization 

Designing a city is a multifaceted task that is as much about imagining the solutions as it is about 
predicting the problems. To approach this task, the urban space can be described as a complex 
system(Batty, 2010) that can be represented through comprehensive models. Meanwhile, when 
considering cities as living, growing organisms it is also essential to adopt a methodology that can allow 
for natural growth and adaptability. In this regard, generative design as discussed more than 30 years 
ago (Alexander, 1987) has the advantage of allowing for a more organic, bottom-up design method that 
can be enough diversified and adaptive. The use of self-organizing development models with 
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computational design as a means to formulate a bottom-up urban model has also been prevalent in his 
field (Narahara, 2008). Following this method, the use of algorithmic design must follow a logical 
conceptual framework that can define a model capable of formulating, generating and evaluating the 
urban form (Duarte et al., 2012). 

Subsequently, this kind of framework for urban generative design models, such as urban shape 
grammars (Mandić and Tepavčević, 2015), when coupled with a comprehensive, site-specific 
formulation model and an objective evaluation methodology such through evolutionary algorithms can 
offer a relative diversification and optimization in results while also keeping a cohesive logic to the 
urban space. Following this, we can notice a paradigm shift in the design process where the subject of 
the design shifts from the actual architectural or urban space to the formulation of the system and 
process of it. 

4. Multi-objective optimization evolutionary algorithms 

The use of evolutionary algorithms or genetic algorithms goes back to the early 1960s. It refers to 
algorithms that use a number of variables, referred to as “genes” that are changed in order to find the 
best combinations of input variables that satisfy an objective function and find the highest value in what 
is known as the “fitness landscape”. 

4.1. Evolutionary solvers 

Evolutionary solvers in algorithmic design software, and especially applied to generative design, such as 
WallaceiX plugin (Navarro-Mateu et al., 2018) in Grasshopper (GH), are programs that apply 
evolutionary principles to problem-solving in the design process. This means that the chosen input 
parameters, or “genes” will be selected as variables to be modified by the solver in order to achieve the 
best possible range of solutions for the prescribed problem. The optimization data and geometry are 
referred to as “phenotypes”, these are logged into GH and specific solutions can be reinstated as 3D 
geometry in Rhinoceros 3D. While Galapagos is a single-objective optimization solver, WallaceiX is a 
multi-objective solver, meaning that it can optimize a model with a more complex design problem 
requiring differing objectives, and consequently more calculation time. 

4.2. Pareto efficiency 

In a complex optimization problem with multiple conflicting objectives (Figure 1), the Pareto front 
methodology refers to the selection of solutions with the optimum distribution of resources when there 
is no alternative to finding a better ranking position for all the criteria. There is no single dominating 
solution for all of them, but rather multiple solutions variably optimized for all criteria. For a solution to 
be in the Pareto frontline, making one criterion better will necessarily result in the decline of the others. 
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Figure 1: Pareto front graph showing optimization results for three objective functions. 

5. Previous works 

The first iteration of this research started from the assumption that it is now possible to understand 
intricate systems by the use of what is called “complexity science”  through the analysis of the relations 
between the component parts of that system and how they act to constitute an integrated whole 
autonomous and self-organizing system (Ikeda, 2013). Indeed, cities can also be considered as complex 
systems made up of smaller components that interact in an autonomous and interdependent manner.  
Based on observations made by studying spontaneous urban tissues, such as Venezia or the old city of 
Fes, where there is a tremendous diversity in design, yet the apparent spontaneous characteristic of 
these urban spaces also shows a certain awareness of the context in its organization. The study later 
argues that the intricacy of these urban can be explained by the complexity of human activities in them 
explaining that inhabitants naturally learn from and adapt to already existing urban spaces even though 
they do not know who made them. 

 The previous iteration of our research was centred on urban settlements in Morocco(Cheddadi et 
al., 2019), it studied the distinctiveness of urban form in urban settings known for their self-growth and 
organization. It took the slum of Douar Al Garaa, Rabat city as its setting for the model’s site constraints 
and discussed the use of a multi-objective evolutionary algorithm (MOEA) in order to incorporate 
characteristics of old Islamic urban form as a base for the optimization of spatial solutions. Two 
conflicting objectives were used in order to test the model, the first one is physical accessibility whereas 
the second one was environmental sun exposure. With this, a set of algorithmic rules and functional 
objectives were used for an objective-based generative model. 

Based on these features, the development of a parametric model sought to grasp certain 
characteristics of spontaneous urban tissues in old Islamic cities and incorporate them into an 
experimental social housing proposal. Using genetic algorithms, the model aimed at keeping a degree of 
similarity to the distinctive aspects that define those settlements. The use of a genetic solver proved 
itself to be a method that can simulate and offer a wide range of objective-based spatial that are 
considerably adaptive to urban contexts. 
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6. The experiment 

6.1. Conceptual framework 

As discussed in our previous works, our model founded its conceptual framework on observation and 
analysis of spontaneous urban tissues in Islamic settings and how an algorithmic design methodology 
can be correlated to the same organic urban generation process. The main axis of this framework can be 
summarized in the three points discussed previously. These include morphology, organization, and 
community. More specifically for our model, the morphological factor translates into a high-density, low 
rise urban form that can adapt to environmental and accessibility constraints. For the organizational 
factor, it is interpreted as the capability of the model to operate with cell-based local interactions of 
housing units that are evaluated as a whole, thus reflecting an iterative system.  As for the community 
one, it is reflected with the model’s capability to create nodes of interest around which each block is 
created, thus ensuring a consistent programming distribution that encourages social cohesiveness. 

In order to attain objectives relative to the above points, a complex generative system must show 
enough adaptability to be resilient against physical constraints and change in context. Moreover, it has 
to prove to be flexible enough to allow enough stability against complex constraints. Also, it should be 
capable of diversifying of solutions, which indicates variation in its spatial solutions, thus enabling 
enough interactions between elements of the generative systems on lower levels. 

Using algorithmic design for form generation, the model aims for adaptability and more 
diversification of forms which while keeping a degree of distinctive aspects that define those 
settlements. The use of an MOEA is a problem-solving method that can simulate and offer a wide range 
of objective-based spatial solutions that are considerably adaptive to urban contexts.  

6.2. Research approach 

6.2.1. Methodology 

Using computer simulations and precisely three-dimensional cell-automaton calculations, this study 
analyses automatically generated self-organizing geometrical components that represent housing units 
as simulation factors. This kind of constant rearrangement of modules allows an optimization form-
finding. These generated components are then measured to find out their degree of adaptability and 
evolution in the face of external factors, and to prove that the system can show a certain level of 
performance in the face of those aforementioned factors as well. 

6.2.2. Objectives 

The main outcome of the research is to show that the use of an MOEA as a self-organizing urban 
simulation model, can propose a variety of optimized urban forms while also offering a degree of 
resiliency and adaptiveness to change. Using a generative solver as a self-organizing system is expected 
to offer the advantage of adaptability while exploring a diversity of possibilities in the urban form that 
break from the redundancy and lack of flexibility of modern planning. 

The model is expected is to show, as other researches about evolutionary generative have pointed 
out(Makki and Showkatbakhsh, 2018), that by consideration of both exploration and exploitation of 
generated forms; a global trend of diversification of solutions that show the potential for the 
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improvement of resiliency to environmental factors by optimization of morphological definitions while 
also keeping room for the urban space to be fit to volitivity of users and designers. 

6.3. Parametric design methodology 

The GH parametric model is made to follow a logical data flow that loops in order to optimize form-
finding (Figure 2). First, it subdivides the site’s surface into smaller plots using the Voronoi division. 
Then, it generates a 3D geometry based on a grid system that represents the dimensions of precast 
modules. These modules are duplicated following a 3D grid and then randomly reduced to define the 
density. Next, weather data in the form of sun vectors are also input in the algorithmic model, sun 
exposure has been set to the winter solstice. After that, the resulting geometry is meshed and run 
through a colour gradient visualization algorithm, which reflects the number of sun vectors that can 
reach each surface of the geometry. Finally, the algorithm goes through the evolutionary solver in order 
to generate, evaluate and rank the solutions using graphics and visuals. 

Figure 2: Urban generative design algorithm workflow.  

6.4. MOEA evaluation strategy 

In this experiment, WallaceiX is used as a solver for the generative algorithm. The simulation is set to a 
generation count of 50 and a size of 50, making for a population of 2500. The input genes include plot 
counts, variation seeds, and density definition with a total of 9 varying values. The phenotypes (Figure 3) 
in this case include the meshes and geometry of the building cells and plot surfaces. 
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Figure 3. Visualization of generated geometries represented on a grid. 

7. Findings 

The simulation assumes a construction method based on prefabricated modules that can be rearranged 
to form an urban entity that is low rise and high-density residential complex. However, there is a need 
to evaluate how the system behaves so that the results and consequently the algorithm cannot be 
judged as being purely arbitrary, but rather adaptable to their context. In an iterative process, the 
system generates geometries on the base of its algorithm by modifying the inputs, and later evaluates 
how it behaves in the face of environmental factors such as sunlight, accessibility, and airflow.  
 

7.1 Results 

 
Figure 4. Standard deviation across generations and mean value trendline for the fitness objectives. 
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The solutions calculated through the MOEA solver have been running through data analysis and have 
shown a global trend for evolving optimization through the flow of the simulation generations. While 
analysing the solution's data (Figure 4), there is a clear trend for further optimizing the mean value of 
the evaluation scores for all three objectives. Moreover, narrowing the standard deviation graphs 
through the generations, especially for FO1 and FO2, proves the system’s ability for diversification of 
results. 

7.2. Selection 

Beyond the study of general optimization trends, it is also crucial in this methodology to select the 
optimum outputs for the design problem. This is achieved with the exploration of the Pareto front 
results. After a generation count of 50, the number of solutions represented on the Pareto line is 20. 
The dynamic change and diversification of results have also shown that the solutions represented on the 
Pareto front have changed throughout the generations. Visualizing the Pareto front results (Figure 5) is 
key to select the appropriate solutions and comparing any physical discrepancies between the results 
and the visual forms. Some first iterations of the model have indeed show inconsistencies between data 
and generated form, this was caused by a poorly defined evaluation factor that needed to be revised. 

7.3 Shortcomings 

While being the first version of a model that aims to design a tool for self-organizing urban form, the 
results have shown potential for optimization. As this is more of a system design that a spatial design, 
both the evaluation of the spatial output and the verification of the system performance to attain its 
objectives are crucial for this study. The framework for designing and formulating the algorithm’s genes 
based on observational studies is also a critical point that needs to be further explored. 

However, the nature of this algorithmic model, especially its non-permeability to proof-checking that 
is external to the system, requires the use of external evaluation factors for the solutions outside the 
application of MOEA solvers. While the model might have partially answered to the morphological and 
organizational factors discussed in the paper, the community one is still poorly defined and evaluated. 
Thus, it would be relevant to evaluate the solutions with a second algorithm that evaluates the urban 
form’s connectivity and potential for maximizing social encounters. Comparing and cross-checking, the 
optimized model with factors external to the multi-objective optimization algorithm can also be 
methods to evaluate its reliability and adaptiveness. This can also be done through a community design 
approach in which the inhabitants can take part in the process design and shorten the gap between the 
design and the users. 

Finally, in order to further verify this algorithmic design model, it is also necessary to experiment 
with several different multi-objective algorithms beyond MOEA. They must be tested and compared in 
order to make use of the most suitable one for the self-generated model. 

8. Conclusion 

Relying on an algorithm to design a city shows to be a challenging endeavour since cities can be 
considered as being complex systems that require more than input parameters in order to self-organize. 
Learning how to define those characteristics in the form of parameters is, therefore, a priority when it 
comes to designing such an algorithm. Indeed, design a city through this approach can show itself as 
being as complex as designing the correct algorithm itself. From this perspective, relying on other tools 
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in order to design these algorithms in the future, such as AI or machine learning might help reach a 
model that is complex and inclusive enough to self-organize on an urban level. 

The result of this study shows that it is possible to allow a degree of diversification of possible 
configurations with a generative form-finding algorithm while still maintaining rather commendable 
adaptability that is intrinsic to self-organizing systems. However, we conclude that the uses of 
computational models are to be considered as being only one tool –among others- to be used to design 
complex tools to support architecture and urban design. As in the end when it comes to computational 
design, it is not to design with the algorithm but to design the algorithm. 
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Abstract: The paper focuses on the mismatch between diffused urbanization pattern and mainly 
centralized infrastructural systems. Illustrated by the case of Okhla Waste Management Zone, 
landlocked between residential settlements is the emblematic of a larger issue. It tackles the city’s 
waste but has a different impact on the site, its local condition and its people. An attempt is made to 
reformulate it’s setting and blur the line between the waste management zone and the immediate 
residential set up. Okhla waste management zone is the oldest and largest waste management areas of 
Delhi. Initially, it had rudimentary technology and few settlements around it. As time passed, the 
population density increased and currently it is surrounded by a population of 10 lakhs. Okhla compost 
plant and a waste to energy plant are recent additions and it was transformed into an ‘Integrated Waste 
Management Zone’. In present scenario it has become a concentrated site of all forms of pollution i.e. a 
result of unsustainable planning and development. Therefore, an attempt is made to reduce 
environmental/health concerns in the sphere of influence by measuring and later managing the impact 
of waste management area in South Delhi.  

Keywords: Environmental pollution, Mitigation, Regeneration  

1. Introduction 

1.1. Problem Statement 

The Okhla Waste Management area is a major source of pollution in the city and lying in an eco-
sensitive zone due to its proximity to river Yamuna. The condition created by the technologically active 
infrastructure at Okhla waste management area is going out of hands each day. The place has become a 
site of a huge source of pollution, if the area does not get pollution free at its earliest it would create a 
situation of a public health emergency.  

2. Case Introduction 

The Okhla STP came in 1980s when the area of Jasola Vihar was a Delhi fringe area and there was 
hardly any development around it. Eventually, development happened and the Okhla compost 



186 Sultan S. 

 

plant was surrounded by various residential colonies and townships. Later in 2011 Jindal power 
plant was established that recycles solid waste to produce electricity. The areas adjoining the 
sewage treatment plant (Haji colony, Jasola village, Sukhdev Vihar) are facing a lot of public 
health issues and it has become very difficult for them to take the foul smell from the plant i.e. 
continuously emitted.  

 

 
 

Figure 1: Timeline of the plants in waste management area 

2.1. Aim      

To explore the prospects for improvisation of the existing waste management infrastructure to 
regenerate the area into an active usable pace. 

2.2. Objectives  

1. Document the functioning of waste management area.  
2. Establish the current environmental condition of the site.  
3. Restructuring of existing infrastructure.  
4. Checking feasibility to designate activity to the barren land.  
5. Proposing altered management framework to bridge the gap in policy and practice. 

2.3. Structure of the work 

The improvisation of the existing waste management has been structured in three phases: 

i. To identify the type of pollution on site. 

ii. Measure and mitigate the different types of identified pollution in the waste management zone. 

iii. Bring public realm in the area and design a management framework to back up the proposed 
interventions in its comprehensive masterplan. 

3.Sphere of influence 

Areas adjoining the compost plant within the radius of 2km are heavily impacted. These are:Haji 
colony, Sukhdev vihar, Jasola village, Apollo hospital,Jasola sports complex, Harkesh nagar.Also areas 
lying in the radius of 5km are somehow impacted by the plant: These are-Noor nagar extension, 
Mujeeb bagh ,Batla house, Abul fazal ,Shaheen bagh ,Jasola vihar (sector 7,8pocket 1 and 2),Sarita 
vihar ,Khadar village, Govindpuri. 

The area around the STP and Compost plant mainly comprises of unauthorized colonies. Although, 
Jasola Gaon is still separated from a high boundary wall, The Haji colony shares a common wall with 
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the compost plant’s site office. This colony constantly receives foul smell from the compost plant 
and the dry sludge lying in the front on the barren land. 

The approach road coming from Mathura Road is usually filled with 300-350 trucks per day. Also, it 
has solid waste accumulated due to the constant spilling of the solid waste from the open trucks. The 
demolition and construction waste have formed huge heaps around 1-1.5 m high at the periphery of 
the barren land creating opaque walls and thus, giving birth to secluded dark dingy corners where 
illegal activities take place mostly after 3pm. 

4.Evolution of waste management area 

The Delhi 1962 master plan reflects the formation and designation of waste management zone. 
However, the green belt around it shrunk in the 2001 Master plan. Also, various unauthorized 
settlements such as Haji colony, Okhla Vihar, Ghaffoor Nagar, Noor Nagar etc. sprung up on the 
designated green belt of the waste management area. With time as settlements radiated over the years 
the waste management area became a nuisance for the thriving population around it. It became an 
unaccepted zone for the residents living in the radius of 1-1.5 km.  

 

 
Figure 2: Evolution of site (Maps of Murray, Master plans and Google earth images) 
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  5. Okhla STP 

 
Figure 3: existing, proposed and disclosed pumping station of Okhla STP.(source: author) 

 

 

 

 

Figure 4: Phase wise division of Okhla STP 

 

Major reason of high BOD and TSS level is the incoming industrial sewage from Okhla Industrial 
area that has not been mention anywhere in the master plan. The sewage treatment plant has 
been designed for domestic sewage where activated sludge process is used, and treatment is 
done aerobically. However, this leads to production of sludge i.e. is rich in various hazardous 
metals. It not only restrains its usage by farmers but also adds to land contamination. 
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The discharge channel was located on the site and five samples of 500ml in 1.5l plastic bottles 
were collected from the outlet. Samples were taken to the civil engineering laboratory, and 
various tests were conducted to find out the Ph level of water, MPN Count, COD, BOD and TSS. 
Later, the values were compared with Effluent discharge standards of Sewage Treatment Plant 
standard of latest gazette of India, 2017.Found values of the sample of discharged waste water 
after testing presented shocking results.  

Table 1: Comparative Tabulation of testing’s and standard of latest gazette of India, 2017 

PARAMETERS VALUE FOUND AFTER TESTING STANDARD OF LATEST GAZETTE OF 
INDIA, 2017 

PH 10 6.5-9.0 

BOD (MG PER L) 50 10 

COD (MG PER L) 150 50 

TSS (MG PER L) 64 20 

MPN COUNT (MPN PER 100 ML) 1000 per 100 ml <100 

   

The outlet of discharged waste water of STP meets the SDMC Drain in the nearby Jasola Village. With 
the help of the instrument digital Inova 2010, samples collected from the SDMC Drain were checked 
against the drinking water parameters, IS 10500. It was found out that the water in the drain used for 
vegetation around it was poisonous in nature. The vegetables grown in it, were sold in the nearby sabzi 
mandi, therefore impacted public health of lakhs of people. 

Moreover, the degraded quality of drinking water resulted in widespread of various waterborne 
diseases in the nearby Haji colony. 

6. Okhla Compost plant 

 
 

Figure 5:  Waste Collection zone in Delhi and present condition (source: author) 
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Waste is collected from South Delhi New Delhi and Central Delhi areas. The plant has a capacity of 200 
metric tons, however it receives 800 metric tons of waste on daily basis. Moreover, when the landfill a 
Ghazipur collapsed, the intake increased to 1200 metric ton also. 

The entire process of composting starting from waste collection, windrow formation to packaging and 
selling of manure was studied in detail. It was found that a storage pit of 18X18X6 M was made to store 
waste after reception. This happened because IL and FS could not get enough area from MCD where it 
could arrange for a larger area on floor for keeping waste before windrow making. This often leads to 
anaerobic processes and results in methane, hydrogen di sulphide (rotten egg smell) and carbon di oxide 
into air. The waste that is received also contains night soil and diapers that aggravate the process and 
creates foul smell in the area.  

7. Okhla Incinerator 

 

 
Figure 6:  Stepwise practice of manure formation at the Jindal incinerator plant (source: author) 

 

After, going through the process of waste collection and burning in the plant and conducting the 
field visit it was found out that the waste collected from South Delhi and New Delhi is not 
segregated properly and wet waste along with inert material is received in the plant which is 
burnt directly in the heat chambers resulting in heavy quantities of dioxins and furanes. 

2000 tons of unsegregated waste is carried daily to the plant, which is used to generate power of 
16 MW per day.  

The level of air pollution (dioxins and furanes) is associated with increase in morbidity from 
respiratory disease. Respiratory morbidity in infants, local doctors complained of kids born with 
acute bronchitis, jaundice (failed LFT test). Pregnant women complain of itching asthma gets 
aggravated amongst older population who are more vulnerable. Also, there is a one incidence of 
‘pollution pays principle’.  
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Figure 7: Logistics of types of contaminants released in the air due to Jindal Incinerator (source: author) 

 

The impact of the air pollution created was predicted through wind rose diagram and understanding the 
wind flows. Zones were marked into three categories: Highly polluted, moderately polluted and least 
polluted. 

 

 

 

Figure 8: Impact of air pollution due to due to Jindal Incinerator through wind rose analysis (source: 
author) 
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8. Discussion 

The idea is to create a public realm in the designated waste management zone. The process has been 
divided into various phases, considering each aspect one by one. Problems have been divided into 
categories of siting issue, environmental pollution, social issues and ecological issues. 
Later, proposals have been made individually to cater to these issues. Simultaneously, projects are 
identified, and their required framework has been made after identifying the agencies and disciplines 
that needs to be consulted for the identified projects to be implemented on ground. 

 

 
Figure 9: structure plan with proposal to create economy and public realm in the area (source: author)  

9. Conclusion 

It calls for a strategic and advanced methodology to be adopted in future to tackle our waste in a 
manner that the load on these treatment plants is minimized to maximum extent. To achieve this and 
avoid the formation of an urban void in an urban setting the administrative structure must be 
revamped, and municipalities must be play an important role in making sure that the MSW Rules 2017 
are implemented, henceforth decentralized system of waste treatment is brought into action. 
Various techniques at engineering as well as social level can facilitate the process of decentralized waste 
treatment systems and can make its on ground implementation possible in future. After reducing the 
load on existing waste management areas one can re envision them as places of productive and 
beautiful cultural destination that becomes a symbol of renewal and an expression of how our society 
can restore balance to its landscape. 
While the full build–out of this system will continue in phases and zone wise decentralized systems must 
be worked out. This would restore a renewed public concern for our human impact on the earth. It even 
requires cultural and educational programming at neighborhood level that will emphasize on 
environmental sustainability. Moreover, principles of circular economy when utilized on site of waste 
management can add to greater benefits on site and even activate certain agencies to come ahead and 
execute desired proposals on site. In order to achieve this logistics of waste generated from each plant 
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was worked out and an attempt was made to produce maximum revenue on site to be able to get the 
projects implemented with just altering the existing framework of management on site. This was done 
to avoid introducing a new body for management. The management framework has been discussed in 
detail in the chapter attached in annexure.  
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Abstract: A city should be easily recognizable to all, devoid of the users’ inherent understanding of 
‘spatio-formal’ quantities. Inhabitants of a city tend to develop long associations with certain genre of 
spaces within the city by recording the morphological character of a public space in series of visuals, 
with time. The process of re-interpreting the layers of images, thus recorded, has a strong coherence 
with experiential quality of the urban space. The image making potential of such urban spaces possess 
strong cognitive values for creating better user experience.  
This paper tries to review the postulated techniques by renowned thinkers/ designers/ planners for 
creating imageability in the perceivers’ mind. These learning were further used to critically analyze the 
correlation between functional and psychological conscience in experiential mapping. Renowned public 
spaces like St. Peter’s precinct, Rome and Taj Mahal complex, Agra were used as examples to 
understand the qualities possessed by public spaces that are capable of building a strong image in the 
users’ mind. This paper concludes with recommendations on an exploratory approach in perceiving, 
observing and image making of a public space.  

Keywords: Cognition, Urban Spaces, St. Peter’s, Taj Mahal 

1. Introduction 

Formulated urban theories are apt for interpreting the architectural significance of a public space. 
Renowned postulations like Sir Gordon Cullen’s ‘The concise townscape’ (1961), Edmund Bacon’s 
‘Design of Cities’ (1967) and Kevin Lynch’s ‘Imageability’ (1960) has been significantly explaining the 
qualities of cognitive values of public spaces. Although these theories were developed as late as 20th 
century, however, there have been examples since ages which inherently contained the design 
principles, which chronologically became places of ‘public interest’ rather than spaces of ‘structural 
significance’. Experiencing or critically observing a successful public space taking cues from the existing 
theoretical insights might help designers to analyse the traits behind an ideal public space design and 
further implement in futures designs of similar genre.  

In the subsequent paragraphs, the two world renowned tourist attraction namely - St.Peter’s complex 
(325 C.E) – Rome and Taj Mahal Complex (1631 C.E) – Agra are conceptually dissected based on the 
renowned theories of Sir Gordon Cullen and Kevin Lynch. Besides the tourism aspects, the two cases 
have one distinct similarity as well as a prevalent dissimilarity. The similarity is the fact that both of them 
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have continued to be a figment of imagination to all users alike. The stark dissimilarity is that the 
intended use of respective public spaces. On one hand Taj Mahal complex has diminished its significance 
of mausoleum and re-basked its glory based on pure architectural significance. St.Peter’s complex on 
the other hand has retained the socio religious approach towards its place making. 

2. St. Peter’s precinct, Rome 

Built in the shape of a ‘cross’, St. Peter’s Basilica is the largest Christian church of Europe. It is a late 
renaissance church which is believed to have the remains of the first Pope - Saint Peter, after whom it is 
likely to have been named (Tronzo, 2005). However, since as long as fourth century, there had been a 
church on the same site as that of St. Peter’s basilica which was built by Constantine to popularize his 
own acceptance of Christianity in approximately 325 C.E. Deciding to restore and expand the church, in 
1452 C.E., Pope Nicholas began restoration of the old ‘Constantinian’ basilica (McClendon, 1989). 
However, in 1506 C.E., Pope Julius II came up with the idea of complete redesign of the church.  
 
Often appreciated by architects and artists alike, this brilliant piece of architecture has a special place in 
the heart of millions of travellers that visit this sacred site every year. Based on historic records, the 
present construction took place for about 120 years (between 18.04.1506 - 18.11.1626) and was 
purposely built over the existing Constantinian basilica. A phenomenal number of ten architects 
(designers) were involved in the design of the present St. Peter’s Basilica; starting with the reputed 
Doonato Bramante. The others that followed were Giuliano Da Sangallo, Raffaello Sanzio, Baldassare 
Peruzzi, Antonio Da Sangallo the Younger, Michelangelo, Jacopo Barozzi da Vignola, Giacomo Della 
Porta, Carlo Maderno and Gian Lorenzo Bernini respectively. Each one of them had their own 
interpretation of the spatio-formal quantity that St. Peter’s Basilica might need (Pritchard, 2014). 

2.1. Explanation of the square in terms of Urban Design 

Research of urban theorists suggests that a balance between built and open is the key to any successful 
public place. In case of St. Peter’s, the built mass is restricted to less than 35% of the entire complex (Fig. 
4). Moreover, the articulation of the spaces is done in a way that the entire morphology of the complex 
helps in cognition. It is to be noted that, the nature of spaces (Fig. 5) leads the user through different 
enclosures in their journey from other parts of Vatican City to St. Peter’s complex. By the time users (or 
visitors) reach St. Peter’s or leave St. Peter’s, the cognition of the place is retained, due to the 
comparatively varied morphology.  
 
In addition to this, the thus created permeability (Fig. 6) is significant due to the creation of ideal 
permeability in St. Peter’s complex in comparison to the rest of the city (Colquhoun, 1989). It is to be 
noted that although organic growth might have prevailed in the city outside the complex, the sensitivity 
of St. Peter’s complex continually creates imageability in the perceivers’ mind due to the carefully 
carved spatio-formal quantity. Edmund Bacon argues that interaction between the three elements of 
‘Human’, ‘Built Form/ Environment’ and ‘Nature’ has major influence on the cognitive quality of a public 
space. 
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Figure 1: The Plaza (source: www.happytovisit.com)       Figure 2: Figure Ground Map (source: Author)                       

                                                                                                  

          
Figure 3: Morphology (source: Author)                      Figure 4: Physical Permeability (source: Author)      

A successful public plaza needs a perfect scale for the people to connect to, and St. Peter’s plaza offers 
just that. The St. Peter’s plaza is a combination of Monumental and Human Scale architecture; but 
integrated to carve a niche for itself. The visual axis (Fig. 7) which is created through the design helps the 
users to experience it in a cognitive way. The connection (Fig. 8) between the user and St. Peter’s is 
almost taken to an ideal degree of cognition due to existing spatial values.                   

 
Figure 5: Visual Connectivity or permeability to the space based of Axis (source: Author) 

 

The nature of 
spaces: 
1 – Loss of 
enclosure 

2 – Coarse Grain 

3 – Dense Fabric 

4 – Perfect 
Enclosure 

The degree: 

1 – Extra 

2 – Lack 

3 – Perfectly 
Permeable for a 
public plaza 

http://www.happytovisit.com/
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Figure 6: Visual Connection to the space based on the cone of vision (source: Author)  

2.4. Explanation of the square in terms Tools of Quality of Experience 

Through the explanation of Edmund Bacon’s 
in Design of Cities (Bacon, 1976) regarding 
public space, there are certain ‘tools’ or 
design-based cognitive elements which 
might be helpful in determining the 
effectiveness of a public space; purely in 
terms of spatio-formal quantities. Some of 
them are- ‘meeting the sky’, ‘meeting the 
ground’, ‘points in space’, ‘recession planes’, 
‘design in depth’ and ‘ascent and descent’. 
These qualities are not essential, but 
desirable in a public space for its increased 
cognition. As per the observation carried out 
for this paper, in St. Peter’s, there qualities 
can be observed.  

Figure 7: Building Qualities (source: Author) 

The experiential interpretations of the authors are illustrated in the Fig. 7, Fig. 8 and Fig. 9; which 
conveys the message regarding the observation of certain principles present in the design itself. The 
placement of the statues (Fig. 8) on the colonnades (besides immortalizing the saints) almost drives the 
users to an enigmatic feeling of heavenly experience owing to its placement and inclination of human 
beings to look up to space to associate themselves to an element of higher aspiration. The same impact 
of the space on the human cognition would not have happened in case of placement of the statues on 
ground or within the complex (Fig. 9 and Fig. 10). The volume in foreground, the balance of mass in 
background, the ratio between built and open, the positioning of the elements across the skyline of the 
building, the scale of the plaza in comparison to the user, the opening and closing of the layout and 
endless other unobserved or unidentified architectural qualities are responsible for the unique 
experiential quality which St. Peter’s complex offers. Even, the vertical recession planes in harmony with 
the vertical horizontal planes create a symphony which runs like a background score to the St. Peter’s 
basilica. The reference to “Frozen Music” for architecture by F.L. Wright takes a real shape in this case.  

Here, the argument can be formed regarding the intent of the designer. Should the designer initiate the 
thought process in an user regarding fragmenting the spatio formal quantity and then allow space for 
cognition of the public space. The answer is ‘NO’, since design is for all. However, if the designer is 
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comparatively sensitive in incorporating these qualities in the design, an user shall experience the 
enigma of the public space without understanding the technicalities behind it, which is perfectly alright.  

 
Figure 8: Points in Space and Recession Planes (source: Author) 

       
Figure 9: Design in Depth (source: Author)                   Figure 10: Ascent and Descent (source: Author)  

 

3. The Taj Mahal Complex, Agra 

As per Cullen, “Group of building together and collectively they can give visual pleasure which 
none can give separately.” 

Taj Mahal, the Indo-Islamic architectural marvel with its outstanding universal value for its aesthetics, 
elucidated at both building level and the precinct level is a UNESCO world heritage site in India. The 
physical setting of Taj Mahal complex with its constituent components of exuberant riverfront terrace 
altering the Taj, Char-Bagh garden in, and forecourt complex named Jikuakhana functioning as a plaza 
and a commercial cum residential sector named caravanserai renamed as Taj Gunj; well connected with 
a pubic promenade with respective walled enclosures (Figure 11). Marble Mausoleum block with 
Mughal garden in its forefront complementing the elegancy of the structure set within an encompassed 
boundary; ensures the visitor an overwhelming experience of being within unique consecrated 
premises. 

Experiencing Taj Mahal from an urban designer’s perspective surprisingly unveiled the thoughtful 
implications of many of the Gordon Cullen’s principles even before they were postulated. The then 
master builders succeeded in accomplishing the vision statement of emperor Shahjahan containing 
certain aspects such as proportion systems, configuration management of built mass with open spaces, 
retaining the element of interest throughout the visitors’ journey, augmentation of enthusiasm with a 
continuous unfolding of revelation throughout etc.  
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Figure 11 Taj Mahal Physical Setting (Sorce: a-Google, b-author, c-www.woutersrealty.com, d-author, e-

www.tajmahal.gov.in) 

 

Creation of the rhythmic correlation of mass and space, harmonious contrast with color and texture 
within the Taj Mahal complex and its expedition reflexes in successful containment of the cognitive 
imagery thus created in the visitors’ mind. The image map thus created exemplifies the relevancy of 
Gordon Cullen’s principles concerning optics, place and content. 

3.1. Concerning Optics 

The concepts of serial vision, existing view and emerging view and focal point are the principles 
concerned with optics in the given urban setting. In serial vision, a perceiver records the series of 
revelations while walking around a monument within vicinity at uniform speed as lattice of images, 
henceforth creating a strong cognitive mind map. A continuous stretch of street with a certain character 
results in boredom; on contrary, breaking the monotony with variations in building scales, articulating 
with open spaces like plazas reinforces the sense of exploration throughout the journey. A sense of 
surprise can be retained in the beholders experience quotient by a sudden revelation of buildings or 
structures at various strategic locations in one’s journey. Intermediate nodes accommodating various 
earmarked elements with striking scale does have a potential of becoming a focal points, thus 
functioning as landmarks which plays a crucial role in the cognitive mapping as spatial cues.  

Tal Mahal complex surprisingly beholds the above discussed principles which can be unveiled within 
one’s journey through out the physical setting. The first glace of Taj Mahal’s skyline observed from 
distant places as soon as one enters the proximate area implants the first impression in the perceivers’ 
mind (Figure 12a). The sense of discontentment and intensified enthusiasm in the beholder’s cognitive 
conscience is imparted as a result of screening the visual coherence with the marble mausoleum by a 
momentary walk through Bazaar Street with sandstone ornate colonnade leading to an open plaza in 
Jiluakhana (Figure 12b-c). The great gate (Darwaza-I-Rauza), the entrance pylon provided onto north of 
Jiluakhana plaza, breaking the monotony with its magnificent scale becomes the focal point of forecourt 
pavilion (Figure 12d-e). The first spectacular vision of the Taj Mahal at an appreciatable distance with its 
grand garden forefront captured through the framed archway of the south entrance pylon reveals the 
sense of surprise in the perceiver’s mind; also creates a strong imagery snapshot with its articulated 
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aesthetic appeal (Figure 12f). Series of revealing frames with snapshots with increment in Taj Mahal‘s 
scale while approaching, creates a lattice of imagery in perceiver’s mind (Fig 12g). The design feature of 
red sandstone podium on which the Taj was altared again screens the visual contact of the marble 
marvel. A straight flight stairway leading to the terrace enhances the enthusiasm in the visitor in the 
process of expedition as the only element one can observe while ascending is nothing but ‘the sky’ 
(Figure 12j). The sudden exploded spectacular visual unveiled as one reaches the podium terrace is the 
magnificent architectural masterpiece standing elegantly on a serene marble floor plane (Figure 12k) 
with a backdrop of red sandstone structure canvassed with river Yamuna. The aesthetic fabric of the 
building envelope with a judicious application of entasis for a structure of monumental scale confers the 
optical correction. The resultant panorama looking towards the entrance pylon far beyond the tomb 
garden from the Taj’s podium terrace, well articulated within the contrasting red sandstone liwan 
boundary appeals a sense of closure and also creates a profound cognitive image (Figure 12n). The total 
journey throughout encompassing Fatehpuri (west) gate, Jiluakhaana, the entrance pylon, the great 
Mughal garden, expedition at the podium level, appreciating the abutting masterpiece accommodates 
series of focal points which sustains the enthusiasm within visitor’s mind confronting the characteristic 
application of serial vision (Figure 12a-h) . 

 

 
Figure 12 Serial Vision in Taj Mahal Complex (Source: Author e&f-www.tripadvisor.in) 

 

3.2. Concerning Place  

Visual coherence within an urban setting is achieved by the implication of harmonious character among 
the elements of a given contextual environment; while, breaking the monotony within the given 
characteristic townscape is made possible by articulation of respective physical attributes of 
architectural spaces and that which defines the sense of closure. Any physical setting which is self-
sufficient to produce a sense of completeness within given surroundings is referred to as an enclosure. 
The configuration management defines the character of the very place whether a closure, an enclosure 
or loss of enclosure. The Bazaar street passing across west gate to the east gate in Jiluakhana breaks the 
monotony of street character by accommodating a public square (chowk) as a focal point within the 
midway. The chowk is characterized with its possession of the monumental entrance pylon opening to 
Taj mahal onto its north and another gateway leading to the Taj gunj.  The square, in spite of being a 
widened up open space, it acts as an enclosure from which one can diversify towards respective 
functional spaces. On contrary, the mausoleum block along with the tomb garden being safeguarded by 
a huge fortified wall in all the four directions, visitor’s experiences loss of enclosure as the inferred angle 
between the midpoint of cross section to the highest point on to the fortified wall is 5o approximately 
(Figure 13a). Any angle thus made which is less than 14o will be considered as loss of enclosure.  
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As per Culllen, “The practical result of so articulating the town into identifiable parts is that no 
sooner do we create a HERE than we have to admit a THERE, and it is precisely in the 
manipulation of these two spatial concepts that a large part of urban drama arises.”  

 

Strategic placement and articulation of various built structures such as gateways, kiosks, specific 
locations as parts of encompassing colonnade with respective scale, proportion, and design features has 
given a sense of here and there concept. The sense of surprise beholds in the perceivers mind triggers 
the imagination quotient to guess various possible explorations ahead. The built visual ensemble 
functions as an element which embellishes the fact that being here there is something to explore ‘there’ 
beyond; this can be experienced right in front of the grand gateway appreciating the available view of Taj 
Mahal at a distant far location (Figure 13b-c). Sense of ‘here and there’ can also be experienced even 
without a physical visual barrier and from considerable distant locations such as viewpoints and vistas 
earmarked at strategic locations so that one can appreciate the available panorama by being ‘here’ itself. 
The available view of Taj Mahal from Mehtab Bagh, an unaccomplished garden space beyond river 
Yamuna (Figure 13e) and also spectacular view from Agra fort especially from Diwan-e-Khas (Figure 13d) 
and Musamman Burj considered as the best vistas. 

 

a

b c

de
 

Figure 13 Aspects Concerning Place in Taj Mahal Complex (Source: a&b Author, c-lonelyplanet.in, d-
dreamstime.com, e-en.wikipedia.org) 

3.3. Concerning Content  

“The sense of space becomes more meaningful with the created drama of juxtaposition. 
Variation observed in spatial configuration, form, texture, color etc plays an important role”  

 

The contrast in terms texture and color such as many of the buildings within Taj Mahl Complex apart 
from the marble mausoleum were built with red sand stone housing intricate inlay work with white 
marble; thus, spectacular balance achieved in the compositions assures the visual serenity. A continuous 
juxtaposition of the spatial context throughout the journey such as a narrow Bazaar Street opening to a 
chowk accommodating the great gate which screens the grand Char-Bagh beyond it; sudden exposure to 
a huge garden space with Taj Mahal at its far end results in a sense of astonishment as one passes 
through the tunneled archway of the great gate. The sense of ‘infiniteness’ in the backdrop for any 
structure intensifies its grandeur. Taj Mahal has this special implication of having an ‘infinite backdrop’ 
that can be experience from any corner of the Taj complex; achieved by its monumental scale and 
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strategic location with river Yamuna and sky as the backdrop and having an advantage of not having any 
dominating structure within the cone of vision of the beholder as one is within the fortified premises. 

4. Conclusion 

With respect to the importance of the square in terms of ‘Quality of Life’, there are certain things which 
might be inferred from the above study. St. Peter’s Complex has an inherent awareness of space which 
is being used creatively by participation of all its users, in a process which involving or engaging. 
Moreover, the very architecture of it draws a person into its depth and involves him/her in an 
experience, which in turn is unknowingly shared by all the other people who are in the realm. It must be 
noted that the designers’ problem (in case of St. Peter’s) was not to create façades or architectural 
mass, but to create an all-surrounding experience in order to give rise to involvement. Similarly, the Taj 
Mahal complex with its spatial planning, design features, configuration of mass and spaces, scale and 
volumes, juxtaposing contrast, visual appeal and special configuration cues results in building a strong 
combinative imagery within the minds of the visitors while experiencing the manifested quality spaces. 
Physical setting of Taj Mahal complex with an array of various image making elements such as 
intermediate focal points such as the great gate way in the forecourt and water pools (hauz) in char-
bagh; nodes such as Chowk in Jikuakhana and podium terrace foyer; edges such as Bazaar Street, ornate 
colonnades  being part of fortification (Liwan);  hierarchically designed and designated pathways and Taj 
Mahal itself standing as an universal landmark imprints a strong imageability quotient  in the explorer’s 
conscience.  
The designer in case of St.Peter’s Rome thus created functions in time and space: imagined forms as 
expand and contract with regular movement of natural active flow through structure of the city. True 
involvement in a piece of architecture comes when both the community and the designer subtly turn 
the process of the planning and building a city into a work of art. In this creative design process, the 
designer of St. Peter’s has enlightened the relevant community about the significance and meaning of 
the evolving forms in the flow of engagement with the space. This engagement is the major force 
behind the inception of cognition in the case of St. Peter’s. In case of Taj Mahal complex there has been 
an extensive morphological evolution which has little or rather negligible resemblance to the actual 
intended use with which it was incepted during its creation. As an example, Taj Gunj which was designed 
as accommodation space and workshop units for artisans (dedicated to construction of Taj Mahal 
complex); which eventually got converted into resting units for visitors/travellers; further the genre of 
the space got near permanently modified into a squatted urban setting. Thus, the present use of the 
space has no relevance to the Taj Mahal Complex; neither historically nor cognitive way. However the 
significance of Taj Mahal has retained its value owing to the overwhelming architectural aesthetics and 
structural wonders; whose credit solely goes to the design values and principles which were 
incorporated without any kind of formalized modern urban theories. Thus, design articulation of public 
spaces with due consideration of strategic experiential concerns would effectively results in easing out 
the process of cognitive mapping and increase timelessness of the architecture involved.  
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Abstract: Architecturally speaking, the earliest and most basic interpretation of stupa is nothing but a 
dust burial mound. However, the historic significance of this built form has evolved through time, as has 
its rudimentary structure. The massive dome-shaped “anda” form which has now become synonymous 
with the idea of this Buddhist shrine, is the result of years of cultural, social and geographical influences. 
The beauty of this typology of architecture lies in its intricate details, interesting motifs and immense 
symbolism, reflected and adapted in various local contexts across the world. Today, the word “stupa” is 
used interchangeably while referring to monuments such as pagodas, wat, etc. This paper is, therefore, 
an attempt to understand the ideology and the concept of a stupa, with a focus on tracing its history 
and transition over time. The main objective of the research is not just to understand the essence of the 
architectural and theological aspects of the traditional stupa but also to understand how geographical 
factors, advances in material, and local socio-cultural norms have given way to a much broader 
definition of this word, encompassing all forms, from a simplistic mound to grand, elaborate sanctums 
of great value to architecture and society as a whole. 

Keywords: Stupas; Buddhist architecture; Ideology; Pagodas; Dagabas; Chortens. 

1. Introduction 

The stupa (“stupa” is Sanskrit for “heap”) is a sepulchral and/or commemorative structure designed 
to encase Buddhist relics and other holy objects.(Grover, 2010) This word is now used for the pre-eminent 
type of Buddhist monument, which is at least a freestanding mound, usually with a circular drum 
(Medhi) forming the base for a massive solid dome (anda) topped by a turret (chattri), while the bell or 
dome-shaped mound covers the relics or holy objects. At its simplest, a stupa is a dirt burial mound 
faced with stone. Stupas exist all over the world and are one of the oldest Buddhist monuments. 
Historically, stupas have been symbolize and represent the following elements: 

 

1. The Buddha,                               2. The path to Enlightenment, 

3. A mountain and                         4. The universe all at the same time. (Shelby, 2012) 

mailto:%7Bar.shubhamjaiswal@gmail.com%7D
mailto:%7Bavlokita.agrawal@gmail.com%7D
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As the stupa architecturally becomes more complicated, so the word “Stupa” is applied in general to 
monuments and whole temples, interchangeable in referring to many sites with words such as Pagoda, 
Wat, Candi. This paper is thus, an exploration into the evolution of the ancient Indian stupa, and its co-
relation with present skyline stupa forms i.e. the stupas constructed with modern methods, materials, 
concepts and come to a conclusion of evolution that can be followed for further research. 

 

2. History of Stupas 

The earliest known mention of the word “stupa” occurs in several ancient scripts. Rigveda refers to a 
Stupa raised by the King Varuna above the forest in a place having no foundation (Rigveda; verse 28). The 
word ‘estuka’ is also used in the same sense in Rigveda, probably by then anything raised on the ground 
like a heap/pile might have been known as Stupa. However, the Pali word ‘thupa’ is quite similar to the 
term ‘Stupa’. Thupa means a conical heap, a pile or a mound or a conical or bell-shaped shrine 
containing a relic (Panth, 1976). 

 

According to mythological sources, following the cremation of Buddha, his ashes were divided into 
eight parts and distributed among various rulers to be enshrined at special burial mounds (Cunningham, 

1960). After a few decades of buddha's Nirvana, mound of clay or mud changed to decorated objects of 
veneration (Brown, 2014). Emperor Ashoka, 274–236 BCE Maurya Empire, redistributed the relics housed 
in the original stupas into 84,000 stupas throughout the world. (Shelby, 2012), (Brown, 2014), (Cunningham, 

1960). While this is an exaggeration and the stupas were built by Ashoka some 250 years after the 
Buddha’s death, Ashoka is also credited with the construction of numerous stupas that remain to this 
day, including those at Sanchi and Sarnath. (Sahai, 2006). 

 

3. Global Expansion of Stupas 

  

Figure 1: Global expansion of Stupas 

 

Stupa expansion, from Buddhist 
heartland in northern India (dark 
orange) starting 6th century BC, to 
Buddhist majority realm (orange), and 
historical extent of Buddhism 
influences (yellow). Mahayana (red 
arrow), Theravada (green arrow), and 
Tantric-Vajrayana (blue arrow) 

 



207 

 

Genesis of Stupas 

3.1. Sects Associated with Stupas 

After the Buddha's death, stupa worship became increasingly popular. With King Aśoka's (r. 268–232 
BCE) conversion to Buddhism and its subsequent patronage, stupa worship spread throughout India. 
Various religious orders developed around the doctrine of the stupa. Some of these orders and sects 
are mentioned below:  

1. THERAVADA BUDDHISM: Oldest form monastic path. Dominant form today in Sri Lanka, 
Myanmar, Thailand, Laos, and Cambodia. 

2. MAHAYANA BUDDHISM: Philosophical movement for universal salvation. Bodhisattvas or 
Buddhahood (becoming a Buddha) to liberate all creatures in the universe from suffering. 

3. TANTRIC BUDDHISM: Tantric or Esoteric Buddhism, or Vajrayana (the Vehicle of the 
Thunderbolt). An offshoot of Mahayana Buddhism, the origins traced to ancient Hindu and Vedic 
practices. Described as offering a shortcut to enlightenment. Initiates worked closely with a spiritual 
guide -Tibetan Buddhism. 

4. Construction  Ideology 

While they can vary visually, all stupas have a few features in common. Every stupa contains a treasury 
filled with various objects—small offerings, or Tsa-Tsas, fill the majority of the treasury, while jewelry 
and other precious objects are also placed within. It is believed that the more the objects placed into the 
treasury, the stronger the stupa’s energy. The Tree of Life, a wooden pole covered with gems and 
mantras, is an important element of every stupa and is placed in the stupa’s central channel during an 
initiation ceremony, where participants’ most powerful wishes are stored. 

 
The earliest stupas contained portions of the Buddha’s ashes, and as a result, the stupa began to be 
associated with the body of the Buddha. "The Stupa is truly the image, or rather the epiphany, of the 
Buddha, of his Law that rules the universe, and is moreover a psycho-cosmogram. (Sahai, 2006). The form, 
suggested by the apparent aspect of the vault of the sky, implies in its turn the total presence and 
intangibility of the Buddha, who in this way is seen not as a human teacher but as the essence of the 
Universe." (Boundless, 2018) 

                                             
Figure 2: Tsa - Tsa;  
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5. Types of Stupas 

According to A. Cunningham, Maisey and Foucher the Stupas can be classified into five categories 
(Cunningham, 1960) 

5.1. Relic stupas 

Relic stupas are those in which the relics of Buddha and other religious persons are buried. - SANCHI. 

5.2. Object stupas 

Object stupas are those in which the objects belonging to the Buddha or his disciples are buried. - 
VAISHALI . 

5.3. Commemorative stupas 

Commemorative stupas are those which are built to commemorate events in the life of Buddha and 
his disciples. - ANURADHAPURA 

5.4. Symbolic stupas 

Symbolic stupas are those which are built to symbolize various aspects of Buddhist theology. - LEH 

5.5. Votive stupas 

Votive stupas are constructed to commemorate visits or gain spiritual benefits. can be made from 
metal, stone, glass, etc 

 

 
Figure 3: Types of Stupas 
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6. Evolution of stupas 

6.1 Morphological development 

6.1.1 India and Nepal 

The first true stupas were constructed after the reign of Ashoka. While Indian stupas consist of a 
solid hemisphere surrounded by a railing, other stupas such as the great stupa at Borobodur (built a 
thousand years after the one at Sanchi) are considerably more complex. Unlike the Sanchi stupa, the 
one at Borobodur consists of a polygonal base, with steps leading up to the summit and punctuated by 
as many as 72 smaller stupas along the way.  

Another distinct type of stupa architecture prevalent in India during Ashoka’s reign was associated 
with rock-cut caves. The term 'chaitya' is derived from the Sanskrit word 'Chita' (The mound of ashes 
formed by the cremation of a dead body). The earliest 'rock-cut' sanctuaries date back to c. 200 B.C. 
Eventually, it came to mean the earth mound heaped over the ashes or relics of a saint, and chaitya 
became thus 'worshipful'. These chambers were carved as retreats for ascetics and monks. The 
architecture resembled the wooden structures of the time, with barrel-vaulted interiors and vertical 
grooves on the walls to imitate wooden beams and members. Even the thatched vedikas and toranas of 
the 'built-up' stupas were made to resemble parallel developments in wood-work. 

        

 

6.1.2 Tibet 

In Tibet, the Indian stupa underwent several architectural transformations. The change is most 
apparent to the anda or dome at its summit. While the Indian stupa consists of a circular dome, the 
Tibetan chorten adopts a more elliptical form, like an oval above a rectangular base. The summit also 
comprises of a series of ring-shaped enclosing ‘umbrellas’, crowned by a disc.  

The Tibetan Chorten has at least 8 different models, one for each of the 8 major stages in the life of 
the Buddha. Of these, the most common model by far is the one that describes Buddha’s ‘supreme 
enlightenment’. This type of chorten occurs with a square base supporting stairs above it, which is then 
topped by the dome –an inverted oval form called the bumpa. The bumpa is mounted with a towering 
spire, with the typical ‘umbrella’ shaped rings, which is then finally crowned by a ring and a crescent 
‘moon’. Apart from this model, there are also examples symbolizing the ‘descent from heaven’, and the 
‘many gates’ tradition of Llama Buddhism. 

Figure 4:  

Dhamek Stupa, 
Sarnath 

AjantaCaves, 
Aurangabad 
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6.1.3 Sri Lanka 

In Sri Lanka, the stupa is known as dagoba. Different shapes of domes developed in Sri Lanka, and a 
very unique architectural expression also developed, in which the dagoba itself was enclosed by a large 
dome known as vatadage, supported by columns located around the dagoba. Among the many 
vatadages built in Sri Lanka, there is one of particular importance named Thuparama, which supposedly 
houses the collarbone relic of the Buddha. 

 

6.1.4 China, Japan, Korea 

In China, Japan, and Korea the stupa transformed into the pagoda, a four- or eight-cornered wooden 
or brick, tower. The spire or ridged roof of the original stupa is retained in this development and holds 
similar symbolism. Pagodas usually have an internal staircase, which is clockwise in ascent. The central 
pillar represents the Buddha and his position at the centre of the universe, and the passage symbolizes 
other individual Buddhas, and functions as an aid to meditation. The multiple storeys represent different 
worlds on the path to enlightenment, and the octagonal plan pagodas additionally indicate the eight 
spokes of the wheel of dharma 

             

Figure 5:  

TYPES OF CHORTEN - SYMBOLISM 

Base - Square - Earth - 
Equanimity 

Dome - Circle - Water -
Indestructibility 

Spire - Triangle - Fire - 
Compassion 

Parasol - Half Circle - Wind - All 
accomplishing Action 

Jewel - Dewdrop – All-pervading 
Awareness ("Chorten (Stupa) monuments", 

2017) 

 

Figure 6:  

Dagaba, Anuradhapura, Sri Lanka; 

Goju-no-to Pagoda, Miyajima, Japan 
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6.2. Chronological Development of Stupas 

 
Figure 7: Evolution (Stupa to Pagoda) 

6.3. Present Day Stupas 

The core ideology of the stupa is retained in terms of architectural design across millennia, and even to 
this day. However, the difference lies in the material used in the modern-day stupa. For instance, the 
Sambodhi Chaithya is a stupa built with reinforced concrete on a platform supported by two interlocking 
arches. Apart from this, stupa is also having access via Elevators. Patliputra karuna Stupa is having glass 
facade, along with void stupa concept so people can see the holy relics along with ramp design for 
entrance  instead of stairs which makes it barrier free for everyone.  

 
. 

 Early Indian Stupa 3rd to early 1st centuries B.C. 
 Later Indian Stupa 2nd century A.D. 
 Chinese Pagoda 5th - 7th centuries 
 Japanese Pagoda 7th century 

 

Figure 8: Present Day Modern Stupas 
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STUPAS, PAGODAS, AND DAGABAS - exceeding 100 feet in height 
 Tianning Temple Pagoda (2007): Changzhou, China = 505 feet or 154 meters (world’s tallest 

wooden structure) 
 Jetavanaramaya Dagaba (ca 350): Anuradhapura, Sri Lanka = 400 feet or 122 meters 
 Phra Pathommachedi (1870): Nakhon Pathom, Thailand = 395 feet or 120.5 meters (world’s 

tallest stupa) 
 Shwedagon Pagoda Yangon, Myanmar = 368 feet or 112 meters 
 Global Vipassana Pagoda (2008): Mumbai, India = 315 feet or 96 meters 
 Liaodi Pagoda (1055): = 276 feet or 84 meters (world’s tallest brick pagoda) 
 To-Ji (796): Kyoto, Japan = 180 feet or 54.8 meters (tallest wooden structure in Japan) 
 Sun Pagoda Guilin, China = 134 feet or 41 meters (world’s tallest copper pagoda) 

 

 
Figure 9: Stupas, Pagodas, and Dagbas - exceeding 100 feet in height 

 

7. Conclusion 

It is thus apparent that the stupa, which was conceived as a simple monument for the Buddha’s 
corporeal relics, has over time transformed in its form and nomenclature and resulted in various types 
of structures all over the world. In some regions, even supplementary structures like monasteries have 
come up alongside stupas, fuelling the inception of new Buddhist orders and sects. 

However, the core ideology of the stupa remains constant throughout each new development, as 
does its symbolism and several crucial architectural features. These characteristics must, therefore, be 
given due consideration and importance while designing any stupa project. 
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Abstract: In order for people within the architecture profession to engage purposefully with Virtual Reality (VR) 
technologies and processes a framework is required. In this paper, I draw upon scholarship in the architecture 
discipline that refers to VR as well as applied architecture that utilizes VR within an architecture firm. The paper 
provides a direction towards a framework that could be used to more effectively utilise VR alongside existing 
architectural processes. Example processes that have been tested in practice are discussed in this paper, outlining 
observations, achievements and downfalls of VR implementation. The initial findings indicate that there are 
multiple processes that this technology could employ however, further investigation is required to detail them. 
The paper provides a direction for an architectural framework and the initial findings contribute towards further 
research and application of VR in this area. 

Keywords: Virtual Reality (VR), Architecture, VR processes 

1. Introduction 

Virtual Reality (VR) is a technology which has been present for decades within architecture but is not utilised 
to the extent that it could be (Gulen et al. 2017). Current interest in VR extends to using it as a visual aid in 
representing architectural designs. Within architecture, VR can improve design understanding (Vandezande, 
2017), design evaluation (Walsh, 2018), project process acceleration (Kovach, 2018), and client approval 
(IndustryWired, 2019). However, knowledge and awareness of VR methods and how they can be utilised within 
the industry is fragmented and would benefit from a coherent framework to bring together the various 
understandings of VR approaches and methods. A framework supported by applied research is required for the 
application of VR in the architectural process to provide direction and precedent. Applied research refers to the 
application of literature within the architecture discipline and VR in subject to practical real-world processes. In 
doing so, the framework proposed will enable VR to become more effectively utilised, commonly implemented, 
and supported within the practice of architecture. In this paper, the discussions included are the observations, 
achievements and downfalls of VR and the initial implementation of this technology within the practice of 
architecture.  
The practical application of VR requires more development beyond the visualisation of a detailed design. I 
propose a framework to show where VR fits in the architectural process. Currently, most architects lack the 
experience with VR to meaningfully engage with it. This is a barrier to the implementation of VR. To retrieve 
desired outputs, whether for creation, collaboration, or communication processes need to be developed. These 
processes will help in applying design problems in VR. For example, testing façade solutions in quick succession. A 
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series of questions that are project specific would help towards outlining what the requirements are to establish 
the preferred façade solution. The process should be able to explain and give an outline of how and what to use 
to get to a desired outcome. Currently, there is no established framework that contributes towards 
understanding both what needs to be done in a VR session and how this might be achieved. By developing this 
framework designers will be able to purposefully engage with VR and focus on the design rather than deciphering 
a suitable process. 

The potential of VR lies in its ability to communicate complex ideas or experiential qualities and engage 
with multiple parties. Rob Kendal, the Managing Director of Yulio states, “Architects are better able to simulate 
experiments, learn from them and hone in on the right solution faster” (Barnett, 2019). However, to get to this 
point architects need to understand the process needed to arrive at their desired outcome. These processes 
currently differ from ones that are currently employed in architectural methodologies (Schnabel, 2019) and thus 
require investigation into how this is achieved. Schabel and Holth (2017) highlight that the current design 
processes we employ are effectively copying previous design processes but with new technology and investigates 
how to bridge VR methods and conventional design approaches (p.733). VR fundamentally changes these 
processes and encourages designers and architects to think outside of the box and rely less on drawing 
techniques which can be fundamentally abstract in nature. VR encourages reflection, personal input, reliance on 
the senses and responses to a digitally represented environment that allows people to be immersed similarly to 
the product built in the ‘real world’.  

This paper draws on real designs in a range of project stages to explore the integration of VR from project 
inception to completion. The study highlights the achievements and challenges found when using VR and future 
considerations for integration. The programmes used are Enscape, for quick cohesive design visualization and The 
Wild for flexible design interaction and creation. The success of each program and process are compared and 
their usefulness in various phases of a project via user feedback. A range of user-types within the industry provide 
insight into how people use VR and what their desired outputs are. Like any other technology, there is a 
particular use and application. VR does not replace the other processes that are currently employed in 
architecture, but rather add to them. Revit, SketchUp, Excel, and InDesign for example, all still have their place in 
the process. VR adds to the current structure to improve our understanding of a design or space.  
 

2. Using VR in Architecture  
While VR has been visible in the practice of architecture for decades its usability has not taken off like it was 
predicted to (Gulen et al. 2017). Even though the technology has developed and become more easily accessible, 
the widespread use of VR has yet to be realized, “a high diversity of devices and systems have been developed in 
laboratories, however, in real practice, there are still few studios or firms benefiting from those technologies” 
(Gulen et al. 2017, p. 527). The question is what is stopping the uptake of VR and how can these barriers be 
broken. This section will explore the current research of VR within the design process as well as the achievements 
and challenges of the implementations of it within architectural practice.  

2.1 Current VR research and application 

The benefits of VR have been extensively documented and have the potential to improve; spatial understanding 
(Vandezande, 2017), design education (Gulen et al. 2017), speed of design interpretation and ‘learning rate’ 
(Plattner 2010). However, Milovanovic et al. (2017) found that research into VR was primary concerned with 
software and hardware (62.8%), followed by design (42.3%) and the smallest priority on communication and 
collaboration (15.4%) (p. 516). This would indicate that the current area of research focuses primarily on the 
technology but not the application of VR in the profession, “using VR during the architectural process, to date, 
there are no relevant studies of its use in a real practice situation” (p. 519). This needs to be the next step, to 
marry research and practice to improve the uptake and utilisation of VR. Currently VR application is fragmented 
when it is applied in practice. This is discussed by Whyte (2003) who identifies the differing approaches between 
industries. 
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 “Virtual reality is being used by groups of professionals working together in the project team, and also by building 
professionals working with clients, managers and end-users…The approach that different organizations take may 
be affected by the extent of design re-use between projects and the size of the projects on which they work. These 
findings suggest that lead users within architecture and construction have different priorities for the technological 
development of the virtual reality tools that they use. Though the focus in much of the academic literature is on 
the longer-term integration of packages that will be usable by everyone, different business drivers and corporate 
strategies suggest that one generic technology will not satisfy all user groups” (p. 48).  

Finding the key contributors for architectural VR uptake is key to investigate as there is a broad application of VR 
throughout differing industries. For the application within architecture, VR is most successful in creation and 
design exploration, and detailed visualization and communication phases. It is currently not effective or accurate 
enough to design detail drawings which would typically be done in AutoCAD or Revit. “It was found that spatial 
efficiency was better in WIMP (Windows, Icons, Menus, Pointer) while arrangement was more diversified in VRE 
(Virtual Reality Environment)” (Jin and Lee, 2019, p.120). This is consistent with our current VR interfaces which 
allow more freedom of movement and as a result makes it harder to modulate forms for efficiency. This would 
suggest that VR at the earlier stages of design enables more design freedoms and more detailed design benefits 
from more modular design interactions. However, as discussed previously the architectural process requires 
multiple mediums of design representation. The technical programmes predominately used can be constricting 
and provide abstractions of design which can elude the designer of ‘actual’ space, impeding the design process. 
VR has the potential to work in parallel with these programmes and offer a design representation that can talk to 
the final experienced form and thus improve design understanding for a designer, user or client. For this 
technology to be effective there needs to be value in what it can offer that differs from other methodologies and 
technologies. In VR, first person perspective is key in providing this difference. During the concept design phase 
George et al. (2017) found a “proven efficacy of VR in this role…. and VR could play a more prominent role 
throughout the design process” (p.258) in relation to design-development. This is supported by Hill (2019) who 
“…demonstrates that it can enhance and effectively be integrated into the early phases of the landscape 
architecture design process on both large and small project scales” (p.99). Being able to move in and out of large 
and small design has been found to be largely successful. For example, a roof form to test public visibility can 
then be moved into a first-person perspective to understand the repercussion of the design changes on the 
perceived space. Paes et al. (2017) discusses a study where users spatial perception were employed for a 
conventional and an immersive work area (p. 301). The conclusion drawn from this study was that spatial 
awareness could be better perceived from the virtual model in an immersive environment. From this Paes et al. 
(2017) argues that the immersive environment may, “better benefit current design practices” for professionals 
(301). All these examples draw from educational studies. Translation of the practical application of first-person 
perspective into the professional practice is salient. In saying so, educational processes sometimes differ from 
practical application. Therefore, investigation into how this could be used efficiently in architecture firms needs 
to be explored.  

2.2 Current challenges and achievements of VR 
While VR has seemingly been associated with effective communication and collaboration capabilities in a virtual 
space, George (2017) suggests that the use of VR for design generation and group collaboration still poses a 
challenge. Overcoming this issue would be an important step in the utilisation of VR in architecture. This has also 
been noted by Gulen (2017), whose students, while were wearing the HDU headsets, had their communication 
obstructed. The obstruction was caused by the VR headsets which disconnected the students from their tutors. 
The traditional approach of having a teacher in the physical classroom when using VR resulted in a lack of 
presence reducing the participation of the students outside of the headsets. This would suggest that the 
traditional teaching methods are not adequate and require new methods to effectively use VR. In the instance 
described by Gulen (2017) the problem could be resolved by placing the teacher within the virtual world using an 
avatar. Allowing designers to have avatars in these digital environments to enhance collaboration, highlights the 
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need for new processes to be developed. This is in lieu of traditional and/or standard methods that might be 
effective with other technologies but cannot be applied with VR. Fundamentally, VR requires and is thus inspiring 
new ways of design thinking. Unfortunately, the technology is currently limited as it has not been developed 
enough for a seamless versatile design modelling process. Due to the evolving nature of technology, VR is both in 
need of development and at a stage that it can be utilized. Therefore, despite VR’s technical limitations this paper 
focuses on what VR can and can’t do at the stage that it is now.  

2.2.1 Revealing the incomplete  

From my experience, engaging with VR is sometimes determined by the completeness of the digital model, 
particularly when compared to designers who can set up images that hide unfinished areas. The fixation on 
unfinished elements for VR can be challenging when designers and architects do not want to engage with the 
model until it is complete. VR exposes unfinished elements as they are unable to be hidden. This is an inhibiter to 
the process of design in VR as people focus on what isn’t there rather than what is.  

2.2.2 Holistic design  

VR requires a different way of thinking (Schnabel, 2019). As previously discussed, Schnabel touched on the slow 
development of design processes. Now there is an opportunity to change this process and begin to design 
holistically. Designing with first-person perspective within a design space had not been previously possible. 
Physical modelling was the closest relative of this process. What makes the process different is that a user is 
designing with instantaneous feedback on the perceived space. The abstractions around design can be peeled 
away and what is left is experiential architecture.  

2.2.3 Improved Learning 

Quicker information and processing (Audain, 2019) improves the way we can test and implement ideas. The 
Wellington City Council (WCC) are using VR on a range of scales from planning for climate change on our city’s 
coastlines to finding new temporary locations for the books from the city library. It was discussed that these 
technologies enabled these things to be possible and could not have been achieved to the same degree or time 
with another method. For example, the WCC use VR to plan spatial layouts for temporary library locations in 
response to the closure of the Wellington City Library. The speed and spatial understanding meant the process 
could be completed without complications once installed, reducing wasted manpower and money. An example of 
this was noted of testing whether the librarian could reach the book in the design iteration. 

2.2.4 Improved Understanding 
VR has the potential to help people (Jones, 2019). This technology is being utilised to teach, help and remember 
through a driving app undertaken by New Zealand Transport Agency (NZTA) and Accident Compensation 
Corporation (ACC). The success of the driving app came from its ability to teach users in an environment that 
simulates a true situation. The abstraction of information when typically teaching for a real-world situation can 
be lost in translation. However, when people are learning in a near true situation their ability to process 
information and then replicate in a real-world situation was determined to be more successful.  

2.2.5 Isolating users 
The VR company, Wrester, discussed experiences testing VR in various markets and highlighted that the ‘how’ 
and ‘when’ of VR is crucial to its success (Forman, 2019). In an example given, Wrestler were engaged by 
Mercedes to create a VR experience of a new car. However, the experience failed because they spotlighted 
people by placing them in front of others. People were too afraid or embarrassed to use the technology. The 
intent of this example is to highlight that VR must be employed where appropriate and that the users and intent 
of the outputs must be considered. A clear direction and intention must be measured before VR can be utilized 
effectively. 

2.2.6 Stigma 
Magic leap discussed how all the applications of VR have been converging on the gaming industry (Randell, 2019). 
Utilising game engines was found to be the best way to explore the potential of this technology. This is consistent 
to what we have experienced in the firm. Games have been the best way to introduce people to VR and learn 
how to interact with it. Before commencing a session in VR with a person who hasn’t used it before it was found 
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to be beneficial to introduce them to the technology with a game. This teaches them the basic mechanics of VR 
and quickly sets the expectation of the virtual experience.  

Understanding the key achievements and downfalls of VR outlined above are crucial to developing an 
architectural framework for VR. These key areas can then be used to identify where VR can be appropriately used 
and how. An issue of a developing technology is that people can try to implement it everywhere and anywhere. 
However, by recognising where it is beneficial a concise plan and execution can be made allowing this technology 
to be implemented correctly. 
 

2.4 VR within the Firm 

Within the firm, VR has been increasingly utilised and has seen a large uptake of the technology for design 
evaluation during the detailed design phase. The technology has been used at this stage for a few years now and 
it has been well received by those who use it. A project architect will regularly explore a design to mark any 
clashes or on bigger projects tour the building with subconsultants for design and model coordination. However, 
encouraging the uptake in earlier phases was more difficult. In preliminary design taking a team through a project 
to evaluate design items using SketchUp or Revit options and changing elements in session for comparison, was 
found to be successful. However, this process was more labour intensive and involved at least one person to run 
the session and control the model. After noting the inefficiency of this process, it was determined that a more 
interactive, engaging and complex platform to achieve desired outputs was required. The Wild was ultimately 
used to bridge this gap by enabling the team to interact with the model by switching between ‘model mode’ and 
‘first-person mode’. The most successful element to the program was the ability to connect across the world on a 
multiuser platform and showcase a model or have a design session without needing to leave the office. 
The Wild enabled the team to use VR productively but it was found that a framework to structure and extract the 
outputs of the session was still required. Who is interacting with the model, what are we looking for and how are 
we recording this information? These were the questions which were crucial to the success of the design session. 
However, not everyone wanted to put the time into this and couldn't without knowing what was possible. 
Subsequently, it was determined that a team was required to investigate how one could structure this process 
and make that information accessible around the practice. A framework was needed to detail what a user could 
do and how they could achieve it, supported with a background on what the benefits are within the design 
process. Additionally, the framework needed to show an architect how this could be used in existing architectural 
processes, not another platform to do it. Once a framework is created to help architects use this technology it 
can update in response to developing platforms and as the technology evolves.  

3. Methodology 

The designs used during the test design sessions are real designs from a range of project stages which enabled a 
user to explore the integration of VR from project inception to completion. The two programmes that were used 
were Enscape for quick cohesive design visualization, and The Wild for fully flexible design interaction and 
creation. The success of each program is compared and its usefulness in various phases of the projects are 
discussed using user feedback. A variety of users were tested, including; technicians, architects, designers, users, 
and peers across New Zealand. This user collection will provide insight into how people use VR and what their 
desired outputs are. The general rational was that a design session would follow three parts; establish, explore, 
exchange. The three E’s. Each design session recorded pre-sessions through an information sheet, which was to 
‘Establish’ the design goals or intent of the session. This information sheet then informed the in-session questions 
and process where a designer or participant would ‘Explore’ a design. Following these experiences was discussion 
and evaluation where a summary of the information received from the previous session was exchanged to 
relevant team members. During this stage of developing the framework each design session informed the 
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subsequent sessions to evolve the design process and detail the areas of development. This process will evolve 
over time and once key attributes have been established, they will inform the framework. 

The setup of the VR room was a 3.5 by 3.5-meter meeting room converted into a VR room (Figure 1). The VR 
equipment was an HTC Vive headset and controllers. An iPad was used to record session notes and answers. A TV 
screen was used to connect participants beyond a singular experience within VR where the user could 
communicate and converse with people external to the VR. Spectators could see what the participant was seeing 
on the screen. This improved the disconnect that can be found while using VR collaboratively as discussed by 
Gulen et al. (2017).  

 
   

Figure 1: VR session underway located within the VR room      Figure 2: View inside The Wild (https://thewild.com/) 

The first information sheet was used to establish a dialog with the design team and discuss the desired outputs 
for the session. The team would determine how the session could be executed. This process evolved as new 
platforms were added, for example The Wild (see figure 2), which became widely used in the earlier phases of a 
design process. Once these initial conversations were complete a more project specific sheet was established. 
This process was useful as it identified any commonalities in these initial dialogues and helped to develop the 
sheet and process. A sheet with additional blank space was used to allow the team to fill in as much information 
as required. By providing more free space it was found that the teams filled in further information which led to 
more successful VR sessions. The developed pre-session information sheet outlined a series of questions to detail 
the points below:  

1. Identify the project and phase 
2. Establish the project background, where have they come from, key moves 
3. Define high-level intentions and outcomes were for the design team 
4. Develop detailed areas of interest and questions 

For phase specific projects there was a potential for commonalities on key questions to be used. Initially, the 
framework was going to be separated into project phases, from predesign to detailed design. However, it became 
apparent that there were only two significant categories which needed analysis at this stage, conceptual and 
detailed. This is consistent with the work done by Milovanovic et al. (2017) who separated VR interactions into 
two categories for the evaluation of design with the rationales of either “a change in a concept or a detailing of 
an existing concept” (p.11). The questions and interactions are fundamentally different at these two stages. To 
form a fully developed framework full project phase descriptions and processes will be required. However, at this 
stage the aim was to find commonalities in questions, outcomes and interactions in the VR space to form an 
initial foundational process. These outcomes will then be used to refine the processes and inform the framework.  

For the concept design phase it was found that design comparison was the most request form of VR design 
analysis. This involved rating questions which could then be reviewed to establish what design was perceived the 
‘best’ in relation to key parameters established within the pre-session. For more detailed design phases it was 
determining whether the design met the team’s expectations. Experiences were recorded in areas which did not 
meet these expectations and required further investigation. These questions were primarily a yes (Y) or no (N) to 
the desired outcome within the model with added description as to 1) why it wasn’t meeting this expectation and 
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2) how it should change to meet the expectation, as seen in table 1. Usually a set of key expectations would be 
established at the pre-session. However, by not constricting the session to not only the pre-determined 
expectations it was found more successful as users were able to find things which had not been thought of in the 
initial phases. For example, designers were noting areas within the design which did not meet their spatial 
expectations like a hallway that ‘felt’ too narrow. These qualitative responses were key to improving a user’s 
spatial understanding of a design and to provide a direction towards the ‘right’ design decision. 
 

Table 1: Completed VR session question sheet example  

Areas of interest Desired Qualities / Questions 

 

Session outputs 

Pedestrian scape Q1 - Is the public entry clear / 
obvious? 

Q2 - Does the façade articulation 
provide interest at street level as well 
as from a distance? 

 

Q1 – (N) Opening is not obvious. Needs an indication in the canopy. Would be 
valuable to bring the façade down to the ground and around the entry. 

Entry hard to notice - more design needed. 

Q2 - (Design option 3)  

(N) The forms are dominant close up but successful from far away. The façade 
pattern is too repetitive. Light dynamic but too monolithic with colour - Gradient 
needed to soften. These is no variety of light currently.  

Street presence Q3 - Are the building masses the right 
scale? 

Q4 - How does the building feel from a 
distance (beacon / landmark / icon)? 

Does the building feel in proportion in 
relation to surrounding buildings (i.e. 
NZNL) 

Q3 – (N) From view 1 it lines up with the library and good in context but the 
design options are too flat. However, overall the masses are oppressive and 
bold. Design directions to reduce the mass of the building. Canopy is obstructing 
how you see the underside of the baskets that relate to the street. 

Q4/Q5 – All designs options achieve this, option 3 preferred as it’s smaller than 
the buildings around it. The heavy mass is softened by being smaller in context. 
Feels right in relation to context. The design options can be confronting in View 
1. Scale is there for a landmark - Strong icon but oppressive.  

Canopy Q5 - The design team are trying to 
achieve a soft organic form that 
respects and enhances the building 
volumes while encouraging pedestrian 
entry / thoroughfare of the building. 

Q6 – Which design option is the most 
successful? 

Q6 – Option 3 was rated the most successful. 

Areas for design direction – The Pattern is Repetitive. Variation in the canopy is 
needed at junctions of the building masses. Need to test a difference in the 
structure to signify entry Indication of entry is important. Canopy takes up too 
much of the footpath (reduce it by half?). The preferred option achieves the 
desired qualities when underneath. However, from far back it blocks the 
volumes and disconnects the story of the baskets. We need to see how it touches 
the ground. 

4 Discussion 
The outcomes from the VR sessions currently completed will inform the beginning of the Framework. The 
discussion will explore the initial findings from this process and discuss how this will inform the next steps. The 
discussion is broken down into the challenges found and the three phases of establish, explore and exchange 
which are the three components of the design rational.  
 

4.1 Challenges 

One of the key findings was revealing a stigma in the industry against VR through initial VR engagement 
responses. It was common that people saw VR as a toy with no benefit in the design process or, that designers 
should be able to trust their own understanding of the perceived space, with the perception that otherwise you 
are a ‘bad’ designer. These stigmas could be resolved with the implementation of the VR framework which clearly 
outlines where VR is beneficial and how to use it. These stigmas exemplify the need for this framework to 
encourage VR uptake in the industry by exemplifying the benefits. However, understandably having VR promoted 
at every possible opportunity can be counterproductive. VR needs to be utilized effectively and used correctly to 
get desired results and encourage future use (Forman, 2019).  
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One method tested to improve the perception and uptake of VR was to provide more exposure of the technology 
within the firm. Every Friday a topical activity with VR for example, an afternoon session was inspired by the 
burning of Notre Dame. A 360 video of the building was displayed for people to experience. Due to the high 
interest and emotional nature of the event, people were highly engaged. People were able to see the building as 
if they were there. Even more so, they were able to view the building that went beyond the possible physical 
experience, through interacting with the spires and in and around the columns. Through showcasing and 
encouraging these moments and making the Friday VR experiences topical more requests to use VR were 
received, implying an improved perception of VR. More people were using VR, discussing and thinking how it 
could be used. With awareness of VR came the excitement, interest and the improved understanding of the 
potential of the technology allowing people to engage with and utilise VR beyond the use of it as a ‘toy’. 

Another challenge area examined during this process was how users were affected after prolonged exposure to 
VR. Multiple comments were received of experiences of light dizziness after exiting VR. This is an issue that will 
need to be explored and remedied to improve the uptake of VR, as the comfort of the user is paramount. The 
potential causes, as noted by the users, could be attributed to the pixilation of the image, lagging of the head 
tracking system or mild motion sickness which can be experienced in VR (Munafo et al. 2017, p.900). However, 
further investigation is required and will not be explored in this paper, but it is noted as a challenge area with 
needed development. 

4.2 Learning rate 

During concept phase sessions the intent was to let the designer or participant explore multiple designs in 
quicker succession than previously possible in other design methods. As discussed in section 2.0, this was to 
improve the ‘learning rate’ of a design to explore more options and have better understanding of the ‘best’ 
option. By using the run sheet, the learning rate within VR was explored by providing exit questions detailing a 
designers’ perceived increase or decrease of design option understanding, design issues and desired outcomes 
determined before the VR experience. It was found through the user feedback that designers had an increased 
perception of these issues after these sessions due to VR’s capability to both establish a more ‘real-life’ model 
and compare against other models using spatial awareness. In doing so, designers found they could more quickly 
determine in what direction the design was headed and what changes needed to be made when comparing to 
different models within VR.  

4.3 Establish 

The pre-sessions established a dialog with the team and began to develop a more detailed and structured plan to 
proceed. Using a ‘pre-session information’ sheet was found to be successful as it enabled designers to think 
about their projects and critically evaluate what they wanted out of a session. In many cases follow up questions 
were required to help the team narrow their design outcomes and focus on one element. This was usually due to 
the open nature of the initial desired outcomes which were pre-determined before the practical application of 
VR. By narrowing down the desired outcomes they became more focused and achievable. The user was guided 
through this process however, the aim is for the framework to be setup to enable designers to complete his stage 
independently. The framework will need to detail a range of high level information sheets to use before any VR 
session The success of the establish phase is fundamental to the success of the overall VR session as it sets out 
the expectations, structure and goals of a session.  

4.4 Explore 

Following the pre-session, the information sheet was given to the project lead or session lead to highlight the 
expectations of the session and in turn make note of the experience and feedback from the user. After each 
session participants were asked to comment on their experience, whether they thought the outputs were useful, 
and how they felt their perception of the design has changed. One of the primary applications of the technology 
in this phase was using the Enscape VR plug in to explore multiple designs options. This process required a ‘guide’ 
to administer the session and take the notes, a ‘user’ within the VR session, and optional ‘spectators’ to 
participate in the design discussions by following the design session on the screen. Using SketchUp scenes with 
Enscape was found to be successful as it allowed a participator to experience multiple designs in sequence and 
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provide detailed commentary comparing the options. This process was used in a variety of projects to evaluate 
design iterations, for example; bespoke shelving, roof pitches, facade treatments, materiality, external and 
internal lighting and wayfinding. Each VR session completed had outputs which then fed directly back into the 
design. The feedback highlighted that people felt that they understood the design better than before and had 
more direction on changes required to improve the design. This is consistent with the research by Plattner et al. 
(2010) who states that design understanding or the learning rate is improved in the virtual space. Decisions 
regarding design options become more obvious and fast-track the process of design decisions.  

Design communication was also found to be improved when an interactive VR platform that allowed 
multiple users to engage in a space was introduced. A full design review session could be achieved and allow 
users to leave comments via recorded message in a session and test their ideas live. One of the highly rated 
outputs of The Wild was the ability to communicate with people from anywhere in the world. In the design 
sessions examined for this paper people participated from around New Zealand. These sessions would have 
typically been done through voice call previously or required travel to a common location. This program enabled 
a cohesive communication of the concept and model in first-person and third-person perspective, which was 
lacking in previous sessions. A model can be introduced in a presentation style and placed within a virtual 
environment as if it was a scaled model on a table. Users can then be ‘dropped’ into the model at real-scale and 
continue to explore a design in first-person perspective. This, as a technique for the communication of design 
ideas, was noted to improve design communication during design reviews and could be employed effectively for 
improved client engagement. It is important to note that the rendering quality found in The Wild was lower than 
Enscape and was found to not be suitable for design ‘visualisation’. Therefore, different platforms are required to 
achieve certain outputs and the framework will need to identify this clearly in each project phase. 

4.5 Exchange 

The exchange of information consisted of a summary of the findings from the session which was emailed to 
relevant people within the design team. A range of exit questions were used to help understand the effectiveness 
of the session outputs or directions. Of the questions answered nearly all participants answered positively to the 
process. However, the challenge noted was the process of distilling the key findings so that the wider project 
team could review the final outcomes and/or directions, which was found to be labour intensive. How this 
process can be refined requires further investigation with the aim to determine the most efficient method to 
translate the findings to a wider team. Another finding during this phase was determining that the framework 
should identify not only the outputs of a session, but the next steps in the design. For example, the outputs of a 
session could conclude that wayfinding through the building requires development and the framework would 
then suggest a process to test and evaluate multiple design options to aim to improve this. The exchange phase 
needs to direct the user to a next step to ensure the integration of the VR process within the existing 
architectural process.   

 

5 Conclusions 
In conclusion, to develop an architectural framework to implement VR the framework must include a rigorous 
process which enables designers to effectively employ the outputs from VR. This paper has examined and tested 
example processes and developed an outline for an architectural framework to follow. The outline developed is 
the ‘Establish, Explore and Exchange’ sequence which break down the key areas required to structure a cohesive 
process. These manifest through the pre-session, design-session and session summary which form a process to 
maximize the outputs of VR within the design process. Important items learnt which will inform the next steps 
are that, firstly, designers with more exposure to the technology can better utilize it and the process is more 
effective when benefits of the processes can be clearly outlined. Secondly, the two key categories of ‘new 
concept’ and ‘existing concept’ inform the VR process required. Lastly, that the more information you can 
establish prior to stepping into VR the better the outputs are. Once the framework structure is complete, it will 
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undergo tests through a range of projects with user feedback to help develop and refine the process. An area of 
investigation is required into how this information is illustrated and received. There is an option to detail a 
breakdown of a typical architectural process and show how and where VR could be beneficially used. As the 
framework becomes more detailed and tested throughout other projects these areas will increase and refine 
themselves. Ultimately this will create a roadmap of the architectural process by placing signs for where and how 
VR can be utilised. The framework will allow for additional areas of implementation to develop in parallel to the 
improvements in the technology. 
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Abstract: Contemporary computer numerical controller helps manufacture industrial with its repetitive 
workflow. However, there are always unstable factors in the construction process. This paper focus on 
the human-machine synergy technology for high-precision robotic arms, and develop the method of 
calibrating influence of structural mechanics instantly. With applying the 2-dimensional remapping 
technology into 3-dimension module construction, we develop a new possibility of process, which 
cyclically workflows design thinking and construction services that are then tested, iterated, and refined. 
Our study separates into 2 parts: The first part is to develop a mechanism of human-machine synergy, 
including the interactive feedback mechanism of the controller, VR, or uses the GUI interface to guide 
the designer to effectively control the structural growth. And the second part is using Styrofoam as the 
main material. With its characteristics of machining rapidly, modified and reuse in light weight, we are 
thinking about how to find out a new process of working, shape, stake out collaboratively with two 
robotic arms together simultaneously. This paper proposes the possibility and flexibility of robotic arms 
system would remain when human intervention exists in the process of a full automation workflow. 

Keywords: Human-Machine Synergy, Digital Fabrication, Cyber-Physics Interface, Remapping, Robotic 
Arms, Multi-Move. 

1. Introduction 

Through the advancement of numerical control technology, contemporary digital construction 
technology has the characteristics of repeatability and precision. This feature helps contemporary 
industries such as industrial manufacturing and construction to reproduce precise workflows through 
designer-ordered mechanical equipment and develop designs that differ from traditional ones. Through 
new workflows such as different material properties, data visualization of spatial information, and 
parameter calibration, industrial manufacturing processes balance the well-defined parameters with 
flexible design methods through a digital interface from physical to virtual(Dunn 2012). This research is 
based on the digital characteristics of the real interface, and proposes an effective human-machine 
synergy model based on the Cyber-Physics Interface (CPI). 

Therefore, this study begins with a review of the mechanisms and manufacturing techniques of 
human-machine synergy strategies. We focus on the interactive feedback mechanism of the VR system 
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and first use the Graphic User Interface (GUI) for designers to remotely control the robotic arm. Through 
this series of CPI-based hardware and interface software solutions, we were able to begin the digital 
construction workflow of human-machine synergy. Second, we applied ABB's robotic multi-move 
robotic arm system to command two robotic arms to work together to develop a more complex human-
machine synergy mode of operation. 

After all, we installed the sensor into the physical space, and acquired the distance data by the 
sensor in one month. Thus, the recording data were uploaded to the cloud database to obtain the 
behaviour model of the space user, and the behavioural model translates into a freeform surface made 
with a robotic arm. Through the practice of cross-referencing and citation of various data, this study 
believes that in this era of complete automation, we should still retain some human-machine processes 
in the workflow, so we can keep designers and users remain the flexibility during the repetitive actions 
of the robotic arm manufacturing. 

2. Robotic arms and human-machine synergy 

Professor Gramzio & Kohler of the Swiss Federal Institute of Technology (ETH-Zurich) began using 
mechanical arm technology in 2005. They have a practical work that demonstrates how to apply a non-
standard assembly of robotic arms and develop a designer-oriented design development model 
(Gramazio, et al. 2014). 

Since then, many architectural colleges have begun to study how to apply KUKA, ABB, UR and other 
six-axis robots originally used in industrial processes for advanced development of digital construction, 
and developed such as printing (AlOthman, et al. 2018), concrete casting (Bhooshan, et al. 2018) or 
cutting  (Burry 2016)  and other processes. 

Among these manufacturing equipment, ABB from Zurich, Switzerland, is able to perform so-called 
multi-move functions using multiple robotic arms. This technology, which can handle multiple robotic 
arms with a single control platform, is an adaptive solution for smaller production workflows and allows 
designers to schedule workflows more efficiently and flexibly. The multiplexed collaboration technology 
can effectively perform multiplexed cooperation through stable vector programming and series process 
of different robotic arms. 

 

Figure 1. A multiplexed collaborative system in which another robotic arm performs an operation on the 
body material while the robot is grabbing the working piece (source: this study). 



227 

 

Research on Cyber-Physics Interface System Applied to Digital Fabrication Practice 

 

In addition, Betti’s (Betti, et al. 2018) project is to apply the robotic arm with hot wire cutting 
(RHWC) and put forward many practical operations of the volume removal calculus technique. These 
projects use polystyrene foam as the primary material, which can be processed quickly, light weight, 
modified and reused. For the systematic development of human-machine synergy, it provides an 
effective practice method with certain precision, repeatability, easy loading, and prototype modelling to 
test the practical mechanism. 

The subject of this research is to establish a practical application of the virtual reality interface in the 
human-machine synergy control system. The operation of this study uses the Taco ABB plug-in in the 
visual programming software Grasshopper, bridging the control box of the robotic arm, simplifying the 
process of user-operated numerical programming control. And through the implementation of RHWC 
multiplex cooperation function as the main research object, in order to facilitate the subsequent rapid 
detection of the prototype and correction to the process parameters. 

3. Construction of remote control system 

3.1. Real-time control through VR 

First of all, the human-machine synergy task of this study begins with the most intuitive VR real-time 
operating robotic arm. We use the HTC VIVE system to locate the user space through a head-mounted 
device (HMD) controller, tracking the relationship between the tracker and the six-degree-of-freedom 
(6-DoF) system. In this study, Grasshopper's Vive Track plug-in is used to obtain the trajectory data of 
the user controller, and the data is assigned to 10 sets of point cloud records per second, and then re-
stakes through the matrix to another group with the robotic arm as the main relative. The space 
coordinate system is translated into a G-code that the robot can read, and finally transmitted to the 
robotic arm control box, allowing the robot to perform the path of the controller's motion. 

Among them, although this study separates the user behaviour of the VR controller from the robotic 
arm operating environment to ensure security, in reality, in the digital space, a space field and a robot 
including the VR system where the user is located are established. The common virtual environment 
scene model of the arm operating range. 

Above-described human-machine synergy sequence is linear, and anyone can retrieve the trajectory 
data in almost real time by ordinary computer equipment, there are still some time delay between the 
controller handle movement and the robotic arm cooperation process. During the operation, we 
optimized the motion feedback mechanism of the VR system, and found that the most important 
parameter affecting the user experience should be the feedback time delaying effect between VR 
Bluetooth and the time when the Wi-Fi transmission reflects the robotic arm. Therefore, we modify the 
trajectory of the robotic arm to be the key value of the segmentation algorithm between the human 
behaviour trajectory and the robotic arm operation path. 
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Figure 2. The VR device is merged into human activity, and the motion path of the robotic arm is re-
staked into the physical space by the coordinate matrix transformation algorithm of the trajectory 

division algorithm (source: this study). 

 

3.2. Remote control through GUI 

The VR system intuitively reflects the behaviour of users, but can only be executed in the field space in 
which the user, the terminal processor, and the robotic arm are connected in series. In order to improve 
the field of application of the virtual and real integration interface, we began to develop remote control 
systems for remote users and try to establish another interface to improve the possibility of robotic arm 
collaborative experiments. 

 

 

Figure 3. Control the cursor display through the terminal monitor with the GUI interface, and organize 
the layout. This study used the remote control system at the exhibition in Tainan, to control the 

mechanical arm in Yunlin (source: this study). 
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This research develops a web-based GUI page. The user can control the indication point through an 
input device such as a mouse or an Xbox controller, and can not only interact with the GUI, but also 
interact with the remote robotic arm. To apply this remote control, we built a server-side application 
that stores controller axis movement coordinate history at a data transfer rate of millions of seconds for 
transmission by: attributes, value pairs, coordinate data, and execution activities. The open standard file 
format consists of JSON. These "coordinate-behaviour" data are then requested from the server 
database using Grasshopper's User Datagram Protocol (UDP). And using the input data from the 
database, the client terminal uses the algorithm in Grasshopper to stake out the "coordinate-behaviour" 
data from the plane layout of the display to physical space coordinate system. Finally, we convert the 
new coordinate and behavioural system into G-code that the robotic arm control box can read. 

 

 

Figure 4. The workflow of human machine synergy remote control system (source: this study). 

 

There are several limitations to this series of human-machine synergy processes driven by users, 
cloud servers, terminal decoders, and robotic arm control boxes. First, the layout of the robotic arm and 
GUI of the terminal monitor needs to be highly correlated to ensure that the data can be placed to the 
position that the robotic arm can be achieved. Secondly, using UDP in Grasshopper to get the JSON data 
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of the cloud server means that a stable Internet environment is needed in both the terminal and the 
robot field.  

Therefore, this human-machine synergy process must contain three error-checking mechanisms:  

1. Interrupt mechanism for online time-out loss checking,  

2. Robotic arm operation boundary out-of-range coordinate check,  

3. Avoiding the singularity encountered when the robotic arm move.  

This study believes that these detection conditions may be neglected during simple instruction 
operations. However, when remote human-machine synergy operations requiring more complex real-
time or large amounts of data are required, streaming technology should be used to reduce the 
possibility. The time difference perceived by users. 

3.3. Human-machine synergy practice applied to architectural design and development in a 
period of time 

 

 

Figure 5. Through the installation of the virtual and real interface, the user's behaviour track value is 
recorded for a long time, and different free curve surfaces are created by the user behaviour change 

factors (source: this study). 

 

MIT professor, Lepri has directed the Human Dynamics Lab (HDL) to deploy a multi-modal wearable 
sensing system, the Social Measurement Badge, for digital and real-time analysis of virtual interactive 
interfaces for office interaction (Lepri, et al. 2012). Through the portable measurement badge system, 
HDL records the physical movement of each users, the level of speech and the proximity to others, 
which greatly expands the immediacy of data collection. Among them, HDL badges not only collect 
organization-wide behaviour, but also use these badges for real-time feedback interaction and facilitate 
the integration of team and office layout (Pentland 2014). 
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Williams further use HDL to track data of real-time user interactions, to analyse workflows through 
on-site background data and to constantly collect the change of user needs over time. This real-world 
integration interface created through internet of thing technology, and provides another long-term 
collaborative, interactive, data analysis practice (Williams, et al. 2015). In this study, the user sensing 
mechanism of HDL is further applied to the construction of an information model for detecting user 
behaviour reflected in the spatial field. 

 

 

Figure 6. The workflow of behaviour-space model and the human-machine synergy system (source: this 
study). 

 

This study proposes another human-machine synergy mechanism for a long-term collaborative 
interaction environment. We chose a staircase as the test field. Install LED lights and scaled sound 
feedback on each step of the stairs. In the interaction between users and the media feedback situation, 
users show different feedback mode similar to HDL's practice of “social measurement badge”. However, 
a stairway with acousto-optic effect only allows the user to reflect the temporary behaviour and does 
not develop an evaluable, recursive, and synergistic process. Therefore, we installed a sensing 
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mechanism on each step to record the user's walking path. We tried to construct a behavioural space 
model to organize and reorganize a set of virtual and real integration systems and reproduce them in 
the physical space. A set of spatial transformation human-machine synergy practice. 

In this study, the concept of object-oriented programming (OOP) is used in the program to regard 
the sound effect of each step as the special behaviour of the object, each steps not only triggers the 
environment with light and sound response, but also records user's behaviour path, along with the 
timestamp. We recorded user behavioural process data during two months and converted each 
behavioural movement pattern back to a point cloud data on a free-form surface. 

In this study, RHWC technology was selected to represent the surface of concept, and users’ 
behaviour path feedback by each step was reconverted into the path of the motion trajectory. We 
create a free surface based on the curves of these paths set. 

For quickly reproduce this long-term behaviour-space model in time series, this study established its 
own RHWC end effector, which includes a hot wire stabilizer device, and a Invasive gripper device for 
reshaping 40X40X20 size vinyl foam blocks. Then, through the multi-move feature of ABB robotic arm, 
two specific trajectories of the robotic arms at different positions are respectively calculated to perform 
the multiplex cooperation work. 

3.4. Summary 

This "behaviour-space model" of this study is constantly updated every day. From the beginning to the 
end, the curved wall in the space takes two months to perform the correction, recording an average of 
50 behaviour tracks per day, and installing 9 groups per week.  

When the surface is installed on a daily basis, users begins to perceive the environmental change. 
After we tell the users about the mechanism of surface wall and behavioural trajectory in the 
manufacturing process, some users start to spend more time interacting with the space of the stairway. 
. In addition, we adjust the interaction rules of the light effect on the ladder and the user's sensing in the 
process. 
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Figure 7. Each component is built on a “behaviour-space model” that is constantly updated every day 
(source: this study). 

 

5. Conclusion 

From the real-time human interaction mechanism to the last two months of long-term human-machine 
synergy "behaviour-space model" virtual integration interface, this study not only tries to construct a 
new human-machine synergy interface, but also looks for the possibility between human and digital 
signals translation. During the manufacturing process of this study, the user's reflection behaviour 
pattern was recorded in the "space-behaviour model" of the cloud, and the behavioural model was 
analysed by changing the visual and auditory reflection laws, and the stairwell space was embedded in 
the growth over time. Above the wall process. With the passage of time and data logging, users begin to 
recognize the interrelationship between their behaviour and the environment. 

It is the main goal of our virtual reality interface practice that make users create their own cognitive 
systems and consciously interact with the sensors installed in the physical space, confirm their own 
effects on environmental changes. We tried to propose a method that not only works synergistically 
with the robotic arm, but also with environmental data. 

This study discovered that there is always a time delay in the continuous human-machine 
collaborative workflow. The attempt of this research is to consciously use the time delay mechanism 
that will inevitably occur in the process of human-machine synergy, as a controllable cause in 
architectural design development, rather than intuitively concealing feedback to correct deviations. We 
believe that this kind of human-machine synergy strategy may be another mechanism to further 
integrate digital signal and user cognitive feedback.  

 

 

Figure 8. RHWC end effector, and surface division planning by Grasshopper lofting (source: this study). 
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This study believes that exploring the synchronicity, synergy, and spatial form of sculpture will be a 
new possibility of digital fabrication. People may use timeline movement to shape the surface, and 
different assembly processes or sensor inputs can be used to more effectively or even utilize other 
interface technologies to reflect different needs. In this sense, this study believes that the debate about 
"random stochastic energy, or functional conformity" may reveal a new solution strategy: rather than 
consider time latency between human and machine as a deviation variable need to be corrected, we 
may turn into exploit time latency as an effective impact factor for architectural design development. 
This idea transport the time factor from fixed constant into operative, recursively variables. We suggest 
that this human-machine synergy strategy could move forward to integrate the virtual data flow, reality 
behaviour and even the recognition shift of users within a new perspective of time factor. 
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Abstract: The paper will present the findings from a pilot study and a larger study that uses a virtual 
reality feedback collection methodology with building information modelling. In the pilot study, the 
methodology includes a neurological headset. All test subjects were fitted with Oculus Rift Head 
Mounted Display and, in the pilot study the Emotiv Insight EEG headset. In both studies, the test 
subjects took a virtual tour through a 3D model. The pilot study allows us to evaluate the methodology, 
frame and content in order to undertake the larger study using a more precise selection of measuring 
devices. The matching of the test subjects' location in the model, field of view, the task, and the 
neurological activity, shows a possibility to link an architectural experience to specific emotional 
responses on the level of the individual test person. The pilot study showed us also that a comparison 
between the test subjects was difficult, and hence the larger study made us change the setup towards 
the elements that could yield the most qualifying feedback. The larger study thus focuses on the 
location and the field of view of the test subjects, in combination with a subsequent question matrix. 

Keywords: representation, virtual reality, neurology, perception. 

1. Introduction 

During our research with virtual reality, we have through the last three years performed experiments 
using virtual reality combined with other digital technologies such as BIM modelling, eye tracking, and 
neuro scanning. We have been comparing how people experience architectural space discussing the 
possible use of representation models in architecture. We have been using eye tracking and neuro 
scanning technology in combination with qualitative questionnaires (reference omitted for peer review) 
The research project is called Virtual Scenario Responder – VSR [reference omitted for peer review]. 

In the latest parts of our VR research, we have been looking further into getting a useful and easily 
implemented system, that could work also in architectural studios without the full technological 
machinery fleet. A VR response system that can be used in the design process, for modification and for 
validation of an architectural project, including user involvement. We want to eventually connect the 
system to a wide range of different applications adressing new construction, restoration, and 
accesibility. There are many possibilities, and it requires input from many different fields. An important 
part of the concept is a systematic feedback from a question matrix and the subsequent studies of these 
data.  
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We are currently working with three architectural cases in Denmark under the slogan ‘Fitness for 
Everyone’ [2]. The project used in this study is a new section of the sports facility Gaarslevhallen close to 
the city of Vejle, where accessibility is an important issue. We use this case study to test how we can 
manage a VR workflow allowing user feedback, without unnecessary interfering in the test subjects’ 
experience of the architecture. 

 

 

Figure 1 - the addition to the sports facility as a white sketch model. 

 

Our own previous research indicates that it is possible to simulate a physical scenario in virtual 
reality to a degree where humans behave in a way that can be compared.  A virtual reality scenario can 
possibly be closer related to reality than the experience of the architectural space communicated 
through traditional drawings of plan and section. Representations of architectural projects through 
virtual reality can, when applied correctly, significantly improve the usability of digital architectural 
building information models (Hermund et al. 2017, 2018, 2019). Also other pilot studies have been 
studying VR in combination with pupil dilation, as a means of capturing the behavioral aspect of 
perception (Moleta et al. 2018). Through interacting with the environment in the virtual reality model, a 
feeling of immersiveness can be generated or reinforced (Steuer 1992), as the sensation of actually 
being present in an architectural space, even while knowing that it is a model and thus an illusion 
created by a digital virtual environment (Slater et al. 2009). In this line of thought is ca be considered a 
serious issue that the early sketching phase of architectural projects usually contains very little 
information of details and materials. The different way that our brain identifies form and shape 
compared to materials, textures, color, and details, are investigated in Sarah Williams Goldhagen’s work 
(Goldhagen 2017) with an analysis of form-based cues and suface-based cues. The link to memory and 
previous emotional states, is apparently linked closer to the experience of surfaces (material, texture, 
color, detail) than to the pure geometric form. This can be an issue to be addressed when working with 
architectural sketch models with little detailing and materials. However, even though our brains 
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combine input from different areas to create an experience (Mallgrave 2010), it is not necessarily 
requiring photorealistic models to imagine an architectural space.  

What has been the difficult task in our research has been to find the sufficient level of detail in the 
virtual 3D model. Enough to create the feeling of immersion, but without too much of the detailing that 
can be experienced as distractions. A neurology study comparing learning in VR to conventional media 
(flat 2D screen computers systems) shows that VR increases both sense of immersion and the risk of 
creating an increase in processing demands on working memory, which can lead to a decrease in 
knowledge acquisition. (Makransky et al. 2019).  

While the immersion is a fundamental requirement in the field of sketching architecture, a cognitive 
overload is not desirable, and should be avoided. There are several issues that continuously needs 
attention in relation to reducing background noise in the architectural experience. One parameter here, 
is removing unnecessary details from the test models 

2. Pilot study 

We used the same architectural space for all the studies, but a slightly different data collecting setup for 
the pilot study and the larger study. In this section, the pilot study is summarized and the full study 
explained. A more extensive dissemination of the pilot study is available at (reference omitted for peer 
review). In the pilot study, we had 8 test subjects and in the larger study, we had one group of 30 test 
subject and an additional group of 10 test subjects in order to compare the influence of the markers we 
used to guide the test subjects. This will be explained more thoroughly in the chapter addressing the full 
study. 

2.1 Pilot study summary 

The pilot study consists of hardware, software, and methodology enabling a preliminary study of how to 
apply equipment and what methods to use. This was to a high degree a study investigating if it would 
make sense to include the neurology EEG in the full study or not. 

2.1.1 Test subjects, equipment, and model 

The test subjects were equipped with an Emotiv Insight 5 channel EEG technology brainwave recorder 
and an Oculus Rift HMD. We used a digital 3D model of the architectural extension to a sports facility, 
presented in 1:1 scale in VR. The test model is modelled in Autodesk Revit as a white sketch 3D digital 
model, with no use of textures, in order to eliminate as much background noise as possible (Figure 1). 
The six test subjects were students of architecture and two were architects and educators. One test 
subject was female and the rest was male. 

2.1.2 Method 

The test subjects were presented with a short brief explaining the outline of the pilot study. Before 
the real test, we had designed a tutorial VR room where the test subjects could practice moving around 
and interacting, and we recorded the compulsory individual neurological baseline. There were four 
sequential locations in the model that they should traverse, from the Outside of the building through 
the open foyer, to the changing room, to the fitness room, and finally back outside again. This relatively 
free task was designed in order to simulate a possible close to normal use of the fitness facility. All 
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through the study the EEG was recorded. The output from the Emotiv Insight is from the EEG signal 
transformed into graphs providing metrics showing six different areas. We chose to focus more on 
Excitement, Interest and Engagement. These are relatively precise when measured with the Insight. A 
precision of about 70% for Interest to over 85% for Excitement, and Engagement a little less, when 
measured against standardised tests and other biosignals in Emotive’s lab [3]. 

Summary of the EEG readings 

The amount of neurological correspondence between the individual metrics of the eight test 
subjects was, as expected, not very easily comparable. This probably endorse the assumption that the 
experiences of architecture is very dependent on the individual. Even though we are well aware that the 
sample size cannot be used as a quantitative data set, it seemed worthwhile to check if we could find 
similarities in the neurological metrics related to the perception of the architecture. 

A relation to the spatial quality of the architecture and its different appearances could not be read 
directly from the metrics on a general level for the eight test subjects. An estimation in relation to the 
overall excitement in two different spaces, i.e. the large foyer and the narrow stairwell, indicates that 
only three out of eight feels more excitement in the foyer than in the hallway. However, in six of the 
eight cases, we could observe a rise in the Excitement when the test subjects entered the changing 
rooms. Likewise, we could observe that six of the eight test subjects felt a drop in Excitement once they 
finish the test. 

That there does not seem to be  a clear pattern directly corresponding to the spatial qualities of 
moving through foyer and into the narrow hall, could indicate that the sample size is too small for these 
comparisons, but also that the perception of architecture is a highly individual experience based on 
many different subtleties. We could observe consistency within the individual test subjects performance 
metrics, when analysed as individual cases. Nevertheless, a common pattern in relation to a general 
perception of the architectural qualities could not be found. 

The results from the neurological pilot study are more or less, what we expected. It would have been 
intriguing to discern correlations between the test subjects, but we can still use the findings to 
streamline the elements that we believe will yield the best results in the larger study. 

3. The full study 

Based on the results from the pilot study it became evident that the difficulties of a comparison across 
the whole group of test subjects in the EEG setup did not yield enough comparable data to be scaled up 
in a meaningful way for use in the full study. The larger study contains data from the same project but 
without the EEG. We have collected the position data and the gaze data, and the feedback from the 
questionnaire. 

3.1 Method 

A total of 40 test subjects, divided in two groups of respectively 30 and 10 subjects, were used for the 
study. The first group of 30 subjects were 14 male and 16 female students of architecture with an 
average age of 23.6 years. The group of 10 test subjects were 4 male and 6 female students of 
architecture with an average age of 24.8 years. The test subjects were equipped with an Oculus Rift 
HMD. We used the same digital 3D model of the architectural extension to a sports facility, presented in 
1:1 scale in VR. Still a white sketch 3D digital model, with no use of textures, in order to eliminate as 
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much background noise as possible. In order to point a direction in the model, we initially put markers 
the first group of 30 test subjects could follow. This was to ensure we had an approximately equal basis 
for comparing their behaviour. The additional group of 10 test subjects did not have any markers to 
guide them, so we could compare the influence or possible distraction of the markers themselves. 

Much like in the pilot study, the test subjects were presented with a short brief explaining the 
outline of the study. Before the real test, we used the same tutorial VR room where the test subjects 
could practice moving around and interact e.g. with opening doors and using a laser pointer tool. After 
this, they were teleported to the test, beginning at the entrance of the sports facility. Here they received 
the second brief explaining how to proceed. In order to make a feasible comparison, we used markers in 
the model (Figure 2), that the test subjects were told they could follow. The markers disappeared on 
approach, showing the next place to go. This method of course contains the risk of guiding too much, 
rendering the results biased. We tried to evaluate this but adding the second test group with no 
markers. The relatively free task was designed in order to simulate a possible or close to normal use of 
the fitness facility, without interrupting the test subjects more than necessary. The feedback from the 
study is based on the location tracking, the gaze tracking, and the subsequent questionnaire. 

 

 

Figure 2 - The markers were designed with a high visibility, but at the same time to look familiar in order 
to reduce their distracting factor. The Markers disappear on approach. 

 

4. FINDINGS 

The study provides examples of the possible feedback from using the VSR system in the architectural 
sketching phase. The collected feedback is communicated as visual location data, gaze data, and 
questionnaire answers. 

4.1 Location tracking 

The location tracking is a mapping of the movement path of every test subject. Every 20ms a dot is 
marked in the model at the location of the test subject. That data can be visualized as heat maps, 
intensifying from green over yellow to red, where more people are walking or stopping. The following 
maps (Figure 3) show the three floors of the case building and the accumulation of ‘heat’ where most 
people have been.  
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Figure 3 - the location heat maps based on the 30 people test group. 

 

The group with no markers (Figure 4) show that the test subjects are actually taking more or less the 
same route through the building as our guided tour, with the markers. 

 

Figure 4 - the heat map based on the location of the 10 people test group. 

 

There is no doubt from reading these heat maps, what part of the building is the most busy, namely 
the large foyer with the café and reception, also functioning as distribution space to the facilities. From 
the use of this methodology, it is of course also possible to isolate the individual heat maps, to learn 
where specific test subjects spent most time and what they looked at in order to evaluate their answers 
about the architecture. 

4.2 Gaze tracking 

Previously we have been working with eye tracking equipment in both reality and in virtual reality. In 
this study, we wanted to minimize the equipment and optimize the feedback with the focus on easily 
recognizable visual feedback. Thus, we designed a system that would not require a complete eye 
tracking of the pupil movement, but simply logged the center of the view in the virtual reality glasses. 
This made the system much lighter in respect of both the equipment and the data processing. The heat 
maps shown in (Figure 5 & Figure 6) are the center of the direction of the test subjects’ heads that we 
assume is the average gaze direction on general level. The trade off in this case is between the precision 
and the almost instant visual feedback. 
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Figure 5 – a comparison of the collected gazepoints of all the subjects in the two test groups, i.e. with 
markings (left) and without markings (right), shows a high correspondence in the gaze data. 

 

The two different groups show a rather high similarity in the visual attention span in the model. The 
areas that requires interaction, such as door handles and the elevator button, are obviously receiving a 
lot of attention. In addition, the view into the large sports arena gets attention. The dummy people in 
the model are also noticed, despite their non-photorealistic appearance. 

 

 

Figure 6 - the gaze heat maps allows to find the areas that receives the most attention in the model. 

      

This way of heat mapping the collected gaze data visually, allows for an general analysis of the areas 
in the models that gets the most attention. We can see e.g. from what window, the test subjects are 
looking into the large hall. 
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4.3 The questionnaire 

We designed the questionnaire with two different purposes. First, the answers can be used to evaluate 
the user experience of the building. Since the questionnaire is filled out in retrospect, the answers will 
require a reflection about the architecture. The test subjects were told that they would be asked about 
the architecture after the virtual tour, and so they would pay attention to the building. This was a way of 
getting the test subjects to look at the architecture and avoid them to rush through the building like if it 
was a game, a race that simply needed to be won. 

We have collected some of the answers from the questionnaire, to exemplify what kind of data can 
eventually be cross-referenced with location and gaze data. There are some coherence between the 
experience of the rooms with a nice view (Figure 7) for both the two groups of test subjects. 

 

 

Figure 7 – diagrams of rooms experienced to have a nice view to the outside. Respectively 30 people 
(left) having guiding markers and 10 people (right) roaming freely through the building. 

 

Using this type of data (Figure 8), it will be possible to pinpoint test subjects’ answers to their specific 
path through the building, and what they actually saw in order to experience what they did. This can be 
used both for accessibility assessments, but also for an investigation of the architectural atmosphere of 
the building. 

 

 

Figure 8 - Rooms experienced to have a view to the large hall sports arena. Respectively 30 person group 
(left) and the 10 person group (right). 

 



243 

 

Neurological feedback from perception of architecture in virtual reality: a methodology study 

The description of the building, in a few words (Figure 9), can be listed and shown visually as 
diagrams for an easy overview of the impression of the architecture in the test group. The qualitative 
feedback can be specified in particular areas to be evaluated, in line with the desire of the architects. 

 

 

Figure 9 – Descriptions of the building. Respectively 30 test subjects (left) and 10 test subjects (right). 

   

5. CONCLUSION 

The study with the VSR methodology we are currently developing, shows that an architectural 3D BIM 
model can provide the foundation for many investigations on the behavioural aspects of the experience 
of architecture. The neurological non-intrusive EEG scanning results proved useful on the level of the 
individual test subjects, but difficult to generalize. The study also shows that a streamlined collecting of 
data can, without the need of additional equipment (EEG and pupil eye tracking), provide useful 
information about the movement and areas of interest in an architectural model. 

While we cannot conclude a precise terminology for the experience of architecture in a true EEG 
neurological perspective, we could use the results of the pilot study, with the purpose of streamlining 
the methodology into a ‘slim’ version based on the location, gaze, and questionnaire data. In the VSR, 
the individual or the group (or any part of the group) location data can be cross-referenced with both 
the gaze maps data and the questionnaire in order to pinpoint the type of the experience, at a given 
location, and the potential reasons to the specific type of experience. We believe that we are getting a 
step closer to determine what kinds of architectural traits result in pleasant and emancipatory 
experiences, and which experiences are the result of frustration or confusion. 

We have not abandoned the idea of setting up a larger scale experiment with EEG and virtual reality 
in the field of architecture. This work will presumably continue as a side project to the VSR. Currently we 
focus on fewer and more stylized architectural means to establish a common catalogue of behaviour in 
relation to a clear framework in the 3D model. A transition from a small space to a larger space, from 
darkness to a bright space, could perhaps be a way of gathering data, eliminating some potential 
sources of error. We will in this case design a 3D model, which will be more precise in the study than a 
real world 3D model. Accessibility will be a focus for the near future of the VSR, and the prime focus will 
remain on the investigation of the representation of architectural atmosphere. 
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Abstract: Smart Heritage leverages the past to transform cities into smart cities. It bridges a theoretical 
framework between the existing smart cities and heritage discourses and can benefit both the smart 
and heritage of aspirations of cities. The recent increase in the preparation of smart city policies by local 
governments in Australia provides an opportunity to examine how the recent generation of smart city 
strategic documents implement Smart Heritage. This paper will investigate how three local government 
smart city policies in Australia; City Futures Strategy by Logan City Council, Lake Mac Smart City Smart 
Council: Digital Economy Strategy 2016-2020 by Lake Macquarie City Council, and Smart, Connected 
Brisbane by Brisbane City Council; implement Smart Heritage. It will also briefly discuss the areas in the 
policies where further implementation of Smart Heritage can support the smart city ambitions of the 
cities. 

The main findings are the policies subtly implement Smart Heritage, and it is most present in high-
level definitions and objectives. There is a need to develop Smart Heritage lower-level provisions and 
initiatives as there is a lack of these across the policies. Nevertheless, there is ample theoretical overlap 
between Smart Heritage and the policies to further implement Smart Heritage within the existing policy 
frameworks. 

 

Keywords: Smart heritage; smart city; heritage. 

1. Introduction 

Smart Heritage is the next step in the evolution of smart cities as it identifies the past can have 
transformational power over how we shape and interact with environments. The transformational 
power of Smart Heritage, the theoretical bridging between the smart city and heritage discourses, stems 
from its position between its root-concepts. This position encourages data and smart technology to 
adopt the role of curator to form experiences about the past in present day smart cities for the benefit 
of both heritage and smart city outcomes. It moves the current discussion regarding technology and 
heritage beyond the passivity that is dominant in Digital Heritage and enables a new paradigm for 
understanding and experiencing the past; potentially challenging authorised heritage discourses and the 
role of historical narratives in the city.   
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To adequately apply and benefit from Smart Heritage it is important to firstly understand how smart 
cities are implementing the concept so context can be found to develop the concept through later 
discussions. This paper will therefore investigate how the smart city policies of Logan City Council, Lake 
Macquarie City Council, and Brisbane City Council implement Smart Heritage, and briefly discuss the 
areas in the policies where further implementation of Smart Heritage can support their ambitions.  

This research comes at a time of expansion within the Australian smart city sector resulting from the $50 

million in funding for local governments by the Australian Government in 2016 as part of its Smart Cities 

and Suburbs Program (Australian Government, 2018). This program supports the delivery of smart city 

projects that address liveability, productivity, and sustainability. The program encourages local 

governments to prepare and adopt smart city policies that outline how they will manage and implement 

the smart city projects within their jurisdictions. Each policy provides a definition of a smart city in their 

context, and objectives, provisions, and initiatives to deliver their smart city ambitions.  

2. What is Smart Heritage? 

Smart Heritage is the “theoretical convergence of heritage, a value-based concept resulting from 
the understood transmission of significance associated with the past, and smart city, a recognised area 
that automatically implements information through digital technology to benefit those interacting with 
and within that area” (Batchelor and Schnabel, 2019). It is a portmanteau term of ‘smart city’ and 
‘heritage’ that bridges between both concepts. It forms a relationship between the concepts where the 
elements of both intersect, converse, and find value. For example, heritage can benefit the application 
of smart cities, and smart city applications enhance heritage outcomes. 

Inherit within the ‘smart’ component of the term, are the elements of and applications for 
communication, sustainability, wellbeing, infrastructure, community, systems, and economy (Nam and 
Pardo, 2011; Chourabi et al., 2012; Yigitcanlar et al., 2018). Other occasionally present elements and 
applications are mobility, human capital, governance, access, efficiency, and urban space. The ‘heritage’ 
component contributes elements of subjective and malleable values associated with the past that are 
subject to personal and collective understandings within changing environments (Smith, 2006; Smith 
and Waterton, 2009; Uzzell, 2009; Winter, 2012). Simply put, Smart Heritage leverages that meaning 
associates with the past in smart city contexts.  

Smart Heritage advances the discussion at the intersection of technology and heritage, currently 
occupied by Digital Heritage and Virtual Heritage, as it draws on the automatic implementation of 
information inherit within the smart city concept. The concept applies decision-making technology that 
does not require constant human input, commands, or oversight. For Smart Heritage, this may include, 
but is not limited to, sourcing data from a user, heritage resources, and real-time environments to 
improve the experience and understanding of significance associated with the past for that user. Smart 
Heritage also involves applications such as the automatic implementation big data to improve 
communication and engagement processes for historical resources and narratives. In comparison, 
Digital Heritage lacks this automatic implementation and is passive due to its reliance on humans to 
command the transmission of significance through activating digital files, such as on audio guides or 
mobile applications (UNESCO, 2003). Virtual Heritage is similarly passive as it is focuses on the 
transmission of historical realities using visual imaging technology and lacks meaningful decision-making 
abilities for curating a heritage experience (Roussou, 2002).   
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The theoretical grounding of Smart Heritage embraces post-modern criticisms of heritage. It enables 
authorized heritage discourses to be challenged by positioning technology as the curator of heritage 
experiences rather than an institution or human (Smith, 2006). In this role, and because Smart Heritage 
applications may rely on big data and changing information sources, it may lead to alterative historical 
narratives occurring for the purposes of improving engagement, finding value and meaning in the past 
which diverges from authorised narratives. Smart Heritage therefore may discover different 
perspectives and alternative truths due to the large, unauthorised, and evolving nature of big data 
(Viñas, 2002). 

3. Research Design 

This research draws on similar studies by Angelidou et al. (2017) which investigates and 
compares the integration of heritage in the smart city policies of Barcelona, London, and Amsterdam. 
This research therefore similarly applies a cross-case analysis to investigate the implementation of Smart 
Heritage in three local government smart city policies from Australia. This method enables the 
comparative assessment of similar cases to identify trends, relationships and extract propositions (Yin, 
2003; Eisenhardt, 1989).  

The research firstly identifies the relevant components in the policies; their smart city definition, and 
the objectives, provisions, and initiatives that include or support Smart Heritage elements and 
outcomes. For clarity, a smart city definition is where the policy clearly states what a smart city is, 
objectives are high level statements such as key principles or aims, provisions are mid-level statements, 
and initiatives are real-world applications or deliverables. The research records the differences in 
terminology of the components and assigns it to the most relevant category for the purposes of this 
cross-case analysis. A table presents the data to display the information and allow its comparative 
analysis.  

 Secondly, scanning of the table occurs to uncover trends and patterns within the policies. A 
discussion then presents how the policies collectively implement Smart Heritage, focusing on the trends 
and differences throughout the policies, before statements on where further implementation of Smart 
Heritage can support the smart city ambitions of the cities. 

This paper investigates the following cases:  

 City Futures Strategy, Logan City Council (2018); 

 Lake Mac Smart City Smart Council: Digital Economy Strategy 2016-2020, Lake Macquarie City 

Council (2016); and 

 Smart, Connected Brisbane, Brisbane City Council (2017) 

The reasons for the selection of each policy is that each policy is operative within their jurisdiction, 

all policies relate to areas that have a record of human history and settlement from both Aborigines 

and settlers, and the cities contain populations that are of a notable size; over 200,000 inhabitants 

each. The operative status is important because many other local governments in Australia are still 

drafting their policies. The presence of known history enables historical narratives to intersect with 

the smart city ambitions of the city for Smart Heritage to become relevant for inclusion in the 

policies. The notable population size of the cities indicates the cities have a significant scale of smart 

city aspirations and the ability to deliver Smart Heritage outcomes. 
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4. Research 

The following section briefly describes each policy, their smart city definitions, and the relevant 
objectives, provisions, and initiatives. Table 1 presents the relevant policy components; definitions, 
provisions, objectives, and initiatives. 

4.1. City Futures Strategy, Logan City Council (2018) 

The City Futures Strategy by Logan City Council (2018) defines a smart city as one “that apply 
digital technology, big data, community empowerment, and innovative thinking to improve liveability, 
sustainability and productivity”. The policy provides four objectives. The objective ‘empowering 
knowledge’ is relevant to Smart Heritage as it seeks to “encourage and increase participation, harness 
the knowledge and creativity of our community, and design services that are people-centric”. The 
objective ‘confidence’ is also relevant because it seeks a city that is proud of its history and unique 
identity. The other objectives mention the ‘innovation’, ‘disruption’, and ‘technology’ but do not clearly 
state elements of Smart Heritage, therefore, they are not feature in the data collection.  

The policy provides nine provisions that each have between four to nine progress indicators. 
Provisions that are relevant to Smart Heritage include elements of digital connectivity, city vibrancy and 
visitation, and community inclusion and participation. The policy has five areas of initiatives, identified 
as priority actions in the policy, with eight to ten initiatives each. The areas with relevant initiatives are 
‘future innovation and prosperity’, ‘future connectivity’, ‘future community’, and ‘future place’. The 
relevant initiatives to Smart Heritage relate to implementing open data programs, improving data usage, 
creating smart city platforms, engaging the community through digital technology, and using digital 
technology to support culture, arts, and tourism and city activation.  

4.2. Lake Mac Smart City Smart Council: Digital Economy Strategy 2016-2020, Lake 
Macquarie City Council (2016) 

Lake Mac Smart City Smart Council by Lake Macquarie City Council (2016) states that “a smart 
city captures the diverse ways in which new online technologies are shaping how we work, collaborate, 
play, innovate and plan for the future”. The policy has four objectives, named principles in the policy, 
which guide the strategy. There are two objectives that are relevant for this research; titled ‘activate’, 
which seeks empower the community through flexibility and experimentation, and ‘build’, which seeks 
to upgrade information technology infrastructure and systems across the city. The other objectives do 
not address matters that are relevant for Smart Heritage. 

The policy provides five provisions, identified as strategic outcomes. The provision of ‘connected 
communities’ is relevant to Smart Heritage as it seeks to implement and improve broadband services 
and information management systems. The provision ‘great places’ is also relevant as it aims to use 
digital technology to build a sense of community and place. The other provisions are not relevant as 
they focus on online council services, business innovation and investment culture, and digital literacy. 

Each provision has three or four initiatives below it. For ‘connected communities’, the relevant 
initiatives for Smart Heritage are installing broadband services across the city, upgrading existing council 
information management systems to improve internal productivity and adapt to future networks, trial 
and implement environmental data collection to improve decision making, and creating council 
guidelines for utilising third party technology. The relevant initiatives for ‘great places’ are piloting 
interpretative historical and cultural information applications, investigating interactive art and light 
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projects to enhance public spaces, and improve experiences for online council and local business 
services through systems data sharing and internal optimisation.   

4.3. Smart, Connected Brisbane, Brisbane City Council (2017)  

Smart, Connected Brisbane by Brisbane City Council (2017) defines a smart city as “a city that 
utilises information and communication technologies to meet the demands of its citizens while 
enhancing quality of living”. The policy identifies six objectives, named as characteristics, that are central 
to its vision of a smart city. The objectives that reflect Smart Heritage are ‘efficient’, where “digital 
technologies are employed to make activities efficient and effective”, ‘personalised’, where “people 
have a personalised human, experience within the city”, and ‘insightful’ where “analytics creates 
insights that enable data-drive decision making”. The other objectives do not significantly relate to 
Smart Heritage; they address economic prosperity, social inclusivity, and a social environment of trust 
and innovation.  

There are sixteen provisions, identified as goals, in the policy. They cover three focus areas of 
‘explore and understand’, ‘deliver and implement’ and ‘upskill’. The relevant provisions for Smart 
Heritage relate to improving accessibility and usage of data to improve users’ digital and city 
experiences. There are eight initiatives in the policy. The relevant initiatives for Smart Heritage are the 
installation of public Wi-Fi services throughout the city and the release of council data to support 
innovation. The other initiatives relate to entrepreneurship, water usage, council procurement 
processes, transport, food trucks, and emergency services and are not particularly relevant for Smart 
Heritage.  

Table 1 presents the components from each case. The table presents the policies vertically and divides 
them horizontally into definitions, objectives, provisions, and initiatives. 

Table 1: Tabular display of the three cases 

  City Futures Strategy, Logan 
City Council (2018)  

Lake Mac Smart City Smart 
Council: Digital Economy   
Strategy 2016-2020, Lake 
Macquarie City Council (2016) 

Smart, Connected Brisbane, 
Brisbane City Council (2017) 

Definition (Smart) cities and communities 
that apply digital technology, 
big data, community 
empowerment, and innovative 
thinking to improve liveability, 
sustainability and productivity. 

A smart city captures the diverse 
ways in which new online 
technologies are shaping how we 
work, collaborate, play, innovate 
and plan for the future” 

A city that utilises information and 
communication technologies to 
meet the demands of its citizens 
while enhancing quality of living 

Objectives Empowering community: We 
will work to encourage and 
increase participation, harness 
the knowledge and creativity of 
our community, and design 
services that are people-
centric. 

  

Confidence: The City of Logan 

Active: Activating the Smart City 
and empowering the community 
requires a certain degree of 
flexibility and experimentation, 
which government policy can 
facilitate 

 

Build: Council and partner 
government and industry 

Efficient: Digital technologies are 
employed to make activities 
efficient and effective 

 

Personalised: People have a 
personalised human experience 
within the city 
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is a city of confidence. We are 
proud of our history, and look 
forward to our future with 
excitement and optimism. Our 
city will be confident in our 
strengths and our unique 
identity, and confident as we 
embark on new paths of 
opportunity and innovation. 

stakeholders will facilitate the 
upgrade of information 
technology infrastructure and 
systems across the City 

Insightful: Analytics creates insight 
that enables data-driven decision 
making 

 

Provisions To increase the quality and 
coverage of digital connectivity 

 

To increase city vibrancy, 
visitation and activation 

 

To improve community 
inclusion and participation 

Connected communities: a city of 
connected communities and 
smart city services: 

-New technologies can provide 
the scale that allows greater, 
more efficient access to services 
and information and significantly 
enhance government 
engagement with a 
geographically dispersed 
population.  
-Connecting communities with 
better information about the 
City and what it has to offer is 
also key. 
 

Great Places: a city with great 
places to meet and connect: 

 

-A Smart City is one where it is 
easy to connect both online and 
in person. This combination 
drives innovation, builds a sense 
of community and makes cities 
fun and interesting  

Explore and understand: Explore 
and create meaning out of our city’s 
data 

Explore and understand: 
Understand the city and its people 
through the data they create 

 

Explore and understand: Use data 
to inform decision making 

 

Deliver and implement: Predict and 
deliver inclusive, tailored digital 
experiences for Brisbane’s 
residents, businesses and visitors 

 

Upskill: Integrate smart, connected 
seamlessly into everyday life to 
enrich the lives of residents, 
businesses and visitors 

 

Upskill: Use integrated data and 
real time analytics to inform 
decisions and improve services 

Initiatives  Future innovation and 
prosperity: We will enhance 
our open data program and 
leverage the Internet of Things 
and big data to build a more 
efficient, innovative and 
dynamic city 

Future connectivity: We will 
work with industry and 
innovators, leveraging existing 
infrastructure, such as 
streetlights, to create a smart 
city connectivity platform 

 

Future community: We will 

Connected communities: 
Investigate merit in improving 
high-speed broadband 
infrastructure 

Connected communities: 
Investigate opportunities for 
incorporating smart technologies 
to collect, transmit and retrieve 
anonymous data on asset use, 
resource consumption and 
maintenance activity to inform 
city management and strategic 
planning 

Connected communities: Develop 
guidelines with criteria for 

Open data: Brisbane City Council 
releases open data free of charge to 
encourage third parties to 
develop apps, websites and tools 
that can benefit Brisbane residents 
and business. 

 

Free Wi-Fi network: Council's 
free Wi-Fi service allowing residents 
and visitors to stay connected as 
they move around many parks and 
public spaces across the city, 
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modernise city governance and 
community engagement, 
especially through digital 
technology, to strengthen 
participation and innovation 

 

Future community: We will 
showcase and leverage our 
creative and cultural diversity, 
through events, media, art and 
collaboration 

 

Future place: We will promote 
innovation that enhances 
tourism, city activation and 
local experience (for residents 
and visitors). 

 

endorsing third party apps 
relevant to life in Lake Macquarie 
City 

Great places: Pilot interactive 
design features on the Fernleigh 
Track that allow users to retrieve 
historical and cultural 
information on mobile devices.  

Great places: When revising the 
Cultural Plan, investigate ways to 
activate the public realm with 
digitally interactive art and light 
projections. 

Great places: Investigate search 
engine optimisation to improve 
visitor and resident access to 
information about local services 
and recreational facilities.  

Great places: Market the 
benefits of search engine 
optimisation to local businesses.  

Great places: Continue to work 
with other government agencies 
to investigate the development 
of apps that provide residents 
and visitors with information 
about local places, services and 
activities of interest. 

 

5. Analysis of Findings and Discussion 

The first finding is the policies do not explicitly implement Smart Heritage. However, it is subtly 
present in the policies through the combination of complementary components. For example, in City 
Futures Strategy by Logan City Council (2018) the combination of the big data, community 
empowerment and liveability elements in its definition, the emphasis of the city’s past and unique 
identity its objectives, and the provisions and initiatives to increase city vibrancy, visitation, and 
activation builds a strong case for the presence of Smart Heritage. Smart, Connected Brisbane by 
Brisbane City Council (2017) builds a Smart Heritage discourse through its provisions and objectives that 
seek to employ a personal human experience, data-drive decision making, and meaning within the 
smart city context. However, this discourse does not explicitly relate to heritage or Smart Heritage 
matters and therefore is likely unintentional. Lake Mac Smart City Smart Council by Lake Macquarie City 
Council (2016) does not provide clear indicators of the Smart Heritage concept, however, its definition 
and broad policy components that focus on community and place-making do not exclude the 
exploration of Smart Heritage by future initiatives.  
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A second finding is the smart city definitions and objectives shape the scope available for the lower-
order provisions and initiatives. This shaping can either broad or restrict the scope for the lower 
components and then influence their effectiveness for Smart Heritage. For example, the definitions and 
objectives in City Futures Strategy and Lake Mac Smart City Smart Council emphasise the primary role of 
the council as the administrator or manager of the smart city discourse, excluding business owners and 
the community from significant input. This scope leads the policy to deliver outcomes that are within 
the control of council, such as publicly owned cultural institutions and tourism ventures, council-led 
place-making activities, and public space infrastructure and service improvements. In these policies 
therefore restrict the scope for Smart Heritage by this top-down approach. In comparison, the definition 
and objectives in Smart, Connected Brisbane position technology as the leading elements in the policy 
and does not state who will control or initiate the technology; leaving it open to all parties in the city. As 
a result, the provisions and initiatives are less prescriptive about outcomes. This enables greater 
flexibility for Smart Heritage where it can apply to all sectors where meaning and the past intertwine 
with smart city aspirations, including and beyond council-controlled measures. This is especially notable 
in the provisions that tailor digital experiences and create meaning out of the city’s data in Smart, 
Connected Brisbane. Flexibility for Smart Heritage is therefore important as it enables the concept to 
find its own value within the social, economic, political, and contextual environment within each city.   

A third finding is there is little meaningful implementation of Smart Heritage in the initiatives across 
the policies. The policies do not convey the sentiment of Smart Heritage present in their objectives and 
provisions into tangible outcomes in their initiatives. For example, the tourism and event-focused 
initiatives in City Futures Strategy only partially reflect the aspirations in the definitions and objectives 
that mix digital technology, big data, community empowerment, innovative thinking and overt 
connection with the past, community, and innovation. In this case, the initiatives could adopt a wider 
focus for applying the concept, such as for enhancing liveability, cultural richness, and civic identity, and 
supporting the conservation of historical resources. Smart, Connected Brisbane also does not deliver 
initiatives that build on the emphasis on personal experiences and meaning in its objectives and 
provisions. It is unclear whether and in what form the policy will deliver Smart Heritage, however, the 
strong integration of Smart Heritage in the objectives and provisions signal it will occur. Lake Macquarie 
City Council notably includes an initiative to retrieve historical and cultural information on mobile 
devices, however, this is likely to be Digital Heritage due the initiative stating users will retrieve the 
information, likely from pre-set digital archives, rather than the technology having a greater curator 
role. All the policies do not include initiatives that leverage meaning that associates with the past in 
smart city contexts. 

Regarding the possible further implementation of Smart Heritage in the policies, there is ample 
theoretical overlap between the policies and the concept for the further adoption of Smart Heritage. 
Each smart city definition given in the policies being sufficiently broad to promote or enable the 
application of meaning that associates with the past into applications within a smart city. While the 
definitions are not explicitly in favour of Smart Heritage, they do not exclude or restrict its 
implementation. The difficulty to explicitly implement Smart Heritage in a definition that also covers all 
facets of a smart city is understood.  

The policies require the further implementation of contextual meaning within a smart city context to 
improve the presence of Smart Heritage. Only Logan City Council mentions the past explicitly out of the 
three policies. For example, altering the objective in Smart, Connected Brisbane to ‘Personalised: People 
connect, experience and contribute to narrative of the city’. Emphasising contextual meaning, such as 
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the narrative of the city and its people, can provide guidance to lower order components without 
restricting the objective too specifically for Smart Heritage outcomes.  

The provisions require a more explicit approach to the implementation of Smart Heritage than what 
is currently present. Yet, these are to be within the context of their above objectives. The provisions 
should aim to emphasise concepts associated with the past and their benefits for liveability, economic 
growth, innovation, civic identity, and wellbeing. For example, Logan City Council could adopt or modify 
a provision that features the proud history of the city and harnessing the knowledge and creativity of its 
community that the above objective states. The policy from Lake Macquarie City Council could adopt a 
provision that emphasises the historic identity of the various communities and their contribution to the 
story of the wider city. This would link well with the above ‘Connected communities’ objective. The 
provisions of Brisbane City Council are strong and sufficiently integrate Smart Heritage.  

The initiatives require more direct implementation to meaningfully apply Smart Heritage. For 
example, Brisbane City Council could adopt an initiative that uses data analytics to identify heritage 
significance in archival, news, and online sources to create new dialogue and information to personalise 
and enrich the city. An initiative like this would align with its provisions and objectives which indicate 
Smart Heritage outcomes. The tourism-focused initiative in the policy from Logan City Council could 
employ contextual meaning and the identity of the city to achieve greater city activation. The initiatives 
in the policy from Lake Macquarie City Council could better position information and digital technology 
as the curator in heritage experiences to make better places.   

6. Conclusion 

The research finds the smart city policies of Logan City Council, Lake Macquarie City Council, and 
Brisbane City Council do not explicitly implement Smart Heritage; however, it is subtly present in the 
policies through the combination of complementary components. Also, the smart city definitions and 
objectives influence the scope of the implementation in the lower order provisions and initiatives by 
focusing the application of Smart Heritage to specific topics and contexts. The research also finds little 
meaningful implementation of Smart Heritage in the initiatives across the policies. This raises the 
question whether there is significant awareness of the methods to implement the concept in local 
government smart city policies?    

In addition, there is ample theoretical overlap between the policies and Smart Heritage to enable 
further implementation of the concept as a result of them sharing many of the same elements and 
outcomes. Further implementation is possible in the objectives, provisions, and the initiatives through 
the layering of Smart Heritage concepts in greater specificity from the objectives towards the initiatives. 
The given definitions appear sufficient for the further implementation of the concept. 

Further research on additional policies will be valuable to provide a more comprehensive 
understanding on the implementation of Smart Heritage across the Australian local government smart 
city sector. A more comprehensive understanding will benefit the implementation of the concept to 
achieve both civic and heritage aspirations in smart city contexts; a need which this research identities 
as beneficial to address the lack of meaningful initiatives in the policies. Smart Heritage will likely 
require further development before local government smart city policies explicitly implement it. The 
exact form of the implementation will likely vary depending on the context of each city. 



254 Batchelor D. and Schnabel M. 

 

References 

Angelidou, M., Karachaliou, E., Angelidou, T., and Stylianidis, E. (2017) ‘Cultural heritage in smart city environments’, 
26th International CIPA Symposium 2017. Ottawa, Canada, 28 August-01 September 2017. The International 
Archives of the Photogrammetry Remote Sensing and Spatial Information Sciences: pp. 27-32.  

Australian Government. (2018) Smart Cities and Suburbs Program. Available from: 
https://cities.infrastructure.gov.au/smart-cities-program. (accessed 20 May 2019). 

Batchelor, D., and Schnabel, MA. (2019) ‘Smart Heritage: The convergence of heritage and the smart city, Digital 
Cultural Heritage: FUTURE VISIONS a landscape perspective. Shanghai, China, 23 and 24 November, Shanghai: 
Tongji University and University of Queensland, under review.  

Brisbane City Council. (2017) Smart, Connected Brisbane. Available from: https://www.brisbane.qld.gov.au/about-
council/governance-and-strategy/vision-and-strategy/smart-connected-brisbane. (accessed 20 May 2019).  

Chourabi, H., Nam, T., Walker, S., Gil-Garcia, J.R., Mellouli, S., Nahon, K., Pardo, T. and Scholl, H. (2012) 
‘Understanding Smart Cities: An Integrative Framework’, 45th Hawaii International Conference on System 
Sciences. Maui, USA, 4-7 January. Washington DC: IEEE, pp. 2289-2297. 

Eisenhardt, K. M. (1989) Building theories from case study research. Academy of management review, 14(4), pp. 
532-550. 

Lake Macquarie City Council. (2016) Lake Mac Smart City, Smart Council: Digital Economy Strategy 2016-2020. 
Available from: https://shape.lakemac.com.au/smart-city (accessed 20 May 2019). 

Logan City Council. (2018) City Futures Strategy. Available from: https://www.logan.qld.gov.au/about-logan/living-
in-logan/innovation. (accessed 20 May 2019).   

Nam, T. and Pardo, T. (2011) ‘Conceptualizing smart city with dimensions of technology, people, and institutions’, 
12th Annual International Digital Government Research Conference: Digital Government Innovation in 
Challenging Times. Maryland, USA, 12-15 June. New York: ACM, pp. 282-291. 

Roussou, M. (2002) ‘Virtual Heritage: From the Research Lab to the Broad Public’, Virtual Archaeology: Proceedings 
of the VAST 2000 Euroconference. Arezzo, Italy, 24-25 November. Arezzo: Archaeopress, pp. 93–101.  

Smith, L, and Waterton. E. (2009) ‘The envy of the world?’ Intangible heritage in England’. in Smith, J. and Akagawa, 
N. (eds) Intangible Heritage. London: Routledge, 289- 302. 

Smith, L. (2006) Uses of Heritage. Abingdon: Routledge.  
United Nations Educational, Scientific and Cultural Organisation (UNESCO). (2003) Charter on the Preservation of 

Digital Heritage. Available at: https://unesdoc.unesco.org/ark:/48223/pf0000179529. (accessed 20 May 2019). 
Uzzell, D. (2009) ‘Where is the discipline in heritage studies? A view from environmental psychology’. in Sorensen, 

MLS. and Carman, J. (eds) Heritage Studies: methods and approaches. Abington: Routledge, pp. 326–333. 
Viñas, S.M. (2002) ‘Contemporary theory of conservation’, Studies in Conservation, 47(1), pp. 25–34.  
Winter, T. (2012) ‘Clarifying the critical in critical heritage studies’, International Journal of Heritage Studies, 19(6), 

pp. 532–545.  
Yigitcanlar, T., Kamruzzaman, M., Buys, L., Ioppolo, G., Marques, J., Moreira Da Costa, E. and Yun, J. (2018) 

‘Understanding ‘smart cities’: Intertwining development drivers with desired outcomes in a multidimensional 
framework’, Cities, 81, pp. 145-160.   

Yin, R. (2003) Case Study Research: Design and Methods. London: SAGE Publications. 
 
There is a section break below, please do not delete it. 
 
There is a section break above, please do not delete it. 

https://cities.infrastructure.gov.au/smart-cities-program
https://www.brisbane.qld.gov.au/about-council/governance-and-strategy/vision-and-strategy/smart-connected-brisbane
https://www.brisbane.qld.gov.au/about-council/governance-and-strategy/vision-and-strategy/smart-connected-brisbane
https://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6148328
https://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6148328
https://shape.lakemac.com.au/smart-city
https://www.logan.qld.gov.au/about-logan/living-in-logan/innovation
https://www.logan.qld.gov.au/about-logan/living-in-logan/innovation
https://unesdoc.unesco.org/ark:/48223/pf0000179529


Urban Design, Sustainability





 

Revisiting the Role of Architecture for 'Surviving’ Development. 53rd International Conference of the 
Architectural Science Association 2019, Avlokita Agrawal and Rajat Gupta (eds), pp. 255–264. © 
2019 and published by the Architectural Science Association (ANZAScA). 

Enlivening Miles: A study of the potentialities of an abandoned 
railway corridor in narayanganj to serve the growing city as a 

green corridor 

Sabbir Ahmed1 
1 Military Institute of Science and Technology, Dhaka, Bangladesh 

sabbirahmed@arch.mist.ac.bd 

Abstract: Running along river Shitalakkhya’s edge, the Chashara-Adamjee EPZ Cargo Route has been 
inactive for many years, with the abandonment of Adamjee Jute Mills in 2002 being the most important 
factor. The main concerns are the inefficient and unplanned use of the railway land, garbage disposal 
and potential industry exploitations which it remains vulnerable to, whereas the communities residing 
along, water bodies and the river are its biggest strength. Narayanganj is a city craving for vibrant public 
spaces. This disused railway corridor has the potential to be a significant urban activity corridor in the 
direction of the city’s growth that will act like magnets pulling and sewing together public activities, 
eventually creating diverse employment opportunities while addressing the city’s cultural and 
environmental needs. The beneficiaries of this transformation could be the city’s residents, with its 
economy flourishing and its environment improving. The methodology of this paper, as a whole, could 
be classified as a Case Study, which includes a combination of Qualitative method and Analytical 
method. Analysis and inferences were drawn from design interpretations carried out through the 
inductive reasoning method. The paper attempts to understand the city’s capacity to redevelop the 
mentioned corridor currently navigating its way through a variety of unique contexts, scenarios, and 
lifestyles across the length of the mentioned rail route. 

Keywords: Railway-corridor, Disused, Green-corridor, Urban-design. 

1. Introduction 

An abandoned railway corridor is the space left by a rail-line which is no longer in use for its original 
purpose. Such corridors may originate from disused railways, closed railways, former railway lines or 
even derelict railway lines. Some may have all their track and sleepers removed, while others have 
material remaining from the former use. There are hundreds of abandoned railway corridors throughout 
the world. For example, in the United States, thousands of miles of railroads have been abandoned, 
much of it in the 40 years from 1965 to 2005. (Abandoned Rails, 2019) It is important to preserve and 
restore thousands of miles of railway corridors that would have otherwise remained abandoned. These 
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corridors can be turned into parks, nature trails, cycle paths, and public gardens that offer a much-
welcomed green pocket at the heart of fully-urbanized communities. (Railway Technology, 2016) 

Narayanganj is a city in central Bangladesh. Narayanganj metropolitan area has a population of 
about 2.2 million, and this figure is rapidly increasing due to improved connection with Dhaka City and 
its recent flourish in industries and urbanization. (Banglapedia, 2015) The city is on the bank of the 
Shitalakkhya River. The Port of Narayanganj is one of the country’s most important shipping, business 
and industrial center. (Banglapedia, 2015) As Bangladesh persists at the top of the list of fastest-growing 
economies, the waves of urbanization continue to hit its populous capital and one of the world’s largest 
megacities, Dhaka, as well as Narayanganj in its vicinity, a premeditated extension of the megacity. 

Running in parallel to the industrial belt along river Shitalakkhya’s edge, the Chashara-Adamjee EPZ 
Cargo Route in Narayanganj has been inactive for many years, with the abandonment of Adamjee Jute 
Mills in 2002 being the most important factor. Abandonment of the infrastructure resulted in hundreds 
of acres of abandoned lands. This paper focuses on this particular case and attempts to understand the 
possibilities of this unused urban space from the perspective of city planning and urban design. 

2. Literature Review 

Recent studies suggest that it is essential to describe unused urban space as a process or a cycle, 
rather than a static phenomenon and the dynamic role it plays in a city is related to its continuous 
creation, conservation, and transformation. As Nefs (2006) has pointed out, the future destinations of 
unused urban space – whether it is conservation or transformation – generate discourses continuously 
among professionals, individual inhabitants, communities, organizations, companies and the 
government. These discourses provide the key to a better understanding of unused urban space. 

Furthermore, the most significant urban projects in many metropolises concern the transformation 
of unused urban space. According to Nefs (2006), the size and investments of these urban operations 
are still increasing and many values are at stake; and there is a lot to gain but also a lot to lose in 
strategic planning, depending on the process and people the unused urban space is being made 
accessible to. The decisions regarding its future should be made in a responsible and democratic way. 

Being the key to all human activities including housing, urban services, and facilities, the land is 
considered to be amongst the most important urban resources due to its economic, social, physical and 
environmental effects in urban development. Hence, the optimal and effective use of land resources is 
one of the most important tasks of urban designers, city planners, and administrators. The lands, as well 
as spaces abandoned during urban development, lead to difficulties in managing the city, while 
inappropriate land-planning and land-management permit invasion of green grounds. Moreover, old, 
abandoned, and empty lands disturb the environmental order and cause problems such as insecurity 
and environmental pollution. (Azita et al, 2017) Many of the abandoned lands in cities, in turn, become 
a site for garbage accumulation and indiscriminate waste disposal, which endangers public health, as 
found in the case of Narayanganj. 

Azita et al (2017) add that in many neighborhoods of the city, some unused lands are found; while 
people in the same neighborhood suffer from lack of sports space, green space, parking, and so on and 
thus these unused lands can be used in favor of the people instead of these becoming negative spaces. 
Their best suggestion for these lands is most likely to be to change their usage to green areas, 
community recreation, and sports fields. 
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Similar cases of abandoned railway corridors have been dealt with in many parts of the globe, most 
notably the US. This paper considers studying and extracting useful information from a handful of them. 
In Bangladesh, there are a number of such corridors, but little attention has been paid to their 
redevelopment, and the diversity of the contextual scenarios they travel through. Thus, it can be an 
important study if these problems are addressed in a particular context, where urban challenges are 
also important to focus on. This paper presents the necessary and practical strategies to improve 
abandoned lands in the mentioned rail corridor, in addition to analyzing and categorizing these lands in 
the studied city. 

3. Aim and Objectives 

The aim of this paper is to explore the possibilities of an abandoned rail corridor in Narayanganj, with 
respect to existing conditions, the growth factor of the city, available resources and public needs. The 
objectives are: 

1. To study the corridor’s current physical state, and to identify its strengths, weaknesses, 
opportunities, and threats from the urban point of view. 

2. To review relevant literature to identify the scope of research, and to investigate the possibilities 
of an abandoned urban corridor or abandoned urban open spaces. 

3. To study cases around the world that can help suggest new possibilities of the corridor. 
4. To conceptualize a holistic solution for the urban scenario involving the stated rail corridor. 
5. To analyze the corridor’s different parts and propose separate solutions for different contexts. 

4. Methodology 

The goal is to discuss probable solutions best suited to the given scenario, with analysis, inferences, and 
interpretations made on the basis of the inductive reasoning method. In order to achieve this goal, the 
analytical-descriptive research method has been used and the data was collected in both documentary 
and field form. The methodology of this paper, as a whole, could be classified as a Case Study, which 
includes a combination of Qualitative method and Analytical method. Analysis and inferences will be 
inspired from a final year thesis project in an architectural design studio, which attempts to understand 
the city’s capacity to redevelop the mentioned corridor currently navigating its way through a variety of 
unique contexts, scenarios, and lifestyles across the length of the mentioned rail route. 

The first phase of the study focuses on literature review and case studies, whereas the second 
discusses the possibilities. One of the main purposes of this study is to generate thoughtful discourses 
which in turn can invent new ideas and perspectives for this particular case. 

5. Background Study and Analysis 

This part of the paper will look at some case studies, site analysis, and interpretations. 

5.1. Case Studies 

5.1.1. The High Line of Rail Parks, USA 

The High Line of New York City, a public park built on a former railway, has made a big statement in the 
world of sustainable practices. Rising 30 feet above street-level and accessed via stairs set on steel 
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beams, the park organizes a multitude of gardens and small plantations into ‘microclimates’ for growing 
locally sourced plants and native pollinators. (Railway Technology, 2016) It is one of New York City’s 
hottest spots for outdoor art installations. (Untapped Cities, 2015) 

  
Figure 1: (From left to right) The High Line; Lines of Life (source: Untapped Cities; Nikken Sekkei)  

5.1.2. Lines of Life, Singapore 

With a view to undertaking one of the most ambitious rails-to-trails projects in the world, Singapore’s 
Urban Redevelopment Authority (URA) has selected Nikken Sekkei's proposal “Lines of Life” to 
redevelop a 24-kilometer (15 miles) disused railway corridor into a multipurpose linear park. (Inhabitat, 
2015) The former cross-country rail-line spans the entire country of Singapore. “Lines of Life” focuses on 
the area as public spaces that are designed to be “inspiring, accessible, comfortable, memorable, eco-
friendly, growing, and evolving,” so that they can weave “the communities on both sides into the life of 
the rail corridor by providing a continuous high-quality public space, adding to the high-quality life in 
Singapore, as well as acting as a catalyst to development and community bonding.” (ArchDaily, 2015) 

5.1.3. Similar Transformations in Taiwan and Sydney 

More examples of similar sustainable practices include an abandoned railway line becoming a thriving 
elevated park in Sydney (Wang, 2016) and another, to become a ‘sustainable green corridor’ in Taiwan 
(Wang, 2018). 

5.1.4. Zhengzhou Art School, China 

Setting an innovative example of adaptive reuse, The Zhengzhou Art School in China creatively 
transformed an 11-compartment train into student dorms, complete with bunk beds, bathrooms, 
kitchens, and solar water heaters. The school invested $436,110 to renovate the green train into 
furnished and insulated student housing for more than 300 students. (Inhabitat, 2015) The train 
comprises 11 compartments in total and each car measures 21 meters in length and 2.5 meters in 
height, while the rooms rent out for $55 a month per bed in an eight-person car and $86 a month per 
bed in a four-person car. (Inhabitat, 2015) 
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Figure 2: Student Dorms, Zhengzhou Art School, China. (source: Inhabitat, 2015)  

5.1.5. Turia River Gardens, Spain 

To prevent the floods that were frequently affecting the city, River Turia’s course through Valencia was 
diverted, which resulted in an abandoned corridor. The corridor, encompassing the historical center, 
comprised a substantial strip of land that crosses the city from west to east. (Figure 3) After in-depth 
urbanistic analysis, Ricardo Bofill Taller de Arquitectura’s proposed transformation, global and 
heterogeneous, considered the course of the Turia as a structuring unit of the urban complex. Gardens 
are based on geometrical figures from the central longitudinal axis to form different zones that define 
precincts, organized spaces and itineraries. The landscaping also contemplates water retention at key 
points to recall the former presence of the river. The design considers the following treatments of the 
urban landscape: design of an urban park with plantations, fountains and ponds, a botanical garden, 
cultural and sports facilities. According to Archello (2019), it is one of the city's most attractive areas. 

  
Figure 3: Turia River Gardens, Valencia, Spain. (source: Archello, 2019) 

5.2. Site Analysis and Contextual Study 

According to the current estimates of Bangladesh Railway, the disused corridor is a direct consequence 
of the abandonment of a former railway cargo route, stretching up to a total of 7.5 kilometers (approx.). 
The corridor starts from Chashara Railway Station at Narayanganj City Center and ends in a loop (as 
shown in Figure 5a) at Adamjee Export Processing Zone. Upon the closure of the famous Adamjee Jute 
Mills in 2002, the rail line lost its purpose and was abandoned without further plans for its reuse. At 
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least 20% of the rail-line has been completely destroyed, and less than 5% of the rail line is in proper 
condition to support and run a carriage. About 75% of the disused infrastructure shows damages to a 
varying degree but is still far from fit to function properly. The rail-line is flanked by land patches 
comprising a total of around 1000 acres, as shown in Figure 5b&c. According to the map provided by 
Bangladesh Railway, the width of these land strips vary from 6M to 75M on either side, having been 
acquired by Bangladesh Railway for its construction during the British Period. Figure 5b&c also shows 
landuse (according to Detail Area Plan provided by Narayanganj City Corporation) around the disused 
infrastructure. The elevated land-strip of the infrastructure on which tracks rest, abandoned carriages 
and the industrial zone on the river bank stand as physical barriers blocking physical, visual and mental 
access to river Shitalakkhya for the residential zones to the west of the infrastructure. The absence of 
recreational centers, parks and green reserves is obvious from landuse study; however, it is understood 
that communities will benefit from improved accessibility and a setback from the industrial zone. 

 
Figure 4: Timeline showing the history of the studied rail corridor. (source: Author, from various sources)  

Illegal slums, shops, and street markets are among the types of encroachment. The left-out open 
space is also being used as play areas of the children of local communities, as circulation paths and as 
the site for garbage accumulation. A concise SWOT analysis has been shown in Figure 6. The main 
concerns are the inefficient and unplanned use of the railway land, indiscriminate garbage disposal, and 
potential exploitations by industries which it remains vulnerable to, whereas the communities residing 
along, water bodies, soil in good condition, and the river are its biggest strength. 

6. Study of Possibilities 

6.1 Primary Analysis and Interpretations 

The decisions on redevelopment proposals were primarily influenced by typical “existing zonal layering” 
as shown in Figure 7. The rail corridor separates the communities to the west of it from the industries on 
the river bank, but, in the process, restricts the community people’s access to the river. Now that the rail 
corridor is non-functional, it can be positively used to “unblock” the communities’ access. The first 
decision to embark on is not to restore the original function of the rail corridor: the transportation of 
carriages. The next decision is about the adaptive reuse of the railway corridor. From several case 
studies and literature survey, the best solution for this corridor was deemed to be its transformation 
into a green public space with walking trails – crisscrossing the fast-growing communities having a 
significant population density – for the soon-to-become populous metropolis of Narayanganj. A green 
corridor, which can also be called an ecological corridor, will serve the city with five-fold advantages for 
its sustainable development: firstly, it will provide the city with a substantial amount of green reserve; 
secondly, it will connect green patches at several points of its journey; thirdly, it will work as a green 
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buffer that separates the residential zone from the industrial zone, fourthly, it will boost urban ecology 
and support a subsequent flourish in urban wildlife; and lastly, it will facilitate urban agriculture. 

   
Figure 5: (From left to right) a. Start and End points; b. Important locations; c. Landuse. (source: Author)  

 
Figure 6: SWOT (Strengths, Weaknesses, Opportunities, and Threats) analysis. (source: Author)  
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Figure 7: Conceptual Framework. (source: Author)  

6.2. Interpretations for Details 

The green corridor will be provided with a continuous walking trail contained in its middle, which will 
work as the center of a seamless public space – it will accommodate varieties of public amenities at 
different parts of the corridor according to the need of the communities dwelling near the corridor. 
Restaurants, shops, playgrounds, mosques and temples, public toilets, parks with seating areas, 
plantation areas, etc will be among a variety of public amenities. 

Adaptive reuse will feature the redefined usage of the land, damaged rail lines, abandoned carriages, 
idle rail parts and other parts of the disused infrastructure. Some parts of the rail will be put on display 
beside the walking trail, while some others will be transformed into seating-installations and sculptures. 
The carriages will be used as restaurants and indoor galleries. 

Throughout the corridor’s length, there is more than adequate space for local vendors, who will be 
able not only to sell their products but also to grow their own fruits and vegetables in the plantation 
area. This, along with street markets, shops, and other amenities, will boost employment opportunities 
for the people of the whole city and beyond. A tremendous uplift in revenues can be predicted. 
Eventually, the corridor’s development will end up with it attracting a huge population from all over the 
country that can depend and live on the corridor’s positive land advantages. Therefore, in the future, it 
will probably be necessary for the authorities to strictly safeguard the land use of the corridor along with 
the planned development of adjacent areas. 
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Figure 8: Redevelopment proposals. (source: Author)  

  
Figure 9: Ecological Section of the corridor during a. Monsoon and b. Spring. (source: Author)  

7. Results and Discussion 

The intention here was to justify a heterogeneous, yet ecological solution to the growing city with lively 
communities. Starting from suggestions for the usage of the abandoned land, we have also attempted 
to envision its impact on the surroundings, and the way this part of the city should be developed 
without compromising sustainability. Ecological features are important for the environmental 
sustainability of the city, shops, and vendors for economic sustainability, and community activities and 
accessibility for social sustainability. While public amenities and urban agriculture have been 
recommended inside the corridor, the distinctive water profile of this alluvial floodplain has reassured 
us to propose a “Riparian Buffer” near water features, as shown in the ecological section of the corridor 
(Figure 9). As a whole, the experience of the corridor can be summed up as a 7.5-kilometer continuous 
trail of a living museum showcasing spontaneous human activities, history of nature and infrastructure, 
unique biodiversity, and physical and ecological features characteristic of this region. 
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8. Conclusion 

The decisions made on the use of abandoned land in the urban scenario generates questions, debates, 
and competitions. (Nefs, 2006) As such, the decision to turn an abandoned corridor completely into a 
green corridor exclusively might raise too many questions to answer. For this reason, the design of the 
corridor should be envisioned as an amalgamation of desired community activities within an ecological 
corridor considering its long-term sustainability. The existing resources along with proper investments 
should be enough to carry out the adaptive redevelopment of the corridor, where long- term benefits 
must provide encouragement for investments. However, the solution conceived in this particular case is 
not irrevocable, and there could be other alternative solutions. It is a reflection of the thought-process 
of a particular point of view, and selective, but careful interpretations. The results can be useful for 
urban designers to study a unique scenario and generate discourses on this particular subject matter. 
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Abstract: To cope with demand for housing in New Zealand’s largest cities, regulators, designers and 
developers are increasingly turning to higher density forms of housing.  Medium density housing 
enables land to be used more efficiently and provides increased viability for creation of physical, social 
and economic infrastructures.  However, a number of barriers to creating medium density housing exist, 
and many of these become evident in the context of gaining planning approval for new MDH projects.  
The research sheds light on the influence of regulatory planning processes on the production of medium 
density housing (MDH) developments in New Zealand.  The authors took to the field to interview 
members of key stakeholder groups including regulators, designers and developers.  Findings indicate 
that district plans are coarse and inflexible, with many continuing to emphasise housing at lower 
densities.  In the context of the Resource Management Act, councils appear unable to make difficult 
decisions that are needed to enable housing at higher densities to develop.  In light of this, developers 
opt for safer options to avoid the uncertainty that comes with public notification of more ambitious 
projects.  The findings from this research could help to improve the efficiency and effectiveness of 
creating MDH in New Zealand. 

Keywords: medium density housing; urban planning; housing development. 

1. Introduction 

Like many other countries around the world, New Zealand is in the midst of a severe housing crisis.  The 
crisis relates to a shortfall in absolute numbers, with Auckland having the highest number of people 
looking for housing, and to the housing choices that are made available to consumers.  A key contributor 
to the current situation is the ongoing reliance on the private market to deliver the housing that New 
Zealanders need.  A number of sources have reported that the market’s ability to deliver housing is 
stifled, at least in part, by regulatory planning processes.   

In 2008 the government appointed a cross sector taskforce to investigate how New Zealand could 
achieve better urban outcomes, focusing on productivity growth, industry skill levels and intensification 
of urban land uses.  Through their investigation of ten development cases, the Urban Taskforce  
identified a number of barriers to successful urban development, including the long timeframes needed 
to design and obtain approvals for developments and the Resource Management Act (RMA) itself, which 
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limited the extent to which the benefits arising from intensified residential areas could be recognized in 
planning approval processes.  Several years later, an investigation by the Productivity Commission found 
that local councils impose barriers to residential intensification in existing neighbourhoods, which in 
turn leads to unaffordable housing in the country’s largest cities (Productivity Commission 2012).   
Intensification of existing neighbourhoods is considered to be a more sustainable way of adding to the 
existing housing stock in that this can tap into existing social, economic and physical infrastructures and 
support renewal where this is needed. Intensification of existing areas can limit the expansion of cities 
at their perimeter, helping to preserve productive agricultural land and natural areas as well as avoid the 
cost of extending infrastructure.  And yet regulatory planning processes were found to hinder such 
residential intensification.   

 Obtaining the necessary planning approvals to build medium density housing (MDH) where it is 
most appropriate and most needed has been described as difficult, expensive and time consuming.  
Harris et al. (2009) summarise the four main reasons why it is easier to build conventional housing on 
the fringe of existing cities, which therefore act as impediments to successful urban development:  

 difficulty acquiring sufficiently large sites to enable effective scale 
 difficulty ensuring the delivery of integrated infrastructure and services/amenities associated 

with high quality and larger scale projects 
 regulatory costs, timeframes, and up-front financial costs for developers 
 banking sector constraints on the ability of developers to raise finance. 

This research investigates practices around obtaining resource consents for medium density housing 
developments in New Zealand cities. 

2. Background 

For different reasons during the 1980s, environmentalists and developers advocated to move away 
from prescriptive, single resource focused planning legislation. The RMA was written to respond to both 
sides of the discussion; requiring sustainable management of the country’s environmental resources 
within a developer-friendly, free market context (Miller, 2003). The apparent disjuncture between these 
goals is often the basis for criticism of the Act. For example, the RMA’s orientation towards sustainable 
management, as opposed to sustainable development, has been criticised as single-minded (Miller, 
2003). Concerns have also been expressed that the lens through which sustainable management is seen 
is clouded by notions of colonial individualism (Higgins, 2010). These criticisms are also connected with 
housing development. Higgins (2010) links the RMAs colonial underpinnings with a continued bias 
towards individual home ownership and privacy, citing the persistent negative perceptions of higher 
densities. The argument could therefore be made that the RMA provides low density by default.  

Within the context of the RMA, local authorities have considerable autonomy in determining land 
use policies that best reflect their circumstances and community values. While it is then perhaps 
unsurprising that land use regulation differs between jurisdictions, it has also been found that there is 
considerable variation in the stringency with which their regulations are applied (Productivity 
Commission, 2012).  Variation in regulatory approaches has been often mentioned in the MDH 
development literature as a persistent issue in planning approval processes. For example, Boffa Miskell 
(2009) discuss several cases in which council’s conservative approaches have negatively affected design 
quality and/or unnecessarily prolonged approval processes.  



267 

 

Understanding the influence of regulatory planning processes on the production of medium density 
housing in New Zealand 

A few years later, the New Zealand Institute of Economic Research undertook a survey of nine 
councils in order to construct an index of the stringency of land use regulation (Figure 1). The results 
consider the influences of objective “rules” (minimum lot sizes, requirements to provide affordable 
housing, development contributions) and the more subjective “characteristics” (the level of influence of 
different groups in the planning, zoning and approval of development) to arrive at a “stringency index” 

score.   

Figure 1:  Variations in the stringency of land use regulation across nine New Zealand councils.        
(NZEIR 2015) 

 

Over the past decade, a number of other studies have looked at perceptions of planning approvals 
processes for MDH in New Zealand cities.  In her analysis of two earlier studies that had sought to 
identify the main constraints on developers undertaking residential intensification projects in Auckland, 
Waghorn (2011) summarised the key factors as: delays and cost of planning processes, lack of leadership 
from local and regional councils to champion more intensive design typologies, location of development 
affecting the planning process and market perceptions, and provision of infrastructure (i.e. integrating 
housing with other things).  The planning matters of concern included the uncertainty and time delays 
caused by notified application processes, a distinct lack of incentive for innovation, and inflexible rules. 
Several developers also suggested that councils could introduce rewards for good development, to help 
balance what they perceived to be heavy handed controls in other areas.   

While Buckenberger (2013) had a particular interest in insiders’ experiences, she also interviewed 20 
regulators, including policy makers, architects and urban designers. Several interviewees suggested that 
because regulation only demands minimum ‘tick box’ requirements, suboptimal design outcomes can 
emerge. From this, Buckenberger describes differences between quality as compliance and quality as fit 
for purpose.  Experts’ different responsibilities for evaluating housing quality according to the role they 
take suggests that there is no one single authority on housing quality.  
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Grimes & Mitchell (2015) report that almost 90% of the developers they consulted with had been 
affected by delays or uncertainties related to regulation.  One of their respondents offered the following 
statement in relation to delays and uncertainty:  

Council are too focused on their rules rather than the project’s outcomes. For example 
what is wrong with redeveloping a site (or a number of sites amalgamated together) into a 
low rise multi storey building (two to three storeys) if there is limited or no shading of the 
adjoining properties, and the amount of onsite open green space is increased compared to 
a more traditional town house development. You can more than double the density 
(number of units from the site) and achieve a more affordable product. The challenge with 
non-complying developments like this is it takes two or more years to get consent and 
there is considerable uncertainty over what will eventually be approved. (2015, 61) 

In addition, their study found that regulations can have considerable influence on the actual building 
costs of apartments.  According to this study, the key influences include: limitations on building height, 
requirements for balcony or other forms of outdoor living space, conforming to Council’s desired mix of 
apartment typologies and minimum floor to ceiling heights. Major cost effects on developing residential 
sections and standalone dwellings include: infrastructure contributions not related to the specific 
development, minimum site area requirements, extended consent processes and urban design 
considerations stemming from council’s urban designers. 

Haarhoff et al. (2012; 2013) undertook interviews with several planning officials in a project looking 
at satisfaction levels for MDH across a spectrum of stakeholder groups.  Drawing on their interviews and 
complementary urban design quality assessments of several developments in the Auckland region, they 
came to conclude that the district plans had limited influence on development processes, especially in 
terms of achieving high quality medium density housing. They made the case that the objectives in the 
plans are typically too broad, loosely written, unquantifiable, and that policies often fail to support 
them. In the absence of clear policy direction, it was largely left to the discretion of the planning officer 
when determining the district plan’s response to development proposals.   

Grimes & Mitchell (2015) contrast what they term complying developers, who minimise consenting 
timeframes by incorporating all Council officers’ preferences in the development’s design with non-
complying developers, who must be well capitalised in order to fund long-term legal processes with 
uncertain outcomes. As district plans and zoning designations tend to be written in very broad and non-
specific terms, and that they change very slowly over time, it becomes difficult for new developments to 
respond to changes in market demand where the developer adopts a complying approach.  This risks 
new development that is sub-optimal in terms of the current or anticipated market demand.   

Ancell & Thompson-Fawcett (2008) undertook interviews with three Christchurch City Council staff 
members, two property developers, an architect and a member of the Christchurch Civic Trust. These 
discussions identified widely held opinions about the poor quality of medium density housing in the city 
and that this provided evidence that the then current planning processes were not working. A key factor 
in this is New Zealand’s market-led approach to development, which means that developers are often 
disinclined to engage with non-regulatory options, such as design guidelines prepared by local 
authorities. To achieve good quality medium-density developments in New Zealand there needs to be 
better engagement between developers and councils as public notification of resource consents have 
discouraged developers in the past from investing in medium-density townhouse developments. 
Similarly, those developers who do deliver quality housing outcomes should be acknowledged and 
incentives should be offered to help future developments achive similar potential (Ferreira 2012). 
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While the findings from earlier studies have mainly focussed on the barriers and impediments to 
delivering MDH in New Zealand, some positive experiences have also been noted.  Amongst them is the 
benefit of engaging with council officers prior to an application being lodged. The aim of such pre-
application meetings is to enable discussion of the project and anticipated outcomes before the details 
are firmed up.  When undertaken positively, such early engagement can help to streamline the process. 
Writing about the outcomes of an Auckland MDH development in the early 2000s, Thompson-Fawcett & 
Bond’s (2003) found that while the process of gaining planning permission involved a considerable 
amount of “too-ing [sic] and fro-ing” with the council, much of this occurred before the application was 
filed.  The architect involved in the project considered this to be ‘very positive’, as it resulted in a 
‘relatively painless process’ of gaining permission with no surprises in the conditions imposed.    

No doubt influenced by findings such as these, as well as by direct approaches from various public 
and private interest lobby groups, the previous conservative-led government undertook a reform 
programme of the RMA which acknowledged many of the Act’s inefficiencies. As Miller (2003) notes, the 
RMA has existed as a developer’s punching bag since its inception. Concerns were broadly focused on 
delays in council processing, which mostly encompassed notification decisions and information 
requests. A growing failure to comply with RMA timeframes was increasing both cost and uncertainty 
for councils and applicants. The changes could be understood as a reflection of this, as they effectively 
reduced opportunities for community engagement in favour of economic activity. Amendments to the 
RMA in 2009, 2013 and 2017 were each undertaken to streamline and shorten resource consenting 
processes, in particular ‘nationally significant’ consent applications. The Act implemented amendments 
to ensure as much certainty as possible over the decision timeframe for developers and financiers. 

There have also been changes in the district plans of the country’s three largest cities, where 
demand for housing is highest.  Auckland Council was formed in 2011 as an amalgamation of seven local 
councils and one regional council.  After the launch of the new governance structure, the council 
developed a new, design led, integrated plan for Auckland – The Unitary Plan – to substantiate the 
direction proposed in the overarching Auckland Plan. The council considered this a matter of efficiency, 
as opposed to revising the region’s individual district plans (AC, 2012). Although the plan became 
operative in November 2016, this was only in part, as a number of sections remain under appeal with 
the Environmental Court. Where these sections are under appeal, the ‘legacy’ district and regional plans 
are still relevant.  This can create further uncertainty for applicants and regulators to make sure they 
reference expectations set out in approved documents.   

The Wellington City Council does not have an explicit MDH strategy, although similar content is 
covered the district plan through Plan Change 56: Managing Infill Housing Development, and its 
successor Plan Change 72: Residential Area Review. The second change implemented two ‘areas of 
change’ as Medium Density Residential Areas, surrounding two existing town centres along a recognised 
transportation backbone. However, the establishment of these areas was met with fierce backlash by an 
assortment of well-organised residents associations and community groups opposed to higher suburban 
densities (WCC, 2018). Opposition to similar change in other suburban centres led to the Council putting 
these plans on hold. 

The Greater Christchurch Urban Development Strategy (GCUDS) is a non-statutory strategic growth 
document which was established in 2007 and updated in 2016. While GCUDS is mostly high level 
objectives, it is specific in outlining a target to increase the proportion of housing growth delivered 
through intensification from 23% in 2006 to 60% by 2024. Residential Medium Density (RMD) zones are 
a new addition to CCC’s district plan and are located sporadically in areas near the Central City. These 
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zones provide for both detached dwellings and multi-unit developments up to 3 storeys in height and 
are supportive of a variety of housing typologies including terrace housing and low-rise apartments. 
Within the RMD Zone, minimum site area rules have been replaced with a minimum density 
requirement targeted at 30 households/ha. 

A number of changes have been carried out in recent years to the Resource Management Act and to 
local district plans, the majority of which have been aimed at facilitating development, and in particular 
development that would help meet New Zealand’s pressing need for housing.  It is therefore opportune 
and necessary to once again investigate the experiences and perceptions of key stakeholders in market 
led medium density housing.  Foreshadowing this need, and predating the changes that have taken 
place in the regulatory frameworks, Chamberlain, Vallance, Perkins & Dupuis (2010) comment that  

thus far, while there has been a great deal of research involving the residents of new 
subdivisions, insufficient research has been carried out on the land developers 
themselves, their motives, intentions, and methods in regard to building communities.  

The research reported in this paper aims to address the need for such research.   

3. Research Methods 

The research fieldwork was focussed on five territorial authorities (TAs); Auckland Council, Hastings 
District Council, Palmerston North City Council, Wellington City Council and Christchurch City Council.   
In each case, the research team analysed the local district plan in order to become familiar with the 
context for considering an application to develop medium density housing.  Historic information on 
resource consent was obtained from the relevant council, where possible and from the Ministry for the 
Environment through their National Monitoring System (and prior to that their biannual survey of local 
authorities programme).   This information was analysed to enable comparisons between TAs and 
comparison across time.  This information also helped the research team identify development projects 
for further discussion with their key representatives.   Structured interviews, following a script of 
questions developed in relation to our understanding of the key issues from the literature review and 
earlier research stages, were conducted with the processing planner, developer and lead designer in the 
selected representative projects.  In all, 24 project participants were interviewed.  The findings that 
follow have emerged through analysis of the responses given to the   

4. Findings 

Some things are working well 

There are many things that are working well in the resource management space for medium density 
housing.  Representatives of each respondent group had positive stories to tell.  There was widespread 
belief amongst those interviewed that when the system is working well, resource consent processes can 
add value to new developments. This is in large part due to the flexibility written into district plans, 
which many believe allows for alternative design solutions to be generated.  In Wellington alone, this 
can be evidenced by the fact that more than a quarter of all consents for medium density housing 
projects were granted to projects deemed to be non-complying on application. However, while 
flexibility is good, some felt that flexibility also led to conditions of uncertainty, particularly when 
interpretations were required to be made by planners with little practical experience or who are by 
nature conservative.  This led some respondents to appreciate the certainty that rules provide for, not 
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just in their own projects but also for those on adjoining sites that could negatively impact on their site.  
One developer one developer proclaimed that ‘fundamentally, I don’t think there’s anything wrong with 
the district plan.’ 

As is often the case, the success of any process is often down to those participating, and particularly 
to those charged with managing.  The system works well when the right people are running it.  In the 
Auckland context, this has been recognised with the creation of a key account manager role, where one 
consultant planner expressed the view that having key stakeholders such as council planners, 
developers and designers in dialogue over the form and intensity that a new development should take is 
a good thing. This view was echoed by another developer who conceded that many of his project have 
been improved with the input of others, including council planners.   

The cost of obtaining resource consent is often cited in the media as being prohibitive.  However, the 
direct cost of obtaining resource consent was not raised as a key concern by developers in the present 
study.  Neither was the cost of development contributions, although one respondent noted that the 
timing, where such payments are due within two weeks of a building consent being granted, could 
create financial difficulties for some developments through additional holding costs.  Developers’ key 
concerns relate to the associated costs that arise through delays and uncertainty.  Indeed, several 
advised that they would gladly pay more for their resource consent if that could lead to better 
timeliness and certainty.   

Subjectivity, uncertainty and time 

A lack of consistency in assessing a project in relation to the district plan came up as a key concern in 
all of the territorial authorities referenced in this study.  Three key factors contribute to this.  The flip 
side of flexibility can be uncertainty and a number of respondents felt that often the flexibility was used 
– perhaps not consciously – as a tool to restrict, rather than enable, good development.  Often this was 
because of a lack of experience amongst council planning staff but also because evaluating the effects of 
an application involves input from a number of experts, each having a potentially different view of the 
effects of a particular development. A particular concern was expressed around the shifting of goalposts 
between preapplication meetings and an application being lodged, which seems to arise through a 
change of personnel. 

An area of particular concern is urban design advice.  Urban design guidelines and the ways these are 
interpreted by some advisers seemed to epitomise the subjective nature of consenting in the minds of 
developers and designers.  Several respondents cited examples of urban design advisers extending their 
reach to comment on the colours for a proposed development to questioning whether housing should 
be allowed on a particular site (despite conformance with the zoning designation) due to its location.  
This is not to suggest that these are not valid urban design considerations but several of those we spoke 
to felt that urban design advisers were extending beyond their remit far too often.  Such rogue 
recommendations can have the effect of delaying processing times, adding to development costs in 
order to accommodate the advice and changes in personnel as a result of complaints.   

Many councils appear to struggle to recruit and retain staff in their planning teams, which can 
disrupt the continuity of consent processing and often leading to variable decision making.  One council 
planner advised that churn also limits the extent to which any decision-making variability can be 
addressed through staff training.   To address concerns raised by applicants for planning approval, 
Auckland Council have put in place a key account manager role, aiming to provide continuity at the 
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client/council interface and to help bridge across changes in personnel in the consenting process.  
However, this role has been implemented for large and repeat customers only at this stage. Those who 
had experience of working with this role reported it to be an effective measure.   

Prescriptive rules 

Flexibility in district plan provisions and processes was cited as a positive aspect of resource 
consenting. This correlates well with other opinions, which held that district plans also contain many 
prescriptive rules that, when applied indiscriminately, could be a source of frustration and limit the 
potential of a development.   The number and types of rules reflect a contemporary emphasis at raising 
the bottom rung of housing quality. Along with potentially restricting innovation, respondents also 
suggested that this had led to a ‘tick box’ mentality amongst councils, where the individual merits of a 
project are overshadowed by the box ticking.   

The two most frequently cited areas of frustrating rules were those related to car parking and those 
requiring open space within a development.  Every participant spoke about the effects car parking, too 
much or too little, could have on development quality. Some spoke more philosophically about a future 
without personal motorcars and lamented minimum car parking requirements while there were also 
suggestions, from an Auckland based respondent, that restrictions on car parking numbers had led to a 
high number of complaints from residents.  Designers described the tensions between space for cars 
and space for people.  “you know cars, and car circulation, take up a hell of a lot of space” according to 
one we spoke to.  On a more pragmatic level, one council planner reminded us that while they could 
easily let applicants get away with parking shortfalls, if they did, they would soon bear the brunt of 
neighbours’ complaints.   

There is also a sentiment that rules are applied irrespective of the context, such as in the case of 
those affecting open space requirements.  Several people noted that there were no distinctions made 
for outdoor living spaces between family sized dwellings and studio apartments.  While some planners 
have been able to apply the blanket rules in a responsive manner, others less experienced have not.  We 
heard suggestions that such rules would be better converted to outcome statements, for example 
requiring medium density housing developments to provide outdoor living spaces that are appropriate 
to the needs of residents.  Such approaches would, of course, beg the question as to whose sense of 
appropriate would be the measure or reference in designing and assessing the quality of outdoor living 
spaces.   

The usefulness of rules was not universally dismissed, however.  Several developers advised that 
with the experience of variable responses to previous applications for resource consent, they had 
adopted an approach of satisfying every rule relevant to their development as a way of addressing what 
they perceived to be subjective assessments of their proposals.  One architect went so far as to suggest 
that where ‘good’ rules are found to exist, good designs will emerge.  The key in his opinion is to 
develop a suite of good rules.      

Leadership and standardisation needed 

There is a strong sense that development planning and assessment is taking place in a policy 
vacuum.  Each council, each planner, each developer is having to find their way in the area of medium 
density housing with little guidance from above.  As noted earlier, some have argued that the RMAs 
colonial underpinnings creates a bias toward individual home ownership and privacy.  The RMA provides 
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for low density development by default, a bias that can only effectively be overcome with appropriate 
policy direction.  While the Auckland Unitary Plan is seen as a step in the right direction, more is needed 
in Auckland and more particularly in other centres.  We were reminded that central government could 
be doing much more to foster MDH.  Suggestions were made around incentives, tax breaks and even 
regulation.  One council planner, keen to see MDH made easier for all parties to pursue, felt that district 
plans should make people expect medium density housing.  The value of making this the underlying 
assumption could be seen in the Medium Density Residential Areas (MDRAs) in Wellington and the 
Unitary Plan in Auckland.  These are isolated cases at the moment and there was a sense though many 
of the interviews that more should be done by central government to direct intensification.   

Another key area of concern could be seen in the variability of plans across the country.  Why, asked 
some of the interviewees, couldn’t the government provide a template for all district plans to conform 
to.  Several also felt that there could be greater consistency in the policies and rules, to the point of 
having just a few planning zones utilised in every city around the country.  However, it is in the 
administration of district plans that most attention was focussed.  Matters such as subjectivity and 
uncertainty in the way development applications are assessed against district plans have been discussed 
above.    

5. Conclusions 

Various stakeholders spoke about the positives that planning approvals can bring, most importantly 
by helping to improve the outcomes.  However, there is a distinct lack of consistency across the country 
and even within local councils. This is seen in the following areas; district plan requirements, district plan 
organisational structures and text, assessment of applications and their effects, advice given prior to and 
after an application, data collection and reporting.  This affects MDH in the following ways; uncertainty 
and potential risks for those on development side, reference to rules in design and assessment, poor 
perceptions by many of council, ability to monitor RMA performance and to conduct research.    

There is a lack of continuous involvement by experienced staff in some councils.  Inexperience tends 
to cause staff to focus on rules rather than being responsive to site conditions and context.  Staff 
changes create opportunities for inconsistent advice to be given.   

Strict adherence to rules in order to navigate the resource consent process can limit the potential of 
those projects to create the housing we need.  There is broad recognition that designing to rules is 
inappropriate and the system should enable more responsive approaches.  Underlying the rules-based 
approach is a desire to minimise risk.   

The direct cost of obtaining resource consent does not concern most developer stakeholders.   

A lack of leadership (mostly on the part of central government, but also in the district plans) on the 
importance of creating the right housing in the right areas leads to low density housing by default.  This 
is in large part due to the influence of the RMA on decision making – medium density leads to bigger 
effects, which applicants and regulators seek to avoid. A key theme uncovered in this research was the 
need to make MDH typologies the default and to focus less on offsite effects.   

Relationships are important.  Managing the interface between applicants and councils seems 
important.  Allowing for key account manager role could help overcome changes in personnel behind 
the scenes and provide useful conduits for communication 
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Abstract: The paper is based on the study of the re-use of colonial buildings for maintaining the 
sustainable growth of the city of Guwahati. The primary concern for Guwahati today is her horizontal 
and vertical growth (both features of urbanisation) which is challenging the very existence of the 
erstwhile colonial buildings. These buildings of yesteryears with their beautiful architectural style are the 
last vestiges of the British colonisers in todays’ urban landscape. To meet these challenges of 
urbanisation, the paper takes the example of a colonial building and aim to study it through the 
“credibility” approach of UNESCO. The interest of the public towards the various facets of heritage 
resources is documented through the civic engagement tool. The history of the building in its past and 
present condition has been recorded through the Knowledge and Planning tool. Therefore, compatibility 
of urban heritage and development Programmes is advocated through this study. 

 

Keywords: Urbanization; Sustainability; Architecture; Cultural- Landscape 

1. Introduction 

Cities and towns have become the main centers of human population. Since 2007 more than half of the 
world’s population have been living in cities and it is estimated that by 2050 the urban population will 
exceed by 70% (World Economic and Social Survey, 2013). This indeed is suggestive of the impending 
danger to the very existence of the urban heritage sites which would be cramped with people. This 
would also mean less breathing space for the sites.  

Urbanisation is the most important landscape shaping force. The first attribute of a city is that it 
expands in all directions. The spaces and landmarks which were previously fashioned out as the sense of 
place of cities have fallen prey to mega redesigning which have ignored centuries of evolution. Sprawl, 
traffic, high rise and multi layered flyovers have occupied most of the open spaces which tends to dwarf 
the monuments. The diversity and distinctiveness of the old city is often ignored. To totally wipe out the 
older sites from the urban landscape would mean removing the memory of the landscape. Hence the 
concept of sustainable cities has been discussed in this paper. Sustainability of urban spaces means 
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rejuvenating and bringing to life the urban historical spaces. Heritage sites remind users of the history of 
the place through its preserved elements (Kong, L, 2011). For achieving urban sustainability all factors 
like social, economic and ecological have to be taken into consideration to minimise the impact of the 
city on the local and global environment. According to Healey (1998) (i) use of renewable energy and 
increase in energy efficiency, (ii) re cycling and re use of materials are some of the ways which can aim 
at achieving sustainable city environment. Rypkema in 2005 advocated about adaptive re-use of 
functionally obsolete buildings. Besides the aesthetic dimension of these old-fashioned buildings have 
also to be taken into consideration.  

 The paper cites the case of preservation of a heritage building in Guwahati with a view to 
addressing the issue of sustainability of the built environment in the face of rapid urbanisation. This 
building is the Old Deputy Commissioner’s Bungalow located at Panbazar in Guwahati. The growth of 
the city of Guwahati is a constant threat to these heritage buildings. The building has been chosen for 
applying the framework of “credibility” for safeguarding the erstwhile colonial buildings. The building 
which was constructed during the colonial rule have architectural features which resembled British 
architectural style spread across the colonies. In Guwahati apart from the scattered layout of the 
buildings the only center where these erstwhile colonial buildings still exist is at Chenikuthi, Uzanbazar 
and Panbazar areas which is considered to be the heart of the city. The colonial buildings which are few 
in numbers are heritage sites which besides being a feast for the eyes can also lead to sustainable 
development goal. It is difficult to imagine cities and landscapes without familiar remnants of the past.  

 

2. Methodology 

The building in question i.e. the Old DC Bungalow although have not been challenged by urban 
development; but it has been taken as an example to understand the wider context of how heritage 
resources can contribute to local sense of place and preserve the historic character of the landscape.  To 
holistically address the issue of sustainability the framework of credibility has been used. This will be 
done by using the tools of UNESCO’s Historic Urban Landscape approach. They are (i) civic engagement 
and (ii) knowledge and planning. Credibility here implies strengthening the credibility of the heritage 
structures. Civic engagement and knowledge and planning are the two tools picked up from the Historic 
Urban Landscape (HUL) approach and have been used to examine if the monuments studied as urban 
heritage can be actively constructed and maintained in the present to have any sustainable future.  
 

3. Civic Engagement 

For civic engagement to be successfully used as a tool in Guwahati, a quantitative approach was 
adopted to enable citizen participation through a questionnaire. It is a set of questionnaires for 
establishing the credibility of the monuments. The objective of this questionnaire was to collect the 
views of the present users/owners of the monuments under study. Point 5. from the Historic Urban 
Landscape of 2011 addresses the need for better integration and framing of urban heritage 
conservation strategies within the larger goals of overall sustainable development by using certain tools 
for urban heritage management.  

     

Civic engagement tools should involve a diverse cross-section of 
stakeholders, and empower them to identify key values in their urban areas, to safeguard 
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their heritage and promote sustainable development. These tools help in learning from 
communities about their histories, traditions and values. The tools of civic engagement have 
also been used to study the building and the landscape of Guwahati. 

 
Knowledge and planning tools should help protect the integrity and authenticity of the attributes of 
urban heritage. This tool includes documentation and mapping of cultural and natural characteristics. 
These are used for supporting heritage, society and environment for achieving sustainable 
development.   

To study the relationship between the built environment and the urbanised city the objective 
of Credibility one of the five “Cs” developed by World Heritage Committee in the Budapest Declaration 
(2002) will be considered as the main objectives of the study. This “C” will make it clear that heritage is 
not simply something handed down from the past, but is a process that must be actively constructed 
and maintained in the present if it is to have any sustainable future.  

 

4.  

Table 1 

               Framework  Tools Process of implementation 

               Credibility (i) Civic Engagement Questionnaire on credibility 

 (ii)Knowledge and Planning 
 

(i) Collecting the History (ii) Case 
Study (iii) Description (iv) 
Photographs (v) Interview (vi) 
Inventory 

 

4.1 Civic Engagement (Interviews)  

100 (Hundred) persons were interviewed to collect the views of the general public of Guwahati 
city so far as their understanding of the heritage values is concerned. 
 

4.2 Questionnaire to assess the credibility of the monuments 

a)   The building is an identity marker of Guwahati city 

i) Is this building as a heritage monument beautiful?  
ii) Is this building valuable?                
iii) Why is the building valuable? 

b)     It is an old beautiful building 

i) Would you agree if the building is demolished/ renovated? 
ii) Do you agree that the renovated building can lead to sustainable use of the colonial 

building?                                                                                                                                               
iii) Can the heritage building/s make Guwahati a historic urban city?                                                               

http://whc.unesco.org/en/decisions/1217/
http://whc.unesco.org/en/decisions/1217/
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iv) Can Cultural heritage lead to sustainable development goal?                     

 

 

5.Knowledge and Planning 

Knowledge and planning are used for protecting the authenticity of the attributes of the urban 
heritage under consideration.  For this- 

i) The history of the building has been recorded 
ii) The building has been described 
iii)  Inventory of the heritage monument under consideration has also been 

prepared. 
        Iv            and photographs were taken with a Canon camera. 
 

5.1 History 
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           Male         Female              Total 

Assessing Credibility of Monument 

Building is beautiful Building is valuable Building is an identity 

Old beautiful building Demolish Renovate 

Sustainable use Historic urban city Cultural Heritage 

Respondents-100 Male Female Total 

Yes No Yes No Yes No 

Building is beautiful 40 10 30 20 70 30 

Building is valuable 50 30 15 05 65 35 

Building is an identity 10 20 40 30 50 50 

Old beautiful building 20 10 50 20 70 30 

Demolish 15 25 10 50 25 75 

Renovate 20 20 45 15 65 35 

Sustainable use 30 20 30 20 60 40 

Historic urban city 40 10 35 15 75 25 

Cultural Heritage 30 25 40 05 70 30 
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 After the passage of Assam under the British rule in 1826, they realised the importance of Guwahati as 
an important center for trade and navigation. Besides Guwahati was strategically important and 
qualified for being developed as the capital of the state of Assam. The British therefore established the 
Collector’s Office in 1834. In 1839 when the Collector’s post was re-designated as Deputy Commissioner, 
an accommodation was set up for him in the Barphukanor Tilla (Barphukan’s Hillock) on the banks of the 
Brahmaputra in Panbazar in the city of Guwahati. The historic site was selected because of the scenic 
beauty and accessibility to the Brahmaputra.  

 

5.2 Description 

The Deputy Commissioner’s Bungalow is a Scottish type building built entirely of wood. It has 19 
(nineteen) rooms each separated by wooden walls. The bungalow has inherited characteristics of the 
local Assam Type pattern of houses and has been built by using local materials. The rooms are spacious 
demarcating master bedrooms, dining hall, library, toilets, storerooms, dressing rooms, an elaborate 
fireplace, Residential Office Room of the Deputy Commissioner, and like the true spirit of the British Raj 
a bawarchikhana (kitchen). There is a portico in the front of the building with huge Tuscan Pillars. The 
rooms have very high ceilings which is kept cool by the breeze of the Brahmaputra River flowing 
immediately behind the building. Height of the building is 36 ft. Breadth of the building is 73 ft, 4 inches. 
Plinth is 1 ft 3.5 inches. Breadth of the verandah on the northern side is 14 ft 4 inches. 
The bungalow was constructed with iron and wooden columns. The roof was joined with iron sections 
tied with hinged joints. The original roof was made of thatch which was later replaced with tins. Truss is 
used to support the roof with hinge joints at the columns. Ceiling is made with solid wood planks. Assam 
Type buildings are designed to improve the micro climate within the building by ensuring proper 
ventilation. These houses also include symmetrical configuration connected by hinge between wooden 
elements. It is because of the symmetrical pattern Assam Type houses has the capacity to withstand the 
seismic jolts. For example, the Old DC Bungalow had withstood the extensive damage caused by the 
Great Assam Earthquake of 1950 (1907- East Bengal Assam by OUP). 
 
5.3 Case Study 

The DC Bungalow has not faced the axe of developers. Today the building is being restored at a cost of 
more than 9 crores Rupees under the guidance of Guwahati Metropolitan Development Authority 
(GMDA). The bungalow is an integral heritage structure reflecting the history of the city and its 
topography. The bungalow was in official use till 2012 after which the Assam Government decided to 
restore and preserve it by transforming the bungalow to a heritage center. The Old DC Bungalow is 
housed in a sprawling campus comprising of 13,600 sq mts. Heritage conservation architects, has used 
technology to bring alive this historic place and is now known by the name Bahniman Brahmaputra River 
Heritage Project.  
 

5.4 Inventory   

In the case of a heritage monument inventory means identifying, recording and evaluating the material 
goods in the monument with a view to uniformly and consistently assisting in the protection and 
conservation of the built heritage.  
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Table 2  Old Deputy Commissioner’s Bungalow (DCB) established in 1834 

5.5  

 

Architectural Features 

 

Hipped Roof 

Hipped roof has slope on all four sides. Though it looks stylish, hipped roofs of the 18th and 19th 
centuries were used to provide shade or cover the porches. 

 

Serial No Date Items Description Breadth Height Remarks 
 

DCB1 29/06/2019 Rooms-19 
Single storey 
building 73 ft4' 36ft Good 

 

DCB2 29/06/2019 Doors 23 
Teak;Segun 
Wood 

 
6 ft Good 

 

DCB3 29/06/2019 Windows- 12 
Teak;Segun 
Wood 4ft 9' 4ft 4' 

Good/glass 
panes 

 

DCB4 29/06/2019 

Wooden 
Pillars of 
Verandah Teak Wood 

 
8ft 11' 

Good 
Condition 

 

DCB5 29/06/2019 
Tuscan Pillars 
in Portico Stone/lime 5ft 7ft 6' 

Good, some pillars 
replaced 

DCB6 07/07/2019 Fire Place Painted red 6ft 8' 4ft 9' 
Brick/ chimney 
attached 
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Tuscan Column 
 
It is believed that the Tuscan Column was a primitive order which came before the Greek 
Doric, Ionic, and Corinthian orders. Tuscan columns are strong and masculine; there are no 
ornamentation; they are plain column only. 
 
Colonnades 

Colannades are found in the Greek Revival buildings. This is evident from the extensive use of 
columns supporting a front porch. In the 18th and 19th centuries colonnades were widely used 
in buildings across USA. 

 

 

6. Discussion 
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The cultural landscape under the purview of study is an important example of a landscape designed 
during the British rule, i.e. from the middle of the 19th century to the midst of the 20th century. Apart 
from other archaeological remains the houses which were constructed in Assam most of which still exist 
in the Panbazar, Chenikuthi and Uzanbazar areas of the city are of the Assam Type style which was 
developed after the Great Assam Earthquake of 1897. Before the earthquake, there were huge Gothic 
style structures which were razed to the ground by the seismic movement. This made the Director 
General of Geological Survey of India realise that for a topography like Assam, Assam Type style of 
houses which are light in weight are necessary. Light materials are used for walls and roof. These houses 
are constructed with reeds (known as ikora in Assamese language, i.e. Erianthus Ravennae named by 
L.P. Beauv) on top of which cement or mud is used to smoothen the surface. The characteristic feature 
of these Assam Type Houses is that they are single storey and in some cases they are double storey 
houses. Cane and woods are extensively used in these types of houses. These houses being light in 
weight can withstand seismic movement of great intensity.  
 

7. Conclusion 

With the growth of urbanisation, Guwahati city is also facing the common global problems as the city is 
in the cusp of urban transformation. it is therefore necessary to merge both heritage and development.  
Pearl S. Buck wrote “one faces the future with one’s past”. The idea of this paper is therefore to look at 
the contribution of cultural heritage to landscape through one building in Guwahati. This past landscape 
is alive with 21st century changes. The methodology hence applied to study the restoration of the Old 
Deputy Commissioner’s Building in Guwahati based on the UNESCO Historic Urban Landscape can 
possibly lead to the sustainable re -use of the building from the point of view of tourism.  Credibility 
here implies strengthening the credibility of the heritage structure. This was done through the tools of 
civic engagement and knowledge and planning. The questionnaire enabled to engage a cross section of 
the citizens of Guwahati to access their understanding of heritage and sustainability. Besides the age of 
the heritage structure, beauty and identity are some of the other issues which are considered for 
establishing the credibility of the structure. The bungalow can contribute to our sense of place and 
community identity which will ensure that Guwahati will remain unique. Public Private Partnership for 
maintaining the cultural resources has the possibility of enhancing the life of the building. The 
knowledge generated can help in recognising the cultural significance and diversity and provide 
monitoring and managing change to improve the quality of life and the urban space under 
consideration. 
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Abstract: According to census 2011, the current population of India is 1,210,854,977 with 623,724,248 
males and 586,469,174 females. The growing population is the result of industrialization and 
urbanization. The tremendous amount of population growth is one of the reason for the exploitation of 
natural resources. The United States estimated that the world population grew at an annual growth rate 
1.23 percent during 2000-2010. In India, the top three states where highest population was recorded in 
Maharashtra, Uttar Pradesh and Bihar state. The growing population needs good infrastructure, housing 
complex, commercial and institutional space which comes at the cost of natural resources (Lakes, forest, 
parks).For analysing, relationship between city and lake fringe spaces(Waterfront space), a case study is 
done for the Pune city. The case study is limited to the Pune Municipal Corporation limits. Under Pune 
Municipal Corporation, there are four lakes, Katraj Lake, Pashan Lake, Dhanori Lake and Lakkaki Lake. 
The research is done to check the impact of urbanization on lakes. The research methodology uses, both 
quantitative and case study approach. At the end of the paper, a number of guidelines for the 
waterfront development are recommended. 

Keywords: lake development, waterfront development, Pune city. 

1. Introduction  

For the case study, Pune city has been selected for the critical analysis. The case study is limited to the 
PMC (Pune Municipal Corporation) limit. For the study purpose, only lakes have been selected as natural 
resources.  
As per the declaration by the PMC, in 2013 there were no changes observed in the water bodies. Or in 
other words the impact of urbanization has been majorly on the green lands i.e, agriculture land and 
barren lands. This study focuses over the changes in lake fringes areas and also measures the impact of 
the urbanization. To understand the urbanization of any city, it’s important to understand it’s socio-
cultural and economy. 
Pune is a Plateau city which lies on the coordinates of 18.5204 degree North,73.8567 degree East. It is 
the second largest city in Maharashtra, which was the base (establish city) for the Peshwas and Maratha 
during 16th century. The city has its own unique traditions and culture.  
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The urbanization in Pune started, during Peshwas period under Bajirao Peshwa-I. He built the 
Shaniwarwada, Kasba Ganpati and Katraj Lake in the 1750. In 1756, Lakdi Pul, Parvati temple and 
Hirabaugh were constructed by his followers. The main market area, known as Peth was also developed 
during this period i.e Sukhrawar Peth, Guruwar Peth, Ganesh and Narayan Peth , Sadashiv peth . In 1782 
the city got its drainage system. In 1857, the total area covered by Pune was 7.74 sq.km. In year 2001, 
the PMC limits covered 243.84 sq.km. The main reason behind the increase in PMC boundary are 
increase in population and demand for the resources. Under the socio-economy report, published by 
the PMC in 2009, the population in Pune increased by twice as compared to population in 1950, after 
world war-II due to better jobs and business opportunities. As per the census 2011 report, the annual 
growth rate for the Pune city is 3.4%. Such a haphazard growth of the city puts the pressure on the 
natural resources. Pune is blessed with the lake network, which is the one of the reason for the 
moderate climate. Lake in Pune is not only the source of water, but helps to maintain the ecosystem, 
recharge the ground water and are also used as a recreational space. Under this research, the impact of 
urbanization over the lake ecosystem has been identified. The impact over the lake has been quantified 
with respect to the quality, quantity, depth of the lake and activity around the lake. The study also 
covers the area of critical analysis of the urban development policies and norms and effect of the 
policies on ecosystem. The study of lakes in Pune will contribute to the future of the urban development 
policies and guidelines of the Pune city.    
    

2. Objective of the study 

 To study the urban development pattern of the Pune city 

 To analyse the impact of urban development of the city on lake water bodies 

 Critical analysis of the existing model of the lakes. 

 To formulate the guidelines for further urban development in Pune city.  

3. Growth of the city 

3.1. Aspects of the growth of Pune city 

 Connected to NH4 Pune-Mumbai highway and Nashik Highway. 
 Nashik Highway is one of the biggest industrial zone in Maharashtra 
 Development of the IT corridor 
 Prominence of  various educational institutes 
 Proposed metro corridor 
 Proposed airport near Chakan 
 Proposed ring road to connect sub-urban region 

3.2. Spatial growth of the Pune city 

The Pune metropolitan, comprises two municipal corporation PMC (Pune Municipal Corporation) and 
PCMC (Pimpri Chinchwad Municipal Corporation), Cantonment areas such as Khirkee (KCB) and Dehu 
(DCB), Municipality of Talegaon Dhabade and Gram panchayat or village council of the Mulshi and Haveli 
Area.  
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Under this research the study area is limited to the PMC boundary only. In 1960, the Maharashtra 
Industrial development corporation (MIDC) was established in PCMC. This resulted in merger of small 
villages into PCMC. PCMC was developed as a satellite city for PMC. As a result, population density of 
the PMC increased. 

 
Image 1: Pune metropolis and its geographical location, with respect to the India, Maharashtra and Pune 
district. 
Source: L.N Kantkumar et.al, Spatiotemporal urban expansion in Pune metropolis, India by Using remote sensing, 
Habitat International, October-2015, Elsevier 

 
The above image was generated by the Author, L.N Kantkumar et.al for his research work. The timeline 
for the study of spatial form in Pune was checked by the software LANDSAT for the time lines of year 
1992, 2001 and 2013. There is a possibility that the urban form of Pune has changed from year 2013 to 
2019. The analysis of the spatial growth of the city is based on earlier recorded data. This data shows 
that the urban core is dense and the urban fringes are connected through the road. The development 
around the road shows the ribbon development. As per the earlier study, the built up percentage of the 
city in year 2013 increased as compared to the year 2001. The changes in main land form occurred in 
built up and agriculture land. The study indicates that the built up area of Pune metropolis has expanded 
almost three times from 107.5 SQ.KM in year 1992 to 322.9 SQ.KM in year 2013 with an average growth 
rate of 10.3 SQ.KM per annum. The PMC region remained the top contributor in built up growth with 
almost a contribution of 34.2%. The maximum expansion occured towards South and East direction of 
urban fringes.   

The study indicates that the percentage of built up land has increased and open land has reduced 
(barren land and farming land) as a result of urbanization. This can be the reason for the climatic 
changes and can be the possible threat for degradation of environment. 
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Image2: Growth of the city, indicates the increase in percentage of built-up 
Source: L.N Kantkumar et.al, Spatiotemporal urban expansion in Pune metropolis, India by Using remote sensing, 
Habitat International, October-2015, Elsevier 

 

4. Literature review 

Lake is a depression in the land form with large surface area and filled with water. Normally, there are 
two types of lakes: 
Natural lake: The lake, which is available near the river or ocean. It could also be the depression in the 
land form, which was later filled by the springs or collection of the rainwater.   
Artificial lake: The lake, which was created for the benefit of human settlement by humans. 

4.1. Physical variables 

Sunlight, temperature and humidity are considered as the physical variables which affects the life-cycle 
of the lake. As per the physical variables, lakes are divided into 3 layers 

1. Epliminion layer: It is upper most layer, where the sunlight penetrates easily and light is also 
scattered due to the presence of solid substances. This helps the growth of macrophytes, which 
is food for the small fishes. 

2. Metalminion layer: It is the second most layer of the lake, where the sunlight reaches less as 
compared to the epliminion layer and temperature is also less as compared to the epliminion 
layer. Aquatic life is also possible here, because of the kinetic energy of the water reaching here 
due to water movement and the season changes.   

3. Hypolimnion layer: Sunlight is not able to reach at this layer due to which temperature is very less 
here. 

4.2. Chemical Variables 

The chemical composition of any lake affects its basin’s geology and hydrology. The chemical variables 
of any lake depends upon the climate and atmosphere of the region. Generally, all lakes contains wide 
range of molecules and ions, which are available in it water. The concentration of the molecules and 
ions in water is measured in mg/l or ppm. The presence of ammonium, phosphate and nitrate ions 
indicate a high percentage of nutrient in the lake. High percentage of the magnesium and calcium shows 
the hardness of water. 
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4.3. Biological Variables 

Under the biological variables, there are three zones: littoral zone, limnetic zone, euphotic zone. The 
littoral zone are the near shore area. Full penetration of sunlight to the sediment allows growth of 
aquatic plants (macropytes) in littoral zone. These aquatic plants provide the food source and substrate 
for algae and invertebrates. The euphotic zone are the zone where only 1% light reaches. 
Photosynthesis process cannot occur in such low light levels. In most of the lakes, epliminion contains 
the sunlit euphotic zones. The limnetic zone is the open water area, where there is no light penetration 
up to the bottom of the lake. 

 
Image 3: Biological Variables 

Source: Lake ecology, 2004 

5. Analysis of Pune lakes at macro level 

Pune lies on Deccan plateau, the maximum lakes comes under the PMC (Pune Municipal 
Corporation) are man-made and some are natural lakes i.e, Pashan lake, Katraj Lake are artificial or man 
made lake, where as the Lakkaki lake, and Vishrantwadi lake comes under the natural or the collection 
of the rainwater in open quarry, which was closed after the order by collector, in 1984. The catchment 
area of the Katraj Lake is more as compare to the other lakes. The Katraj Lake was the oldest lake in 
Pune, constructed during the Peshwas’s period. It is the main source for water supply in Pune. To better 
understand the lakes water quality and quantity with respect to the urbanization different tools are 
used.  

 Physio-chemical analysis 

 Chronology data analysis 

 Catchment area analysis 

 Activity analysis around the lake 

5.1. Physio-chemical analysis 

Physio-chemical analysis of the lakes, under PMC(Pune Municipal Corporation) limit:  The sample 
collection is done by the Aqua Lab, Akrudi, Pune. The test is carried over the one liter of water. The 
sampling is done according to the seasons, to see the seasonal variation in water quality. Due to time 
limit, the water testing is done pre-monsoon. 
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S.No Name of 
the Lake 

pH BOD COD Nitrate Total 
Alkalinity 

Status of 
the lake 

1. Katraj 8 21(mg/l) 124.8(mg/l) 0.141(mg/l) 170(mg/l) Highly 
Polluted 

2. Pashan 7.23 13(mg/l) 93.6(mg/l) 0.198(mg/l) 200(mg/l) Polluted 

3. Lakkaki 8.91 18(mg/l) 104.4(mg/l) 0.249(mg/l) 410(mg/l) Highly 
Polluted 

4. Dhanori 7.34 3(mg/l) 24(mg/l) 0.145(mg/l) 238(mg/l) Moderately 
Polluted 

 
 
The pH value: the pH value of surface water normally, 6.5 to 8.5. higher the pH value indicate the water 
is basic in nature. Pashan lake water pH value is 7.23, but should consider the other factors also, before 
utilize the water. Lakkaki lake is highly degraded lake, shows that the water is hard in nature, more 
percentage of calcium and magnesium. If we check the total alkalinity of the water the higher figure 
410(mg/l) shows of lakkaki lake as compared to the Pashan and Katraj lake. One of the reason for 
hardness of water is quarry lake, basalt at the bottom of lake and because of the weathering the 
hardness of water increase. The higher alkalinity seen in Dhanori lake case also, the reason is same as in 
lakkaki lake. Out of all four lake, the Dhanori lake consider as the moderately polluted lake and Lakkaki 
lake consider as the highly polluted lake. Katraj lake, test result shows the COD is quite high. It is harmful 
for the fishes. 

5.2. Chronology Analysis 

Chronology of lake is done at Google earth software from year 2008 to 2017. The purpose of this 
chronology is to check the construction near the lakes and check the changes in the lakes. And the result 
is there is change in the size of the lake, which shows that of course construction near the shore line. 
Which effect the overall environment and water body. There is possibility of the de-siltation or reduce in 
depth of the lake because of the nearby construction. 

 

 
 

Picture: chronology of Dhanori Lake 2008 and 2019 respectively 
 
In the above figure, It have been seen that the urbanization, changes the shore line. As per the Pune 
Tree Watches(NGO) the 2% of lake was filled by the Lunkad Builders’ for one of his project. 
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Picture: chronology of 2014 and 2019 respct. 
In the above pictures, it is clearly shown the effect of the urbanisation on the Pashan lake fringes have 

been developed according to the time period. 
 

  
 

Picture:chronology of Lakkaki Lake 2014 and 2009 respcectively. 
There have been no major changes with respect to built up around the lakkaki lake, but the overall 

growth of the city, ignore the lakkaki lake, hence the size of lake have been reduced. There is possibility 
to reduce its depth also. 

 

  
 

Picture: shows the chronology of Katraj Lake2014 and 2019 respectively. 
 
The Municipal take the responsibility to develop the lake premises, and develop the lake front for the 
common public. But still the water quality was in bad condition. There is no such maintenance seen in 
the premises. One encroachment seen from the katraj vasahat side, which was used as the dumping 
ground.The Katraj Vasahat was highly dense area. 
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5.3. Activity analysis: 

To find the real issues in the lakes bodies, it is important to critical analysis the activities in lake fringes 
areas. 

 

Table1: Activity in lake fringes  Source: Generated by author 

 

S.No Name of the Lake Swimming Boating Pleasure view Recreational Commercial Dhobighat 

1. Katraj N Y Y Y Y N 

2. Pashan N N Y Y N N 

3. Lakkaki N N Y Y N N 

4. Dhanori N N N N Y Y 

 

As per the activities in the lake fringes area, it is clearly shown that the lake under PMC is developed for 
the recreational purpose. But there is no such guidelines, which can follow for future development. 
Another mapping is done for analysing the land use pattern in lake fringes. 

 

Table 2: land use pattern, in lake fringes  Source: Generated by author 

 
S.no Name 

of Lake 
Commercial Slum 

dwellers 
Residential Recreational Dumping 

ground 
Sewage 
Disposal 

Construction 
activity 

1. Katraj Y Y Y Y Y Y Y 

2. Pashan N N Y Y Y N Y 

3. Lakkaki N N Y Y Y N N 

4. Dhanori N Y Y N Y Y Y 

 

The above table shows, that the nearby residences and slum dwellers are the main reason for the 
degradation of the lake. Any construction activity, in Lake fringe area will definitely have high impact 
over the lake with respect to its depth and BOD and COD level. Although the COD increased mainly, in 
those lakes where the direct sewage disposal. To treating lake as a dumping ground is the sign for its 
exploitation of lakes. The lake fringes should be developed properly, as it attract the migratory birds.  

6. Result and Findings 

The depth of the lakes have been reduced as compared to the previous years. The main reason behind 
that is the construction activity in lake fringes areas. Because of the construction activity, the de-
slitation taken place. Currently the shoreline of the lake or lake-fringe is used as the dumping ground, 
which affect the quality of water in terms of BOD, COD and pH level. The residential bodies and slum 
dwellers have high impact over the lake bodies. Government should make strict laws for the lake 
development for maintaining its quality and quantity. Any construction activity should be prohibited 
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near to the lake areas. Municipal should decide some restricted area. The least affect of commercial and 
recreational activities over the lake bodies.  

7. Conclusion 

The variable of the lakes are different from one lake to other lake, depends on the factors, i.e climate of 
the region, development in lake fringe areas and settlement years near to the lake bodies. the same 
policy or the frame work is not applicable on the other lakes. Before implementing any policy or 
guidelines, we should consider its variables and current condition of the lakes. Within Pune with the 
same climatic condition, but different micro condition shows the diversity in lake behaviour. 
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Abstract: This paper uses a socio-technical building performance evaluation (BPE) approach to assess 
the actual energy and environmental performance of three high-performance certified green office 
buildings located in the composite and hot & dry climates of India. The in-use energy and environmental 
performance of the buildings were examined using a technical building survey, energy consumption and 
generation data, environmental monitoring, along with occupant satisfaction surveys. Results showed 
that two case study buildings used less energy annually than design predictions, while one used about 
5% more. All the case study buildings performed better than comparative benchmarks. However, energy 
generation systems (rooftop photovoltaics) did not perform as intended. Indoor temperatures were 
found to be lower in closed (cellular) offices as opposed to open offices. Occupant survey results 
revealed that though occupants were satisfied with the overall design of the building, comfort levels and 
indoor air quality, they perceived indoor lighting to be more than required. Recommendations are 
provided for fine-tuning the performance of the buildings and the process of BPE for the Indian context. 
Such empirical studies are expected to help build trust in the Indian building industry, which is currently 
shy of exposing itself to liability risk resulting from actual building performance. 

Keywords: Building performance evaluation, office, LEED, IBGC. 

1. Introduction 

According to the Indian Green Building Council (IGBC) India has over 5,327 projects registered for green 
building ratings, of which 1,750 certified and fully functional (as of May 2019) (IGBC, 2019). According to 
the US Green Building Council (USGBC), 899 of these buildings are certified under the Leadership in 
Energy and Environmental Design (LEED) programme. This makes India the fourth country in the world 
with the most LEED certified buildings (Stanley, 2019). Evaluation of green certified buildings in research 
has demonstrated that the certification and branding does not always ensure greater energy 
performance (Sawyer et al., 2008; Sabapathy et al., 2010), occupant satisfaction or better indoor 
environmental quality (IEQ) over conventional buildings (Tham et al., 2015).  

The three most prominent green building rating tools used in India are LEED, IGBC, and GRIHA 
(Green Rating for Integrated Habitat Assessment), that are focussed on enhancing energy efficiency 
mainly during the design and in-use stages (Thanu and Rajasekaran, 2018). However there is growing 
recognition of the issue of energy performance gap (EPG) wherein green certified buildings are shown to 
use from two to nine times the energy beyond model predictions in the USA (Chen et al., 2015) and UK 
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(Menezes et al., 2012; Palmer and Armitage, 2014). In India Sabapathy et al. (2010) demonstrated 
instances where LEED Silver and Gold certified information technology facilities were performing better 
than one certified as LEED Platinum. The EPG may not necessarily indicate poorly designed or failed 
green buildings but simply indicate a lack of rigour in the prediction / certification process. One such 
study demonstrates the way models can create this dilemma by underestimating occupant numbers and 
behaviour in office buildings (Menezes et al., 2012). Another significant problem is attributed to how the 
prediction side of some building regulation only predicts heating and cooling load i.e. regulated energy, 
while the measurement side includes total energy consumption (De Wilde, 2014). Nonetheless, the 
frequency of the performance gap internationally indicates the necessity to demonstrate claims of 
efficiency, sustainability and comfort through evaluation in India. 

Reasons behind the EPG can range from thermal properties of the building envelope, weather, 
selection, proper installation, commissioning, maintenance, and use of systems, and occupant 
behaviour, which can all directly and indirectly affect building performance. To begin to understand how 
these variables play a part in the whole, the approach of Building Performance Evaluation (BPE) can be 
used to identify, quantify and resolve the gap between ‘as-designed’ and ‘built / in-use’ performance. 
This is done through a systematic collection and analysis of qualitative and quantitative information 
related to building fabric performance, energy performance, environmental conditions and occupant 
behaviour (Preiser, 2001). This paper seeks to apply a customised post-occupancy BPE approach (Gupta 
et al., 2019) (I-BPE) for Indian green buildings, to evaluate the actual performance of three high-
performance certified green office buildings in India, from both technical and occupants’ perspectives. 
The paper briefly reviews literature on building performance evaluation in India, and then introduces 
the three case study buildings and methods used to evaluate the case studies. The results from the BPE 
studies are presented, followed by a discussion on future application of BPE in India. 

2. Review of building performance studies in India 

There is a growing body of published research on assessing actual building performance in India. Most of 
these studies are focussed on field studies in thermal comfort (FSTC) utilising thermal comfort 
questionnaires, interviews, temperature and relative humidity (RH) logging, and spot measurement 
tools to evaluate environmental parameters of buildings (Nicol and Roaf, 2005). Interior environment 
assessment in the literature include spot measurements at the time of survey (Kumar et al., 2016; Manu 
et al., 2016), thermal comfort questionnaires (including long-term/seasonal outlook and/or thermal 
sensation and preference votes) (Kumar et al., 2016; Manu et al., 2016; Dhaka and Mathur, 2017; 
Thomas, 2017) and long-term logging/monitoring of temperature, relative humidity (RH) and other 
parameters (Ford et al., 1998; Dhaka and Mathur, 2017). In addition, several studies, of naturally 
ventilated domestic and non-domestic, concluded that occupants are comfortable at temperatures 
greater than comfort ranges recommended by ASHRAE 55, ISO-7730 standards, and the National 
Building Code of India (Indraganti, 2010; Kumar et al., 2016).   

Generally, POE/BPE studies differ from FSTC in that they include the addition of a long range 
questionnaire on such variables as work area satisfaction, lighting, productivity, and health (Manu et al., 
2016); a review of project information, interviews with key stakeholders (Thomas, 2017); the impact of 
material changes on the interior environment (Garg et al., 2016); design and system installation review, 
monitoring plan walkthrough, monthly energy bill collection for one year combined with seasonal 
energy monitoring, data logging of electricity distribution, spot measurements of lighting, temperature, 
RH, and envelope temperature (Bhanware et al., 2017); new technology performance (Rajput et al., 
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2018); and aggregated, sub-metered and appliance energy consumption monitoring (Batra et al., 2013). 
The largest gap in BPE methods relate to those generally applied before post-occupancy, e.g. evaluation 
of systems installation, commissioning, and fabric performance. In summary, most studies are focused 
on thermal comfort and less on energy consumption, with little cross-over between the two subjects. 

3. The case studies and research method 

I-BPE was tested on three green certified buildings in India, as part of postgraduate dissertations (by co-
authors), with the intent to provide feedback on the relevance and effectiveness of the I-BPE methods 
as a research tool in the Indian context. A key aim of the case study is to better understand the 
challenges in applying the methods and tools of the I-BPE methodology, and how these might be 
improved to continue BPE studies in India. 

3.1. Three green office buildings 

The first case study building (B1), a sustainable development research facility located in Gurgaon, India, 
is a LEED Platinum building completed in 2008. The building is constructed of heavy thermal mass with 
double glazed windows, and highly reflective roof surface and exterior paving materials to reduce heat 
gain. Shading devices reduce solar heat gain in the summer but permit solar gain in the winter. Internal 
courtyards provide natural light inside the building to reduce electrical lighting consumption throughout 
the year. The building also utilizes rainwater harvesting, permeable paving, and wastewater recycling for 
irrigation and toilets. 

The second building (B2) is a GRIHA 5-star and LEED Platinum government office building in New 
Delhi, completed in 2014. The building is constructed of heavy thermal mass with double glazed 
windows. The roof is a terrace garden with extended photovoltaic (PV) panels to provide shade to areas 
of the roof and the upper stories. The exterior shell and all paving materials were designed to reduce 
heat gain. Shading devices reduce solar heat gain in the summer but allow solar gain in the winter. 
Access to daylight was designed to reduce electrical lighting consumption. The building utilizes 
rainwater harvesting and a geothermal heat exchange system adopted for AC in the building, is 
contributing to the reduction in water consumption by eliminating the need for a cooling tower.  

The third building (B3) is the operational headquarters of a company located in Rajasthan, India. The 
building was originally constructed in 1966 and has been retrofitted many times over its life. It was 
finally renovated to receive an IGBC Platinum rating in the category of existing building - operation and 
maintenance in 2017. The building is constructed of reinforced cement concrete (RCC) and masonry to 
create a heavy mass structure. To its benefit, the building is oriented longways along the north and 
south and is designed around a central atrium which allows daylight into the centre of the building. The 
central atrium was originally open to the sky but was covered to restrict bird intrusion. The covering is 
translucent, but it has reduced the level of daylight in the space. The building uses a mix of cassette 
ceiling air conditioning (AC) units and a variable refrigerant flow (VRF) system for cooling; the offices on 
the fourth floor are cooled with split ACs. The stairwells and the lift lobbies & corridors of the fourth 
floor are naturally ventilated. The remainder of the building is mechanically ventilated throughout the 
entire year, and all windows are fixed.  

Table 1 lists important aspects for the case studies. 
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Table 1: Case study building details 

Detail Building 1 (B1) Building 2 (B2) Building 3 (B3) 

Climate Composite Composite Hot and dry 
Green rating LEED Platinum LEED Platinum / GRIHA 5★ IGBC Platinum 
Ownership Private Government Private 
Occupancy (typical) 150 occupants; Monday – 

Friday 8am – 6pm 
900 occupants; Monday – 
Friday 9:30am – 5pm 

80 occupants; Monday – 
Friday 9:30am – 6:30pm 

Built-up area* 2,660m2 19,130m2 9,867 m2 (no basement) 
Programming/ form Offices: ground, 1st and 

2nd levels.  
Ground level: auditorium, 
reception, classrooms, 
conference room, 
cafeteria and kitchen 
Basement: control room 

Four wings around central 
courtyard; ground level 
plus 7 stories & basement. 
Offices, conference rooms, 
meeting rooms, a dining 
room, cafeteria, library 
and auditorium. 

5 levels: Central atrium 
with double loaded 
corridors with open office 
space in the centre. 
Ground level auditorium.  
2nd and 3rd, and half of 4th 
floors are unoccupied. 

Cooling / ventilation Mixed-mode Mixed-mode Mixed-mode 
Energy/ renewables Electricity from grid; 

diesel generator backup; 
PV 58kWp, solar thermal 

Electricity from grid; diesel 
generator backup; PV 
930kWp 

Electricity from grid; diesel 
generator backup; PV 
100kWp  

Fabric details (U-values) Wall: 0.36 W/m2K 
Roof: 0.35 W/m2K 

Wall: 0.37 W/m2K 
Roof: 0.26 W/m2K 

U-value data not available 

*Built-up area excluding basement is used to calculate Energy performance Index (EPI), a normalization of energy 
consumption used for benchmarking in India represented as kWh/m2/yr (BEE, 2017). 

3.2. BPE field study methods 

The building performance evaluations were carried out for one month in the monsoon season (5 July – 
13 August 2018). The primary elements of the studies included design and construction audit, energy 
assessment, environmental monitoring and occupant survey, as drawn from the I-BPE approach 
developed for the Indian context (Gupta et al., 2019). For review of design intent, relevant drawings and 
documents were gathered along with interviews and walkthroughs with key stakeholders (B1, B2, B3). 
Build quality and installed services were reviewed through technical building survey, although a limited 
review of lighting controls was done in B1.  

All buildings were able to provide a full year (1 Apr. – 31 Mar 2018) of monthly energy consumption 
and photovoltaic generation data. Only B1 and B3 allowed temperature and relative humidity (RH) 
logging. As B2 is a Government building, the installation of environmental loggers or photographs of 
workspaces were not allowed. However, all buildings allowed environmental spot readings covering CO2 
and lux levels (Given the limited space, only monitored temperature and RH are discussed in this paper.) 
All BE studies implemented the well-recognised Building Use Studies (BUS) survey (ARUP, 2014). The 
BUS methodology obtains feedback data on building performance through a self-completion occupant 
questionnaire. The response rate for B1 and B3 were high due the high level of interest from the owners 
/ management in the process and survey findings. (B1: BUS (91 of 130 returned) (70%); B2: BUS (270 of 
900 returned) (30%); B3: BUS (78 of 105 returned) (74%)). In B1 and B3, implemented thermal comfort 
(TC) diaries were conducted albeit with a low rate of return. Semi-structured interviews with occupants 
were conducted in B3. 
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4. Results 

4.1. Review of design intent 

For all three buildings occupants and management were satisfied with building design, facilities, image 
of the building, and overall fulfilment of needs. These findings are also confirmed by the BUS survey 
wherein these features were highly satisfactory in B1 & B3 and only moderately satisfactory in B2.  

B1 was designed for mixed-mode operation. All spaces have operable windows; however, it was 
found that for reasons of security, dust, and insects, windows are rarely opened even when conditions 
are ideal. Ceiling fans are available and often used. Despite the design of internal courtyards to help 
provide abundant natural light inside the building and thereby, reduce electrical lighting consumption, 
there were many instances where electrical lighting was left on where not needed. Furthermore, BUS 
survey results indicate there was enough natural and electrical lighting at the time of survey. 

In B2, the FM did not receive proper handover and operation manuals and there has been a frequent 
turnover in FM position. This frequent change leading to little time to invest in the FM position could be 
a contributing factor to why the installed monitoring equipment and BMS remain offline and unrepaired 
since 2013. The green pavers, intended to reduce impervious, hardscaped surfaces has separated 
creating large gaps and safety concerns. There were many instances where electrical lighting was left on 
when not needed. Furthermore, BUS survey results indicate there was enough natural and electrical 
lighting at the time of survey. 

In B3, most of the spaces on the second and third floors are unoccupied and are being used to store 
unwanted things; balconies are used to house split AC units to cool the newly designed office space of 
the fourth floor. Improper wiring, unnecessary spotlights, broken window shade controls, water leakage 
in the false ceiling, lack of storage at the workspace were noted at the time of walkthrough survey. 
Overall, the design review process proved to be challenging as much of the core team responsible for 
the coordination of the certification process had left or retired and even the plans received from the FM 
consultants did not represent the current state of in-use. 

4.2. Energy assessment 

B1 and B2 were found to consume less energy than prediction (EPG = -0.3% (negligible) and -3% 
respectively), while B3 consumed slightly more than predicted (EPG = +6%). In contrast the PV systems 
of B1 and B2 were performing as intended (EPG = -9% and -19% respectively). The PV performance 
limitations unfortunately offset the net outcome for B1 and especially B2 as it depends on the PV to 
achieve the net-zero status. The PV system on B3 performed better than intended meeting an EPG of 
+21%. Though this brought down the net EPG by half, the building is still consuming more than intended 
overall. B3 received two Energy Efficiency credits for Minimum Energy Performance (mandatory 
minimum) for projecting a 10% reduction in total energy consumption beyond the design baseline of 
817,000 kWh (in-use this is currently 4.6% reduction). The PV system’s capacity goes beyond the 7.5% 
that was required to gain the maximum credits for on-site renewables. The building also gained two 
credits for purchasing 273.5 MW of off-site renewable energy.  

Table 2 shows the results for the as-designed and as-built energy consumption and generation. 
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Table 2: Annual energy data from 1 April 2017 – 31 March 2018 

 B1 Design B1 In-use B2 Design B2 In-use B3 Design B3 In-use 

Total energy use (kWh/yr) 378,266  377,310 1,400,000 1,356,615 735,125 779,789 
Generation (PV) (kWh/yr) 44,571 40,531 1,400,000 1,138,027 115,856 140,671 
Net energy use (kWh/yr) 333,695 336,779 0 218,588 619,269 639,118 
Net energy use/m2 (EPI) 
(kWh/m

2
/yr) 

125.4 126.6 0 11.4 79.4 81.9 

Strong correlation was found between total energy consumption and total degree days (BizEE, 2019) for 
all three buildings (B1: r = 0.82; B2: r = 0.78; B3: r = 0.68). Though still strong, B3 had the lowest 
correlation. Total energy consumption was also observed to proportionally track degree days from Apr. 
– Oct. 2017. However, despite the low degree days for the months of Nov. 17 – Feb. 18, more energy 
was consumed in these months than would be expected, possibly due to continuous mechanical 
ventilation and fixed windows in the building. The reported lack of handover provided to the current FM 
onsite could also contribute to higher than expected energy consumption, especially during the winter 
months. During the change in facilities management, there was lack of awareness of the BMS system, 
including setting the temperature for the air handling unit.  

Figure 1 shows the case study buildings’ EPIs against relevant Indian benchmarks (Kumar et al., 2010; 
BEE, nd). The buildings are performing better than the Indian Energy Conservation Building Code (ECBC) 
office building benchmark for their respective climate; however, B1 is not performing as well as some 
actual measured benchmarks of public sector buildings, though it is a LEED Platinum rated building.  

 

 

Figure 1: Annual energy data (1 April 2017 – 31 March 2018) with benchmarks. 

4.2. Environmental monitoring and occupant survey 

Table 3 shows descriptive statistics for temperature and RH for the buildings. Note: OO = open office, 
CM = closed meeting room. Overall the buildings’ environmental data are well-aligned except for a few 
observations: a) B3 maximum temperatures range from 4-5oC lower than B1; b) Standard deviation of 
RH in B1 is twice that of B3; c) Difference in RH between rooms measured in B3 is much larger than in 
B1.The acceptable operative temperature range for offices in summer is 24.5oC +/- 2.5) according to the 
Indian Society of Heating, Refrigerating and Air Conditioning Engineers (ISHRAE) standard (2016). Figure 
2 shows the percent of occupied hours ideal (green), within (light blue and yellow) and outside (dark 
blue and red) of the acceptable temperature range for three offices in B1 and four offices in B3. For both 
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buildings there is a notable difference between the temperatures on each floor and enclosed offices 
tend to have the coolest temperatures.  

Table 3: Temperature and RH details in B1 (6 July – 13 August 2018) and B3 (9 July – 3 August 2018) 

 B1 – GF OO B1 – 2F OO B1 – 3F OO B3 – GF OO B3 – 1F CM B3 – 1F OO B3 – 4F OO 
 T

o
C RH% T

o
C RH% T

o
C RH% T

o
C RH% T

o
C RH% T

o
C RH% T

o
C RH% 

Mean 26.3 65.9 25.3 64.9 26.6 67.8 25.2 68.8 26.3 65.9 25.4 70.1 25.9 65.8 
Max 37.2 89.0 36.6 87.0 36.2 90.3 32.1 79.5 32.0 80.0 31.9 87.9 31.6 77.9 
Min 19.9 43.4 18.6 44.7 18.3 44.2 20.7 49.1 20.5 47.7 20.6 54.9 20.6 46.0 
Stan.Dev. 2.7 10.5 3.2 9.5 2.6 11.5 2.4 5.0 2.3 6.8 2.2 5.8 1.9 5.0 

 

 

Figure 2: Temperature ranges for offices in B1 (6 July – 13 August 2018) and B3 (9 July – 3 August 2018) 

 

In B1, on the ground floor, only about 2% of occupied hours are above the threshold but on the first 
floor this is over 25% of occupied hours. Though there are maximums outside the recommend range, 
mean temperatures for all offices are remaining reasonably close to the setpoint and within 
recommended range. This is also true for RH; however, the mean RH in the SF office is close to the 
maximum recommended (70%). This may indicate window opening behaviour. The lower temperature 
and RH in the GF office is likely due to the enclosed nature of the office. Overall warmer temperatures in 
B1 may be attributed to temperature setpoint for the building at 26.5oC. This is 0.5oC below the ISHRAE 
(2016) maximum operative temperature threshold in summer for offices. 

In B3 the comfort temperatures appear well-managed though not consistent from floor to floor. The 
4th floor office has the most occupied hours (80%) within 0.5 degrees of the target temperature. The 
ground floor is well within acceptable range but could experiment with scaling back on the cooling a 
little to reduce energy consumption. RH is not as well managed as temperature. The 4th floor office also 
has the smallest percentage of hours (1%) over 70% RH; however, the 1st floor open office has 60% of 
occupied hours over 70% RH. This should be reviewed and monitored as it could increase formaldehyde 
and microbial concentrations in the air, leading to health problems or allergic reactions. Through BUS 
surveys in B3, lack of control over temperature were noted as issues. 
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Overall comfort is rated moderately high in all buildings for all seasons, highest in B1 (Figure 3). In all 
the seasons, temperature is considered to be on the cooler side and also cooler in winter. Air is 
considered as still, fresh and odourless. In B1 and B2, air was considered dry but in B3, it was considered 
neither too dry nor humid. Though overall comfort is perceived to be satisfactory in the buildings, the 
respondents consider control over cooling and ventilation to be unsatisfactory. Interestingly, in both B1 
and B2 buildings productivity at work is perceived to have increased because of the environmental 
conditions in the building; furthermore, occupants feel healthier when in the building.  

 

 
Figure 3: Comfort and summer temperature BUS results 

5. Discussion 

For total and net consumption, B2 is performing best; however, the PV system is underperforming, 
which should be reviewed. B1 is not performing as well as certain benchmarks; therefore, it brings into 
question what should be expected considering the energy performance of LEED Platinum buildings. In 
the certification process, there are many credit paths to achieve this certification level; however, a 
certain level of energy performance would preferably be expected, e.g. perform better than a Gold 
building of the same type (Sabapathy et al., 2010). Though B3 is performing well with respect to 
benchmarks it is showing a positive EPG. This is a clear case of a Platinum rating that was not dependent 
on energy performance but a significant list of other green building features to qualify for certification 
as it achieved the minimum level for total energy reduction. This raises two questions: (1) Considering 
the potential for such a large gap and that no performance evaluation follow-up took place after the 
certification process, should a 10% reduction on baseline be enough to earn a platinum rating? (2) As 
the building in-use is only performing at a 4.6% reduction on the baseline can it still be considered a 
Platinum-rated building? Recommendations to improve performance include low cost options such as 
awareness campaigns addressing energy-related use of the building among occupants and high cost 
options such as, consider operable windows and or trickle vents to reduce the need for mechanical 
ventilation and possibly cooling in the winter months. The simulation methods and the installed 
efficiencies of the PV systems should be reviewed to understand where the net EPG is most affected to 
avoid repeat results.  

In conducting the BPEs, the difference between the private (B1, B3) and government (B2) buildings 
presented challenges, wherein B2 had high levels of restriction, barriers and permissions to seek. On the 
other hand, B2 had better design-stage documentation. When assessing an existing building after much 
time has passed, lack of access to design intent data can be common. Expecting this suggests allocating 
more time and energy in surveying the building, and systems, ideally with the designer and or FM, in 
order to develop an idea of the difference between as-designed and in-use. 

It is common to have power outages in India. Monitoring devices that are dependent on Wi-Fi 
connection or outlet connection can suffer interruptions during power outages. This suggests the need 
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to consider, as an option, battery driven logging equipment with built-in storage accessible by Bluetooth 
or manual USB download. Interested owner and management (B1), providing reminders to occupants 
and coordination with management for assistance (B3), helped increase the return rate of BUS 
responses. Selling the concept to the building owner/management is essential to success. Delivering 
recommendations for improvement can help in this regard. The higher rates of return notwithstanding, 
many people were not able to understand questions in the BUS survey. Much time was required from 
the evaluators to explain the meaning of questions. For this reason, it is recommended that the BUS 
questionnaire be modified and tested for the Indian context to simplify language and/or translate the 
forms. Many occupants simply refused to take the BUS survey and TC diary. People are generally busy, 
especially in a workplace environment; for a higher rate of return an incentive would be ideal. The TC 
diary was not successful and is not recommended in its current paper form. It was difficult to get 
occupants to fill the longitudinal TC diary. People didn’t find it interesting to fill which led to missing 
blanks, day skipping, and a low response rate. Though again, this may require an incentive, especially to 
install an application on an individual’s smart phone, but TC diaries would be less difficult to complete if 
it were app-based with notifications to prompt simple quick responses. 

7. Conclusion 

This study has tested a socio-technical BPE approach (I-BPE) to assess the actual performance of three 
high-performance office buildings in India. The field studies included design data collection, monitoring, 
walkthroughs and occupant surveys, and were conducted over 30 days in the monsoon season. The 
comparative evaluation of the case studies not only provide empirical data on building performance 
from multiple perspectives, but also produce insights about what works in the Indian context both in 
terms of green building performance and the methods to assess it. Such BPE case studies can also help 
to build trust in the Indian building industry, which is currently shy of exposing itself to liability risk 
resulting from actual building performance. 
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Abstract: In India, there are around 14.6 million registered students in higher education. Over the past 
years in India, the compounded annual growth rate (CAGR) has been observed 11% while student 
enrolment CAGR was 6%. In the higher education institutes, design of lecture halls plays a significant 
role. Daylighting is one of the critical aspects of designing a lecture hall because, in visually demanding 
activities, good daylight conditions are of utmost importance for the students. This study aims to assess 
the daylighting performance of lecture halls, including glare problems, lighting levels, and to minimise 
the energy consumption of artificial lighting by using occupancy sensors, photosensors and dimming 
control strategies. For this study, six lecture halls have been selected at NIT Trichy. The assessment 
approach has been based on software simulations using dynamic daylighting metrics such as useful 
daylight illuminance (UDI), daylight autonomy (DA), spatial daylight autonomy (sDA) and daylight glare 
probability (DGP). Simulation results show that the lecture halls lack daylight in the middle areas. No 
glare has been observed in any lecture hall. Dimming control strategy helps in energy savings and 
reduces the artificial lighting consumption up to 61.86% on average. 

Keywords: Lecture Halls; Daylighting Performance; Dynamic Daylight Metrics; Energy Savings 

1. Introduction 

From the past many years, daylighting is considered as an essential factor in the design of educational 
buildings. Many studies (Bellia et al. 2013; Ihm et al. 2009; Korsavi et al. 2016; Zhang et al. 2017; 
Bhandari and Sundaram 2019; Piderit et al. 2011) highlight the positive effect of natural lighting in the 
making of a pleasant environment, increase in performance, human health as well as, the provision of 
energy-saving measures have been well recognised over the years; Therefore, utilisation of natural 
lighting is an essential factor for energy savings and visual comfort. 

Jovanovic et al. (2014) have pointed out that good daylight conditions are essential for the students 
and users involved in visual demanding activities. This research also showed that the students in 
windowless classrooms are unsociable, indecisive, uncoordinated and less focused. To improve the 
health, satisfaction, and productivity of the students, it is crucial to pay attention to daylighting in 
design.  
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Nabil and Mardaljevic (2006) state that daylight is a greatly under-exploited natural resource, and 
exploitation of daylight can lead to energy savings by reducing the artificial lighting requirements of 
buildings. Pellegrino et al. (2015) concluded that some criteria, such as the direct sunlight exposure, 
view from the windows,existence of glare sources, the daylight distribution and availability must be 
considered to achieve energy efficiency and visual comfort by minimizing the use of artificial lighting.  

For all the reasons mentioned above, the importance of daylighting as an important design 
parameter in educational buildings premises is widely recognised. Thus, the primary objective of this 
paper is to evaluate the daylighting performance of lecture halls and find out the solutions to minimize 
the energy consumption of artificial lighting by using photosensors, occupancy sensors and dimming 
control strategy. The findings of this study are also expected to answer the following questions: 

 What lacks in the daylighting performance of the existing building? 
 What will be the effect of dimming control strategy on the energy consumption due to artificial 

lighting? 

2. Methodology 

2.1. Building description 

A lecture hall building at NIT Trichy was chosen for this study. This lecture hall building has two wings 
with 36 lecture halls distributed on three floors with the total built-up area of 4885 sq.mt. This building 
has a variety of lecture halls with different orientations and the same window to wall ratio (WWR). For 
this study, lecture hall F2, F4, F6, F7, F9 and F11 have been selected on the first floor with different 
orientations as shown in Figure 1.  
Table 1 shows the typical area details of a lecture hall studied. The WWR is 40% for the lecture hall, and 
one lecture hall can accommodate 120 students at a time. 

 

Figure 1 Lecture hall building at NIT Trichy (Source: Author) 

 

Table 1 Surface areas for a typical lecture hall studied 

Surface Area (m2) 

Floor 170 

Ceiling 170 

Walls 178 

Windows 23.4 

Ventilators 12.5 
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2.2. The simulation-based approach of daylighting analysis 

2.2.1 Modeling 

Autodesk Revit 2016, Rhinoceros 5.0 and DIVA 4.0 have been used for 3D modelling and daylighting 
analysis. Autodesk Revit 2016 and Rhinoceros 2016 have been used as modelling and visualisation tools. 
DIVA 4.0 has been selected to perform the daylighting simulations. A grid of sensors (0.5 X 0.5 meter) 
has been arrayed in the lecture halls at the height of 1.05 meter (average height of the working plane in 
the stepped lecture hall) from the finish floor level. The Trichy (warm-humid climate) weather data has 
been taken from energy plus and given as an input to perform annual daylighting simulations. 

2.2.2 Simulation details 

Two sets of simulations (with/without photosensors controlled dimming) have been done for all the 
lecture halls for all occupied hours according to the institute schedule.  Table 2 and Table 3 show the 
simulation inputs and radiance rendering parameters, respectively.  
Table 4 shows the types of simulations and their outputs.   

 

Table 2 Simulation inputs 

Parameter Value 

Target Illuminance 300 lux (National Building Code 2016) 

Artificial Lighting Operation Dimming with occupancy on/off sensor 

Lighting Setpoint 300 lux (National Building Code 2016) 

 

Table 3 Radiance parameters 

-ab -ad -as -ar -aa 

5 512 256 128 0.15 

 

Table 4 Simulation types & Simulation outputs 

Simulation Type Simulation Output 

Point-in-time Glare DGP: The comfort assessment which considers the 
overall brightness of the view, the location of glare 
sources and visual contrast value for a given time and 
perspective view. 

Daylight Autonomy (DA) Percentage of annual occupied hours above the 
illumination level of 300 lux. 

Useful Daylight Illuminance (UDI) Illuminance range for percentage annual occupied 
hours that fall within the range of 0-3000 lux 

Spatial Daylight Autonomy (sDA) Percentage floor area which receives 300 lux for at 
least 50 % of annual occupied hours. 
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Table 5 shows the material properties for the daylighting simulations. Figure 2 shows the occupancy 
schedule and artificial lighting schedule to calculate the electrical lighting load through simulations. To 
calculate the maximum possible electrical lighting load for the existing condition, all the light fixtures 
have been considered as switched on with occupancy.  Energy savings have been calculated with respect 
to the maximum possible artificial lighting load. Photosensors and occupancy sensors have been used as 
an energy-saving measure to reduce the artificial lighting consumption. Two photosensors have been 
installed at every luminaire. In total, 36 photosensors (Figure 3(a)) have been installed at the ceiling 
level (4.2 metre) for 18 luminaires (Figure 3(a)) in each lecture hall. Each luminaire consists of two 
fluorescent tubes (T5-28 Watt). 

 

Table 5 Material properties 

Surface Reflectance/Visible Light Transmittance 

Ventilator Glazing Transmittance 0.89 (wbdg.org) 

Window Glazing Transmittance 0.37 (Saint Gobain glass ST136) 

Façade Glazing Transmittance 0.37 (Saint Gobain glass ST136) 

Old Ceiling Reflectance 0.5 (IES Lighting Handbook) 

Old White Wall Reflectance 0.55 (IES Lighting Handbook) 

Cement Floor Reflectance 0.1 (NBC 2016) 

Outside Ground Reflectance 0.2 (CIBSE Guide) 

Door Reflectance 0.5 (ECBC 2017) 

NBC: National Building Code 2016, India 

wbdg.org: Whole Building Design Guide 

IES: Illuminating Engineering Society 

CIBSE: Charted Institution of Building Services Engineers 

ECBC: Energy Conservation Building Code 

 

 

Figure 2 Occupancy schedule & Artificial lighting schedule 

 

2.2.3 Analysis approach 

Annual DA, UDI and sDA simulations have been done to analyze the daylighting performance of the 
building. For glare identification, Point-in-time glare simulations have been done for the critical days, i.e. 
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summer solstice (21st June), winter solstice (21st December) and Equinox (21st March). Daylight glare 
probability (DGP) values have been calculated for every two hour interval from morning to evening 
(08:00 am, 10:00 am, 12:00 pm, 02:00 pm, and 04:00 pm). Two critical viewpoints have been identified 
at the last row looking towards the blackboard to simulate the glare. 

 Figure 3(b) shows the typical details of a lecture hall, camera locations (Viewpoint 1 & Viewpoint 2) 
and the human eye visual field (160° - Indian standard SP 41: 1987) for point-in-time glare simulation. 
For analyzing the simulation results, the lecture hall has been divided into grids at the distance of every 
0.5 meters, as shown in Figure 3(b). The values of DA and UDI have been calculated on 30 points on each 
grid, showing in Figure 3(b). The average values of DA and UDI on the grid generate the profile of 
daylighting distribution in the lecture halls. 

 

 

Figure 3 (a) Location of photosensors & luminaires; (b) Typical details of a lecture hall (Source: Author) 

 

3. Results & Discussion 

This paper presents a methodology to analyze the daylighting performance of lecture halls through 
software simulations and shows the role of daylighting in educational buildings in achieving energy 
efficiency. The daylighting simulation results of lecture halls are presented below. 

 Overall, the study results prove that the available daylight could be better used, and energy 
consumption could be reduced substantially by using dimming control strategy. 

Table 6 shows the average values of the simulation results for the various parameters studied. Based 
on the analysis of results, lecture hall F7 shows the highest DA, UDI300-3000 and sDA. At the same time, 
lecture hall F4 shows the lowest DA and UDI300-3000 and sDA. The results demonstrate that the quantity of  
daylight above a threshold level of 300 lux is highest in lecture hall F7 and lowest in lecture hall F4. 
Lecture halls F7 and F4 are oriented in the same directions (NW and SE) but still showing a difference in 
daylighting performance because the building profile is obstructing daylighting penetration from the 
south in case of lecture hall F4. The results show the influence of site surroundings and building profile 
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on the daylighting performance of spaces. The average UDI100-300 is falling in the range of 45-55 %. It 
shows that the illumination levels are falling in the range of 100-300 lux for 45-55% of occupied hours 
for all the lecture halls. The results of DA and UDI300-3000 show almost the same values for all the lecture 
halls.  

To achieve energy efficiency, the dimming control strategy with photosensors and occupancy 
sensors have been used and compared with the existing condition. Results show that the lecture hall F2 
is saving up to 71% of energy with respect to the existing artificial lighting load consumption and 
performing best in terms of energy savings. Lecture hall F6 shows the least performance among the 
selected lecture halls for this study with an energy saving of 47.31%. Overall, the study results prove 
that the available daylight could be better used, and energy consumption could be reduced substantially 
by using dimming control strategy. 

Table 6 Average simulated values of DA, UDI<100, UDI100-300, UDI300-3000, UDI>3000, Artificial Lighting 
Consumption & Energy Savings 

 
Lecture 
Hall No. 

 

Avg. DA 
(%) 

Avg. 
sDA 
(%) 

Avg. 
UDI<100 

(%) 

Avg. 
UDI100-300 

(%) 

Avg. 
UDI300-3000 

(%) 

Avg. 
UDI>3000 

(%) 

Artificial lighting consumption 
(kwh) 

Existing 
(simulated) 

With 
Dimming 
Control 

Energy 
savings 

% 

F2 34.20 40 13.14* 53.74 34.14 0.06 1792.7  517* 71.16** 
F4 27.48* 20* 21.81 50.71 26.92* 0.56 1792.7 671.1 62.56 
F6 33.93 29 20.48 45.58 32.80 1.14 1792.7 944.4** 47.31* 
F7 36.54** 41** 14.72 48.74 35.94** 0.60 1792.7 608.3 66.06 
F9 31.85 25 23.24** 44.91* 30.71 1.15** 1792.7 832.1 53.58 

F11 29.09 30 15.37 55.54** 29.04 0.05* 1792.7 529.5 70.46 
**Maximum value, *Minimum value 
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Figure 4 Daylight Autonomy Profile for lecture halls F2, F4, F6, F7, F9, F11 

Figure 4 shows the profile of DA with respect to the distance from the windows. The results show 
that all the lecture halls lack daylight in the middle areas. The DA values are quite high near the windows 
with respect to the other part of the lecture halls. In most of the lecture halls, DA is observed to be less 
than 30% beyond 3m distance from the windows. Lecture hall F7 registers higher DA in the middle areas 
when compared to other lecture halls.  

 

 

Figure 5 UDI>100 lux profile for lecture halls F2, F4, F6, F7, F9, F11 

 

Figure 5 represents the profile of UDI>100 lux with respect to the distance from windows. Based on 
the useful daylight illuminance (UDI) results, most of the lecture halls receive an illumination level of less 
than 100 lux in the middle areas for at least 20-30 % of occupied hours. The UDI>100 lux values are lowest 
near the windows in all the lecture halls, which shows the availability of higher illuminance levels near 
the windows. Lecture halls of the same orientation (F2 & F11, F4 & F7, F6 & F9) show the similar profile 
of UDI>100 lux. Lecture hall F9 shows the highest average value and lecture hall F2 shows the least 
average value of UDI>100 lux as mentioned in Table 6. 

Figure 6 shows the daylight distribution of illuminance range between 100-300 lux with respect to 
the distance from the windows. Based on the result analysis, all lecture halls show the illuminance levels 
between 100 and 300 lux for a significant part of the annual occupied hours. Results show that during 45 
to 55% (Table 6) of the annual occupied hours, the lecture halls receive the illuminance levels of 100-
300. This indicates insufficient illuminance levels all around the year. Lecture hall F11 shows the highest 
average value and lecture hall F9 shows the lowest average value of UDI100-300 lux, as mentioned in Table 
6.  Lecture hall F11 receives the illuminance levels between 100 and 300 lux for 55% of the occupied 
hours and clearly shows the lack of daylight. 
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Figure 6 UDI100-300 lux profile for lecture halls F2, F4, F6, F7, F9, F11 

 

 

Figure 7 UDI300-3000 lux profile for lecture halls F2, F4, F6, F7, F9, F11 

 

Figure 7 represents the profile of UDI300-3000 lux with respect to the distance from the windows. 
Lecture hall F7  shows the highest average value and lecture hall F4 shows the lowest average value of 
UDI300-3000, as mentioned in Table 6 and clearly shows the direct relation with the DA results. Results of 
UDI300-3000 lux show the lack of illuminance levels in the middle area of the lecture halls. 

In order to assess the discomfort glare condition for the lecture halls, point-in-time DGP simulations 
have been done for critical days, as mentioned in section 2.2.3. In total, 180 point-in-time DGP 
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simulations have been done to analyze the glare.  Table 7shows the range of DGP values with the 
respective type of glare. The results of DGP simulations are presented in Figure 8Error! Reference 
source not found.. The box plot shows that the DGP values are less than 30% for all the lecture halls for 
both the camera positions. It clearly shows that no glare has been observed at any point of time for any 
lecture hall. The mean DGP value is observed to be less than 10% in all the cases. The highest DGP value 
(29%) is observed for the lecture hall F9 at VP1 (Viewpoint 1).  

Table 7 DGP Range (Source: DIVA 4.0) 

DGP Value Type of Glare 

DGP<35% Imperceptible glare 

40% > DGP ≥ 35% Perceptible glare 

45% > DGP ≥ 40% Disturbing glare 

DGP > 45% Intolerable Glare 

 

 

Figure 8 Point-in-time DGP simulation results 

 

4. Conclusion 

Daylighting is a crucial design parameter for architects. Good daylighting promotes a pleasant and 
healthy environment and increases productivity of the students. Natural lighting also helps in the 
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reduction of artificial lighting energy consumption. The current study evaluates the daylighting 
performance of lecture halls at NIT Trichy by using a simulation-based approach. The investigation of 
daylighting performance through computer simulations forms a comprehensive approach to the study, 
which leads to an assessment process that assures the reliability and accuracy of the investigation 
results. The assessment of daylighting performance of lecture halls leads to valuable and significant 
conclusions in terms of the daylighting quantity, energy savings and glare prediction. More specifically: 

 Most of the lecture halls lack daylight in the middle areas throughout the year. 
 High illuminance values are observed near the windows. 
 Most of the lecture halls receive the illuminance level of less than 300 lux beyond 3 m distance 

from the windows.  
 Based on the average values of DA, UDI300-3000 and sDA, it is concluded that the lecture hall F7 is 

performing best and lecture hall F4 is performing least among the lecture halls selected for this 
study. 

 Dimming control strategy shows an average savings of 61.86% in artificial lighting consumption. 
 Based on the results of the dimming control strategy, lecture hall F2 performs best in terms of 

energy savings and saves up to 72% of energy with respect to the existing artificial lighting load. 
 All the lecture halls have been registered the DGP value of less than 30% (Perceptible glare) 

which does not cause any glare. 
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Abstract: As a developing country, India is growing economically due to which it is experiencing an 
unprecedented construction boom and the residential sector is one of the biggest energy consumers. 
Recent studies suggest that there is an increase in the residential green building footprint in India, 
however there is a gap observed between the intended and actual performance in green buildings. To 
ensure that the design intent of such buildings is actually realized, a customized India-specific Building 
Performance Evaluation (BPE) methodology is required. The purpose of this study is to evaluate the 
existing UK-BPE methodology through one case study and check its applicability and relevance for 
residential green buildings in India. The study shows that methods listed in the UK-BPE are more inclined 
towards performance-oriented targets and need to be modified to evaluate the performance of green 
buildings that follow the prescriptive path. This study is being undertaken by a project called Learn-BPE, 
it is a UK / India research project which aims to undertake collaborative research and educational 
activities to develop the methodology to evaluate the actual performance of buildings from a technical 
and occupant perspective, also called building performance evaluation (BPE). 

Keywords: Building performance evaluation (BPE), residential green building, India 

1. Introduction 

India’s energy demand is changing significantly due to the transforming economy. Lifestyle and 
consumption behavior are also changing with economic growth. The reason being the accelerated 
economy, the country is urbanizing rapidly. These changes will have implications for energy demand in 
the future, particularly in the residential sector. One study analyses the evolving consequence India will 
face for its residential energy demand and states that by 2030, India’s energy demand in the residential 
sector can be four-fold as compared to the energy demand in 2010 (Bhattacharyya, 2015). As per 
Shnapp (2015), the country has doubled its floor space between 2001 and 2005, and it is expected that 
by 2050 the country will add 35 billion m2 of new buildings. Today buildings in India account for 35% of 
total final energy consumption and it is growing at 8% annually (Porter, 2015).  

To reduce the upcoming energy demand in the residential sector, green building rating systems like 
IGBC, GRIHA, and LEED came up with design guidelines specifically for residential buildings. IGBC 
demonstrated savings of 30% to 40% on energy cost (IGBC, 2017) and GRIHA states 1200+ projects has 
lead to an energy savings of 654679 Mwh (“GRIHA,” n.d.).  Thus, there is a window of opportunity to 
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manage future residential energy demand through energy efficiency in India. However, research 
continually demonstrates that green building rating and certification systems do not always ensure 
greater energy performance and one way of identifying and addressing the performance gap is through 
building performance evaluation (BPE) (Sawyer et al., 2008).  

Building Performance Evaluation (BPE) is invaluable for identifying, quantifying and resolving the gap 
between ‘as designed’ and ‘in use’ performance through a systematic collection and analysis of 
qualitative and quantitative information related to fabric performance, energy performance and 
environmental conditions (Gupta & Gregg, 2017). Post occupancy evaluation (POE) is to examine the 
effectiveness of occupied designed environments for users. BPE is the process which can be used at any 
point in a building’s lifecycle to assess the energy performance and occupant comfort, with POE being 
one of its major parts. Voordt & Wegen (2005), discussed POE is the procedure which helps in 
determining the effectiveness of design decisions made by the architect and delivering the performance 
as intended.   

There are significant studies done which suggest that the buildings do not perform as well after 
occupancy as was intended when they were being designed. The difference between the intended and 
actual performance of the building is known as the performance gap. De Wilde (2014), discussed the 
root causes of the mismatch between prediction and measurements of energy performance. Major 
cause towards performance discrepancies is within the design stage itself. Issues start from 
miscommunication about performance targets to the client and design team for the upcoming building. 
Equipment could be another factor which might not perform as specified by the manufacturer or over-
optimism on system acceptance by the intended users. Recent studies reveal that the energy 
performance of buildings is affected not just by how it is designed, but also how it is built, commissioned 
and used. If the design is poor, then it will consume more energy, however, when the design is good or 
efficient then how occupant uses the building is a critical point. The way the building is built also affects 
the energy performance since during construction if technical details (for, e.g. thermal bridging, leakage 
from door and window) are poorly executed it will affect the performance (Samaratunga et al., 2017). A 
BPE study was done on an institutional building in India, which shows that rating systems primarily 
focused on asset performance-focusing on building geometry and system performance. The rating 
systems did not directly address the operational aspects which focus on occupancy schedules, mode of 
operation (mixed mode) and set-points (Gupta et al., 2019). 

2. Methodology 

This study was conducted in four stages: 1) Pre-site, 2) On-site, 3) Analysis and 4) Results. It started with 
reviewing UK-BPE methodology (Gupta and Gregg, 2017). A pilot study was conducted for implementing 
the methodology and understand the gaps. The next step was selecting a green-rated residential 
building for the case study and reviewing the rating submittal to understand the design intent. In the 
next stage of the study, building was monitored which included on-site measurements of PM & CO2 

levels, illuminance levels and instantaneous spot measurement of environmental parameters along with 
interviews and surveys. Measurements were taken based on the criteria requirement of the rating 
system and as per the methodology suggested by UK-BPE. In the third stage, all the data was extracted 
and analysed. In the last stage, performance of the building was analysed and critical analysis was done 
to assess the relevance of UK–BPE methodology for Green-rated residential buildings in India. 
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2.1. Criteria for selection of case study 

For recruiting the case study building three criteria were considered: a) The building must have green 
building rating certification, b) It must have at least one-year occupancy and c) Access to the building, 
drawings, and green rating submittal. 

2.2. Monitoring plan as per green rating submittal 

The project’s green building rating documentation was reviewed to understand the design intent of the 
building. The review helped in identifying the performance metrics and criteria which needed to be 
evaluated. The evaluated criteria were envelope, daylighting, lighting power density of the project, 
energy metering, captive power generation, fresh air ventilation, cross ventilation, CFC free equipment, 
and energy-efficient air conditioners.  

2.3.  Monitoring plan as per UK-BPE 

The UK–BPE methodology used, was developed by Oxford Brookes University (Gupta and Gregg, 2017). 
It is divided into three stages 1) As-built stage, 2) Initial occupancy stage, and 3) In-use stage.  
 

Table 1: On-site measurement taken as per UK-BPE 

Activity Methodology 

Collection of 
documents 

The documents were collected from energy consultant and developer, which includes 
construction drawings, and green-rating submittal. This helped in understanding the design 
intent and performance goals of the building. Review of these documents helped to 
understand how building or system should be operated.  

Interview with 
key 
stakeholders 

Appointment for an interview was taken with relevant stakeholders like facility manager, 
energy consultant, and developer. Review of the operation and maintenance manuals were 
carried out which helped understand design intent and the building as a whole and it is 
systems working.  

Energy use Energy consumption of the residence was found based on the utility bills. Two-year electricity 
bills were collected from the residence and the energy consumption patterns were analyzed. 

Indoor air 
quality 

For monitoring PM2.5 & PM10, AirVeda was installed in the living room, kitchen, and bedroom. 
For monitoring CO2 levels, Tinytag CO2 loggers were installed in living room and bedroom. The 
spaces monitored were regularly occupied spaces in residence. Loggers were calibrated before 
installation.  

Illuminance 
over grid 

Illuminance levels were measured in all the regularly occupied spaces, along a 750mm x 
750mm grid at work plane height (800mm). 

Thermal 
comfort and 
occupant’s 
satisfaction 
survey 

A questionnaire was designed for the right-here-right-now survey and deployed to understand 
occupant thermal comfort and satisfaction with different aspects of building design. All the 
surveys were carried out in the living room only and occupants were briefed about the survey 
form and what results it would provide. Surveys were conducted once during the week and 
then again during the weekend. On-spot measurements were taken for globe temperature, air 
temperature and air velocity using the HT30 heat stress WBGT meter and Fluke 922 air flow 
meter. Outdoor air temperature data for the past 30 days were obtained from the Centre for 
Advance Research in Building Science and Energy (CARBSE), Ahmedabad weather station.  
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3. Details of case study building 

The case study is a residential building located in Ahmedabad, Gujarat, which is classified as a hot and 
dry climate zone (BEE, 2018). This building was awarded a platinum rating from IGBC Green Homes 
under version-1 in 2016. The total site area is 1.25 acres, and the building comprises six blocks, four of 
which have G+3 floors and the remaining two have G+7 floors, making a total of 88 apartments. There 
are two types of apartments in the building - 3BHK (Bedroom, Hall, Kitchen) and 4BHK. The building 
envelope is made up of concrete walls and all the residence face the central courtyard for natural 
ventilation. For monitoring, five apartments were selected on different floors (ground, intermediate and 
top) facing different orientations and with different occupancies. This paper discusses results for two 
apartments out of the five, named as residence-1 (R1- Third floor of G+3 building) and residence-2 (R2- 
Ground floor of G+3 building).  

4. Results 

4.1.  Assessing compliance with IGBC requirements  

As the designer and consultants opted for the prescriptive approach for the compliance, all the IGBC 
criteria were cross-checked and verified on site. Minor differences were observed between the design 
drawings and the actual building. For example, a few window sizes and positions had changed and in 
one apartment. For daylighting, 2% glazing factor was achieved in all regularly occupied spaces. For 
fresh air ventilation, operable windows were provided per the IGBC requirement. For energy efficiency, 
LED and sensor-based lighting were provided in the common spaces. Further, LPD (lighting power 
density) achieved was 30% less than the IGBC requirement. All the systems installed were BEE certified 
and had no CFC/HCFC components in them. Energy meters were provided on-site for water pumping 
from a bore well and common space lighting. The project met all the IGBC requirements that were 
documented for the rating. 

4.2. Assessing performance w.r.t UK-BPE methodology 

4.2.1. Energy consumption 

To analyze the energy consumption of the residences, two-year electricity bills were collected.  

 

Figure 1 shows the annual energy consumption of the two residences and it can be observed that 
residence-1 had an EPI of 24.3 kWh/m2/yr in 2017 and 43 kWh/sqm/yr in 2018. Residence-2 has EPI 
(energy performance index) of 40.9 kWh/sqm/yr in 2017 and 29.8 kWh/sqm/yr in 2018. Further, to find 

Figure 1: Energy performance index (EPI) of two residences (R1 & R2) 
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the reason for the gap in EPI bi-monthly energy consumption through electricity bills was analyzed 
which helped in identify the energy consumption patterns of the house. Bi-monthly energy consumption 
for both the residences is shown in Figure 2.  
 

 

 

 

 

 

 

 

 

 

 

In Figure 2, Bi-monthly energy consumption is shown to understand the gap in EPIs of two years. 
After an interview with the occupants, it was found that occupants did not occupy the residence-1 
during the months of January-April, 2017 or occupants were on vacation for a few months, residence 2- 
March-April-2017. For the mentioned reasons there is a difference in energy consumption. In these two 
apartments, the results show that occupancy in residential building is dynamic unlike other buildings 
such as offices or institutes, which has a fixed occupancy pattern throughout the year. 

4.2.2. Indoor air quality 

The following figures show the air quality for various spaces of the building and it has been overlaid by 
the Central Pollution Control Board (CPCB) levels (Central Pollution Control Board, 2014). R1 data was 
collected on 23 Jan, R2 data was collected on 21 Jan and ambient data were taken on 24 Jan. 

Figure 3: PM2.5  levels inside the residence (R1 and R2) with ambient 

Residence-1 Residence-2 

Figure 2: Two-year energy consumption data of two residences (R1 & R2) 
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From Figure 3, it is evident that in R1 most of the time indoor PM2.5 levels are either very poor or 
severe. PM2.5 levels in the bedroom were lower as compared to the living room and kitchen, since 
kitchen has an open plan and is connected to the living room. This leads to higher PM2.5 levels due to 
activities in kitchen and living room- cooking, incense stick etc. Further, bedroom is an enclosed space 
which is at a distance (5m approx.) from other spaces. As per Figure 3, in R1 PM2.5 start increasing in the 
evening around 6 PM and in the morning around 8 PM. Reason for this was, occupants use incense 
sticks in the house and this was the time when residents do “Pooja” and use incense stick in the house. 
PM2.5 levels are in satisfactory limits in R2 as they do not burn incense sticks inside the house.  
 

 

According to Figure 4, it is observed that PM10 levels increase at the same time as PM2.5  levels 
increases in Figure 3, which could have an adverse impact on the occupant’s health and cause 
respiratory illness on prolonged exposure. PM levels were correlated with occupancy- for residence R2 it 
was found that when the residence was not occupied from 10:30 to 14:30 the PM levels dropped  and it 
can be seen in Figure 4.  
 

Figure 4: PM10 levels inside the Residence (R1) & Residence (R2) with ambient 

Figure 5: CO2 levels inside the R1 and R2 with ambient 
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Since there is no prevailing standard in India that suggests the acceptable limit of CO2 levels for 
indoors in India, based on environmental protection administration in Taiwan, occupational health & 
safety administration (OHSA) USA and study did for schools in the UK, it was concluded that CO2 
levels<1000ppm are acceptable for indoors. As per Figure 5, in the R1 indoor CO2 levels were not in an 
acceptable range during the entire period and during night time in the bedroom, CO2 levels build-up 
inside the rooms and reaches till 3500 ppm. Where in the R2, CO2 levels were near the safe band. On the 
other hand, the outside CO2 level measured was between 700 to 950 ppm. Generally, occupants are not 
aware about the importance of indoor air quality and parameters to measure the same. Thus occupants 
do not have any perception regarding the high PM2.5, PM10 and Co2 levels. 

4.2.3. Daylighting 

The daylight measurements were carried out between 12 PM and 4 PM in different spaces. 

 

According to IGBC, 50% of regularly occupied space should achieve daylight illuminance levels of a 
minimum of 110 lux. Figure 6 shows the residence R1 has 43%, and Figure 7 shows the residence R2 has 
65% of the regularly occupied space achieving illuminance equal to or greater than 110 lux. Many 
factors were noticed during the study that have an impact on the daylight performance of the residence. 
As per an interview with occupants, windows facing south do not have proper shading which causes 
glare problem and heats up the room. To prevent this issue, they had applied a protective film on south 
windows which impacts the Visual Light Transmission (VLT) of the window and, therefore, the daylight 
performance. Most of the rooms in residence have a small balcony, and occupants use that balcony to 
dry their washed clothes, which affected the daylight performance adversely. Further, it was observed 
that the occupants drew curtains on the windows and then used electric lighting to avoid glare.  

4.2.4. Thermal comfort 

To compare the sensation of the occupants with the comfort model 90% acceptability comfort band of 
NBC-IMAC NV (National Building Code- Indian Model for Adaptive Comfort, Naturally Ventilated) by  
Bureau of Indian Standards, (2016) has been shown in Figure 8. 

Figure 7: Illuminance levels in R2 

Figure 6: Illuminance levels in R1 
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In Figure 8, comfort sensation responses were taken on weekdays and weekends. As per Figure 8, only 
one response lies below the comfort band and rest 17 lies in the comfort band. Based on the survey, five 
respondents reported they were feeling uncomfortable, out of which four respondents mentioned they 
want their thermal environment to be warmer and one respondent wanted the thermal environment to 
be cooler. 

 

Figure 9 shows the thermal sensation vote of the occupants, which they have given based upon their 
past experience. This was done to know how occupants feel in different seasons as thermal comfort 
surveys were carried out in winter season. Occupants were asked to consider one typical summer day 
and one typical winter day, and tell how they feel in morning, afternoon and evening. From Figure 9,  it 
is observed that sensation changed with the change in seasons. All the data shown for thermal comfort, 
survey was done in monitored house i.e R1 and R2, and two other identical residences adjacent to them 
were surveyed. 

5. Conclusion 

5.1.  Inference from the case study building 

While the UK-BPE methodology was used to assess the performance of the green-rated residential case 
study, additional methods had to be used to evaluate its compliance vis-à-vis the prescriptive 
requirements for IGBC Green Homes Platinum rating. Which shows that the UK-BPE methodology needs 

0 
2 
4 
6 
8 

10 
12 
14 

Summer 
morning 

Summer 
afternoon 

Summer 
evening 

Winter 
morning 

Winter 
afternoon 

Winter 
evening 

N
o

. o
f 

re
sp

o
n

se
s Much too warm 

Too warm 

Comfortably warm 

Comfortably neither 
warm nor cool 
Comfortably cool 

Figure 9: Thermal sensation votes based on occupant's past experience, n=12 

Figure 8: Comfort band as per NBC- Indian model for adaptive comfort 



321 

 

Evaluating the UK-Building Performance Evaluation (UK-BPE) methodology for a residential green 
building in India 

to be updated in order to provide an appropriate framework for evaluating green-rated buildings that 
use the prescriptive requirements since the UK-BPE methodology is more appropriate for buildings that 
follow the performance-based path to certification. However, not much methods were found to 
evaluate the criteria related to assets. UK-BPE suggests a methodology/pathway for evaluating the 
operational parameters of the building (e.g. for daylight it suggests taking the point in time illuminance). 
However, rating systems in India refer to different types of metrics (e.g. UDI- Useful daylight index, sDA- 
Spatial Daylight Autonomy etc.) which cannot always be evaluated using the same methods. Thus, the 
methods suggested by UK-BPE need to be customized for the prevalent metrics used in India.  

5.2. Relevance of UK-BPE methodology in India 

UK-BPE methodology was analysed based on the case study and green building rating systems to check 
its relevance for India.  

 
Table 2: UK-BPE methods evaluated for different aspects 

Method 
Relevant for 
residence in 
India 

Labor 
required 

Equipment 
cost 

Results 
provide 

As-built evaluation stage 

Design & construction audit Yes low low complete 

Fabric performance testing Yes moderate high complete 

System installation & commissioning review  Yes moderate high complete 

Survey of controls and user interfaces Yes low high complete 

Handover & written guidance evaluation & review Yes low low complete 

Initial occupancy stage 

Handover process observation No low low complete 

Walkthrough survey and interviews Yes low low complete 

Initial impressions questionnaire Yes low low complete 

In-use stage 

Monitoring and sub-metering of energy  Yes moderate high incomplete 

Environmental spot-checks Yes moderate moderate incomplete 

Occupant activity monitoring No low low incomplete 

Occupants thermal comfort survey Yes low moderate incomplete 

Occupant thermal comfort daily diary No low low complete 

 

A method is considered to be relevant if it helps in evaluating criteria either of the green rating 
system or project has incorporated that method during designing, construction and handover. Labour 
required was analysed based on how many people are possibly required to do that task. Equipment cost 
was analysed based on the current cost found for mentioned equipment.  

UK-BPE is divided into three stages - as-built, initial occupancy and in-use stage. During the as-built 
stage, the BPE methods required in India are related to building envelope, system and building handover 
as the requirement of various rating systems. However, equipment cost is high for testing U-value of 
building fabric (heat flux meter) and HVAC systems (blower door). On the other hand, design and 
construction audit is possible only when BPE is initiated from the design phase. The initial occupancy 
stage, observing the handover process is possible only if BPE is to be integrated from the very beginning. 
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Structured walkthroughs, questionnaires will help identify the gaps. The in-use stage needs to be carried 
out for longer period (unlike this-study of 16 days) to get a better understanding of the gap.  

During the case study, daily thermal comfort diary was provided to the occupants to record their 
comfort at different times in a day, however, none of the occupants maintained it. Thermal comfort 
dairy is an important aspect of BPE, however, convincing the occupants to fill it up regularly would be a 
challenge to the researcher. Lastly, energy meters are required for monitoring and sub-metering of 
energy, which if carried out, will help in understanding the end uses and help find the gaps. However, 
the energy meters are expensive and it depends on the research team at what granularity they want to 
understand the building end-use.  
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Abstract: The building sector consumes one third of total energy in India, the number is significant. The Energy Conservation 

Building Code (ECBC 2017) of India launched by Ministry of Power, Government of India provides climate specific Energy 
Efficiency Measures (EEMs) and standards, by which the energy consumption of building can be reduced at three levels ECBC, 
ECBC + and Super ECBC. The ECBC compliance can be achieved by one of two methods: ‘Prescriptive method’ and ‘whole 
building performance (WBP) method.’ The Indian subcontinent is a big geographical unit, which has almost thirty degrees of 

latitudinal extent (between 6N and 36N) and the same amount of longitudinal extent (between 68E and 98E). With its 
vast size about 3.2 million square kilometers, India has wide spectrum of climatic conditions. The climatic map included in the 
National Building Code of India (BIS 2016) for the purpose of design of buildings distinguishes five climate zones: Hot and dry, 
Warm and humid, Moderate, Composite and Cold climate. This paper aims to investigate prescriptive Energy Efficiency 
Measures (EEMs) for a mid-rise office building in five cities representing each of the climatic zones of India: Hot and dry 
(Ahmedabad), Warm and humid (Chennai), Moderate (Bengaluru), Composite (Delhi) and Cold climate (Srinagar). A mid rise 
office building with a floor plat of 50 x 33 meter and gross floor Area of 6582 sqm fully air-conditioned was modeled using e-
Quest 3.64 for four cases: Business as usual (BAU) baseline model (based on current specification or conventional of an Indian 
office buildings), ECBC, ECBC+ and super ECBC (based on ECBC 2017) for five cities. The effects of prescriptive Energy 
Efficiency Measures (EEMs) were analyzed for each of the climatic zones and it was found that ECBC models represents 40% 
to 50% reduction in energy consumption while as EPI ratios are higher than EPI ratios given in the ECBC 2017. The paper, 
therefore, recommends that the ECBC 2017 should a give range of EPI ratios for each climatic zone to optimize energy 
efficiency measures. 

Keywords: air conditioned mid rise office buildings, Energy Efficiency Measures, climatic zones of India, 
optimization 

1. Introduction 

This section presents the context of study, energy consumption in commercial buildings, EPI benchmarking and 
Energy Conservation Building Code of India. 

1.1 Context 

Globally traditional architecture is replete with examples of climate responsive and environmentally sound 
architecture; which is also true in India. However, globalization in the modern and contemporary architecture 
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(ubiquitous built form and large expanse of glass irrespective of climate of the place) led to growing energy demands 
and consequent environmental degradation, Fig. 1. 

The construction industry in India is one of the largest economic activities and is 
contributing around 7.8 percent to the nation’s Gross value added at basic price 
(at current prices), Reserve Bank of India (RBI 2018). As the sector is growing 
rapidly, preserving the environment poses a host of challenges. India’s urban 
population grew from the 286 million reported in the 2001 Census to 377 million 
reported in the 2011 Census of India (2011). The total commercial stock floor 
space in 2004–2005 was~516 million m2 and rose to~660 million m2 in 2010 at 
CAGR of 5 % per annum. Due to growing demand for floor space, and to 
accommodate emerging service industries and urban migration, India expects the 
total built-up area of commercial buildings will be 1900 million m2 by 2030 
(extrapolated considering 5% as CAGR) Singh, Sator and Ghatikar (2013). 

Figure 1: Hi-tech city, Hyderabad 

The energy use in buildings during their operation is the domain of the 
building designer (the architect, engineer or planner). Depending on the level of 

energy services, the operational energy consumption can be up to 80 per cent of the total energy demand of a 
building, with the balance being the energy consumed in construction, demolition and the embodied energy in the 
materials (WBCSD 2009, p.6). About 80 percent of GHG emissions take place during the operational phase of buildings, 
when energy is used for heating, cooling, ventilation, lighting, appliances, and other appliances. The buildings sector 
represents great potential to reduce energy consumption in both new and existing buildings by an estimated 30 to 50 
percent (UNEP 2009). 

1.2 Energy Consumption in Commercial Buildings 

India’s estimated electricity consumption increased from 5,01,977 GWh during 2007-08 to 10,66,268 GWh during 
2016-17, showing a CAGR of 7.82%. The percentage increase in electricity consumption from 2015-16 (10,01,191 GWh) 
to 2016-17 (10,66,268 GWh) is 6.5%. Of the total consumption of electricity in 2016-17, industry sector accounted for 
the largest share (40.01%), followed by domestic (24.32%), agriculture (18.33%) and commercial sectors (9.22%), Fig. 2. 
Thus the building sector represents about 33.54 % of electricity consumption and is second only to the industry in 
terms of consumption and consumption in these sectors is growing at 8 percent annually.  

    
                                

                                                         
 

 

 

Figure 2: Sector wise electricity consumption of India during 2016-17 (MOSPI 2018) 

The Energy Performance Index (EPI) is a number that indicates overall energy performance of a building. EPI can be 
used to benchmark the energy performance of a building for the purpose of designing new buildings, renovating 
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existing building and framing policy, regulations and codes. In 2004-2005 the average EPI of the commercial building 
was ~61 kWh/m2/year and rose to ~213 kWh/m2/year in 2010, (Singh, Sartor and Ghatikar 2013). Preliminary data 
from 860 commercial buildings in India was analyzed to establish EPI range based on actual energy consumption of 
building, building built-up area, conditioned and non-conditioned areas, type of building, hours of operation of building 
in a day, climatic zone, and other information related to facility by Sarraf, Anand and Gupta (2011). The conditioned 
commercial office buildings have average EPI of ~213 kWh/m2/annum; ‘public sector office buildings’ have EPI of ~114 
kWh/m2/annum while as ‘private office buildings’ have EPI of ~263 kWh/m2/annum primarily due to extended 
operation timing in latter case. There is a strong correlation between EPI and the climate type, Fig. 3.  

 

Figure 3: Energy Performance Index (EPI) using site energy data of commercial offices (n=226, public n=49, 
private n=177) in five climatic zones of India. Source: (Sarraf, Anand & Gupta 2011, p.48)  

1.3 Energy Conservation Building Code 

The Energy Conservation and Commercialization (ECO) program signed between the Government of India and United 
States Agency for International Development (USAID) led to the introduction of the Energy Conservation Act (ECA 
2001) to emphasize the national priority on energy efficiency in all sectors in India. The ECA 2001 mandated the 
creation of the Bureau of Energy Efficiency (BEE) under the Ministry of Power in 2002. The BEE is mandated to reduce 
the energy intensity of the Indian economy by actively working with stakeholders to accelerate the adoption of energy 
efficiency measures. For mainstreaming the energy efficiency in the building sector, the BEE has launched Energy 
Conservation Building Code (ECBC) -the first stand alone national building energy code in India in May 2007 under the 
ECA 2001; which was revised in 2017. This is applicable to both new buildings and those undergoing renovation. While 
it is currently voluntary, ECBC intends to be mandatory for commercial buildings or building complexes that have a 
connected load of 100 kW or greater or a contract demand of 120 kVA or greater and intended to be used for 
commercial purposes (BEE 2017).  

The ECBC compliance procedure requires the new building to fulfil a set of mandatory and prescriptive provisions 
related to five building components, namely (a) Building envelope, (b) Mechanical systems and equipment, including 
heating, ventilating, and air conditioning (HVAC),  service hot water heating (d) Interior and exterior lighting, and (e) 
Electrical power and motors, and renewable energy systems.  

The ECBC compliance can be achieved by one of two methods  ‘Prescriptive method’ and ‘Whole Building 
Performance (WBP) method’.  

The code prescribes the following three levels of energy efficiency:  

 Energy Conservation Building Code Compliant Building (ECBC Building) ECBC Buildings shall demonstrate 
compliance by adopting the mandatory and prescriptive requirements listed under ECBC Compliant Building 
requirements or whole building performance method. 
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 Energy Conservation Building Code Plus Building (ECBC+ Building) ECBC+ Buildings shall demonstrate 
compliance by adopting the mandatory and prescriptive requirements listed under ECBC+ Compliant Building 
requirements or whole building performance method. 

 Super Energy Conservation Building Code Building (Super ECBC Building) Super ECBC Buildings shall 
demonstrate compliance by adopting the mandatory and prescriptive requirements listed under Super ECBC 
Compliant Building requirements or whole building performance method. 

The EPI Ratio of a building is the ratio of the EPI of the Proposed Building to the EPI of the Standard Building:  

          
                        

                        
 

where,  

Proposed building is consistent with actual design of the building, and complies with all the mandatory 
requirements of ECBC. Standard Building is a standardized building that has the same building  floor area, gross wall 
area and gross roof area as the Proposed Building, complies with the mandatory requirements and minimally complies 
with prescriptive requirements for ECBC Buildings. The EPI Ratio for ECBC shall be one and for ECBC+ and Super ECBC 
Buildings shall be less than one. 

2. Methodology 

This research was conducted in two stages. The first stage included the creation of baseline model of a business–as–
usual (BAU) using input data from conventional construction and materials for office buildings in India. The second 
stage included the creation of three models by taking input values from Energy Conservation Building Code 2017 (BEE 
2017) for three levels of energy efficiency ECBC, ECBC+ and Super ECBC. The results from the BAU and ECBC models 
allow comparison of design performance in each climate, leading to the identification of Energy Performance Index 
achievable, Fig. 4. 

 

Figure 4: Building energy modelling run chart (5 x 4 = 20 runs) 

2.1 DOE-2 Derived eQuest Engine 

In this study, computer based building performance modeling technique is used because it makes it possible to set up 
parametric studies that generate relative performance data and eQuest, which is a general purpose building thermal 
energy analysis program, is chosen as the software for parametric runs. Energy modeling software consists of a 
thermal calculation engine to predict the annual energy use of the building. eQUEST’s DOE-2 derived engine is 
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combined with a building creation wizard, an energy efficiency measure wizard, industry standard input defaults, and a 
graphical results display module. DOE-2 of the Department of Energy, US, is the most widely recognized building 
energy analysis programme (DOE 2016). A thermal model of building is created by the user and it is translated into 
mathematical form by the program. The mathematical equations are then solved hour-by-hour using hourly weather 
data for the location under consideration. eQuest calculates hour-by-hour building energy consumption over an entire 
year (8760 hours) using hourly weather data for the location under consideration. Input to the program consists of a 
detailed description of building being analyzed, including hourly scheduling of occupants, lighting, equipment, and 
thermostat settings. eQuest provides very accurate modeling of such building features as shading, fenestration, 
interior building mass, envelope building mass, and the dynamic response of differing heating and air-conditioning 
system types and controls. eQuest also contains a dynamic day lighting model to assess the effect of natural lighting on 
thermal and lighting demands (Hirsch & Associates 2009).  

2.2 Building site and Climatic data 

The ECBC adopted the five climatic zones of India given by the Bureau of India Standards (2016): Hot Dry, Warm 
Humid, Temperate, Cold, and Composite. This research analyzes energy modeling conducted in five cities in India, 
located in five different climate zones: Ahmadabad (Hot Dry), Chennai (Warm Humid), New Delhi (Composite), 
Bangaluru (Temperate) and Srinagar (Cold) using ISHRAE weather data, Table 1. The goal was to determine the effect 
that each energy efficiency level had on the different building loads and, therefore, identify the EPI ratio achievable for 
each climate. 

Table 1: Geographical information and monthly mean maximum and minimum temperature of analyzed cities 
S. No. Climatic Zone City Mean Maximum and Minimum Temperatures 

1. Composite New Delhi 
Latitude: 28° 34' N 
Longitude: 77° 11' E 
Elevation: 216 m   

2. Hot dry Ahmedabad 
Latitude: 26° 53' N 
Longitude: 70° 55' E 
Elevation: 231 m   

3. Warm Humid Chennai 
Latitude: 13° 0' N 
Longitude: 80° 10' E 
Elevation: 16 m  

4. Temperate Bengaluru 
Latitude: 12° 58' N 
Longitude: 77° 34' E 
Elevation: 921 m  

5. Cold Srinagar 
Latitude: N 31° 19' 
Longitude: E 76° 31' 
Elevation: 874m 

 

Long-term average weather data (~30 year average), hourly (365 x 24 = 8760) direct normal solar radiation (kWh/m2), 
total horizontal radiation (kWh/m2), ambient temperature (°C), relative humidity (%), dew point temperature (°C), and wind 
speed (m/s) data are expected as climatic input to the software in a weather file. 

2.3 Building Model 

Building model is developed on the basis of mid rise Indian office buildings. A typical office layout, with a central 
core and four perimeter zones, as shown in figure 5. The same model will be used for BAU and ECBC cases. 
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 Within the framework of the study, a building model is developed for energy modeling purposes. This model 
represents the scale and occupancy patterns of an office building. A mid rise office building with a floor plat of 
50 x 33 meter , four story and gross floor area of 6582 sqm. 

 Depth of perimeter zone is considered 6m with 3.95m floor to floor height and 2.74m high ceiling. 
 Fully air-conditioned was modeled using e-Quest 3.64, which represent a typical office building type in India.  
 The business as usual building is modeled as standard orientation followed in India so that the longest sides 

are exposed to north and south with 73% of glass. While as the standard design performance is generated for 
building with 39.9% of glass initially at standard orientation and thereafter rotating the entire building 90, 180, 
270 degrees, then averaging the results. The building is modeled such that it does not shade itself. 

 
a) 3D view             b) 2D view 

Figure 5: Building model 

 Cooling and Heating set points: occupied cooling and heating setpoints of HVAC unit are determined as 24°C 
(75°F) and 21°C (70°F) respectively: that is, it is assumed that heating unit starts to work when zone 
temperature falls below 21°C in winter. In summer, cooling process starts to work when zone temperature 
exceeds 24°C.  While as unoccupied cooling and heating points are set as 26.67°C (80°F) and 18.33°C (65°F) 
respectively. Cooling design temperature indoor is 24°C (75°F) and supply 12.78°C (55°F). Heating design 
temperature is 21°C (70°F) and supply 32.22°C (90°F). Airflows minimum is 0.8495 cubic m per hour (0.5 
cfm/ft2) and VAV minimum flow 30%. Indoor design temperatures are used by eQuest to size air flow 
requirements. 

 Occupancy: 09:00 to 18:00 for five days of the week throughout the year, weekends and holidays are 
considered as unoccupied days.  Hourly scheduled values of the internal loads (people, lights and plug loads), 
Fig. 6.  

 

Figure 1: Hourly scheduled values of the internal loads (people, lights and plug loads) 

 

Table 2: Input parameters to eQuest software (Office Building Business< 10000 sqm) 

  

BAU  model  

B
U

IL
D

IN
G

 
EN

V
EL

O
P

E 

Opaque Wall Assembly (W/m2 K) 210 mm thick brick wall, 2.177 W/m2 K 

Roof Assembly (W/m2 K) 360mm concrete slab , 2.177 W/m2 K 

Fenestration (W/m2 K) single glass , 5.62  W/m2 K 

SHGC  0.48 

VLT 48% 

LIGHTING Building Area Method 10 W/m2 
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Fan Control VAV 
Cooling Type Chiller 
Heating Type Electric Heating 
COP 5.1 
Cooling Tower Variable speed 
Mechanical efficiency requirements for fans  (Supply, return & exhaust) 90% 
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(W
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 K
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 ECBC ECBC+  Super ECBC 

Composite 0.63 0.44 0.22 

Hot and Dry 0.63 0.44 0.22 

Warm & Humid 0.63 0.44 0.22 

Temperate 0.63 0.55 0.22 

Cold 0.40 0.34 0.22 

R
o

o
f 

A
ss
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ly
 

(W
/m

2
 K

) 

Composite 0.33 0.26 0.20 

Hot and Dry 0.33 0.26 0.20 

Warm & Humid 0.33 0.26 0.20 

Temperate 0.33 0.26 0.20 

Cold 0.28 0.20 0.20 

Fe
n

es
tr

at
io

n
 (

W
/m

2
 K

) Composite 3.00 2.20 2.20 

Hot and Dry 3.00 2.20 2.20 

Warm & Humid 3.00 2.20 2.20 

Temperate 3.00 3.00 3.00 

Cold 3.00 1.80 1.80 
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 °
 N

 

Composite 0.50 0.50 0.50 

Hot and Dry 0.50 0.50 0.50 

Warm & Humid 0.50 0.50 0.50 

Temperate 0.50 0.50 0.50 

Cold 0.62 0.62 0.62 

SH
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d

e
 <

 
1

5
 °

 N
 

Composite 0.27 0.25 0.25 
Hot and Dry 0.27 0.25 0.25 
Warm & Humid 0.27 0.25 0.25 
Temperate 0.27 0.25 0.25 
Cold 0.62 0.62 0.62 

SH
G

C
 (

N
o

n
 

-n
o

rt
h

) 

Composite 0.27 0.25 0.25 

Hot and Dry 0.27 0.25 0.25 

Warm & Humid 0.27 0.25 0.25 

Temperate 0.27 0.25 0.25 

Cold 0.62 0.62 0.62 

LIGHTING Building Area Method  9.50 W/sqm 7.60 W/sqm 5.00 W/sqm 

H
V

A
C

 

Buildings ≤ 12,500 m² of conditioned Area System B (VRF-Variable refrigerant Flow) 
Fan Control Constant Volume Variable Air Volume 
Cooling Type Direct Expansion with air cooled condenser 
Heating Type Electric Heating 
COP (VRF Air Conditioners, Air cooled)  Size category (kWr) EER 
 < 40 3.28 
 >= 40 and < 70 3.26 
 >= 70 3.02 

Mechanical efficiency requirements for fans  (Supply, return and exhaust) 60% 

Motor efficiency requirements for fans  (Supply, return and exhaust)  IE2 

Economizer Controls Capable of high-limit shutoff at 24 °C dry bulb temperature 

Exceptions * Projects in warm-humid climate zones are exempt. 

 * Projects with only daytime occupancy in the hot-dry are exempt. 

3. Building Performance Modelling  

Total energy consumption per unit area, or Energy Performance Index (EPI), is the metric used to assess the 
energy performance of a model at the whole building level. Additionally, energy consumption by end uses is used 
to determine if an end use needs to be improved or if its potential savings are negligible. 
Table 3: EPI and EPI Ratios for BAU and ECBC cases 

 

 



330 Kabre C. and Tyagi K. 

 

Climate City Model Name Benchmark 
EPI 

ECBC Energy 
savings on 
BAU model 

EPI Ratio 
achieved 

Max allowed 
EPI ratios 
(BEE 2017) 

Composite New Delhi BAU 260   - - 

ECBC 109 58% 1 1 

ECBC + 101 61% 0.93 0.86 

SUPER ECBC 92 65% 0.84 0.78 

Hot and dry Ahmedabad BAU 211  - - 

ECBC 118 44% 1 1 

ECBC + 109 48% 0.92 0.86 

SUPER ECBC 98 53% 0.83 0.78 

Warm and 
Humid 

Chennai BAU 201  - - 

ECBC 118 41% 1 1 

ECBC + 106 47% 0.90 0.86 

SUPER ECBC 95 53% 0.81 0.76 

Moderate Bengaluru BAU 260  - - 

ECBC 109 58% 1 1 

ECBC + 99 62% 0.91 0.85 

SUPER ECBC 89 66% 0.81 0.75 

Cold Srinagar BAU 182  - - 

ECBC 90 51% 1 1 

ECBC + 80 56% 0.90 0.88 

SUPER ECBC 74 60% 0.82 0.80 

 

 

Figure 2: Energy consumption of BAU and ECBC models 

The result shows significant similarities between climate zones. Figure 7, indicates that even though there are 
significant variations between climate zones, the same building model provided similar result in each zone. This 
can be explained by the fact that climate zones with more extreme summer conditions, such as Ahmedabad and 
New Delhi also show a higher seasonal variation than the other climate zones. While the cooling load peaks in 
the summer for New Delhi and Ahemdabad; it remains more or less constant all year in Bengaluru and Chennai. 
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5 Conclusions 

An analysis of BAU and ECBC models revel that reduction in the energy consumption is above 40% and primarily 
from a reduction in the energy consumption of equipment used for air conditioning (labeled cooling, fans and 
heating). The savings in the cooling demand energy are the result of a reduction of heat gains from the windows 
by 75%, due to a reduction of both the window-to-wall ratio and the solar heat gain coefficient, and from the 
wall by almost 100%, due not only to a reduced U-value but also by a reduction of the solar absorptivity of the 
opaque surface. The percentage energy savings in case of ECBC ranges between 41% and 58%. The percentage 
energy savings in case of ECBC+ ranges between 47% and 62%. The percentage energy savings in case of Super 
ECBC ranges between 53% and 65%. However, EPI ratios in case of ECBC+ and Super ECBC do not align with the 
maximum allowed EPI ratios by the ECBC. The provisions of the section 3.1.2.1 of the ECBC are compromised 
since as per the code the ECBC+ buildings and SuperECBC buildings that demonstrate compliance through 
prescriptive method shall be deemed to have an EPI Ratio equal to the EPI Ratios given by the code. 

 

Table 4: Comparison of measured data and building energy modeling of standard (BAU) and ECBC-compliant 
building  

 Standard Building ECBC compliant Building % energy savings 

Singh, Sartor and Ghatikar 2013 

Data collection 250 kWh/m
2
 150 kWh/m

2
 40% 

Building Energy Modelling 250 kWh/m
2
 (BAU) 140 kWh/m

2
 (ECBC) 44% 

Singh, Ravache and Sartor 2018 

Mumbai 253 kWh/m
2 

(BAU) 144 kWh/m
2 

(ECBC) 43% 

New Delhi 268 kWh/m
2
 (BAU) 146 kWh/m

2
 (ECBC) 46% 

Jaipur 280 kWh/m
2
 (BAU) 146 kWh/m

2
 (ECBC) 48% 

Bengaluru 232 kWh/m
2
 (BAU) 125 kWh/m

2
 (ECBC) 46% 

EPI results shown in Table 3 are consistent with the previous works on Indian office buildings (Singh, Sartor and 
Ghatikar 2013 and Singh, Ravache and Sartor 2018), realized through data collection from real buildings given in 
Table 4. The difference in EPI between the BAU models and the ECBC models represents a 40% to 50% reduction, 
which aligns with the results of ECBC User Guide. While as EPI ratios are higher than EPI ratios given in the ECBC 
2017. It is, therefore, recommended that the ECBC 2017 should a give range of EPI ratios for each climatic zone 
to optimize energy efficiency measures. 
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Abstract: From the craft production of the Gothic to the standardised industrial production of the 
Bauhaus, this research follows the development of modern architecture and the evolution of façade 
construction. This paper examines how, as technology has continued to advance and modes of 
production have evolved, complete dematerialisation – defined in this paper as a non-structural glass 
exterior walls – of the façade was achieved with the curtain wall. This research aimed to establish a link 
between Gothic and Bauhaus architecture to propose a lineage for modern curtain wall façade 
production and construction. The paper argues that changing modes of production is in response to 
construction issues, technological innovation and are dependent on the socio-cultural context of a 
specific time. Presenting a lineage that places this evolution into three stages – pre-industrial, industrial, 
and post-industrial – the relationship of architecture, technology and how construction methods 
respond to new technology will be illustrated. This paper will examine the curtain wall’s arrival in New 
Zealand as a case study for the international dissemination of this system, to conclude with a discussion 
that outlines how the architecture of a post-industrial age both favours and can produce customised 
and complex façades.  

Keywords: Architectural History; Façade Construction; Dematerialisation; Industrialisation. 

1. Introduction 

Historically, artistic hierarchies and changing socio-cultural contexts determined who designed 
buildings. This role shifted between the artist, craftsman, and architect (Rannells, 1949; Harvey, 1950). 
Although each art form is reliant on formal qualities, such as line, colour and composition, architecture 
must also express space (Rannells, 1949). Architecture accounts for gravitational forces and loads that 
act upon the building, but for it to become art, “spatial construction should be apparent to all who can 
see through façades” (Rannells, 1949, pp. 207). The Modernist architect and member of the Bauhaus, 
Mies van der Rohe, attempted to realise this with his early unbuilt proposals for glass skyscrapers. These 
structures with transparent, completely dematerialised, curtain wall façades revealed the structure 
within (Blaser, 1997). This paper places Gothic architecture at the beginning of this lineage for modern 
façade construction. Not only did Gothic architecture emerge without reference to historical precedent, 
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but a structural skeleton was developed by Gothic architects – a principle that has allowed curtain wall 
construction to develop into what it is today. 

From here, the question is posed: how have modes of production evolved to produce curtain wall 
façades as they are today, and what are the causes for development? This research aims to establish a 
lineage for the modern curtain wall, to argue that changing modes of production are in response to the 
sociocultural context and technological advancement of a particular time. This paper will begin with a 
discussion of the Gothic architecture’s complex design and assembly, followed by how these principles 
were interpreted by the industrial age. Then, the architecture of the Bauhaus will be analysed, to 
understand its influence and circulation abroad. The paper will discuss architecture in New Zealand, to 
examine the influence of the Bauhaus internationally. Finally, the role of technology in architecture 
today will be discussed to reflect upon the influence of the lineage presented by this paper on 
contemporary modes of production and construction of façades.   

2. The Gothic  

Before the establishment of the Gothic period, at the beginning of the twelfth century, Romanesque 
architecture was the dominant style. It featured a system of circular vaults that were used to span 
spaces, but required thick walls to support the vault’s structural load (Fitchen, 1961). Experimentation 
and technological innovation converted dark and heavy Romanesque architecture into the “elegant cage 
of the Gothic cathedral” (Acland, 1972, pp. 39), and the architect emerged as the master mason, who 
coordinated the layout and fabric of the Gothic cathedral (Acland, 1972). Consequently, cathedrals 
became the exemplary form of art – the engagement of craftsmen with architecture and construction 
represented the harmony between art and architecture (Harvey, 1950). 

To improve upon the Romanesque circular vaulting system, Gothic architecture introduced the 
pointed arch (figure 1). Arches, vaults and buttresses were derived from the pointed arch and were 
combined to create a structural skeleton. Each is essential within Gothic Architecture; together they 
form the skeleton and separate this structure from the walls and façade (Wolfe and Mark, 1974). 
Windows became larger to allow more light into the building and begin dematerialising the façade. 
Furthermore, the structure was expressed by the building's form, to generate an “expressive 
interpenetration of inner and outer space,” and reveal structure in the interior and on the exterior 
(Rannells, 1949). The influential 19th-century art critic and advocate for the Gothic, John Ruskin, explains 
in The Stones of Venice: 

We shall find that Gothic architecture has external forms and internal elements [emphasis 
added] … Its external forms are pointed arches, vaulted roofs, etc. And unless both 
elements and the forms are there, we have no right to call the style Gothic. (Ruskin, 
1874b, pp. 153)  

Structure, therefore, determined the building’s formal expression, on both the inside and outside. As a 
result, the Gothic cathedral expressed a modern idea: the separation of the structure and façade. The 
combination of buttresses, arches and vaults meant that the walls only needed to protect from weather 
and provide privacy. Ruskin describes the walls of a Gothic Building: 

In perfect architecture, however, walls are generally kept of moderate thickness, and 
strengthened by piers or buttresses; and the part of the wall between these, being only 
generally intended to secure privacy, or keep out the slighter forces of the weather, may 
be properly called a Wall Veil. (Ruskin, 1874a, pp. 52) 
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Unless a wall was required for a specific function related to the use of the building, the structural 
skeleton opened the space and reduced the form of the building to the essential structural elements. 
Arches and vaults, buttresses, or the later flying buttress, expressed the shape of the Gothic arch – a 
fundamental to the structural form of Gothic architecture – on the façade while supporting the exterior 
walls of the Cathedral. All of these components made the non-structural dematerialised façade a 
possibility.  

 

          

Figure 1: Diagram illustrating pointed arches and the creation of vaults in the Gothic cathedral (source: 
author); interior of Gothic cathedral (source: Sullivan, 2006); exterior of Gothic cathedral (source: 

Benoist, 1861); section illustrating relationship between arches and flying buttresses that support and 
allow for the dematerialisation of the wall (source: author).  

 

The skeleton, an organic form, connected Gothic architecture to nature and made complexity 
possible (Harris, 2012).  Ornamentation thus became secondary to structure (Wolfe and Mark, 1974; 
Harris, 2012); beauty was found in the structural skeleton – a form derived from nature – was 
celebrated as a piece of art itself (Harris, 2012).  With so much complexity, the construction of 
cathedrals took centuries, required a large workforce of skilled and unskilled labour, and large quantities 
of materials. Additionally, without an understanding of structural engineering, 17% of cathedrals 
suffered structural failure; walls fell over and buttressing systems gave way (Scott, 2011).  The structural 
achievements exhibited by Gothic architecture could not have been accomplished without the 
observation of earlier performance (Mark and Billington, 1989). These developments produced 
“engineering means [that] were entirely integrated and subordinated to the aesthetic aim, and the 
ensemble effect remains one of man’s greatest achievements, an overwhelming expressiveness” is 
hence achieved with structural form (Fitchen, 1961, pp. 2).  

Great effort was required to locate, transport, and prepare the stone for the construction of Gothic 
cathedrals, which were then finished by skilled craftsmen (Scott, 2011).  An overall plan was formulated 
before work could begin and the vast scale required the work to be carried out across generations. It 
made planning essential to identify, produce the component parts, and specify a method of assembly 
(Scott, 2011). Architects encoded the design so the building could be understood by successive builders 
(Scott, 2011). Modular construction became the solution to the assembly of a gothic building – a puzzle 
generations of craftsman were required to solve (Scott, 2011). Without modularity, the structural 
complexity created by the Gothic’s organic origins would have made the building impossible to finish 
(Simon, 1962). Although subtle progressions of ornament indicate how construction evolved over 
centuries, the essential form of the skeleton remained (Mark and Clark, 1984). Modes of production 
developed by medieval craftsmen and architects can be summed up by Ruskin, reflecting on the 
difficulty in defining Gothic architecture: 
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The principal difficulty in doing this arises from the fact that every building of the Gothic 
period differs in some important respect from every other … Pointed arches do not 
constitute Gothic, nor vaulted roofs, not flying buttresses, not grotesque sculptures; but 
all or some of these things, and many other things with them, when they come together 
so as to have life. (Ruskin, 1874b, pp. 152)   

The structural expression achieved by Gothic architects and artisans is, therefore, the result of 
advancing construction methods and modes of production (Simon, 1962). Architects and craftsmen 
overcame many problems posed by the conditions of the medieval age with the development of 
innovative structural solutions that presented opportunities for customisation and improvement, whilst 
still conforming to the Gothic style to produce a complete work of art.  

3. The Gothic Revival 

In the 19th century, the Industrial Revolution introduced mechanical production and separated 
manufacture from the assembly.  During the same period, a renewed interest in the Gothic influenced 
commentary on these industrial modes of production.  

Ruskin asked for a return to the Gothic craftsman’s modes of production, as he disapproved of the 
standardised, mass production that was altering the landscape. Ruskin believed the geometric repetition 
of the modern landscape represented the economic exploitation of architecture, which become 
embodied by the curtain wall’s modernity (Fry, 1969). Although Ruskin looked back, the architect and 
conservator of Gothic buildings, Eugène Emmanuel Viollet-le-Duc, looked forward (Pevsner, 1980). A 
rationalist, Viollet-le-Duc celebrated the Gothic for its modernity and break with antiquity (Lucan, 2012). 
In 1859, Viollet-le-Duc states:  

Gothic construction, despite its defects, its mistakes, its explorations… is an eminently 
worthwhile study: it is the surest initiation to this modern art that does not yet exist and is 
still seeking its path, because it sets down the genuine principles to which we should still 
adhere today. (cited in Lucan, 2012, pp. 259) 

He imagined how Gothic architects could have designed buildings with modern materials: “We could 
not, it was true, go any further without substituting metal for stone” (cited in Lucan, 2012, pp. 261). 
With access to industrially produced cast iron and glass, Gothic architects “would have eagerly put it to 
work as a sure means of obtaining supports as spindly as possible and rigid” (Viollet-le-Duc, 1859, cited 
in Lucan, 2012, pp. 261).  

Constructed in London in 1851, Joseph Paxton’s Crystal Palace was considered an elegant 
architectural solution that utilised the industrial materials of iron and glass. The Crystal Palace was a 
symbol of modernity and one of the earliest examples of prefabricated construction; standardised 
components of iron and glass were efficiently assembled to form a dematerialised structural skeleton 
(Bock and Langenberg, 2014). In the era of the Gothic Revival, the Crystal Palace illustrates a shift back 
to the appreciation of structure – beauty is once again the result of the structural expression (Smith, 
2010). However, in the age of industrialisation, the structure does not only signify beauty, but modern 
economies of production (Gartman, 2009). It was as standardised objects were mass-produced and then 
assembled on-site, enormously decreasing production rates and cost (Smith, 2010). Mass production did 
not only express the technological innovations of the industrial revolution, but the economic motivation 
for architecture (Sands, 1986). Furthermore, manufacturing developments in 1905 resulted in the mass 
production of standardised, high-quality glass (Herzog et al., 2004). As a result, dematerialised façades, 
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like those exhibited in the Crystal Palace, became more prominent as they were now easily produced 
and assembled. The result was the curtain wall, which was believed to be conceived of by the Bauhaus’ 
founder, Walter Gropius (Mijovik et al., 2018). 

4. The Bauhaus  

Completed in Germany in 1913, the Fagus Factory is placed further along this paper’s lineage as an 
example of a building that utilises curtain wall façade construction. Like Gothic architects, the architects 
Gropius and Adolf Meyer separated the exterior walls from the building’s concrete structural skeleton 
(Lupfer and Sigel, 2004). As the walls are no longer load-bearing, they become a “non-structural curtain” 
(Murray, 2009, pp. 19). This curtain wall is formed with horizontal steel transoms intersecting with 
vertical mullions. These create a grid of glass panels, the repetition of which is ensured through 
standardisation and mass production (Murray, 2009). Although opaque spandrel panels conceal the 
structural frame behind the glass façade, the lines of the mullions follow the orthogonal form of the 
rigid concrete skeleton (figure 2).  

In 1919, Gropius established the Bauhaus school. In his 1919 Bauhaus Manifesto, Gropius proclaimed 
that the function of fine arts was indispensable to architecture: “The ultimate aim of all visual arts is the 
complete building!” (cited in Wingler, 1969, pp. 31). Gropius believed that the arts no longer existed 
unity, he continues: 

Let us then create a new guild of craftsmen without the class distinctions that raise an 
arrogant barrier between craftsman and artist! Together let us desire, conceive, and create 
the new structure of the future, which will embrace architecture and sculpture and 
painting in one [emphasis added]. (cited in Wingler, 1969, pp. 31)  

A radical concept, the Bauhaus’ Modern ideology aimed to reunite the visual arts like the Gothic 
(Whitford, 1984). As a result, the school began teaching manual production methods oriented towards 
the crafts. Following these initial years, the school evolved to align with the industrial production of the 
age (Wingler, 1969). In 1922, Gropius explained: 

Just as the Gothic Cathedral was the expression of its age, so the modern factory or 
modern dwelling must be the expression of our time: precise, practical, free of superfluous 
ornament, effective only through the cubic compositions of the masses. (cited in Wingler, 
1969, pp. 66) 

Despite these changes, Gropius’ words retain the Bauhaus’ lineage with Gothic. As Gropius said in 1923 
“the teaching of craft is meant to prepare for designing for mass production” (as cited in Loureiro, 2014, 
pp. 182).  

These ideas were not fully realised until 1927 when the Bauhaus moved from Weimar to Dessau. 
Here the school inhabited a building designed by Gropius and Meyer. Now teaching architecture, the 
aim of the Bauhaus was finally fulfilled, as the visual arts were unified (Weingarden, 1985). Gropius 
outlines these changes in his 1926 paper, Bauhaus Dessau – Principles of Bauhaus Production. New 
motivations for the Bauhaus were realised that aimed to “serve in the development of present-day 
housing, from the simplest household appliances to the finished dwelling.” (Gropius, 1926, pp. 109) 
Designed to fulfil their function, each machine-made object that served its function can be considered 
“beautiful” (Gropius, 1926, cited in Wingler, 1969, pp. 109). Gropius goes on, to acknowledge: 



338 H. Rushton, G. Marriage and M.A. Schnabel  

The crafts of the past have changed, and the future crafts will be merged into a new 
productive unity in which they will carry out the experimental work for industrial 
production. (1926, cited in Wingler, 1969 pp. 110) 

These ideas amounted to the functionalist ideology that became essential for the design and 
subsequent construction of Bauhaus architecture, where each object is brought together as part of the 
modern building. A design that exemplifies the functionalism is the Bauhaus Dessau building. Enclosing 
machine-made objects within architecture, the building becomes a complete work of art.  

Described by some as a factory (Wilhelm, 1998), as the façade and the modes of artistic production 
within the building relate to the factory. The Bauhaus Dessau building is lined by curtain walls that form 
the building’s façade. The building is composed of individually designed blocks which express the 
function of each section; these intersecting geometric forms create an aesthetic unity representative of 
the machine age (Weingarden, 1984; Baumann, 2007). In light of this functionality, the building has no 
exterior focal point. With no official entry points, access is determined by the visitor’s needs – the 
communication of this is reliant on the façade’s expressive qualities (figure 2). Industrial modes of mass 
production allowed the Bauhaus building to be constructed in just one year (Baumann, 2007). 
Reinforced concrete formed the structural skeleton, to be largely enveloped in curtain walls (Murray, 
2009). Informed by decades of development, from the Crystal Palace to the Fagus Factory, the curtain 
walls of the Bauhaus building were on a more ambitious scale than buildings before it – it was one of the 
most modern buildings of this period (Baumann, 2007; Murray, 2009). Consequently, the Bauhaus 
embodies the aim of this new architecture; it produces a new spatial experience characterised by 
dematerialised walls produced with modern manufacturing.  

        

Figure 2: The Fagus Factory (source: Lupfer and Sigel, 2004); The Bauhaus Dessau Building (source: 
Lewandovski, 2010). 

 

The strides made by this curtain wall, however, were not achieved without some failures. Although 
failure for Gothic buildings meant collapse, for the Bauhaus Building there were technical difficulties 
associated with the curtain wall. These issues included condensation and poor acoustic insulation 
caused by the single-pane glass (Murray, 2009).  

5. The Bauhaus’ Legacy 

Political tensions in Germany forced Gropius to leave the Bauhaus in 1928. Meyer replaced him as 
director until 1930, then Ludwig Mies van der Rohe in 1930 until Bauhaus Dessau closed in 1931. As 
Meyer and Mies were both architects, the Bauhaus became focused more on architecture, and 
responded to changing times (Wingler, 1969). Mies comments: 



339 From Gothic to Bauhaus: A Lineage for Modern Curtain Wall Façade Construction 

Economic, technical and cultural conditions have changed radically… It is very important 
for our culture and our society, as well as for technology and industry, to find good 
solutions. (Mies van der Rohe, 1928, cited in Banham, 1960, pp. 321) 

Despite the closure of the Bauhaus, its ideology influenced architecture around the world. Prominent 
figures, including Mies and Gropius, spread Bauhaus design abroad. Their ideas become part of the 
international style (Banham, 1960), and Mies’ realised glass skyscrapers were a catalyst for this.   

Mies designed buildings that utilised standardised and mass-produced components, and he 
recognised that structure was essential to the basic principles of construction. This thinking can be 
traced back to Viollet-le-Duc, and his belief that modern architecture was to find expression in structure 
(Blasser, 1997). Mies believed that skyscrapers with glass skins could raise architecture to the highest 
level of art (Blasser, 1997). In addition to this, the structural skeletons of buildings designed by Mies 
accommodated every type of function with flexible floor plans (Blasser, 1997). Furthermore, Mies 
believed that the assembly of machine-produced parts led to precise and quality construction, although 
he favoured assembly that allowed customisation – to increase the building’s structural expression. He 
stated: “The path must lead from quantity towards quality” (Mies van der Rohe, 1928, cited in Banham, 
1960, pp. 321). An example of progress was glass production in 1959, which introduced a method for 
manufacturing high-quality glass with the opportunity for many variations (Herzog et al., 2004). It was 
during a time of wide dissemination of Miesian architecture that made transparency mainstream (Smith, 
2010, pp. 28-29). Therefore, the curtain wall came to dominate architecture – including in New Zealand. 

6. The Curtain Wall in New Zealand  

After the closure of Bauhaus Dessau, many key figures within Modern architecture left Europe. Some 
immigrated to New Zealand, where the architectural legacy of Bauhaus resulted in the construction of 
International Style buildings with curtain walls.  

6.1. The Arrival of Modern Architecture    

Like other immigrants in New Zealand at this time, the Austrian architect, Ernst Plishke, was an inheritor 
of the Bauhaus’ ideology (Salinger, 1996). Plishke arrived in Wellington in 1930 as a recognised 
Modernist. He trained under the German architect, Peter Behrens – as Gropius and Mies van der Rohe 
had done (Gartman, 2009; Gatley and Walker, 2014).  

While in partnership with the New Zealand architect Cederic Firth, one of Wellington’s Modern 
icons, Massey House, was designed by Plishke (Figure 3). Bauhaus influences are clear in the formal 
characteristics of Massey House. Notably, the internal plan and walls are free from the structure. Like in 
Mies’ glass skyscrapers, this allows for an entirely flexible arrangement of the floor plan and, 
importantly, the façade to be non-structural. A curtain wall lines the street-facing façade, composed of 
window panes that form repeating horizontal bands (Kernohan, 1989). The result is a clear statement of 
modernity – a functionalist and international style (Kernohan, 1989).  
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Figure 3: Massey House (source: The Evening Post, 1957); Shell House (source: The Evening Post, 1960).  

 

Arrival and execution of International Modernism in New Zealand led to its adoption by New Zealand architects. 
An example of this is Shell House, which, like Massey House, was also in Wellington (Figure 3). The partnership, 
Stephenson and Turner, designed the building with curtain walls that fully enclosed the structure’s interior 
(Kernohan, 1989). The building directly conforms to the modern architectural aesthetic set by Mies decades before. 
However, in New Zealand’s cities, “the glass towers envisaged as revolutionary by the European avant-garde around 
1920 would become symbols of corporate cool some 30 to 40 years later” (Gatley and Walker, 2014, pp. 5). 

The dissemination of the International Style resulted in very similar buildings around the world and it is evident 
that Modern buildings in New Zealand did not attempt to reinvent Bauhaus aesthetic ideas for this new context. 
Many contemporary commentators criticised the international style as it did not address the fundamental problems 
of building technology (Blasser, 1997), as seen in the curtain wall of the Bauhaus Dessau. Finally, a further critique 
was that mass production created a lot of material waste (Smith, 2010).   This wide dissemination and 
popularisation of the International style led to banal and uniform urban landscapes (Smith, 2010). To resolve these 
problems, Gropius again refers to the Gothic cathedral:  

The constructive achievements of the Gothic period – its vaults, arches [and] buttresses… become a 

common international experience. Yet, what a great regional variety had resulted from it in the 

different countries! (Gropius, 1943, cited by Loureiro, 2014, pp. 190)  

Thus, the principles of the Gothic remained relevant in the evolution of Modern architecture, which, when 
compared to the Gothic, failed to successfully disperse around the world. In addition to the banality of Modern 
architecture, society’s increasing environmental awareness in the second half of the 20th century led to a call to 
develop modes of production that created less waste.  

6.2. Today and the Future  

Today, the relationship between architecture and technology has once again been redefined by innovation 
(Loureiro, 2014). The development of digital technology has resulted in a post-industrial economy (Stearns, 1998). 
In other words, the production relies on digital, rather than mechanical tools (Smith, 2010). The digital age offers a 
solution to the uniformity of Modernism and waste produced by mass production – mass customisation (Liker, 
2003). Now, a product can be efficiently produced when it is needed, to exact specifications (Piroozfar and Piller, 
2013). And, in comparison to standardisation, contemporary modes of production create very little waste.  

These new methods of production look towards computer automation and manufacturing (Smith, 2010). Like 
the Gothic, the façade can be produced with the same elements, but when produced in different ways and for 
different conditions, resulting in a façade that suits the environment it is intended for. Returning to Ruskin, it is “all 
or some of these things, and many other things with them” (Ruskin, 1874b, pp. 152), that allowed the Gothic 
architect to utilise the structural skeleton and its elements, but was still reflective of the craftsmen and architect 
that worked on it and of course the conditions and requirements of the time.  

 Consequently, modes of production today still meet the economic motivations of the industrial age, but utilise 
new technology that reintroduces complexity into modern construction systems (Piroozfar and Piller, 2013). In an 
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environmentally conscious society mass customisation only produces the required amount of material for a specific 
project and tailors the curtain wall façade to particular environmental conditions. As the technology of building 
materials has improved since the Bauhaus Dessau, the façade can be designed to heat, cool and ventilate the 
building more efficiently (Oesterle et al., 2001). Technology, in its ever-evolving nature, now looks towards 
sustainability. Responding to the needs of the present, the development of technology today becomes a “matter of 
survival” (Loureiro, 2014, pp. 191). In that, “we must change the way we produce and consume, or else we might 
simply disappear” (Loureiro, 2014, pp. 191).  

7. Conclusion  
Through following this lineage from craft to industrial and then post-industrial production, it is clear how the Gothic 
initiated a new movement in architecture. In the year of publication, the centennial anniversary of the Bauhaus, this 
paper brings the legacy of the Bauhaus back into the spotlight to highlight the lineage between the architecture of 
today and the architecture of the past. Technology has returned architecture to the complexity and the 
customisation that was present in the Gothic, as it responds to the problems presented by Modernism and the 
contemporary sociocultural conditions to produce something new. Looking forward, the relationship between 
architecture and technology must continue to be reconsidered and reflected upon – as architecture responds to 
new technology, and the context that it exists within also changes – to develop according to the needs of the 
human race during a particular time. 
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Abstract: A substantial quantity of food & agriculture waste is generated worldwide. The rapid
urbanization and industrial growth are creating a deficit for conventional construction and building
material, as we have the depleted & limited available natural &virgin resources for sustaining
infrastructure demand. Significant deforestation, illegal stone & sand mining is done to meet the
demand each year. On the other hand, the massive amount of resourceful food and agriculture waste is
piling up at landfill sites without any treatment. Tremendous energy is required to produce construction
material which creates air, water, and soil pollution to an extent. Although food and agro-waste have
the potential option to become new emerging material, studies explain how technologies could be cost-
effective & environment-friendly. Learning from ancient history how our ancestors have utilized the
limited resources to develop and sustain their life. Understanding the thoughts, the exploitation of
natural resources can be minimized by utilizing the food and agriculture waste as an alternative
construction material. That could also prevent unnecessary poring of resourceful materials to the
dumpsites. This review paper is to find available literature and research articles to understand the
emerging technologies by which food and agro waste can be converted into construction material.

Keywords: Food-agro waste, sustainable materials, bio-plastic, biobased-3D.

1. Introduction
Production of food and agriculture has always been associated with humankind's development, as much
as we had developed food production & consumability more we are wasting. A considerable amount of
waste been generated in the process of agriculture practices, as a solution we go “foe-agro fertilizer”
and mostly burning of waste leaves a negative impact of the earth's environment (Andres and Manea,
2015). The exponentially increased demand for the material for infrastructure development with a high
population is always correlated. They are recently creating the kiosk for the resource materials. A study
conducted in Rome shows that one-third of the total produced food items are not consumed and get
wasted, which is about 1.3 billion tonnes /year equaling (Gustavsson and Christel, 2011). Another study
conducted in India explains a large quantity of the food and agriculture waste is generated and also send
to the landfill sites without any specific treatments (Joshi and Ahmed, 2016).
As per the recent policies of SWM rules 2016 updated by the MoUD (Ministry of Urban Development)
India, has been revised. Which clearly & strictly mentioned, that no organic waste should reach to the
landfill sites, municipalities along with ULBs have the prime duty to ensure the proper treatment and
alternative uses of the resourceful (MoEF, 2016). There are very limited available options and most of
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them have not been practiced because of the awareness and careless attitude of the citizens (Solomon,
2009). The changing trends & challenges municipal authorities require to spread more awareness and
follow the strict mandate of the SWM Rules 2016-India, with the new innovative techniques and holistic
citizens intervention (Bhat et al., 2018). Recent studies have shown how the construction processes are
the most significant cause of pollution and also emit 40% to 50% of GHG's into the environment (Yan et
al., 2010).
The major population of developing countries is still depending on the agriculture-based economy,
where a large amount of agro-waste is being generated & left unmanaged every year (Raut, Ralegaonkar
and Mandavgane, 2011). Referring to the estimation, about 350 million tonnes of organic wastes come
from various agricultural sources (Pappu, Saxena and Asolekar, 2007). The recent media reports
published showcase how the developing countries are facing huge challenges for managing their vast
quantity of solid waste. As a result, out of 20 world’s most polluted cities, 18 cities belong to India
(Koshy, 2019). Referring to figure 1, carbon emission from various sources has increased with time,
more than 32% from manufacturing industries, construction & residential building/commercial/public
services sectors, and 53.61% shares form electricity and heat production & 11.48% from transport
sector respectively in India (data since 1971-2014). Referring to figure 2 represents the status of the
solid waste generation in the various types in India.

Figure 1 Carbon dioxide (CO2) emissions by sector or
source, India Source: (Ritchie and Roser, 2019)

Figure 2 Type of Solid waste generated in India & status Source:
(Madurwar, Ralegaonkar and Mandavgane, 2013)

1.1 Definition of food and agro-organic waste
Food waste: “Food waste can be defined as ‘any potential source of food that has knowingly been
discarded or destroyed,’ e.g., food discarded in factories, food not sold in shops or restaurants, kitchen
scraps, and plate waste” (Ebel, Weiner and Schuff, 2006). Agro-organic waste: Agricultural waste is
defined as unwanted waste produced as a result of agricultural activities (i.e., manure, husk, straw, stack,
peels, etc.)

1.2 Current practices of agro-food waste in developing countries
Food and agro-waste have different type of physical and chemical properties. Referring to
figure 3 defines the food supply chain & food loss activity scenario in the country. Also
referring the figure 4 shows how food and agro-waste management practices are categorized
with strategies.
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2. Aim/objective & Significance of the study
To find out the possible alternative techniques for converting food and agro-waste to construction and
building materials, the objective of writing this review paper to identify the sustainability criteria for
alternative material of choices. The Significance of the study has the following points bases: a) Shortage
of conventional building materials, b) Cost of material and rising prices, c) The shortfall of housing and
need, d) Available techniques are reasonably extracting, e) Treatment techniques are not known and
required. Limitation of this paper reviewed only organic waste obtained from agriculture & food waste
from industries and municipal & their alternative applications.
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3 Food supply chain & food loss activities
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3. Material and method

In this study, more than 100 Journal articles/papers have been reviewed, 60% were directly on food &
agro-waste and 30% were indirect advice. The available literature on the web talks about its physical &
chemical properties specifically for industrial purposes. The bifurcation of the study is on the following
points; a) Selection of literature on the food and agriculture waste, b) Historical significance of the food
waste material as construction, c) availability of the materials in the context of South Asian, d) Feasibility
of the material in different part of the building, e) result on the bases of assessment of the properties
and applications of materials.

4. History of food and agro-waste as building and construction materials
Material selection for construction has been a significant impact on the culture and living conditions. In
ancient time, mankind started their journey with the most accessible and locally available materials;
home was in common to safety and security. Referring to table 1 most of the cases in history has shown
how food and agriculture waste were used as a sustainable building material for construction purposes.
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Table 1 Categorization of food waste and their applications in the history
Food waste & agro-
waste

Applications References

Dry form
Rice/wheat Husk,
Straw

Roof, wall cover, brick burning, mud mix, block. (Domke and Mude, 2015)

Leaf, Coconut shell Decoration, colour, sitting, covering/ hindrance,
manuscript, aggregate in mud flooring

(Thirumalini et al., 2015), (Nene, 2014)

Eggshell, Oyster shell
/snail ooze

Colour powder texture, binder, mortar, decoration,
etc.

(Nene, 2014), (Fuwei, 2010), (Anjali, 2017)

Turmeric/Neem Antibiotic, pesticide, colouring, painting (Ravindran, 2007)
Animal leather/skin Curtain, straps / Ropes. Glue, garments, belt, gloves,

shoes, flasks, boxes, furniture, tents, bed sheet.
Bookbinding, sacks, lamps, handles saddle, and bridle,
whips, shields, Musical, and Military Equipment.

(Grömer, Russ-Popa and Saliari, 2017), (Nene,
2014)

Animal Bones Structural part, decoration, Tools, Construction of
Shelters, construction & war weapons

(Al-Neshawy, 2016), (Vispute et al., 2018)

Semi-dry/ paste
form
Animal Meat/flash,
Fish skin

Glue, pasting/sticking, binding, Decoration, covering,
texture, textile, covering, water storage

(Grömer, Russ-Popa and Saliari, 2017), (Fuwei,
2010), (Jackinsky Seth, 2006),

Flowers, Palm leaf Colour, perfume aroma, fresco art, decoration,
rooftop, mat, wall cover

(Yusuf, Shabbir and Mohammad, 2017),
(Mohan Ram, 2016)

Whites of eggs and
Pulses (boiled)

Binding of bricks stone, pasting, sticking, and natural
polymer-forming agent.

(Fuwei, 2010), (Thirumalini et al., 2015)

Animal (fat/oil) Coating/painting, fuel oil/ candles, cleaning soap,
adhesive/binder, mortar

(Fuwei, 2010), (Kirca, 2005)
(Fang et al., 2014)

Sticky rice (boiled) Binding, glue, mortar composite (Fuwei, 2010), (Xiao et al., 2014)
Neem seed
oil/paste/gum

Antibiotic, pesticide, wood painting, an admixture of
lime, Glue, anti-parasites, preservative

(P. Thirumalini and Dr. S. K. Sekar, 2014)

Jaggery/sugar
/starch

Binding of bricks stone, natural dying of fabric, an
admixture of lime, plastering, and flooring.

(Anjali, 2017), (Fang et al., 2014)

Honeycomb wax Polishing on wood, encaustic painting, varnishing,
metal mold, candle, batik art, mummification,
statues, preservative

(Bogdanov, 2015), (Nene, 2014)

Liquid form
Buttermilk, Coconut
water

Binder with lime, Mortar admixture (Shankar, Ahuja and Tracchio, 2015), (Nene,
2014)

Animal blood Glue, binder, ink, painting, decoration, Block (Michelle S. Eusebio, 2009), (Fang et al., 2014),
(Kirca, 2005)

Coconut oil, Ghee,
Mustard oil

Polishing, varnish, antifungal, antibacterial, Black
Kajal (ash), colour, polish/varnishes, an admixture of
mortar, polishing, varnishes

(Nene, 2014), (Thirumalini et al., 2015), (Anjali,
2017)

Cows urine Pesticide, fiasco colour, Antibiotic (Randhawa and Sharma, 2012)

5. Food and Agro waste in building-construction materials: Applications/Techniques

5.1 Binding and pasting materials
The Agriculture waste materials like rice husk, walnut shell, potato starch, and sunflower stalks can be
utilized for making solar thermal insulating boards, which shows the potential uses suitable for gypsum
binder also swing low thermal conductivity can be utilized in making renewable composite materials (Da
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Rosa et al., 2015). As a binder Sticky rice, starch & lime mortar in the ‘Wugang Ming’ dynasty city wall,
China used (Xiao et al., 2014). Lime mortar that contains 6% of ‘egg albumen’ has the highest
compressive and ‘flexural strength’ compared to another conventional mix in building design groups
(Mydin, 2018). A researcher from India has found the effect of jaggery/sugar as an admixture with
concrete and result found that (0.05% and 0.1%) by the weight of cement with its workability and
compressive strength increased, bleeding and setting time was seen decreased (Giridhar, Gnaneswar
and P, 2013).

5.2 Mortar, cement/concrete: Aggregate
Concrete mixed Materials containing ‘groundnut shell’, ‘cork waste’, ‘rice husk ash’, oyster shell, and
‘tobacco waste’ has been seen with better workability as compared to traditional concrete in some of
the cases and also achieved their required strength by 20% of replacement as fine aggregate, Reduces
the cost of construction by 25% (Prusty, Patro and Basarkar, 2016). The mortar prepared by animal
blood with lime had better binding strength, waterproof property, climate resistance, and less setting
speed than common lime mortar. It was also found that the promising performance of ‘blood lime
mortar’ was caused by the ‘hydrolysis’ of ‘blood proteins’ under the alkaline condition and their special
multilayer structure, also found suitable to make lightweight structures with thermal insulating
properties (Fang et al., 2015). The researcher from Malaysia has found that use of eggshell power
replacement of Portland cement increases the durability of concrete under strong acidic and sulfate
environmental conditions while in the other hand also found 15% of the eggshell powder could be a
potential option of replacement of cement (Tan, Chin and Ing, 2017). The benefits of properties like
‘seismic protection, thermal conductivity’ fine aggregated driven from agro-food waste such as bagasse
ash, groundnut shell, oyster shell, giant reed ash, giant reed fibers, rice husk ash, and cork by the 5% to
7.5% in the concrete mortar mixture, have the potentials to become the cost-effective building material
(Kumar, Kumar and Basarkar, 2016). Charcoal achieved from ‘coconut-shell’ waste as an additive in
bitumen may be used in the road construction, in the addition of NCA (Nano charcoal ash) enhanced the
performance of conventional bitumen in terms of “rutting and fatigue cracking”, applications to road
construction can be utilized with locally available material (Jeffry et al., 2018).

5.3 Furniture, Utensil & Artifacts
The ‘Corncob and cork’ as an alternative building material have potential uses such as lightweight
partition walls, ceiling wall, indoors doors, furniture. As properties like thermal insulation make &
utilized as an industrial product (Pinto et al., 2012). Kosuke Araki, a Designer from Japan, has created
tableware and vessels by utilizing routine food waste. Vegetable waste mixed with animal glue, Urushi
(a historical Japanese Lacquer) as a finisher, tofu, and rice. The Coffee waste into composite material for
creating furniture, and The Salt items made from sea salt and a ‘synthetic binder’, which are smooth on
the outside and rough and unfinished texture inside. Spyros Kizi as a designer from Greek has built a
series of lamps and chairs by adding ‘artichoke thistles’ with ‘bio-resin. Designer Michela Milani made
the peanut husk, carrot peels, and mixed with potato starch; the degradable Food waste vessels are free
of additional additives, colourants, thickeners, and artificial toxic substance.

5.4 Thermal conductivity &insulation: Particleboards
Banana leaf tapes made of multi & flexural modulus in nature has shown an excellent potentials
material capacity to develop the banana fiber laminated boards. The main secret of strength stays in the
viscous component of the banana leaf fibers (Baharin et al., 2016). Potato peels as shown a great

https://www.designboom.com/tag/kosuke-araki/
https://www.digsdigs.com/touch-of-nature-in-decor-25-flower-and-plant-inspired-lamps/
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opportunity as a potentials building material due to its properties such as antioxidant, antibacterial,
apoptotic, anti-inflammatory and chemo-preventive, also prevents the environment from its microbial
spoilage (Wu, 2016). A study conducted in Morocco has found the thermal conductivity have decreased
with increased density of peanut shells walnut shell in plaster and also improve indoor air quality
(Lamrani et al., 2017).

5.5 Fiber reinforcement & pavement tile
Banana peel powder has the potential source of natural fiber and potassium, used as the admixture in
the concrete, found the compressive strength increased and thermal conductivity decreased which also
clears that the exothermic reaction time reduced in concrete mixture due to the result of adding banana
peel powder (Gadgihalli et al., 2017). the analysis of chemical composition, ‘mineralogical’, particle size,
density, organic matter found that the 2.5% of the sugar cane bagasse ash waste has the partial
potentials to be replaced with the ‘quartz’ over ‘uniaxial pressing’ at 1190c and sintered, which can be
used for making ceramic floor tile (Aparecida et al., 2015).

5.6 Paper, Colour (Dye) and texture
Cellulose can be extracted from the jackfruit (Artocarpus integer) peels and utilized to make paper,
cotton, linen, rayon, and cloths also with some advanced uses such as ‘nitrocellulose’-as explosives,
‘cellulose acetate’ as films (Kulkarni and Dixit, 2011). Food & flower waste converting into dye/color and
sugar syrups. Beetroot and amaranth fruit have shown the potentials to be a natural and no toxic
colouring substance which is economical and eco-friendly too. In the period of Mughal reign in India,
dyers used madder, myrobalan, pomegranate, turmeric, kachnar, dhao, henna, catechu, and saffron as
natural dyes and colouring substance, the natural colour originated from vegetable-fruit, animal and
insects in ancient history (Yusuf, Shabbir and Mohammad, 2017). Fish leather (Atlantic leather) made of
four types of fish species skin: salmon, perch, cod source, and wolffish a byproduct produced in the
Icelandic tannery at industrial level. Another designer utilized insect, cocoons with biodegradable resin
and streams with wooden raw material to develop a special type of leather (Wang, 2019).

Building & Construction

Placement

Walls Roof/ ceiling Floor / Slab Door / window

Surface Core/Mid Wall Surface Core/Mid Roof Surface Core/Mid Floor Surface Core/Mid Door / window

1, 4,
6,8

1. Solid panel: walnut, almond, sugarcane bagasse particle and panel boards, animal glue, varnishes (neem oil) 
2. Solid bulk: coconut, walnut/ almond/ shell aggregates, animal bone powder
3. Particles: potato peel, ground nut shell, corn/maze, 
4. Slurry: Coconut shell, walnut shell, banana peels, ground nut, animal blood, lime, butter milk, eggs
5. Thin film/ paper / insulation: potato peel, animal skin, 
6. Multilayer's: sugarcane fiber, banana leaf, animal skin, straw, egg shell, oyster shell
7. Straw bale: rice, wheat  (straw/husk), sugarcane, palm 
8. Loosen materials: jute, cotton, walnut / almond shell, coconut husk/fibre,  animals hair/fur

3, 8 2, 6,
7, 8

1, 2,
3, 4,
5, 6,
8

3,7, 
8

1, 6, 1, 2,
6,

8 1, 2,
6,

5 3, 8 1, 2,
3, 4,
5, 6,
7, 8

Figure 5 Different applications of agro-food waste
materials & choice suitability

Table 2 Availability of natural fiber in India and its
applications in building materials
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5.7 Advanced techniques: Bio-plastic & bio-based 3D-printing
A researcher from Italy tried to find the possible potentials and assessment methodology for bio-plastic
development from bio-waste such as corn, rice, potatoes, barley, sorghum, sugar cane, beet, etc. also its
competition to establish biofuel sectors, the great opportunities for technological niche development in
the future. The 3D printing of the bio-based biodegradable shown the future potentials of renewable
material as 3D printing performed successfully, the biodegradable waste materials products like packing,
eating the item, cutleries, furniture. The renewable, biodegradable waste material can be reused and
upcycle into new promising to a safe environment (Morone, Elena and Falcone, 2015).

Table 3 Building materials and their properties assessment

6. Result & discussion

The reviewed literature broadly signifies that India has abandoned agro-waste & food waste. Referring
to table 2 has shown commercial applications of various solid agro-wastes for innovative construction
materials. The physical properties of these innovative materials signify broad variation in the behaviour
such as; a) light in weight, b) excellent binding/pasting capacity, c) good thermal & sound insulation, d)
flexible & tensile nature of materials, e) compressive and share strength, f) durable and buildability
nature, g) water absorption capacity of a few materials. Referring to figure 5, & table 3, represents the
finished products found as a suitable alternative option for utilizing them on various surfaces in
construction & assessment properties. Creating enormous job opportunities for urban and rural areas in
developing countries and preventing the environment by cutting the massive amount of greenhouse
gases. The review article also signifies that there is an urgent need for a generating database and an
international benchmarking. That will eventually be beneficial to the manufacturers for developing
unique & innovative construction materials by incorporating emerging techniques.

7. Conclusion

This paper showcase the potential uses of the agro-food waste other than feeding them to cattle,
fertilizer making, pharmacological activity, and biogas production. The reviewed literature broadly
signifies the application of various food and agriculture wastes for innovative building/construction
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materials. That resolves the problems of environmental pollution and conserving the virgin resources for
the future generation. It has also been found that the products developed from various food and
agriculture waste materials are comparatively cheaper, durable, light in weight and eco-friendly as
compared to the conventional building construction materials. Extensive research and renovation in the
existing emerging technologies can lead us to one step forward for achieving the concept of
sustainability for all.
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Abstract: Life cycle assessment is increasingly used to quantify and reduce the environmental effects of 
buildings. Embodied environmental effects, resulting from material production and replacement as well 
as construction, are typically quantified using coefficients from readily available databases. However, 
most existing databases of embodied environmental coefficients for construction materials suffer from 
limitations, such as inconsistency in the life cycle inventory method used or system boundary 
incompleteness. This paper introduces a new database of hybrid environmental flow coefficients for 
construction materials, covering flows of energy, water and greenhouse gas emissions for over 100 
common construction materials. The hybrid approach used combines bottom-up industrial process data 
and top-down macroeconomic input-output data, making it more comprehensive than process analysis 
and more accurate and specific than input-output analysis alone. A case study building is used to 
demonstrate the importance of using hybrid coefficients for improving environmental performance. This 
study shows that the use of process coefficients can lead to a significant underestimation of the total 
environmental effects associated with the construction of a building, by up to 64%. This has 
considerable implications for decision-making relating to building design, including the focus of 
improvement efforts. This database of coefficients will enable building professionals to more effectively 
analyse and improve the environmental performance of buildings. This will also help inform the focus of 
environmental policy and improve the implementation of life cycle thinking in environmental design.  

Keywords: Life cycle assessment; construction; embodied environmental flows, environmental design. 

1. Introduction 

Buildings account for a significant proportion of global energy demand, greenhouse gas emissions, 
waste generation and resource demands. This is likely to increase in future years due to a growing global 
population as well as rising living standards and expectations in many developing countries. Hence, 
buildings, and the construction industry more broadly, offer a considerable opportunity to reduce global 
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environmental effects resulting from human activities. Much effort has already gone into addressing 
these issues, but more is needed as recent achievements have mostly been offset by rising resource 
demands and greenhouse gas emissions brought about by increasing consumption and construction 
activity. 

Strategies such as ‘Design for Environment’ (DfE) target improvements to the environmental 
performance of man-made products, such as buildings. This approach often uses tools such as life cycle 
assessment (LCA) to inform holistic environmental design decision-making. While the LCA approach has 
been used in the construction sector for several decades, its use is not widespread, mainly because it 
can be a time consuming and complex process, requiring project-specific analysis of materials and 
processes. Attempts have been made to streamline LCA using material-based environmental flow 
coefficients. These provide pre-calculated values based on detailed analysis of manufacturing processes 
or economic data. Coefficients represent the environmental flows of resources, waste or emissions 
associated with the extraction, processing and manufacture of specific construction materials. When 
multiplied by the quantity of specific materials within a building, they provide an estimation of the total 
environmental flows associated with the building. Although environmental flow coefficients for 
construction materials exist, these typically suffer from a variety of limitations. 

There are three approaches commonly used to compile data on environmental flows for 
construction materials, known as life cycle inventories: process analysis, input-output analysis and 
hybrid analysis. Process analysis estimates environmental flows based on an examination of 
manufacturing supply chain processes. It uses data collected from industry and provides a detailed 
representation of environmental flows associated with specific processes. While providing the most 
reliable data, it excludes many smaller goods and services-based processes due to the complexity of the 
supply chain. This can significantly affect the comprehensiveness and usefulness of the results. Input-
output analysis uses macro-economic data to estimate environmental flows, covering the entire supply 
chain. Sector wide data is extrapolated to determine product specific environmental flows based on 
their cost. Due to this extrapolation, it can be difficult to reliably disaggregate the data and use it to 
inform project-level decision-making. Hybrid analysis uses the more reliable process data where it is 
available, and supplements it with environmentally-extended economic data to fill remaining gaps. This 
paper introduces a newly created database of hybrid environmental flow coefficients for construction 
materials, compiled using a combination of international process data and Australian national economic 
data. It covers flows of energy, water and greenhouse gas emissions for over 100 common construction 
materials.  

1.1 Existing databases of environmental flow coefficients 

Numerous databases of environmental flow coefficients exist around the world. They tend to be limited 
to embodied energy or embodied greenhouse gas emissions coefficients and can cover construction 
materials as well as other processes, such as transport and electricity production. The main differences 
between the coefficients provided by existing databases are the range of materials covered, 
geographical relevance, and the life cycle inventory technique used in their compilation. This last 
difference is one of the most critical factors affecting the reliability and completeness of any coefficient. 
The process analysis approach generally leads to the greatest truncation of the system boundary for a 
material due to the time involved and difficulty in collecting data in this manner (Crawford, 2011, p. 48). 
Input-output analysis solves the truncation issue by using top-down economic data to model 
environmental flows across economic sectors. However, input-output analysis can produce highly 
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unreliable coefficients, despite its comprehensive coverage of the system boundary. This is due to 
products being allocated to generic sectors for which environmental flows are derived. The average 
environmental intensity of a sector can be very different from that of a particular product. A 
combination of process analysis and input-output analysis in the form of a hybrid analysis can help 
resolve the limitations of each of these individual approaches. The very few publicly available databases 
of hybrid environmental flow coefficients are now considerably out of date. Coefficients contained 
within all other available databases suffer from varying levels of inconsistency and/or incompleteness. 
Table 1 provides a summary of some of the most commonly used databases. 

Table 1: Summary of key environmental flow coefficient databases. 

Database Flows No. of 
products 
covered 

Country of 
relevance 

LCI 
approach 

Latest 
version 

Athena Sustainable 
Materials Institute

1 
GHG emissions, acidification (Air) Potential, 
Human Health Particulate, Eutrophication 
(air & water) Potential, Smog (air) 
Potential, Ozone Depletion (air) Potential, 
Total Primary Energy Consumption, Non-
Renewable Energy Consumption, Fossil 
Fuel Consumption 

200+ Canada & 
United States 

Process 
analysis 

2019 

Inventory of Carbon 
and Energy (ICE)

2
 

Energy, GHG emissions 300+ United 
Kingdom* 

Varies* 2019 

Tool to Optimise the 
Total Environmental 
impact of Materials 
(TOTEM)

3 

Global warming, ozone depletion, 
acidification, eutrophication, 
photochemical ozone creation, depletion 
of abiotic resources, human toxicity, 
particulate matter, ionising radiation, 
ecotoxicity, land use 

801 Belgium Process 
analysis 

2018 

Wuppertal Institute 
material intensity 
database

4 

Abiotic materials, biotic materials, water, 
air, earth movement in agriculture and 
silviculture 

193 Germany and 
other parts of 
Europe and 
the world 

Process 
analysis 

2014 

Crawford and Treloar 
(2010) 

Energy, water 58 Australia Hybrid 
analysis 

2010 

BEES
5
 Energy, GHG emissions 230 United States Process 

analysis 
2010 

Balancing Act
6
 Energy, GHG emissions, water, land 135 Australia Input-

output 
analysis 

2005 

Embodied Energy and 
CO2 Coefficients for NZ 
Building Materials

7
 

Energy, GHG emissions 61 New Zealand Hybrid 
analysis 

2003 

Lawson (1996) Energy 32 Australia Process 
analysis 

1996 

*Data sourced from various geographic regions, using different life cycle inventory approaches. 1Athena Sustainable 
Materials Institute (2019), 2University of Bath (2011), 3TOTEM (2018), 4Wuppertal Institute (2014), 5NIST (2007), 

6Foran et al. (2005), 7Alcorn (2003). 

This paper presents a new database of environmental flow coefficients for construction materials. 
The following sections describe how these coefficients were compiled, how they would be applied in 
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practice and demonstrate the importance of the use of more comprehensive hybrid coefficients over 
the process-based coefficients contained in other similar databases.  

2. Compiling environmental flow coefficients for construction materials 

Several methods can be used to produce hybrid life cycle inventories, as reviewed by Crawford et al. (2018b). 
The coefficients presented here rely on the Path Exchange method for hybridisation, as it does not require a 
full integration of process and input-output data (only selected processes are replaced). This technique was 
first developed by Treloar (1998) and formalised by Lenzen and Crawford (2009). Stephan et al. (2018) 
developed a semi-automated model for compiling hybrid coefficients using this approach.  

2.1 Data sources and data processing 

The input-output and related environmental data used to develop the coefficients are sourced from official 
Australian government reports, for the 2014-2015 financial year. A detailed description of the input-output 
data sources is available in Crawford et al. (2018a) and the data are available freely for download from 
Bontinck (2018). The Australian Life Cycle Inventory Database Initiative (AusLCI) process database is used as a 
technological matrix to compile coefficients. It consists of locally collected Australian data, complemented 
with European ecoinvent data where no Australian data is available. New processes were created for 
materials for which no data existed in the database. 

The input-output and process data are processed using automated routines as described in Crawford et al. 
(2018a) and Stephan et al. (2018). The final input-output and process data are presented as square 
technological matrices. Environmental satellites and metadata are formatted as a list, giving each 
process/sector a direct and total environmental intensity, for each flow. Using this approach provides a 
standardised data format which enables a transparent compilation of coefficients. 

2.2 Compiling coefficients 

Details pertaining to the compilation of coefficients using the automated model developed by the authors are 
provided in Stephan et al. (2018). In summary, coefficients are produced in three steps: 

 Step 1: Conduct two structural path analyses (SPA), one on the process and the other on the input-
output sector representing the construction material. The outcome of this analysis is a list of 
mutually exclusive nodes, each representing a good or service provided from one tier to another (and 
the associated environmental flow) within the supply chain analysed. This enables the assessor to 
quickly identify flow hotspots at different stages of the supply chain. 

 Step 2: Data hybridisation by replacing input-output nodes with process nodes. This manual step 
consists of exchanging input-output nodes representing averages at the economy level with product-
specific process data for the equivalent process in the supply chain. 

 Step 3: Calculation of a hybrid coefficient. This step uses the process and input-output nodes deemed 
to represent the supply chain of the material to quantify the total hybrid environmental flows. During 
this step, input-output data is combined with process data using the price of the construction 
material. 

The benefits of using an automated model for the three steps above is that all the information is kept at 
every step, making the process completely transparent and reproducible. For example, a summary report, 
containing all the information for a simple construction material, contains more than 200,000 data points. In 
addition, the use of an automated model provides the user with an opportunity to analyse process, input-
output and hybrid data in more detail than was previously possible. For instance, it is possible to analyse the 
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input-output component of the hybrid coefficient in detail or to easily compare pure process, input-output 
and hybrid values. 

While the database is too large to present in full within this paper, it can be accessed at https://doi.org/ 
10.26188/5d89599871990. A summary of its key attributes is given in Table 2. 

Table 2: Key attributes of the new hybrid environmental flow coefficient database. 

No. of 
materials 

Data source Flows covered Broad categories of 
materials covered 

Functional units 

100* Process data - AusLCI and 
ecoinvent 2.2 shadow 
database (4,531 processes) 
Input-output data - 2014/15, 
114 sectors + fixed capital) 

Energy, water, 
greenhouse gas 
emissions^ 

Ferrous and non-
ferrous metals, 
concrete, timber, 
plastics, insulation, 
glass, ceramics 

Energy - GJ per kg/m2/m3 
Water - L per kg/m2/m3 

Greenhouse gas 
emissions - kgCO2-e per 
kg/m2/m3 

*current estimate, however materials continue to be added. ^waste, land, resource depletion flows are also 
available for some materials. 

3. Using environmental flow coefficients to inform environmental design 

Environmental design is rarely considered from a life cycle perspective, focusing predominately on improving 
building operational performance. This section describes how to use the hybrid environmental flow 
coefficients to inform more holistic environmental design. There are a number of ways in which these 
coefficients may be used: 

 As part of a life cycle assessment to understand the life cycle environmental performance of a 
construction project (to identify areas or life cycle stages, for greatest potential improvement); 

 To quantify the embodied environmental flows associated with a construction project (to identify 
areas of greatest potential improvement); 

 To select materials with lowest environmental effects within one or across a range of environmental 
flows, informing design aimed at maximising project environmental performance;  

 To demonstrate compliance with particular performance benchmarks. 

Each of these goals requires an understanding of the project being analysed, including the type and 
quantity of materials. This information can usually be extracted from construction documentation, including 
drawings, specifications and schedules. If a bill of quantities (BoQ) is available, this can significantly streamline 
the assessment process. In its basic form, this information is best presented as a spreadsheet listing all of the 
different materials contained within the project and their respective quantities. If the quantities are not in the 
same unit as the respective material coefficient (e.g. kg vs tonnes), they will need to be adjusted to avoid unit-
related calculation errors. 

Once all material quantities have been confirmed, each material quantity (Qm) is then multiplied by its 
respective environmental flow coefficient (EFCm). In order to account for on-site construction wastage and 
thus the need to order more materials than will end up in the project, a wastage factor (Wm) may then be 
applied (see Wainwright and Wood (1981); CSIRO (1994) for a list of common wastage factors). The resultant 
values provide the embodied environmental flows for each material within the project, which when summed 
provide the material-based total embodied environmental flows (EEFp) for the project (replace EF with E, for 
energy flows (i.e. EEp), or W, for water flows (i.e. EWp), for example).  

In a hybrid analysis, any minor material or non-material-related environmental flows (e.g. materials not 
accounted for in a process analysis, direct flows associated with on-site activities or site-support activities 
such as financing, machinery and equipment) can be accounted for using pure input-output data. This is a 
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unique characteristic of the Path Exchange hybrid approach and accounts for processes and related 
environmental flows not typically included in a process analysis. These flows, referred to as the ‘remainder’ 
(or ‘other items’ as in Figure 2) are determined by subtracting the total input-output-based flows associated 
with the material production processes for which process data is available (TEFRm) (this data is extracted from 
a pure input-output model) from the total input-output-based environmental flow requirement of the 
relevant economic sector, n (TEFRn). This input-output remainder needs to be scaled to the level of the 
project by multiplying it by the cost of the project (Cp). 
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4. Demonstrating the importance of using hybrid coefficients 

This section demonstrates the importance of using the more comprehensive hybrid coefficients compared to 
traditional process-based coefficients and analysis. This is achieved by comparing hybrid and process values at 
the material and whole building level to show how the use of a specific type of coefficient may influence the 
choices being made during design of construction projects and the emphasis or importance that may be 
placed on indirect, or embodied environmental flows. 

4.1 The effect of coefficient type on material selection 

While hybrid coefficients generally provide a much more comprehensive coverage of the system boundary for 
a particular material, it may be possible for a process-based coefficient to be higher for the same material. 
This can occur when the input-output component of the hybrid coefficient is lower than the value of process 
data excluded from the hybrid coefficient (for processes outside of the SPA threshold). An example of where 
this occurs is for ‘50MPa concrete’, with a hybrid coefficient of 4 GJ/m3 and a process coefficient, based on 
the same process data, of 4.3 GJ/m3. 

Another situation in which system boundary completeness is critical is where the coefficient of two 
interchangeable materials is lower for the opposite coefficient type. For example, ‘Cross laminated timber’ 
has a considerably lower hybrid coefficient (7.9 GJ/m3) than ‘KD Softwood’ (12.2 GJ/m3), but a higher process 
coefficient (4.6 v 2.5 GJ/m3). One of the main reasons why the ranking of process and hybrid coefficients 
varies is due to the inconsistent system boundary used for process coefficients. This is due to varying levels of 
detail in available process data across materials/processes. This demonstrates that on a cubic metre basis, 
‘Cross laminated timber’ would be the preferred option for reducing embodied energy if using hybrid 
coefficients, but ‘KD softwood’ would be preferred if using process coefficients. Mixing coefficient types can 
create a similar issue, potentially exacerbated by the even greater difference between values due to variation 

in system boundary coverage. Several databases, such as the Inventory of Carbon and Energy (University of 
Bath, 2011), suffer from this significant issue. 

Differences between process and hybrid coefficients may not matter much when comparing individual 
materials, assuming the same coefficient type is used consistently. However, in instances where an absolute 
value for the environmental performance of a material or project is required, the use of process-based 
coefficients will most often result in an underestimation of the total environmental flows.  

4.2 The effect of coefficient type on the significance of embodied environmental flows 

This section uses a case study house to demonstrate the variation in the proportion of embodied energy in 
the life cycle energy of the house that may occur depending on which type of coefficient is used. A life cycle 
energy analysis was conducted for a three-bedroom, brick veneer house located in Melbourne, Australia. 
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Details of the house can be found in Crawford et al. (2016). The scope of the analysis can be found in Figure 1 
and is based on European Standard 15978 (2011). 

 

 

Figure 1: System boundary for the life cycle energy analysis of the case study house (based on EN15978). 
 

The initial embodied energy of the house was calculated using the approach outlined in Section 3 
and Equation 1, based on a detailed bill of quantities and the new hybrid coefficients. Recurrent 
embodied energy associated with replacement of materials and maintenance of the house throughout 
its assumed life of 50 years was calculated using Equation 2, as outlined in Crawford et al. (2016). 
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Where REEh is the recurrent embodied energy of the house h in GJ; POA is the period of analysis, in years; 
SLm is the service life of the material m, in years; NATERm is the total energy requirement of all input-output 
pathways not associated with the installation or production process of material m being replaced, in GJ/AUD, 
e.g. pathways representing concrete production when replacing aluminium; and Cm,h is the cost of the 
material m in AUD in the house h. Other variables are the same as in Equation 1, with EF replaced with the 
specific flow, E, for energy. 

The heating and cooling related energy demand of the house was calculated using FirstRate5 (FR5) 
software. The values from the previous study of the same house by Crawford et al. (2016) were used in this 
study. Final heating and cooling energy demands from the software were converted to primary energy terms 
using primary energy factors, constraint factors and system efficiencies as per Equation 3.  
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Where LCTOPEh is the life cycle primary thermal operational energy of the house h in GJ; PEFH and PEFC
 are 

the primary energy conversion factors for the heating and cooling energy sources, respectively, in GJ/GJ; FEH
h 

and FEC
h are the final annual heating and cooling energy demands of house h (as calculated by FirstRate5), 

respectively, in GJ; CFH and CFC are the heating and cooling constraint factors; and ηH
h and ηC

h are the heating 
and cooling systems efficiency in house h, respectively. 

Non-thermal operational energy demand (e.g. for cooking, hot water, appliances) was calculated based on 
data from DEWHA (2008). While operational energy demands are highly household specific, the intention 
here was not to provide a precise estimate of energy demands but rather a value for a typical household in 
the Melbourne climate. Data on total energy demand in Victoria for each end use was divided by the total 



360 R.H. Crawford, A. Stephan and F. Prideaux 

number of Victorian households to determine the average energy demand per household per end use. Each 
value was converted to primary energy terms based on an assumed fuel type (hot water – natural gas, 
appliances – electricity, cooking – mixed fuels) and extrapolated out to 50 years assuming consistent demand. 

 

Figure 2: Life cycle energy of case study house based on process (P) and hybrid (H) analysis, by use.  
 

 These findings are specific to the case analysed as variations in climate, materials, occupancy and usage 
patterns and fuel types will vary the results. Yet, they reveal that the use of hybrid coefficients can 
significantly increase the value of embodied energy needed over the life of the house (from 860 GJ for 
process data to 2,400 GJ for hybrid data (See Figure 2)) and increase the perceived significance of the 
embodied energy component of the life cycle energy demand (from 19% to 39%). The widespread use of 
process analysis and process-based material coefficients for analysing the embodied environmental 
performance of construction projects has usually led to the underestimation of embodied environmental 
flows, such as energy. This has contributed to their limited consideration in environmental design, policy and 
regulations, compared to operational flows. 

5. Discussion and Conclusions 

This paper presents a new database of environmental flow coefficients for construction materials, developed 
using a hybrid life cycle inventory approach. The level of transparency offered by this database is 
unprecedented, with hundreds of thousands of data points available for each coefficient. The importance of 
this hybrid approach has been highlighted, compared to the use of process-based coefficients at a material 
and whole building scale. This shows that material selection and design decisions based on process-based 
coefficients and life cycle inventory data are highly likely to be compromised by inconsistent and incomplete 
system boundaries. This issue is made even more prominent by the fact that embodied environmental flows 
have been shown to account for a large proportion of the total life cycle environmental flows of a building. 
For example, the findings from this study show that life cycle embodied energy demand may account for up 
to 39% of the life cycle energy associated with a house. This aligns closely with similar studies that have used 
a hybrid approach for assessing embodied flows (inter alia, Fay et al. (2000); Crawford and Pullen (2011); 
Stephan et al. (2013)). Some of these studies, such as that by Stephan et al. (2013), have even shown that 
embodied energy may account for up to 77% of the life cycle energy demand of a house. This is mostly due to 
a lower operational energy demand rather than an increase in embodied energy, due to a more thermally 
efficient building envelope. This trend is likely to continue as the operational performance of buildings 
continues to improve. Embodied environmental flows will thus only become more significant and important 
to address into the future. For flows like energy, those embodied in present day construction are particularly 
important to address as they occur within a much more emissions intensive energy system than the one in 
which future energy demands are likely to occur. 
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While the database presented here is specific to the Australian context, it can be used in other regions 
that have a similar economic structure, manufacturing approaches and fuel mix. This would have to be judged 
at the material level, whether material characteristics (e.g. concrete) are equivalent across regions. The 
database is however perfectly suited to Australian construction materials being used in other countries. The 
approach used to compile the database can also be used to produce similar coefficients for other regions, as 
long as the appropriate input data are available.  

Despite the benefits that they provide, it is acknowledged that hybrid coefficients suffer from their own 
unique limitations and deficiencies, such as homogeneity and proportionality assumptions and aggregation 
errors inherent to input-output data (Crawford, 2011, p. 69). However, Crawford (2008) and Lenzen (2000) 
have demonstrated that the inclusion of input-output data, despite its inherent limitations, is preferred given 
the considerable system boundary completeness issues that pervade process analysis, data and coefficients. 
Others, such as Dixit (2017) and Majeau-Bettez et al. (2011) have also shown that hybrid approach is 
preferred over process analysis. 

While process data is often regarded as more reliable, variations in temporal and geographical relevance 
to the material being analysed can reduce the representativeness of the process data. This can be particularly 
evident with the use of pre-compiled process coefficients, often with little transparency in their original 
source. In addition to this, the continued use of process-based coefficients may only continue to limit the 
awareness of the significance of embodied environmental flows and the speed and degree to which efforts 
are targeted at reducing these flows in relation to building design and construction. 

This study shows that the use of hybrid coefficients can lead to a significant increase in the total quantity 
of environmental flows associated with the manufacture of specific construction materials and the 
construction of a building. This has considerable implications for decision-making relating to building design, 
including material selection, and in the worst case can shift the focus of environmental design from an area 
which might otherwise be considered important. These coefficients will enable building professionals to 
rapidly analyse the environmental performance of buildings, empowering them to make informed decisions 
that can improve the environmental performance of buildings based on consistent and comprehensive data. 
This will help close the loop in environmental design, enabling a comprehensive life cycle approach that 
considers and optimises a building’s environmental performance across its entire life. They also provide a 
platform to inform environmental policy improvements and assist in the mainstreaming of life cycle 
environmental assessment for design, construction, retrofitting, maintenance and improvements to existing 
buildings. 

Acknowledgements 

This research was supported by the Australian Research Council’s Discovery Projects funding scheme 
(project number DP150100962) and the Australian Research Council’s Linkage Infrastructure, Equipment 
and Facilities funding scheme (project number LE160100066). 

References 
Athena Sustainable Materials Institute (2019) User Manual and Transparency Document Impact Estimator for 

Buildings v.5, Ottawa, Canada, 52. 
Bontinck, P.-A. (2018) 2014-15 Australian input-output data and associated environmental satellites (energy, water 

and greenhouse gas emissions), in The University of Melbourne (ed.). 
Crawford, R.H. (2008) Validation of a hybrid life cycle inventory analysis method, Journal of Environmental 

Management, 88(3), 496-506. 
Crawford, R.H. (2011) Life Cycle Assessment in the Built Environment, ed., Taylor and Francis, London. 



362 R.H. Crawford, A. Stephan and F. Prideaux 

Crawford, R.H., Bartak, E.L., Stephan, A. and Jensen, C.A. (2016) Evaluating the life cycle energy benefits of energy 
efficiency regulations for buildings, Renewable and Sustainable Energy Reviews, 63, 435-451. 

Crawford, R.H., Bontinck, P.-A. and Stephan, A. (2018a) Establishing a comprehensive database of construction 
material environmental flow coefficients for Australia, Priya Rajagopalan, Engaging Architectural Science: 
Meeting the Challenges of Higher Density: 52nd International Conference of the Architectural Science Association 
2018, pp., 28 November - 1 December, The Architectural Science Association and RMIT University, Melbourne, 
Australia. 

Crawford, R.H., Bontinck, P.-A., Stephan, A., Wiedmann, T. and Yu, M. (2018b) Hybrid life cycle inventory methods – 
a review, Journal of Cleaner Production, 172, 1273-1288. 

Crawford, R.H. and Pullen, S. (2011) Life cycle water analysis of a residential building and its occupants, Building 
Research and Information, 39(6), 589-602. 

Crawford, R.H. and Treloar, G.J. (2010) Database of embodied energy and water values for materials, The University 
of Melbourne, https://dx.doi.org/10.4225/49/588eeeeda28af, Melbourne. 

CSIRO (1994) Quote: Cost Estimating System for House Builders, CSIRO, Division of Building, Construction and 
Engineering, Australia, Highett. 

DEWHA (2008) Energy Use in the Australian Residential Sector, 1986 to 2020, Department of the Environment, 
Water, Heritage and the Arts, Canberra, 212p. 

Dixit, M.K. (2017) Life cycle embodied energy analysis of residential buildings: A review of literature to investigate 
embodied energy parameters, Renewable and Sustainable Energy Reviews, 79, 390-413. 

European Standard 15978 (2011) Sustainability of construction works -Assessment of environmental performance of 
buildings - Calculation method, European Committee for Standardization (CEN), Brussels, 66. 

Fay, R., Treloar, G. and Iyer-Raniga, U. (2000) Life cycle energy analysis of buildings: a case study, Building Research 
and Information, 28(1), 31-41. 

Lawson, W.R. (1996) Building Materials, Energy and the Environment: Towards Ecologically Sustainable 
Development, The Royal Australian Institute of Architects, Red Hill, 135p. 

Lenzen, M. (2000) Errors in conventional and input-output-based life cycle inventories, Journal of Industrial Ecology, 
4(4), 127-148. 

Lenzen, M. and Crawford, R.H. (2009) The Path Exchange Method for Hybrid LCA, Environmental Science & 
Technology, 43(21), 8251-8256. 

Majeau-Bettez, G., Strømman, A.H. and Hertwich, E.G. (2011) Evaluation of process- and input–output-based life 
cycle inventory data with regard to truncation and aggregation issues, Environmental Science & Technology, 
45(23), 10170-10177. 

Stephan, A., Crawford, R.H. and Bontinck, P.-A. (2018) A model for streamlining and automating path exchange 
hybrid life cycle assessment, The International Journal of Life Cycle Assessment, 24(2), 237-252. 

Stephan, A., Crawford, R.H. and de Myttenaere, K. (2013) A comprehensive assessment of the life cycle energy 
demand of passive houses, Applied Energy, 112, 23-34. 

TOTEM (2018) Tool to Optimise the Total Environmental impact of Materials. Available from:  <https://www.totem-
building.be/> (accessed 28/07). 

Treloar, G.J. (1998) A comprehensive embodied energy analysis framework, Ph.D. Thesis, School of Architecture and 
Building, Deakin University, Geelong. 

University of Bath (2011) Inventory of carbon and energy (ICE) version 2.0, Sustainable Energy Research Team 
(SERT), Department of Mechanical Engineering, University of Bath, UK, Bath, United Kingdom, 8p. 

Wainwright, W.H. and Wood, A.A.B. (1981) Practical Builders' Estimating, ed., Hutchinson, London. 
Wuppertal Institute (2014) Material Intensity Factors. Available from:  

<https://wupperinst.org/en/a/wi/a/s/ad/365/> (accessed 28/07). 
 
  
There is a section break below, please do not delete it. 
 
There is a section break above, please do not delete it. 

https://dx.doi.org/10.4225/49/588eeeeda28af
https://www.totem-building.be/
https://www.totem-building.be/
https://wupperinst.org/en/a/wi/a/s/ad/365/


Revisiting the Role of Architecture for 'Surviving’ Development. 53rd International Conference of the 
Architectural Science Association 2019, Avlokita Agrawal and Rajat Gupta (eds), pp. 363–372. © 
2019 and published by the Architectural Science Association (ANZAScA). 

 

Assessment of decentralized wastewater treatment 
systems on net zero approach for high density residential 

buildings in Mumbai, India 

Nayana Vishal Raut 
Rachana Sasad’s Academy of Architecture, Mumbai, India 
nayanavraut@gmail.com, nayanavishalraut@gmail.com  

VIVA School of Architecture, Virar, India 
nayanavishalraut@vivaarch.org  

Abstract: The building system boundary includes building water cycle and natural water cycle out of 
which building water cycle has larger environmental impacts due to ever increasing demand for fresh 
water and treatment or disposal of it’s huge amount of waste water. Water once used is called 
wastewater and managing water using conventional linear processes has higher environmental impacts 
due to resource depletion and creating vulnerability to pollution of other virgin resources.  Looking at 
the land use and densities in city of Mumbai and suburbs; domestic sector seeks highest attention 
towards urge for drinking water and disposal of waste water. Net zero water accomplishment can be 
achieved by creating opportunities for increasing water efficiency by creating closed loop within the 
system by studying dependent components of buildings water cycle. Decentralized waste water 
treatment technologies have generated a ray of hope in terms of onsite treatment of waste water. 
Study aimed at evaluation of most popularly used existing Decentralized Wastewater Treatment Plants 
for treating large volume of domestic sewage of Mumbai; to find out a sustainable solution. 
Sustainability assessment was done by using Matrix Decision Support Tool in order to derive a 
conceptual model to help decision makers to select appropriate treatment system for achieving Net 
positive water management on site. 

Keywords: Domestic sewage; Decentralized waste water treatment systems; Sewage water treatment; 
Sustainability Indicators; Net Zero, etc 

1. Introduction 

As per Census 2011, Mumbai is the fourth most populous city in the world with the total population 
of approximately over 12.44 million. Considerable population influx from the neighboring urban areas 
such as Navi Mumbai, Thane for trade and commerce has been recorded exerting tremendous pressure 
on multiple services. Though Municipal Corporation has extended infrastructure facilities such as water 
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supply, waste water treatment, waste disposal etc. to fulfill basic civic needs of ever increasing urban 
population, there is a gap between required and provided. (Gupta et.al, NEERI, 2016) 

Water sector is the most difficult sector to handle in terms of fulfilling ever growing demands of 
supply of water and treatment of wastewater with the limited infrastructure that city has. Though there 
are several infrastructural projects under execution and proposed, Municipal Corporation cannot go 
beyond carrying capacity of the city. (Water policy and action plan for India, 2020, 2002) Similarly sewage is a 
major source of water deterioration and contributes to 70% pollution load to water bodies which 
severely affects health and quality of human life.(National water Policy, 2012) This wasteful use and 
disposal of water is creating huge environmental impact in terms of generating acute demand for 
domestic water and causing pollution of natural resources respectively. 

2. Need of the study 

Though Municipal Corporation is first to make Environmental clearance compulsory for high rise 
residential buildings (i. e buildings having above 50m height), for projects which has built up area  >_ 
20000 sq.m and <150000 sq.m. and for Town and Area Development Projects covering an area of >_ 
50Ha and or Built up area of >_ 150000 sq.m. and townships where daily Municipal water consumption 
is above 60000 litres; majority of city’s wastewater goes untreated. (MCGM, 2009), (CPCB newsletter, 2015) 
To conquer the water stress challenge of the city Net zero approach need to be adopted for complete 
treatment  and reuse of waste water in order to achieve water balance in the projects The goal of net 
zero water is to preserve the quantity and quality of natural water resources with minimal deterioration, 
depletion, and rerouting due to the building’s water use by utilizing potential alternative water sources 
and water efficiency measures to minimize the use of supplied freshwater. Ultimately, a net zero water 
building completely offsets the building’s water use with maximized alternative water. Water returned 
to the original water source, represented by this simple formula: {Total Annual Water Use}= {Total 
Annual Alternative Water Use}+{Total Annual Water Returned/Discharged to the Original Source}. 
(Fowler et al., 2017) (US Environmental Protection Agency (USEPA), 2009), (Joustra and Yeh,2015) 

Because of space scarcity in the city, treatment of such a huge amount of waste water without 
hampering the natural and built environment without compromising treated water quality is very 
challenging. Taking sustainability as a point of departure; analysis of different technological solutions 
need to be done in order to find out appropriate technology which is compatible to the natural, 
economical, technical and social environment that offers possibility of further development in positive 
direction. Net zero water accomplishment can be achieved by creating opportunities for increasing 
water efficiency by creating closed loop within the system by studying dependent components of 
buildings water cycle. 

2.1. Design of the Study 

Study was conducted in order to study existing waste water systems used for treating high volume of 
domestic waste water to develop a guidance document for the designers and policy makers to assist 
them in choosing an appropriate system for their projects to achieve water conservation in it’s true 
sense. Most popular technologies namely, MBR (Membrane Bio Reactor), MBBR (Moving bed Bio 
Reactor) and SBR (Sequential Batch Reactor) were selected for the study. Snowball technique was used 
in order to finalize case studies for the same. Two case studies of varying treatment capacities for each 
treatment system were identified in order to understand effectiveness of the system to handle different 
hydraulic loads within limited amount of resources such as land, money, time etc. based on 
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sustainability indicators. All the selected case studies were treatment systems for handling domestic 
Sewage. 
Case studies selected were as follows: 

 For study of MBR Technology:  
- 400 KLD MBR Plant at Lodha Splendeur (Prefabricated type) 
- 300 KLDMBR Plant at Tardeo (Model: Submerged Membrane Module for MBR “MEMBRAY” 

TMR140 series) Constructed Type 

 For study of MBBR Technology: 
- 2 MLD Centralized Plant for Hiranandani Powai, Andheri (Constructed type) 
- 135 KLD Plant at Hiranandani Powai (Prefabricated type) 

 For study of SBR Technology: 
- 50 KLD Plant at Panvel (Prefabricated type) 
- 100 MLD Centralized Plant for Nerul city at Nerul (Constructed type) 

 
Selection of respondents was based on non probability purposive – sampling based on availability of 
data. Selected respondents were as follows: 

a) Mechanical Engineers from Operation and Maintenance Department 
b) Wastewater Treatment Consultants and Contractors 
c) Operation and Maintenance staff 

3. Methodology 

System analysis methodology using multidisciplinary set of sustainability indicators was selected for 
analyzing the whole system which helps in assessing the technologies by capturing the nature of the 
system in a mathematical description. (Emmerson et al.1995), depending upon availability of the data for 
quantifying them. However, in a rapid assessment many of these indicators may be estimated using 
averages, and indications of the influence of a technology on a certain indicator. Looking at the whole 
system one can find integrated solutions that may not be visible when looking at smaller parts of the 
system. Case study method was used for studying each technology in detail. Structured and 
unstructured interviews, questionnaire were used as tool for gathering required information for analysis 
of each technology. Lab testing method was used in order to check performance of treatment systems. 

3.1. Inventory analysis  

In the inventory analysis the sustainability indicators are quantified or indicated qualitatively. Matrix 
decision Support Tool is used. Traditionally in management science, a decision-support matrix is one of 
many approaches utilized in a multi-criteria decision analysis (MCDA) problem. MCDA problems are 
characterized by containing several alternative options that may conflict (Kiker et al., 2005). Matrix 
Decision Support Tool is used to provide non-technical information to decision makers when comparing 
decentralized technologies. It displays the technologies and their relative scores for criteria in three 
categories: economic, environmental and social. Parameters for analyzing each technology were 
obtained from vendor interviews, technical worksheets, technical reviews, guidelines from government 
reports, scientific literature and decentralized wastewater treatment stakeholder workshop. (Brtalik K., 

et.al, 2012) 
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3.2. Scoring Assessment Criteria 
 
Decision matrix utilizes a ‘stoplight’ scoring approach, in which parameters are evaluated in a three-tier 
colour-coding system (red, yellow, and green. Boxes highlighted in green indicate the most optimal 
potential outcome, while yellow boxes indicate less desirable outcomes, and red boxes indicate least 
desirable outcomes. This assessment criterion is selected from user point of view. Reader can easily read 
and understand the matrix and can select the technology based on numerical scores 1,2,3.  

 Environmental Indicators ––  
Environmental resources should be used in such a way that it should compliment long-term viability of 
the natural environment to support long-term development by taking up emissions. Environmental 
indicators indirectly measure resource utilization and performance of the technology in removing 
conventional wastewater constituents such as Nitrogen, Phosphorus and Pathogens. (Balkema et.al, 2002) 
To achieve Net zero success complete reuse of treated wastewater was essential. So verification of 
Environmental impact of treated effluent in terms of CPCB discharge standards for domestic wastewater 
was of utmost importance in order to understand reuse potential as well as it’s impact on the 
environment within technical capacity of the benefitting community. So, the environmental portion of 
the matrix describes performance expectations in terms of desired treatment levels which were divided 
into three subcategories namely Reliability, Performance and Habitat creation potential. Subcategories 
are further divided into individual parameters introduced in detail in discussion and findings section. 

 Economic Indicator –  
Economic sustainability meaning paying for itself, where costs should not exceed benefits which 
includes social and environmental values. However, in practice most analyses include only the financial 
costs and benefits. Economical indicators determine economic affordability of a particular technology to 
the community. (Balkema et.al, 2002) Knowing the fact that all these activated sludge treatment processes 
are energy intensive due to use of pumps and blower operations for smooth working of the systems; 
comparative study need to be done in order to understand affordability of the technology in long run. 
Since land is equal to money in city like Mumbai; space requirement for the entire set up, feasibility of 
modulations and alterations in case of operation and maintenance intensiveness of the systems need to 
be studied.  Economic category is divided into three subcategories: Energy requirement, land 
requirement, Initial Capital in terms of set up equipments and Operation and Maintenance cost. The 
subcategories are further divided into individual parameters introduced in detail in Discussion and 
Findings section. 

 Social Indicator –  
The Social Indicator describes potential outcomes associated with system implementation that could 
affect the surrounding community positively or negatively. Visual appearance of these systems play a 
very vital role in it’s placement on site due to it’s effect on the adjacent activity or the user group since it 
may cause bad impression visually as well  as fouling of odour due to maintenance related issues may 
affect health negatively. On the other hand if it works properly without any negative effect on the 
residents as well as society; it may add quality to life in terms of no water shortage and no trouble form 
insects. We need to also understand how society will get benefitted due to educational potential in 
terms of creating awareness in the society. Data collected to analyze Social Indicator was done with help 
of response of 20 respondents of each site with the help of questionnaire. Social category is divided into 
four subcategories: Aesthetic, Educational Opportunity, Ownership and Participation, and Quality of 
Life. The subcategories are further divided into individual parameters introduced in discussion and 
findings section. 
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4. Discussion and findings 

 It was observed that waste water quantity calculations are supposed to be done considering LPCD as 
250, since water consumption in high rises goes beyond 135 LPCD due to other water sources such as 
bore well, rainwater harvesting and Tanker water. So in most of the cases wastewater treatment 
systems were under designed assuming LPCD as 135 and bypassing rest of the water to the Municipal 
Sewer Line. Water testing reports of inlet water quality are showing lesser BOD values in inlet water 
which shows dilution of water. More water usage habits and mixing of Grey and Black water is one of 
the main reasons for getting such a diluted influent water quality. Duel pipe system should be used in 
order to segregate between black water and grey water which can help in desired MLSS (Mixed Liquor 
Suspended Solids) and BOD values in the inlet waste water (Influent) for effective treatment. Since grey 
water needs very less treatment it can be used very easily for landscape or irrigation purposes. 
Assessment report of the study based on sustainability indicators are explained below: 

 

4.1. Environmental Indicator:- Findings of Environmental  Indicator assessment of treatment 

technologies in terms of flexibility and adoptability to changing environmental and seasonal 
effects, shock loadings, etc. are presented below: 

 
4.1.1. Reliability – Parameter Description:  
Reliability of systems is based on case study findings to provide a consistent final effluent of a specified 
quality due to endurance to hydraulic shocks due to peak and non peak hour hydraulic loading. 
Scoring Method: Systems with consistent minimal variation in effluent quality should receive a green score. 
Systems with seasonal variation in effluent quality should receive a yellow score and systems with increased 
likelihood of variation in final effluent quality should receive a red score. 
Findings: SBR received Green Scoring since it can treat any quantity and quality of water without 
compromising it’s effluent water quality due to tight regulation and control of design. As per design 
parameters MBR can also take hydraulic shock very effectively. But here it has got red scoring since adoption 
of this technology to our influent water quality i.e. desired MLSS(Mixed Liquer Suspended Solids) is not yet 
achieved which results in scaling of membranes and thus reducing efficiency of treatment which ultimately 
results in tearing of membranes during cleaning of membranes. So, tailor made solutions need to be adapted 
to suit the technology to our needs. Though MBBR can take hydraulic loads, it needs skilled supervision for 
24x7 to achieve good quality otherwise it leads to failing of treatment of wastewater; thus it is entitled for 
yellow scoring. 

 
4.1.2. Performance – Parameter Description:   
Performance refers to a system’s ability to remove nutrient and pathogen content from influent to meet 
reuse and disposal standards for treated water mentioned by CPCB. These performance indicators include 
total suspended solids (TSS), total nitrogen concentration (TN), biochemical oxygen demand (BOD), and 
removal of potential pathogens. All the results are based on actual testing of water samples done in the 
laboratory. 
 

- Total Suspended Solids (TSS) 
Parameter Description: TSS is a measurement of particulate matter content in given water sample (one litre). 
In the matrix, TSS is described as the milligrams per litre of total suspended solids expected in final effluent. 
Scoring Method: In order to receive a green scoring, a system must achieve less than 50 milligrams per litre of 
TSS in final effluent as required for CPCB treated effluent reuse and discharge standards. System which 
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achieved TSS between 50 to 200mg/l as per CPCB disposal standards for irrigation purpose received yellow 
scoring. System which achieved TSS between 200 to 600mg/l as per CPCB disposal standards for public sewers 
received red scoring. 
Findings: All the systems received green scoring since treated water met CPCB disposal standards for water 
reuse and disposal into inland water bodies. 

- Total Nitrogen Concentration 
Parameter Description: Total nitrogen concentration refers to amount of total nitrogen compounds in a given 
water sample (one litre). In the matrix, total nitrogen content is expressed in milligrams per litre of nitrogen 
content expected in final effluent. 
Scoring Method: Total nitrogen content less than 10 mg/L receives a green scoring as per CPCB treated water 
reuse and discharge standards. Water containing Total Nitrogen concentration >10mg/l and <50mg/l (CPCB 
standards for treated water disposal  into public sewers)will receive yellow score and water containing 
>50mg/l will receive red score as it may cause eutrophication of water bodies and if it enters into drinking 
water it may have adverse effects on health. Therefore, Effluent which achieved Nitrogen concentration 
greater than 50mg/L was assigned red scoring. 
Findings: All the systems achieved green scoring since they achieved Total Nitrogen Concentration less than 
10mg/l as per CPCB drinking water standards (IS:10500:1991).  

- Biochemical Oxygen Demand (BOD) 
Parameter Description: Biochemical oxygen demand measures the dissolved oxygen required for aerobic 
biological organisms in a body of water to break down organic material in the water. In the matrix, BOD is 
expressed in milligrams per litre of BOD expected in final effluent. 
Scoring Method: In order to receive green scoring, a system must achieve less than 20 milligrams per litre of 
BOD in final effluent as per CPCB desired water quality standards of treated effluent disposal and reuse. 
Effluent which contains BOD levels > 20mg/L <100mg/l BOD was assigned yellow scoring (CPCB standards for 
land irrigation and disposal into public sewers respectively) Effluent which contains BOD >100 mg/l will 
receive red scoring since it may cause septic conditions if disposed in water due to reduction in DO in water. 
Findings: SBR and MBR gained green scoring since it achieved BOD levels less than 20 mg/l whereas MBBR 
achieved BOD levels >20and <100; hence MBBR received yellow scoring. 

- Removal of Potential Pathogens 
Parameter Description: Fecal coliform represents a bacterial indicator of pathogen content in a given water 
sample (100 milliliters). Specifically, coliform represents potentially harmful fecal content in water. Total 
coliform is expressed in the number of colonies present in 100 milliliters of water.  
Scoring Method: In order to receive green scoring, a system must achieve effluent which contain less than 
1000/100 ml faecal coliform as per CPCB Desired water quality standards for reuse and disposal. Effluent 
which contain >1000/100 ml to <1600/100mlfaecal coliform was assigned yellow scoring since it can be used 
for unrestricted irrigation as per (WHO) Standards. Effluent containing >1600/100ml faecal coliform was 
assigned red scoring since it is harmful for human contact.  
Findings: MBBR and SBR achieved green scoring since it achieved less than 1000/100ml faecal coliform as per 
CPCB desired treated effluent discharge and reuse standards. Though MBR works on fine screen membranes; 
it showed fecal colliform levels >1600/100ml in treated effluent; so it received red score.  

 
4.1.3 Habitat Creation Potential – Parameter Description:  
It refers to the potential for a system to provide ecosystem services onsite. Ecosystem services are defined as 
the benefits that nature can provide to households, communities, and economies. 
Scoring Method: A system receives green scoring if it meets CPCB treated water irrigation standards and  red 
scoring if system does not meet CPCB treated water irrigation standards. 
Findings: SBR, MBR and MBBR received green scoring; since it achieved CPCB treated water irrigation 
standards. 
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4.2. Economical Indicator: Since on an average 100 – 500 KLD plant is required for treating high 

volume of wastewater in cities; same treatment capacity plants are taken into consideration for 
calculation purpose.  Findings of Economical Indicator assessment of treatment technologies in terms of 
project cost to service cost are presented below in order to understand potential financial burden 
associated with the treatment option: 

 
4.2.1.   Initial Capital – Parameter Description:  
It includes per KLD costs associated with land requirements, initial capital cost for in-situ treatment plant as 
well as prefabricated treatment plant and energy requirement for effective functioning of the plant. 

- Land Requirement - Parameter Description:  
Depending on the process utilized to treat wastewater and the intended use, the amount of land required will 
vary. Since land is a valuable resource in Mumbai; Cost of land is calculated in terms of Sq.ft / KLD.   
Scoring Method: Systems requiring less than 5 Sq.ft / KLD receive a high or green score. Systems which 
require 5 - 10 Sq.ft/KLD receive a medium or yellow score, and systems requiring more than 10 Sq.ft /KLD 
receive a low or red score.  
Findings: MBR and SBR received a high or green score since they required less than 5 Sq.ft / KLD land 
requirement. While MBBR received yellow score in terms of land requirement since it requires <10 sq.ft land 
per KLD.  

- Construction Costs 
Parameter Description: Construction costs include per KLD costs for site preparation and civil construction 
cost for in-situ treatment system, and purchase and installation cost for Prefabricated Treatment Plant. 
Scoring Method: System which has treatment cost of 10000-15000 Rs/KLD, will receive green scoring. System 
which has treatment cost 15000-20000 Rs./KLD cost, will receive yellow scoring. System which treatment cost 
more than 25000 Rs./KLD, will receive red scoring. 
Findings: SBR and MBBR received green scoring; whereas MBR has received red scoring due to higher 
membrane cost.  

- Energy Requirements 
Parameter Description: Since all these active systems work with the help of pumps, blowers, dosing pumps, 
etc; energy intensiveness of the systems played vital role in it’s environmental impact. 
Scoring Method: Systems which required comparatively lesser pump and blower operation, received a yellow 
scoring. Systems which require continuous blower and pump operation received red scoring. Here green 
scoring was removed from the scoring criteria since all the systems under study are active systems. 
Findings: MBR and MBBR received red score due to continuous blower and pump operation for all the 
treatment processes. SBR received yellow scoring due to it’s cyclic treatment process which avoids continuous 
energy use for all the treatment processes. 
4.2.2.   Operation and Maintenance  
Parameter Description: This refers to all costs associated with maintaining system function including the cost 
of replacement parts, monitoring, bio solids removal, addition of chemicals or other products required for 
treatment and staff salary.  
Scoring Method: Systems which has Rs. 5000 – 10000/KLD o & m cost will receive green score. System which 
has Rs. 10000-15000/KLD o & m cost will receive yellow scoring and system which has o & m cost more than 
Rs. 15000/KLD will receive red score.   
Findings: SBR and MBBR received green scoring due to lesser o & m costs whereas MBR received yellow score 
due to additional cost of membrane replacement and skilled supervision. 
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4.3   Social Indicator: All the parameters of social indicator such as welfare of the society as well as 

community participation are discussed below. This section of matrix includes Aesthetic, Educational 
opportunity, owner supervision and quality of life. 
4.3.1. Aesthetics: It refers to the sensory impacts of systems, including visual aesthetic, odour, and noise 
generation. 

-      Visual  
Parameter Description: – It refers to visual appearance of the system. 
Scoring Method: A system receives a green scoring if it improves the visual aesthetic of a site. A system 
receives a yellow scoring if it has a neutral impact on the visual aesthetic of a site, where there is no visual 
impact caused by a system. Red scorings reflect systems that negatively impact a site’s appearance. 
Findings: Since all systems are above grade systems they are of two types namely open (constructed open 
tanks) and partially open systems (prefabricated units which can be opened from top for maintenance related 
work). Partially open plants are preferred from visual aesthetic point of view since sewage treatment is not 
visible and respondents gave satisfactory response on this visual parameter. So, in this parameter all the 
plants which were partially open got yellow scoring. While in case of open systems red scoring was achieved 
since looking at sewage is not a good site.  

- Odour –  
Parameter Description: Some systems are characterized by having increased likelihood of odour associated 
with treatment. Depending on the process utilized, odour is minimal. 
Scoring Method: Systems receive a green scoring if no odour is associated with treatment. Yellow scoring is 
assigned to systems that have with Minimal odour generation, and red scoring is assigned to systems that 
have an increased potential for odour generation due to high organic loading. 
Findings: Due to aerobic systems odour generation was not significant. Odour generation occurs mainly at 
inlet sewage due to decreased levels of DO in the influent. Since Raw water tank or equilization tanks are 
close systems chances of odour gets eliminated. Odour generation results of decision matrix states that 
systems which were partially open did not spread odour due to closed system operation; received green score 
but systems which were open type left potential to spread occasional minimal odour generation due to 
fouling of the system due to any maintenance related issue; achieved yellow score.  

- Noise –  
Parameter Description: Some systems generate noise during the treatment process. 
Scoring Method: A system receives a green scoring if no noise is generated during treatment. A system 
receives a yellow scoring if often noise is generated during treatment, and a red scoring if treatment 
generates frequent noise. 
Findings: Since all the systems are aerobic systems they generate some amount of noise. As per decision 
matrix SBR system has received yellow score due to cyclic method of treatment and less blower operation for 
air scoring due to batch process. While MBR and MBBR received red score since they generate frequent noise 
due to continuous blower operation. 

4.3.2. Educational Opportunity –  
Parameter Description: This refers to the ability of a system to provide community participation and 
education opportunities. 
Scoring Method: A system receives a green scoring if it generates education potential for community 
members and the general public and a red scoring if it does not. For this parameter, no yellow scoring is 
conferred. 
Findings: Since all the systems were useful for creating awareness amongst society by educating them about 
purpose and process of treatment of wastewater; all the systems received green score.  

4.3.3.  Owner Supervision Requirements - Parameter Description:  
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This refers to the amount of supervision required by owners of systems. As a system increases in complexity, 
ownership awareness increases. 
Scoring Method: A green scoring reflects systems where minimal owner supervision is required. Systems 
require more frequent monitoring and maintenance receive a yellow scoring. A system receives a red scoring 
if it requires extensive owner supervision as well as an external operator to ensure function.  
Findings: SBR achieved green score due to lesser owner supervision requirement. MBBR received yellow 
score due to considerable owner supervision requirement but MBR received red score due to frequent 
supervision requirement to ensure healthy functioning of membranes. 

4.3.4. Quality of life – Parameter Description:  
It refers to the influence on the wellbeing of community members in terms of health, in particular by 
considering the risk of vector contact. 

- Risk of Vector Contact 
Parameter Description: This refers to the chance for humans to come in contact with disease vectors 
associated with wastewater, such as mosquitoes.  
Scoring Method: Systems receive a green scoring if no risk of vector contact exists with the exception of 
system malfunction. Systems receive a yellow scoring if minimal risk of vector contact is associated with 
system function. Systems with an increased risk of vector contact receive a red scoring.  
Findings: Since all the systems have secured maximum score in Environmental performance indicator Risk of 
vector contact gets eliminated for all partially open systems; hence received green score and open type of 
systems secure occasional risk of vector contact if system is not maintain properly; received yellow score. 

5. Conclusions 

Decision Matrix Table generated as an outcome of the study is presented below: 

Valuation category Treatment Technology 

Indicators Parameters Parameter Description MBR SBR MBBR 

Environmental 

Reliability  Endurance to hydraulic shocks  1 3 2 

Performance 

Total Suspended Solids(TSS) 3 3 3 

Total Nitrogen Concentration(TNC) 3 3 3 

Biological Oxygen Demand(BOD) 3 3 2 

Fecal Colliform Removal 1 3 3 

Natural Environment Habitat creation Potential 3 3 3 

Economical 
Capital  

Land Requirement 3 3 2 

Construction Cost 1 3 3 

Energy Requirement 1 2 1 

O and M cost Chemicals, consumables and salary 1 3 3 

Social Aesthetic 

Visual (Partially open system) 2 2 2 

Visual (open) 1 1 1 

Odpur (PartiallyOpen system) 3 3 3 

Odpur (Open) 2 2 2 

Noise  1 2 1 
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Educational Opportunity Community Education Opportunity 3 3 3 

Owner Supervision Amount of Supervision 1 3 2 

Quality of Life 
Health - Risk of vector contact(Partially open) 3 3 3 

Health - Risk of vector contact(open) 2 2 2 

                                                                         (Source: Author) 

 Since all the selected treatment systems work on closed loop all the aerobic treatment systems 
has potential of achieving Net Positive Approach. But every treatment system has it’s own 
merits and demerits in terms of it’s capacity to withstand hydraulic loads, cost involved for the 
initial capital and maintenance, etc. This decision matrix tool will be able to guide to 
understand parameters which need to be considered while selecting any wastewater treatment 
system.  

 As a conclusion of the study SBR technology is proved to be the most sustainable technology due 
to it’s compact nature, lesser energy requirement, user friendliness, adaptability to any type of 
wastewater and effective treatment efficiency in order to achieve Net Positive water 
management on site. 
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Abstract:  This paper will address an important gap in knowledge about the relationship between Australian regulatory 
energy efficiency requirements and the increased occurrence of condensation and mould in new homes. Coincidentally, 
Australia is the only developed nation with no comprehensive building regulations requiring hygrothermal analysis in new 
buildings. 40% of Australian houses constructed in the last ten years have identified condensation problems. The World 
Health Organisation found that residential dampness in surveyed European and North American buildings has been 
associated with a 50% increase in asthma rates. The methodology has included the use of hygrothermal simulation software, 
WUFI®. Applying local climatic conditions and expected internal temperature and relative humidity conditions, the 
hygrothermal simulation software can simulate and show how moisture and heat flow through the built fabric and 
graphically display the moisture accumulation within the built fabric.  By completing the simulations in the building design 
phase, amendments can be made to the built fabric arrangement, and material choices, to minimise mould growth and 
moisture accumulation. The research has generated evidence-based recommendations for construction techniques and 
material arrangements that minimise moisture accumulation and subsequent mould growth in today’s regulatory compliant 
energy efficient homes (NCC2016 – 6 Stars) for NatHERS climates types.    
Keywords: Condensation risk calculation methods, interstitial condensation, hygrothermal simulation software, mould 
growth  

1. Introduction 

International studies have highlighted that 76% of building failure is associated with moisture (Tietze et al., 2016). The 
presence of uncontrolled moisture within a building affects it’s durability (Zhang et al., 2017). Up to 40% of Australian homes 
constructed in the last decade are experiencing condensation and mould problems (Dewsbury and Law, 2017). Furthermore, 
the movement of heat, air and moisture through the built fabric is a complex phenomenon. The World Health Organisation 
highlighted that residential dampness has been associated with a 50% increase in asthma rates (WHO, 2009 ). Moreover, 
some building materials used in contemporary Australian residential and non-residential buildings can trap water vapour 
within the habitable environment. Researchers and building remediation consultants have measured interior relative 
humidity values of 95% in the living zones and greater than 95% within the roof spaces (Dewsbury et al., 2016a; Kemp, 
2019). Additionally, the recent enhancements to energy productivity provisions within the National Construction Code have 
resulted in warmer housing within Australia's temperate and cool temperate climates (Ambrose and Syme, 2017; Dewsbury 
and Law, 2017). The combination of warmer internal temperature and a higher relative humidity can create a conducive 
environment for the growth of mould and the accumulation of interstitial and surface moisture (Cooley et al., 2004). 
Coincidentally, Australia is the only developed nation with no comprehensive building regulations requiring hygrothermal 
analysis in new buildings (Dewsbury et al., 2016b). 
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Within a broader international spectrum, for the last three decades, the building regulations of New Zealand, United States 
of America, Canada, United Kingdom and Europe, have included regulations pertaining to the mitigation of condensation 
and mould (Dewsbury et al., 2016b). A national condensation problem has been identified by the Australian Building Codes 
Board and Industry based partners (Dewsbury et al., 2016b). Households contribute to a significant part of energy 
consumption (Antretter et al., 2013). Since 2003, to make homes more energy efficient the Australian government has 
regularly reviewed and enhanced the building regulations (Dewsbury and Law, 2016). This has led to higher levels of 
insulation and better sealed homes. These gradual changes in the building regulations may have unintentionally impacted 
occupant health (Dewsbury and Law, 2016; 2017; Law and Dewsbury, 2018; Nath et al., 2018). High relative humidity and 
inadequate ventilation when combined with no structured method to passively manage occupant created water vapour will 
lead to condensation and mould, which as mentioned above is a rising concern in many contemporary Australian homes 
(Dewsbury et al., 2016b; Ambrose and Syme, 2017). These problems have been identified as potentially harmful and are a 
matter of concern in Tasmania (Dewsbury and Law, 2016; 2017). This strongly emphasizes a need for building regulations in 
Australia to manage moisture accumulation and eliminate mould from buildings.  

  The singular focus to reduce greenhouse gas emissions, via the reduction of heating and cooling energy use in buildings, 
has led to significant changes in the insulation and air sealing properties of external envelopes may have inadvertently 
created unhealthy interior environments (Dewsbury and Law, 2017; Nath et al., 2018). Hygrothermal performance of the 
whole building pertains to heat, air and moisture transport throughout the building fabric (Holm et al., 2003; Salonvarra et 
al., 2007). Moisture accumulation, interstitial condensation and building leaks have been a common problem in Australian 
homes, which leads to structural decay and impacts the life cycle of the building (Dewsbury and Law, 2016; Gasparri et al., 
2018).  Condensation risk analysis, as a key component of the building design process, for both surface and interstitial 
condensation is essential to minimize the impact of moisture within the building components and also create a healthy 
interior environment (Mumovic et al., 2006). Moisture accumulation is a serious matter in all buildings (Dewsbury, 2015; 
Borchers et al., 2017; Dewsbury and Law, 2017). Without considering how to manage the wetting and drying processes 
within the built fabric can lead to serious consequences such as visible and invisible mould growth, sick building syndrome, 
timber decay and corrosion and structural failure (Evans; Cherry, 1949). 

 Internal and external moisture sources which can affect the building’s durability include diffusion, air leakage, 
precipitation, built-in moisture, water seepage from ground and solar driven water vapour (Vanpachtenbeke et al., 2017). 
Various human activities generate water vapour in a household. The water vapour generated from the day-to-day activities 
can be 4 litres per person per day (Dewsbury, 2018; Nath et al., 2018). The water vapour generated in a month may be 120 
litres per person. If the moisture accumulates, the damp or mouldy environment can act as a stimulator for Sick Building 
Syndrome symptoms (Sedlbauer et al., 2001; Kettleson et al., 2015; Vereecken et al., 2015; Ghaffarianhoseini et al., 2018).  

 Mould growth is a very complex phenomenon and is recognized internationally as one of the serious problems that can 
affect wooden construction (Møller et al., 2017; Gradeci, 2018). A lack of water vapour management leading to constant 
high relative humidity values and moisture accumulation, that may be created from inappropriately insulated and air tight 
buildings are likely to be at high risk of mould growth and building decay (Fedorik and Haapala, 2017). Both intrinsic and 
extrinsic factors lead to mould growth. Mould growth requires five of the following conditions, namely infestation, i.e., 
germination of mould spores, nutrients (primarily cellulose and starch, but also dirt and dust), temperature (in the range of 
0˚C to 50°C), moisture (surface relative humidity of above 75%) and oxygen (Clarke et al., 1999; Straus et al., 2003; Viitanen 
et al., 2015; Dewsbury et al., 2016b; Nath et al., 2018).  

  In a multilayered wall system, adjacent elements also play a significant role in the performance of the building. Air 
cavities which separate the interior and exterior part of the wall are designed to reduce environmental loads and increase 
the life expectancy of the building (Salonvarra et al., 2007). The primary function of the air cavity is to provide a capillary and 
thermal break which stops water penetration into the wall cavity. Salonvarra et al. (2007) performed experiments and the 
data indicated that the cladding material on the cavity side dried faster compared to cladding material on the exterior side.  
Whereas, Künzel et al. (2006) indicated that the air space has no impact on the moisture accumulation in brick veneer. 
Nelson (2017) states that in wall construction the crucial area where moisture accumulation usually takes place is the 
internal portion of the weather barrier. The use of the mixed terms has led to greater agreement of terms like Air Barrier, 
Water Barrier, Vapour Control layer and ventilated cavities. However, world leading researchers are trying to modify the 
term from Barrier to Control Layer, as no material provides a permanent barrier. The water vapour in the built fabric should 
be passively managed to prevent high interior relative humidity conditions, mould growth and moisture formation and 



375 

 

The use of an innovative hygrothermal simulation method to develop built fabric recommendations 
for southern Australia 

 
accumulation in the wall assembly (De Mets et al., 2017; Smith, 2017). It must be noted that condensation is not eliminated, 
rather that it is minimized and the materials must include a capacity to get wet and to dry (International Organization for 
Standardization, 2012). The Canada Mortgage Housing Corporation and many others have conducted extensive research on 
the drying ability of different wall assemblies (CMHC, 1999). 
This paper addresses the need to guide the development of a correct approach to hygrothermal simulation in Australia, 
resulting in a shift from the current ISO 13788 hybrid steady-state Glaser calculation method to the Transient method. In this 
paper, the focus of the hygrothermal analysis is from a brick veneer wall in the Tasmanian climate. The primary focus is to 
compare and evaluate results of the condensation risk calculation using the UK developed ISO 13788 compliant JPA software 
and the WUFI® Pro hygrothermal simulation software, developed by the Fraunhofer Institute for Building Physics IBP, 
Germany. The ISO 13788 compliant JPA software applies the ISO hybrid steady-state method and the WUFI® Pro 
hygrothermal simulation software allows for analysis under transient/dynamic conditions (Künzel et al., 2005; Mumovic et 
al., 2006; Angermann, 2010).  

2. Background  

To simulate likely condensation risk, moisture formation, moisture accumulation and the capacity for the built fabric to dry 
requires site climate and interior condition data. The climate data required includes air temperature, relative humidity, 
direct and diffuse solar radiation, wind speed and direction and precipitation. The interior data needed includes room 
temperature, relative humidity and orientation. For this research, some of this data has been obtained from NatHERS inputs 
and outputs and some has been obtained from other sources. 
2.1 Nationwide House Energy Rating Scheme (NatHERS) 

The Australian Nationwide House Energy Rating Scheme (NatHERS), system uses climatic data inputs to simulate the energy 
performance or energy-efficiency of a house (Daniel et al., 2015). To simulate the heating or cooling energy, the House 
Energy Rating software calculates the likely energy required to maintain thermal comfort, relative to the quality of envelope 
and the site climate. Three software programs that  are currently endorsed to demonstrate  compliance are AccuRate, First 
Rate and BERS (NatHERS, 2012; ABCB, 2016). The Australian federal government research agency,  Commonwealth Scientific 
and Industrial Research Organisation (CSIRO), developed the most comprehensive simulation software, AccuRate (Delsante, 
2005; Geard, 2011). The Australian building regulations require a mix of intermittent and nil conditioning for rooms within 
Australian homes (ABCB, 2016). The key component of AccuRate simulations for this research is the simulated internal room 
temperatures of the entire house (Dewsbury et al., 2017). For this research the NatHERS climate data was used as the 
climatic data for simulation purposes. At the time of writing the paper, program scripting was still being tested which 
allowed for the simulated room temperature data to be used as the interior environment input.     
2.2 Condensation risk calculation methods: Steady-state method & Transient method 
The whole building hygrothermal simulation model comprises of a method to calculate pressure driven water vapour flows 
that results from the internal and external climates and the built fabric assemblages (Rode and Grau, 2003; Kwiatkowski et 
al., 2007). The various determinants which play a vital role in the occurrence of surface or interstitial condensation and 
consequent mould growth are summarised as (Arens and Baughman, 1996; Liu et al., 2004): 
 External temperature and relative humidity 
 Thermal bridges 
 Internal temperature and relative humidity  
       During the last four decades hygrothermal calculation methods have evolved from very simplistic steady state models, 
to more complex steady state models, to transient or dynamic simulation tools. Due to Australia having very leaky housing 
and prior to insulation, minimal differences between interior and exterior conditions, the regulatory framework had not kept 
pace with these international developments.  

The current steady state calculation method assumes one-dimensional, steady-state conditions which is often referred 
to as the Glaser method (Tadeu et al., 2003; Mumovic et al., 2006; International Organization for Standardization, 2012). 
This method calculates the maximum amount of moisture accumulated due to interstitial condensation within the built 
fabric by considering the diffusion of water vapour through the building materials (Hagentoft et al., 2004). The Glaser 
method simplifies the movement of moisture within the built fabric by making the following assumptions (Mumovic et al., 
2006): 
 Condensation only takes place at the interface between the material layers 
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 Thermal conductivity and moisture content of the material are two independent variables 
 One dimensional heat and moisture transfer is modelled 

Many of these tools may only complete twelve calculations to establish annual patterns. GLASTA and JPA are examples 
of steady-state software packages. JPA software like other Glaser method software packages has certain limitations.  

 The more complex transient calculation tools model dynamic changes within the built fabric (walls, floors and rooves), 
on an hourly basis throughout the year, and for multiple years (Mumovic et al., 2006). The hygrothermal transport 
phenomenon through the built fabric, which is exposed to the exterior environment is correctly perceived and a number of 
software tools have been developed and validated worldwide (Künzel et al., 2005). Many new tools thermally simulate the 
whole building, e.g. ESP-r, DOE-2, TRNSYS and EnergyPlus (Künzel et al., 2005; Tijskens et al., 2017). Amongst these software 
tools very few integrate both thermal and hygrothermal functions between the internal and external environment (Künzel et 
al., 2005; Lambie et al., 2017). Künzel et al. (2005) highlighted that to understand the hygrothermal processes in the building 
envelope requires an understanding of water vapour control strategies which prevent mould formation on the internal, 
interstitial and external surfaces of the building. 
There are various hygrothermal simulation tools developed and validated worldwide, e.g. 1D-HAM, BSim, Delphin 5, 
EMPTIED, HygIRC, HAM-Tools, MATCH, MOIST 3.0, MOISTURE-EXPERT, UMIDUS and WUFI® (Delgado et al., 2012). WUFI® is 
accepted as a world leading transient hygrothermal simulation tool. Applying local climatic conditions and expected internal 
temperature and relative humidity conditions, the WUFI® software can simulate and show moisture and heat flow through 
the built fabric and graphically display the moisture accumulation within the built fabric (Antretter et al., 2013). 
Amendments to the built fabric arrangement and material choices can be done by completing WUFI® simulations in the 
building design phase, which allows conditions to minimise mould growth and moisture accumulation before the 
construction (Künzel et al., 2005).  

3. Methodology  
 To establish whether the typical, and regulatory approved, arrangements of contemporary Australian building materials 
may unintentionally have caused increased levels of moisture accumulation within the built fabric, required a multifarious 
approach. The research required an evaluation of built fabric changes that may have occurred in response to regulatory 
changes.  The methodology included the several steps, namely:  
 Agreement of typical external envelope components,  
 The calculation of likely interior temperatures within newly constructed, regulatory compliant housing, 
 ISO compliant and transient condensation risk simulations, and 
  Analysis of the results from the different forms of hygrothermal simulation tools.  
3.1 House selection 
 A typical house plan was selected by an industry base project committee. The project committee also assisted in the 
identification, and confirmation, of typical Australian National Construction Code compliant external envelope construction 
systems.  
3.2 Likely interior temperature and relative humidity conditions 
The NatHERS AccuRate software was used to calculate likely interior temperatures within new regulatory compliant homes. 
The likely interior temperature data is required as input data for the condensation risk analysis simulations. For the initial 
stage of the research, the built fabric systems were simulated in NatHERS climates 67, 68 and 69. At the time of writing this 
paper, program scripting which converted this data into a format suitable for the hygrothermal software was still being 
developed. 
3.3 Condensation risk simulations 
The use of hygrothermal software tools, which applied the hybrid Glaser steady state and transient methods the 
condensation risk analysis is conducted.  The hybrid Glaser steady state software JPA and transient software WUFI® were 
used to generate evidence-based recommendations for construction techniques and material arrangements, which are likely 
to minimise moisture accumulation and subsequent mould growth. The simulations required the inputting of building 
materials in a multi-layer external envelope system made up of individual components.  
The first stage of the condensation risk analysis used the JPA software, which applies the steady-state method/ Glaser 
method and demonstrates ISO-13788 compliance. This required the establishment of an abridged climate file from NatHERS 
data and the selection of built fabric elements from the principally UK based material library. As discussed earlier due to 
certain limitations in this method, the second stage of the methodology was developed. The second stage of the 
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condensation risk analysis used the transient/dynamic software WUFI® Pro, hygrothermal simulation tool. WUFI® simulates 
8760 hours in a calendar year, (365 days x 24 hours), and multiple years. Considering the life span of a building, previous 
research for both the Glaser and transient methods has recommended simulations of a ten-year period. By completing 
hourly and multi-year transient simulations of the envelope assembly, the moisture accumulation and drying patterns can be 
reviewed. In this paper, the stage 2 simulations focus on the typical brick veneer wall, with four orientations, within Hobart’s 
climate. The materials for the wall system were selected from a mix of European and North American materials within the 
WUFI® materials database.   

4. Results & Discussion  

This section discusses the results from the stage 1 and stage 2 hygrothermal simulations that were completed to assess likely 
condensation risk. Section 4.1 discusses the results from the ISO compliant JPA software. Section 4.2 discusses the results 
from the transient WUFI Pro software.  

4.1 Condensation risk simulation: Steady-state method/ Glaser method     

      This section discusses the simulation results that were obtained with the ISO compliant JPA software. Figures 1 to 4 
below show the results for a typical residential home in Australia. From exterior to interior the wall consists of a 110mm 
fired clay brick, 40mm cavity, wall membrane, 90mm insulated timber framed wall and 10mm paper-faced gypsum 
plasterboard. The walls were simulated in NatHERS climate zones 67 and 68 which represent Tasmanian non-alpine and 
alpine climate types. Figure 1 and Figure 3 show walls that include a vapour impermeable pliable membrane. The 
condensation risk simulations for these two walls showed moisture forming on the inside surface of the vapour 
impermeable membrane. The simulations with the impermeable membranes calculated a peak moisture accumulation of up 
to 2.091 kg/m2 per wall for climate zone 69. That equates to 2.091 litres of water trapped within every square metre of the 
wall system. This may lead to significant and long-term impacts on the durability of the built fabric, degraded insulation 
performance and a high probability of mould growth.  

 Figure 2 and Figure 4 show walls that include a vapour permeable pliable wall membrane. The condensation risk 
simulations for these two walls showed up to 3.16 kg/m² moisture forming on the inside surface of the clay brick. This is 
equivalent to 3.16 litres of water within every square metre of the wall system. In this case, the brick wall is designed to 
allow the moisture to drain out of the built fabric. In these two examples, this insulated wall system will not degrade due to 
moisture accumulation. In this example, it can be observed that the vapour permeable membrane will provide the most 
robust system to avoid moisture forming within the wall frames.  

    
Figure 1: Wall 1 vapour 

impermeable membrane 
CZ 68 

Figure 2: Wall 1 vapour 
permeable membrane  CZ 

68 

Figure 3: Wall 1 vapour 
impermeable membrane 

CZ 69 

Figure 4: Wall 1 vapour 
permeable membrane  CZ 

69 
 
 It should be noted that a further analysis of the JPA and ISO methods highlighted some matters that might critically 

affect results, including the number of simulations, the thermal properties of vented wall cavities and that the orientation of 
the simulated wall was not considered. As mentioned in the Background, above, the ISO method only completes 12 
simulations to establish an annual risk. Considering that a calendar year consists of 8760 hours, which includes consistently 
variable external temperature, relative humidity, solar radiation and precipitation conditions, the 12 calculations may be 
inadequate. The matter of how the vented cavity is treated within Australian regulation differs significantly from standard 
international practice. Internationally, this is treated as a vented cavity, with air provided by the external environment, 
whilst in Australia, this is classed as a reasonably still air space and a part of the envelope’s insulation (International 
Organization for Standardization, 2007; 2008). This aspect requires further regulatory development in Australia.  
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 The final matter relates to orientation. Previous research has identified different amounts of moisture accumulation 
within differently orientated walls within new Tasmanian homes (Dewsbury et al., 2016a). To assess whether the observed 
real conditions may be simulated by a hygrothermal analysis requires a software that uses orientation within the calculation 
method. These shortcomings, which are increasingly identified as problematic in the international research community, led 
the research team to complete condensation risk simulations within a more complex hygrothermal simulation software.   

4.2 Condensation risk simulation: Transient/Dynamic method 

       The same brick veneer wall type, as shown in Figure 5, and as discussed in Section 4.1, was simulated with the transient 
hygrothermal simulation software in WUFI® Pro. As the WUFI software is developed in Europe, no Australian climate file was 
available. To address this issue, a NatHERS climate file was reformatted such that it could be imported by the software. The 
materials were selected from similar materials within the WUFI material database. The simulations were completed for a 
period of ten years, following other international recommendations (ASHRAE, 2016). This wall system was simulated in eight 
cardinal orientations. The graphical section, as shown in Figure 6, includes light grey lines which represent the relative 
vapour resistance of each material. The hygrothermal calculation results showed different moisture accumulation and drying 
patterns for each wall orientation. The west facing wall showed the highest amounts of moisture accumulation and this is 
discussed below.  The results from the WUFI simulations shown below are from the west orientated wall simulations and 
include graphical time series graphs that show the moisture content within each of the wall materials.  Figure 5 shows the 
wall data entry, which includes the moisture content within each element prior to simulation. Figure 6 shows the wall in a 
graphical section form. Each wall element is shown in a different colour. 

 

 

Figure 5: Commencing wall properties Figure 6: Graphical representation of wall section 
       Figure 7 shows the annual cycle of moisture accumulation and drying for the whole wall system. This shows a moisture 
accumulation of nearly 15 kg/m² within the entire wall system. Figures 8 to 12 show the time series graph of moisture 
accumulation and drying within each of the wall components. These show that the moisture accumulation occurs within 
each element of wall. Furthermore, they also show the drying patterns within each wall element. Figure 8 shows the annual 
cycle of moisture accumulation and drying within the external clay brick and documents a moisture content of between 40 
to 140 kg/m². Due to the clay bricks nature, this may or may not be an issue subject to the quality of the external 
environment. This would include aspects like salts and the tendency for ice to from in the brick.  

  
Figure 7: Time series graph showing total water content 
in the brick veneer wall 

Figure 8: Time series graph showing water content in the 
clay brick 
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       Figure 9 shows moisture content within the air cavity varying between 0 to 33 kg/m². As this is a vented cavity, any 
moisture will either drain or vapourise outward. Figure 10 shows moisture content within the vapour impermeable wall 
membrane varying between 0 to 0.01 kg/m². This is a very small amount of moisture and should have no impact on the built 
fabric. Figure 11 shows moisture accumulation and drying patterns within the glass wool batt wall insulation, which varied 
between 0 to 0.75 kg/m². This is a very small amount and relates the materials inability to hold moisture. Figure 12 shows 
moisture accumulation and drying patterns within the paper-faced gypsum plasterboard lining, which varied between 2 to 8 
kg/m². This is a significant amount of moisture within the plasterboard lining and requires further analysis. A summary of the 
maximum water content in each layer for North, South, East and West external wall orientations are shown below in Error! 
Reference source not found.. The West facing external wall shows the highest amount of moisture accumulation within the 
clay brick, air cavity and gypsum board. Preliminary analysis about these differences seems to relate the effects of solar 
radiation on the wall. However, this aspect is still being investigated.   

  
Figure 9: Time series graph showing water content in the 

air cavity 
Figure 10: Time series graph showing water content in the 
impermeable wall membrane 

 

 

  
Figure 11: Time series graph showing water content in 

the low density glass fiber batt insulation 
Figure 12: Time series graph showing water 

content in the paper-faced gypsum board lining 

 
Table 1: Sensors and environmental control Maximum Water content kg/m² 

Layer/material North South East  West 

Clay brick, extruded 37.36 73.95 44.67 132.09 

Air layer 40mm; without additional moisture capacity 0.02 0.02 0.02 31.30 

Vapour impermeable membrane 0.00 0.00 0.00 0.01 

Low density glass fibre batt insulation 0.53 0.69 0.53 0.73 

Gypsum board, interior 6.18 8.24 6.55 8.24 

Total water content 4.17 8.24 4.98 14.66 
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To gain a deeper understanding of what the moisture content within the plasterboard lining and wall framing may lead to, a 
scatterplot of the interior surface conditions was produced, as shown in Error! Reference source not found.. This figure 
shows that the temperature of wall is above 0oC and below 30oC. The relative humidity of this surface ranges from 25% to 
above 95%. The scatter plot graph includes a solid grey arc and a 
dashed grey arc. The points above the solid grey arc represent 
ideal conditions for mould growth, whilst the points above the 
dashed arc (but below the solid grey line), represent suitable 
conditions for mould growth. This indicates a significant number 
of hours where the temperature and moisture conditions on and 
within the plasterboard wall material is ideal for mould growth 
and sporing.  To provide a final piece to the contextual 
differences between the steady state and transient methods, 
Figure 14 and Figure 15 below show time series graphs for 
these two forms of climatic data. Figure 15 shows the very flat 
nature of the steady state climate data, which would not 
establish the significantly variable vapour pressures between the internal and external sides of the building envelope. By 
comparison, the transient data shown in Figure 14 clearly shows the truly variable nature of the external climate. 
Additionally, the research noted that the internal conditions modelled by the software is quite flat, which represents the 
building regulations of other nations. This does not reflect the large diurnal temperature conditions within Australia’s 
intermittently conditioned and unconditioned homes.  
 

  
Figure 14: Graph showing temperature and relative 

humidity graph as generated by WUFI 
Figure 15: Graph showing temperature and relative 

humidity graph as generated by steady-state software  
 

5. Conclusion 
This research set out to establish if current typical residential wall systems may be inadvertently supporting moisture 
accumulation and mould growth. For this paper, the research has focussed on the results from a typical Australian 
residential brick veneer, cavity and insulated timber frame external wall system. The research included the use of ISO 
compliant steady state and transient hygrothermal simulation tools. Under the steady-state simulation conditions, the 
presence of moisture accumulation is evident but exactly where moisture is accumulating is unknown. Additionally, the 
steady state method does not consider building orientation or the risk of mould growth. The use of the transient 
hygrothermal simulation software demonstrated greater scrutiny of the hourly climatic impact on the external wall, precise 
amounts of moisture accumulation in each element and the likely risk of mould growth. Additionally, the transient 
hygrothermal simulation software identified the very different moisture accumulation and drying patterns that occurred 
subject to the wall’s orientation. The clarity about orientation-based simulation was not known earlier. 
This research has highlighted the detailed nature of hygrothermal simulation and the need for a careful assessment of all 
Australian typical external wall systems, which would consider hourly climatic conditions and orientation. Finally, this 
research has also identified a limiting factor concerning the interior conditions within the hygrothermal simulations. The 
next stage of this research will include variable interior temperature and relative humidity conditions. 

Figure 13: Scatterplot of interior surface (western wall 
orientation) 
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Abstract: Pervious concrete is regarded as an environmentally sustainable pavement material for its 
storm-water management and urban heat island mitigation abilities. However, pervious concrete are 
generally made up of single sized aggregates which are prone to lower structural capacity due to 
increased porosity. However, compaction technique plays an important role in order to increase the 
structural capacity and reduce abrasion losses, there is a need to study pervious concrete with 
combinations of different compaction types and its efforts. The various types of compaction technique 
with different efforts may lead to choking at the bottom and/or porosity, which may be beyond the 
minimum acceptable range for pervious concrete. Therefore, this paper reviews the effect of different 
compaction types on mechanical and functional properties of pervious concrete consisting of gradations 
with different proportions of coarse aggregates. The compaction characteristics of different mixtures 
will be reviewed to identify threshold values of compaction energies, which provide porosity within 
acceptable limits of pervious concrete. Further, the compressive strength and abrasion losses will also 
be reviewed, which will provide insights into the structural and functional performance characteristics of 
such pervious concrete mixtures. It is anticipated that this study will provide a brief on effect of different 
compaction levels and its results on the performance of various pervious concrete mixes.  

 

Keywords: Pervious concrete, Compaction Techniques. Strength   

1. Introduction 

In recent times, Pervious concrete (PC) has become a promising alternate pavement material in 
low- volume road applications and has gained importance for its environmental aspects.. Owing to its 
open graded structure and porous nature it has immense practical applications such as mitigation of 
storm water runoff and reducing Urban Heat Islands (UHI). The advantages of PC over conventional 
concrete are numerous, but are specific to location and prevalent conditions. PC, which was developed 
during WWII, rose to popularity in 1980s as discuused by Ghafoori and Dutta, 1995a. Literature stated 
by Tennis et al. 2004 pointed that higher permeability of PC has assisted in reducing storm water runoff, 
and helping in recharge of ground water, it has been considered as one of the best management 
practices (BMP) to harness storm water runoff. Owing to the high porosity, PC also causes an 
enhancement in the quality of water near the pavements leading to sustainable growth of urban areas. 
Thus, PC is an effective measure to explain the important hydro-environmental issues as discussed by 
Chandrappa and Biligiri, 2016a. Absorption properties of PC are generally higher than conventional 
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concrete, which also results in quieter pavements which is attributed to  the highly porous nature of PC. 
This allows both air and water to easily percolate through it. Hence,  PC also plays an important role as 
filter beds to reduce all the contaminated particles (example: organic wastes, debris, and oil, etc.). It is 
generally considered for low-volume urban transportation facilities such as sidewalks, recreation 
squares, sub-bases, and parking lots as stated by Huang et al. 2009. Also, PC will be a suitable pavement 
material for local roads and pavement shoulders to increase ground water recharge and since these 
roads are mainly subjected to passenger car traffic with lower truck frequencies. The primary objective 
in PC is to achieve a network of continuous interconnected pore structure, which is usually achieved by 
reducing and/or eliminating the proportion of fine aggregates, and using only cement, coarse 
aggregates, and water. Optimum coating of cement paste must be provided to the coarse aggregates to 
achieve bonding between the adjacent particles Neithalath et al., 2010; Deo and Neithalath, 2011; Yahia 
and Kabagire, 2014; Ibrahim et al., 2014). In order to improve the strength and abrasion resistance of 
PC, appropriate selection of natural coarse aggregates, fine aggregates, cement–to–aggregate ratio (c/a 
ratio), and water to cement ratio. (w/c) and importantly selection of compaction types along with their 
efforts. Ghafoori and Dutta, 1995a; Tennis et al. 2004; Chandrappa and Biligiri, 2016a; Huang et al. 2009 
has pointed out the density of this pervious concrete is about 1600 kg/m³ to 2000 kg/m³. The flow rate 
pertaining to high void content targeted between 15% to 30%. Typical permeability of water through 
pervious concrete are 120 L/m²/min, to 320 L/m²/min and compressive strength is about 3.5MPa to 28 
MPa. Since the invention of pervious concrete in the 1950s, there have been several research studies to 
understand its behaviour in different aspects of structural and functional areas. Depending on various 
compaction efforts and techniques various initiatives have been taken up to understand the properties 
of PC prepared by several techniques with efforts. Typical Pervious concrete cross section is shown in 
Fig. 1. 

 
 

                                        Fig. 1: Typical Pervious Concrete Pavement cross section  
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2.  Benefits of Pervious Pavements   

The benefits of PC pavements as per various literatures stated by Tennis et a. 2004, Crouch et al. 2003, 

Ghafoori N., Dutta et al. 1995, ACI 522R 2010. Ibrahim et al. 2014. 

 Reduces runoff volumes and peak discharge rates 

 Reduces total storm runoff volumes and reduce the flooding impacts. 

  Reduces pollutant load contributions as runoff volume reduction and water pollutant load 
reductions. 

 Increases groundwater recharge supporting natural stream base flow and drinking water 
supplies.. 

 Improved water quality 

 Reduces drainage system infrastructure and costs. 

 Reduced storm water temperature and heat island effects from pavement.                              
      

        Table 1.1  Different Pervious concrete Pavement with the speed and risk categories 

 

3.  Need of the study of pervious concrete pavements        

  To solve the drainage problem in urban area. 

 To decrease the ambience temp in the city. 

 To increase the strength of porous pavement without compromising the permeability  of 
pavement. 

 To solve the clogging issue, increase in service life. 

 To develop the maintenance strategies for pervious pavements. 

 To study the cost benefit analysis w.r.t. impervious pavement. 

Category Examples Loading  Speed Risk 

A Landscaped areas, sidewalks and bike paths 
(with no vehicular access), miscellaneous 
pavement to accept run-on from adjacent 
impervious areas (e.g. roofs) 

No vehicular loads N/A Low 

B Parking lots, park & ride areas, maintenance 
access roads, scenic overview areas, sidewalks 
and bike paths,(maintenance access) 

Few heavy loads Low speed  Low 

C Rest areas, maintenance stations Moderate heavy loads Low speed Low 

D Shoulders, some low volume roads, areas in 
front of noise barriers (beyond the traveled 
way) 

Moderate heavy loads High Speed Medium 

E Highways, weigh stations High heavy loads High speed High 
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4.  Strength property 
Numerous studies have been carried out to analyse the strength characteristics of pervious concrete or 
porous concrete or thirsty concrete pavements. The strength characteristics includes the compressive 
strength, flexural strength behavior of the PC mix. It has been pointed out by Tennis et al. 2004, 
chandrappa et al. 2016a, about the inverse relationship of porosity and strength properties of the PC 
mixes. As stated above, owing to higher porosity the compressive strength as well as flexure strength of 
PC mixes is much lesser than conventional concrete pavements. (Tennis et al. 2004; Wang et al. 2007). 
However, strength properties is also attributed to the addition of various supplementary cementitious 
materials (SCMs as a part addition and part replacement of various input parameters of PC mixes. It has 
been noted by Yang and Jiang 2003; Chen et al. 2013  that on addition of (SCMs) the strength properties 
of PC mixes can go high up to 50 MPa at the moist curing age of 28 days. Addition of fine aggregates 
(sand) is also held responsible for the increase of strength properties of PC mixes as reported by Kevern 
et al. 2005 . Mix gradation is held as an important parameter for the strength properties of PC mixes 
Ibrahim et al. 2014. Owing to utilization of open graded aggregate gradation, uniformly graded 
aggregate showed better strength properties along with allowed porosity range for PC mixes (Crouch et 
al. 2007). The compressive strength propertied of PC mixes were evaluated as per ASTM C39 and 
flexural strength is carried out as ASTM C78.  Compressive strength is a dependent function of 
compaction efforts and properties of materials used for the production of PC mixes as stated by 
(Ghafoori and Dutta, 1995b; Ibrahim et al. 2014). The prescribed limit of compressive strength of 
pervious concrete is generally in the range of 2.2 MPa to 28 MPa (Tennis et al. 2004; Ibrahim et al. 
2014). But compressive strength changes or varies with variation in compaction types efforts and 
admixtures (Jiang et al. 2003). 

5. Functional property 
Functional property refers to abrasion loss or Cantabro loss of the pervious concrete pavements. It 
varies from mixture to mixture and the amount of additives added to make the sample more durable 
(Yang et al. 2002).Concrete mix proportion should also be carefully adjusted to achieve the desired 
properties (Yang and Jiang, 2003). The porosity is totally dependent on the size and gradations of the 
aggregate, w/c ratio, c/a ratio, and compaction level (Putman and Neptune, 2011). Haselbach and 
Freeman (2006) reported that porosity increased with increasing depth since there would be more 
compaction of the top portion of the pavement than the bottom part. As a result of this situation, the 
vertical porosity distribution is created by the surface compaction of the PC mixture. Neithalath et al. 
(2010) found that as porosity in the PC mixture increased, acoustic absorption also increased leading to 
quieter pavements, but with reduced strength. It was found that such pavements have open structure 
that may also help in reducing the UHI effects 

6.  Effects of compaction methods on structural performances. 

Compaction types and its efforts ( amount of compaction energy) also has a pivotal role in keeping the 
range of porosity in prescribed limit. Various researchers has used different types of compaction 
techniques with different level of efforts in their laboratorical investigations such as gyratory compactor, 
kangaroo hammer test, standard proctor hammer test etc. Kevern et al. 2009a has studied gyratory 
compactor to identify the study of compactibility of PC mixes and concludes that gyratory compaction 
technique actually simulates the field compaction condition by evaluating the compactibility property of 
PC mix. This methods also showed the decrease trend of porosity with respect to unit weight of the mix. 
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Another researcher Torres et al. 2015 studied the strength parameter of PC mix using the tamping rod 
and standard proctor hammer of 2.5 kg and concludes the minimum compacted mix with minimum 
cement paste showed minimum compressive as well as flexural properties. Also, concluded about the 
reduction in porosity as well permeability in case of higher compaction level. Hence ACI committee 522, 
2010 had suggested to take the minimum vertical pressure as 0.07Mpa. Putman and Neptune (2010) 
compared different test specimen preparation techniques based on infiltration rate, density, and 
porosity, and suggested that the standard Proctor hammer test had the least variability in results and 
produced magnitudes closest to the field values in terms of density and porosity. Kevern et al. (2010) 
quantified the parameters for different degrees of workability where gyratory compaction method was 
utilized to compact PC. Further, the effect of cement content, w/c ratio, and concrete mixing time on 
workability of Portland cement PC (PCPC) were studied. The Table 1.2 describes about the different 
compaction types with different level of efforts and their effects on strength properties of PC mixes.  

Table 1.2 Effect of compaction techniques and compaction efforts on strength properties as per various 
literature. 

Year Authors Topic Compaction types Compressive 
Strength  

Flexural Strength 

2018 Chandrappa 
et al.  

Investigation of flexural strength 
and stiffness of pervious 
concrete for pavement 
application  

Proctor hammer and 
vibration  

20 Blows each layer  

10sec vibration 

Increases 

Increases 

Increases 

Decreases 

2017 Rangelov et 
al. 

Quality evaluation tests for 
pervious concrete pavements’ 
placement. 

Proctor hammer  

 

Increases Increases 

2009 

 

Kevern et 
al. 

Evaluation of Pervious Concrete 
Workability Using Gyratory 
Compaction 

Super pave gyratory Increases Decreases 

2011 Putman et 
al. 

Comparison of test specimen 
preparation techniques for 
pervious concrete pavements. 

20 blows Proctor 
hammer 

5, 10 blows Tamping 
rod 

10 Sec  vibration 

Increases 

Increases 

Decreases 

Increases 

Decreases 

Decreases 

2018 Costa et al. Best practices for pervious 
concrete mix design and 
Laboratory tests. 

Standard proctor 
hammer 20 blows 

Increases Increases 

2009 Rizvi et al. Laboratory Sample Preparation 
Techniques for Pervious Concrete 

 

Standard tamping rod 
and Standard proctor 
hammer 

3 Layers with 25 tamps 
per Layer. 

Decreases 

Increases 

 

Increases 

Increases 

2009 Mahboub 
et al. 

Pervious Concrete: Compaction 
and Aggregate Gradation 

Pneumatic press  

Rodding 25 times 

Increases 

Decreases 

Decreases 

Decreases 

2015 Gaedicke et 
al. 

Effect of recycled materials and 
compaction methods on the 
mechanical properties and solar 

Proctor hammer, 2.5 
Kgs  

Increases Increases 
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 reflectance index of pervious 
concrete 

2 Layers 20 Blows 

 

2007 Chopra et 
al.  

Compressive strength of pervious 
concrete pavements. 

Standard proctor 
hammer and Modified 
proctor hammer  

3 Layer 25 Blows  

5 Layers 25 Blows 

Increases 

Increases 

Increases 

Decreases 

2006 Suleiman et 
al. 

Effect of Compaction Energy on 
Pervious Concrete Properties 

 

Rodding, 

 3 Layer 25 Blows 

Vibrations for 5 seconds  

Decreases 

Decreases 

Decreases 

Decreases 

 

7. Conclusion 
In making of pervious concrete as a paving mixture for making it in use for various purpose in broad 
environmental aspects it should be in best of form of conventional pervious concrete. Compaction types 
and Compaction efforts plays an important and integral part in attaining the desirable properties of 
pervious concrete for better structural and functional performances depending on compressive 
strength, flexural strengthas well as functional properties. Many studies have been carried out 
incorporating different compaction techniques with different compaction efforts in order to study the 
variance in different properties of pervious concrete. Most of the techniques used such as Rodding, 
vibration, standard proctor hammer, modified proctor hammer, tamping rod, super pave gyratory, and 
pneumatic press.  It has been seen that compacting the mixture using rodding leaves holes in the 
mixtures leaving undesirable voids in the macrostructures which results in the lower compressive and 
flexural strength of the pervious concrete mix. Similarly compaction techniques like vibration methods 
are carried out in vibratory table or vibratory hammer. In these techniques vibration is done manually 
for 5-10 secs. Here during vibration it has been observed that there has been choking of the pores due 
to settlement of the cement paste at the bottom which is against the definition of conventional pervious 
concrete of standard porosity and permeability. Hence this method is not much recommended. Another 
methods and efforts that is studied in this paper is tamping rod. It is done manually where tamping rod 
is allowed to fall from a certain height for compaction of the mixtures. The Compressive strength 
observed to increase in this type of techniques where as there is considerable loss in flexural strength. 
The increase in strength is mainly due to the blockage of pores and voids due to manual tamping. The 
modified proctor hammer of 4.89kgs has been used which resulted in the increase in compressive and 
flexure strength. Preparing 5 layers and 25 blows in each layer does it. The heavy compaction observed 
the breakage of aggregate during compaction and changing the texture of aggregate resulting in 
blockage of pores and decreased porosity and increased compressive and flexural strength. Pneumatic 
press and super pave gyratory methods are the most newly methods of compaction of pervious 
concrete which showed both Increase and decrease properties of compressive and flexural strength 
respectively. 

Lastly the most used and better results showed standard proctor hammer 2.5 kgs for 2 layer and 
20 blows each has concluded the most suitable compaction types with increase in compressive and 
flexural strength with permissible range of porosity for PC mixes.  This is the only technique, which 
replicates the lab to field studies in terms of structural and functional performances. Hence, it is the only 
recommended compaction types and efforts and far as now. 
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Abstract: Thermal discomfort has a huge implication on the energy consumption of a building and in 
case of naturally ventilated buildings it becomes a challenging task to achieve. Indian subcontinent has a 
plethora of naturally ventilated buildings and is surviving for desired thermal comfort under the 
pressure of changing climate. Attaining desired thermal comfort without much mechanical intervention 
is a curious subject of study for the architects. In this light, a filed survey of 4 naturally ventilated 
buildings was conducted and a simulation arrangement was established to understand their thermal 
behaviour as per adaptive comfort standard by ANSI ASHRAE Standard 55-2004. Thereafter, the effect of 
retrofitting the building envelope on operative temperature was simulated and analyzed. This paper 
presents the findings of the thermal comfort analysis for existing and retrofitted scenario as per the 
ANSI ASHRAE Standard 55-2004. 

Keywords: adaptive thermal comfort, building envelope retrofitting, naturally ventilated buildings, 
operative temperature 

1. Introduction 

Construction sector makes significant contribution to India’s rapidly growing economy at a rate of 9.2% 
as against the world’s average of 5.5% and contributes 10% to India’s GDP (Srinivas, 2008). But it’s 
unfortunate that all this comes at the cost of unprecedented consumption of energy and natural 
resources (Reddy and Jagadish 2003). According to the projections by the Planning Commission, to 
deliver a sustained GDP growth rate of 9%, India’s per capita energy consumption will be marginally 
above China’s current per capita consumption (1100-1200 Million Tonnes of Oil Equivalent) in 2031-32, 
even after substantial reduction in energy intensity. As per Bureau of Energy Efficiency (BEE), India will 
experience an energy supply shortfall and suggest energy efficient measures to meet future challenges 
for energy security. Buildings are responsible for around 35% of India’s total energy consumption and 
this is increasing by 8% annually (Rajan, et al. 2012). Energy demand of a building largely depends on the 
building type, climate, buildings construction quality, and energy consuming devices in a building 
(European Commission, 2009). The direct and indirect energy requirements keeps changing owing to 
development in technology and changes in lifestyles (Pachauri and Spreng, 2002; Lall et al., 2010; Lall, 
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2008). But, the indoor thermal comfort remains a main driver of energy consumption in modern 
buildings and hence has received great attention. Previous studies have shown that thermal discomfort 
has a huge implication on the energy consumption of any building (Yoshifumi et al., 2007; Yang and Su, 
1997). A large part of the total energy is expended on making the indoor thermal environment 
comfortable, using space  heating/cooling, in a domestic building (Zain et al., 2012; Pellegrino et al., 
2012; Indraganti, 2010). In India, unconditioned buildings form the largest chunk of the existing building 
stock due to a largely favourable climate and a developing economy; particularly in the government 
sector. However, these were not designed keeping in mind the contemporary technologies. Where new 
buildings can incorporate state of the art efficient technologies, old construction continue to perform 
poorly in terms of its energy efficiency (Foresight, 2008). Converting an unconditioned building to an air-
conditioned building is not desirable therefore it becomes a challenge to achieve optimum level of 
comfort in an unconditioned environment thereby keeping the energy usage under control as well. An 
adaptive thermal comfort model can play a major role in reducing the energy use. Adaptive comfort 
standard (ACS) by ANSI ASHRAE Standard 55-2004 is based on a theory that humans can adapt and 
tolerate different temperatures during different times of the year (Dear, Richard and Brager, 2002; 
Indraganti, 2012). ACS is an optional method for determining acceptable thermal conditions in naturally 
conditioned spaces where occupants have a flexible control on the thermal comfort parameters and 
takes into account the mean outdoor air temperature (ANSI/ASHRAE Standard 55 - Thermal 
Environment Conditions for Human Occupnacy 1992).  

Buildings thermal comfort is guided by the heat exchange with the environment through various 
building envelope components. The opaque components and the transparent components of a building 
envelope transfer heat to the building interiors in a similar fashion. Energy efficient building envelope 
adaptation is therefore an important aspect to improve the thermal comfort, thereby the energy 
performance of an existing building. Evaluation of the energy efficient building envelope for improving 
overall thermal comfort of an existing building without being dependent on active measures of heating 
and cooling is a crucial area of study. Therefore, assessment of the thermal comfort as per the adaptive 
comfort standard for the existing unconditioned buildings is quite a promising research area. 

2. Methodology 

In order to have an energy efficient building envelope and improve the thermal performance of walls, 
roofs and fenestration components it is essential to retrofit the existing opaque components with 
proper insulation materials and replace the existing windows with the energy efficeint windows. In this 
investigation, a field survey of four naturally ventilated buildings (Figure 1) was conducted and 
thereafter a simulation arrangement was established to understand their thermal behaviour as per 
adaptive comfort standard from ANSI ASHRAE Standard 55-2004. A field survey for the data collection of 
the existing case studies using both primary and secondary sources of data was deployed. Building 
simulation tool to comprehend the dynamic interactions of the building with the external environment 
was used and baseline models representing the actual building were created. It is deemed important to 
check the simulated baseline models for the correctness and errors, which was supported using 
necessary statistical analysis techniques for model validation. Spot measurements were done to record 
the thermal environment parameters of the case studies and hence the model validation. Iterative 
simulations were performed to explore the possibilities of suitable building envelope retrofits to 
improve the case studies thermal comfort. Since statistical methods are a powerful tools for unlocking 
the information contained in quantitative data, ‘ANOVA’ statistical analysis technique was used to test 
the significant/ or insignificant variation between the baseline and the proposed thermal comfort 
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parameter i.e. operative temperature. Since the thermal acceptability of the users varies as per the 
season and the cardinal directions, the operative temperatures for the 12 months of a year in each case 
study were analysed.  

The characteristics of a building envelope affect the heat gained or lost within the building and 
hence the thermal comfort (Nayak and Prajapati, 2006). ECBC lays the guidelines for energy efficient 
building envelope (ECBC 2007) and specifies the U-factor & R value for walls & roofs assembly and U-
factor, SHGC & VLT for vertical fenestrations. The building envelope retrofits were designed using ECBC 
guidelines as a reference in the absence of a specific standard for naturally ventilated buildings. ECBC 
requires maximum U-factor of the overall wall assembly as 0.440 W/m2·K however for the existing 
practices of 340mm thick, 230mm thick and cavity brick wall U-factor is 1.614 W/m2·K, 2.066 W/m2·K 
and 0.781 W/m2·K respectively. Similarly, the U-factor of the overall flat roof assembly without and with 
false ceiling is 2.512 W/m2·K and 1.258 W/m2·K respectively, whereas ECBC recommends 0.409 W/m2·K 
for the same. The U-factor of the various fenestrations with 6mm clear glass is 3.30 W/m2·K n which is 
more than the ECBC recommended value. To meet the ECBC recommendations of energy efficient 
building envelope and improve the thermal performance of walls, roofs and fenestration components it 
is essential to retrofit the existing opaque components with proper insulating materials and replace the 
existing windows with energy efficient windows. The building envelope adaptations analyzed in this 
research are adding insulation to the walls and roofs assembly to match the ECBC recommended U-
factor i.e. 0.440 W/m2·K and  0.409 W/m2·K, respectively and replacing 6mm clear glass with the 6 mm 
COOL LITE SKN465 glass with U Centre = 2.174 W/m2·K. Findings established from the validated 
simulation models of the case studies are presented in the further sections of the paper. For easy 
comprehension only the operative temperature results are presented. 

 
1. AHEC 2. EARTHSCIENCE 3. EARTHQUAKE 4. WRDM

YEAR 1982 1962 1970 1955
AREA 2345 2400 2740  

BUILDING 

DESIGN

3 storeys,

1 linear block, 

doubly loaded corridor, 

east-west aligned

3 storeys,

1 linear block, 

doubly loaded corridor, 

east-west aligned

3 storeys,

1 linear block, 

doubly loaded corridor, 

east-west aligned

3 storeys,

1 linear block, 

doubly loaded corridor, 

east-west alignedBUILDING 

FOOTPRINT 52m X 15m 61m X 14m 69m X 13m 55m X 25m

DESIGN 

BUILDER 

MODEL

IMMEDIATE SURROUNDINGS

NORTH Paved area, few trees & Paved area, other buildings Paved area, few trees, other Pavement, Landscaping, Tarred 
SOUTH Landscaped Garden other buildings, no landscaping Paved areas, row of trees Tarred Road, Landscaped 

EAST Tarred road, play field paved area, Trees Paved areas, no landscaping Row of trees, Tarred Road

WEST other building, no landscaping Tarred road, landscaped garden Paved area, landscaped garden Few Trees, Tarred Raod  

Figure 1: Comparative Information of four naturally ventilated buildings  
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3. Results and Analysis 

Figure 2 to Figure 5 shows the comparative assessment of operative temperature of baseline and after 
retrofit for case studies. Opaque envelope retrofitting i.e. insulation to the walls and roofs assembly to 
match the ECBC recommended U- factor, decreases the operative temperature in summer and increases 
the operative temperature in winters. However on ground floor the effect is very minimal. Fenestration 
retrofitting i.e. replacing 6mm clear glass with the  the ECBC recommended U- factor glass, further 
decreases the operative temperature in summer and increases the operative temperature in winters in 
some of the zones. Retrofitting the opaque envelope thus improves the thermal comfort on top and first 
floor. However, on the ground floor operative temperature was already in the acceptable range and not 
much attention is required. Fenestration retrofitting generates a very marginal improvement on the 
thermal comfort once the opaque component guidelines have been applied. 

After changing the simulation model to incorporate the ECBC guidelines for opaque and fenestration 
components, the new operative temperature data was tested for the significant/ or insignificant 
variation as compared to the baseline operative temperature data and the proposed simulation model 
operative temperature data. For this purpose ‘ANOVA’ analysis test of statistical data validation was 
implied (Burke 2001). ANOVA performs analysis of variance on data for two or more samples. If 
Fobserved > Fcrit, there is significant difference between the samples otherwise insignificant difference. 
If there is significant difference between the baseline operative temperature data and new operative 
temperature data, then the effect of applying retrofit measure is significant otherwise insignificant. P-
value indicates the degree of confidence of significant difference between means; lesser the value 
higher the difference. Results of ANOVA on the baseline and new operative temperature data of various 
zones for the case studies are summarized in Table 1. From Table 1 it is evident that Fobserved > Fcrit 
for each academic department building. Therefore, by applying the ECBC guidelines for opaque and 
fenestration components shows statistically significant improvement in the operative temperature. 
However, the viability of such changes can only be determined by the amount of energy savings which 
has to be determined only by intelligent metering.  

Table 1 “ANOVA” for significance testing on change in operative temperatures  

S.No. DEPARTMENT 
Second Floor First Floor Ground Floor 

F crit. F observed p-value F crit. F observed p-value F crit. F observed p-value 

1 AHEC  1.80 10.57 3.07E-09 1.80 6.20 9.15E-06 1.80 14.12 1.20E-11 

2 Earth science  1.80 9.31 2.63E-08 1.80 5.86 1.78E-05 1.80 14.38 8.24E-12 

3 Earthquake  1.80 15.18 2.64E-12 1.80 13.82 1.87E-11 1.80 19.71 7.18E-15 

4 WRDM  1.80 42.30 7.27E-24 1.80 2.54 2.11E-02 1.80 3.04 7.01E-03 

4. Conclusions 

Thermal comfort is a subjective sensation which depends upon the environmental and personal factors 
associated with a user. There are a number of thermal comfort models available to estimate the level of 
thermal comfort within a building. Field experiments conducted by ASHRAE has concluded that 
occupants’ thermal responses in naturally ventilated spaces depends in part on the outdoor climate and 
may differ from thermal response in buildings with centralized HVAC systems. Clothing, availability of 
controlling natural ventilation level and occupants’ expectations is the main reason why occupants 
adapt to the surrounding thermal environment. ACS by ANSI/ ASHRAE Standard 55-2004 is applicable 
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primarily for the naturally ventilated buildings. ACS takes into account the mean outdoor air 
temperature. It is only applicable to the naturally ventilated spaces which are equipped with operable 
windows that open to the outdoors and can be readily opened and adjusted by the occupants.  

A field survey of four naturally ventilated buildings was conducted in order to understand their 
thermal comfort behavior as per ACS. Thereafter building envelope opaque and transparent 
components were retrofitted to understand their effect on the operative temperature hence the 
adaptive thermal comfort. Effect of retrofitting the existing walls and roofs with the insulating material 
and replacement of glass in the fenestrations with the energy efficient glass in accordance with the 
ECBC recommendations of the energy efficient building envelope were simulated to study the 
improvement in the thermal comfort of the buildings. The change in operative temperature for each 
case study produced statistically significant results. On ground floor the operative temperature after the 
proposed changes showed marginal improvement when compared with the lower and upper range of 
ACS. On first floor, operative temperature of the proposed model showed significant improvement 
when compared with the lower and upper range of ACS. On top floor, the operative temperature of the 
proposed model showed improvements when compared with the lower and upper range of ACS. On the 
ground floor opaque and fenestration components retrofits do not have any significant effect on the 
thermal comfort. On the first opaque components retrofits improves the thermal comfort but 
fenestration components retrofits guidelines have a minute negative effect on the winter thermal 
comfort. On the top floor opaque and fenestration components retrofits have a positive effect and 
improve the thermal comfort. Fenestration retrofits either have a minimal positive effect or have a 
marginal negative effect on the thermal comfort in winter season.  

In conclusion, the on-spot measurements and baseline simulated results of thermal comfort clearly 
shows that the adaptive comfort range for the studied climate is not met in certain cases during the 
peak summers and winters. Moreover a buildings thermal response is different for a particular floor. 
This simulated study is a snap shot of a naturally ventilated buildings thermal response which is 
validated using the on-spot measurements of thermal comfort parameters. It leaves the onus of the 
building designers specifically in the composite climate context of Indian subcontinent, which boasts of 
numerous passive design techniques and a plethora of naturally ventilated buildings. 
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SECOND FLOOR – NORTH   SECOND FLOOR – SOUTH 

 
FIRST FLOOR – NORTH   FIRST FLOOR – SOUTH 

 
GROUND FLOOR – NORTH   GROUND FLOOR – SOUTH 

 

 
Figure 2 Operative Temperature Comparative Assessment of AHEC 
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SECOND FLOOR – NORTH   SECOND FLOOR – SOUTH 

 
FIRST FLOOR – NORTH   FIRST FLOOR – SOUTH 

 
GROUND FLOOR – NORTH   GROUND FLOOR – SOUTH 

 

 
Figure 3 Operative Temperature Comparative Assessment of Earth Science 
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GROUND FLOOR – NORTH   GROUND FLOOR – SOUTH 

 

 
Figure 4 Operative Temperature Comparative Assessment of Earthquake 
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Figure 5 Operative Temperature Comparative Assessment of WRDM 
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Abstract: Energy crisis is a serious concern which has all throughout drawn attention from the academia 
and practitioners. One aspect of this crisis relates to construction or buildings in particular. Buildings are 
amongst the main cause of pollution across the world. Hence, the importance of façades in buildings 
cannot be undermined. With the passage of time, the role of façades has changed eminently. Apart 
from providing superior aesthetics, they shielded the structural system from the deterioration caused by 
direct contact with the surroundings. But now, it has a crucial functional role in the form of energy 
efficiency, acoustics performances and light transmittance among others. 
The current paper adopts a case study approach. Select buildings are taken up and their respective 
façade design methods are explored. The study would highlight the characteristics of the sustainable 
façades and also discuss various other design alternatives. These include building orientations, façade 
treatment, selection of various building openings for day lighting and shading device/elements. This 
article would also pay attention on the selection of materials along with their properties that help 
achieve higher sustainability levels of the select buildings.  It would emphasize the importance given to 
the natural light and also about the form of the building, which would help solve the problem of 
excessive heating, while also providing maximum natural ventilation. Certainly, the structural members 
and spatial aspects carves out the sophistication and turns the design into a more energy efficient one. 
The study substantiates the previous literature on the importance of façade in improving the energy 
efficiency of the select buildings. It underlines the newer options available due to the technological 
advances. The results from this study stresses on the mutual coordination between the client, architects 
and the engineers in order to achieve an optimal yet sustainable energy design. 

Keywords: Building facades, energy efficiency, functionality, orientation 

1. Introduction 

In recent years, the rapid urbanization all over the world poses a number of threats to the environment 
such as energy shortages, environmental degradation, climate change and sick building syndrome. 
Numerous researchers, professionals and governmental agencies now identify the need for developing 
interest in energy-efficient buildings. One such solution can be found in the designing of façade in such a 
way that it enhances the energy savings because façade provides envelop to the structure that 
distinguish indoor environment from the outdoors. The designs of modern energy efficient façade 
structures provide the solution to the problem within the shortest possible time. Also, it is found that 
the interest in the development of more such effective solutions towards sustainability is ever-growing 
in these times. 
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However, the building façades are based on various possible designs in response to the climate and 
other external factors related to the energy and thermal performance of the building. Moreover, several 
important aspects need to be considered at the preliminary stage that includes the location, building 
orientation, energy efficiency, and architectural appearance of the structure. 

A façade refers to a side, usually the front side or a face of a building structure. Every now and then, 
people link façades with something that only provides aesthetic to a building but the importance of a 
façade in architecture is much more than that. It is amongst the most essential pieces to the overall 
building design, as I adds a unique behavior and character to any structure. A façade can be of 
numerous shapes and sizes that gives opportunities to the designers and architects with the chance to 
showcase their talent and convey their creations to life. People previously used to associate façade with 
the classical or the prestigious buildings but today every building can be created with a recognizable 
façade which reveals their importance to not just a building, but the neighborhood and the surrounding 
environment. 

The façades have a major impact on visual and thermal comfort of the occupants along with the energy 
demands of a building.  The rapid growth in the population of the cities due to the globalization lead to 
the increase in demand of more buildings including both residential and commercial. 

2. Literature Review 

2.1.      Impacts of rapid urbanization on sustainability 

Urbanization has been on a sharp rise almost everywhere in the world. This great shift of people to the 
urban and semi urban areas require massive preparations in terms of accommodating them. 
Components of urbanization including industry, buildings and transportation needs to be levelled up. 
Sustainable development is the key to a greater extent. The World Commission on Environment and 
Development broadly defines sustainable development as “development that meets the needs of the 
present without compromising the ability of future generations to meet their own needs” (Brundtland 
Commission, Sustainable development, 1987). 

The modern planning techniques adopted by several countries such as smart city concept, eco-cities or 
low carbon cities etc. shares fundamental characteristics of sustainable cities. These sustainable cities 
curbs to optimal use of energy and resources, conservation of the ecological spaces, less use of harmful 
materials and proper waste management system. At the micro level, a building is considered to be one 
of the prominent infrastructures in the urbanization providing large prospects to reveal the pledge of 
the city towards sustainability. 

The second largest populated country of the world is India and is also amongst the fastest growing 
economies with a high rate of energy consumption. A large number of immigrants have been seen 
moving toward the metro cities in recent decades, resulting in a very high urban population. Delhi, or 
the National Capital Territory (NCT), is a large metropolitan area in India. It is the fifth most populous 
city in the world and the largest city in India area-wise. Compared to many developing nations, India 
demonstrates a large urban population, which is concentrated in the capital city. It is expected that 
Delhi will overtake Tokyo as the world’s largest urban agglomeration by 2030 and reach a population of 
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 43.3 million by 2035, as per the UN report (World Urbanization Prospect Report, 2018). The same report 
also states that over half of India’s population will live in urban areas by 2050. 

2.2. Building Façades 

Building façades are the most technically challenging, interdisciplinary and multifaceted element of a 
building. From an engineering point of view, façades play an important role in protecting the indoor 
spaces and maintaining indoor thermal conditions of the building from the outdoors. Façades are 
primarily created for the structural appearances and secondly, for their performances. Buildings having 
façades can function more successfully, if they are designed efficiently. There are several external 
factors such as climatic conditions, outdoor environment and orientation of the building which should 
be considered at the initial design stage. 

2.2.1 Types of façade 

There are two categories of building façades, namely opaque and glazed façades. Opaque façade 
majorly consists of the solid layered material such as stone, masonry, steel, concrete, etc. Glazed 
façades are made of transparent or translucent glazed materials primarily glass. These building façades 
require various careful measures that need to be considered at primary phase, comprising of physical 
parameters (i.e. Length, width, height, form and area, etc.), site analysis (including building location, 
orientation and the surrounding environment), building materials, necessary openings (doors, windows, 
balconies) and external shading devices (projections or sunshades). The design should be energy 
efficient. Amongst these components, façade openings have major impact on the performance of the 
building as it becomes the mode of exchange of external/internal energy. 

2.3. Influence of façade on the energy performance of the building 

Several studies in recent years have highlighted the impact of façades on the energy performance of the 
building. Façades are the key component of building envelope, which provides shelter to the overall 
structure. There are various building elements including windows, ventilators, shading devices, 
projections or opaque components that have a direct influence on the building's energy consumption. 
At the early design stages, several aspects need to be sensibly considered to optimize the façade 
performances of the building. Also, during the functioning phase of the building, energy efficient façades 
are responsible for decreasing carbon emissions and supports in tackling the effects of climate change. 

2.3.1 The role of material 

Materials play a significant role in achieving the building towards sustainability. The choice of material 
used in building envelope is the key step towards energy efficiency, that influences the thermal comfort 
of the building. Amongst the several characteristics of materials, insulation helps in maintaining the 
indoor thermal comfort level as a way to conserve energy. Materials are generally used for the purpose 
of renovation that improves the overall aesthetics of the building. But nowadays, it contributes towards 
sustainability as a better alternative. The building envelope must be selected according to the inside and 
outside environmental conditions. 
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2.3.2 The role of insulation 

Insulation is amongst the most cost effective and easiest measure of optimizing the heat exchange 
between the interior and exterior of the building for various climatic conditions. It helps in reducing the 
energy required for maintaining thermal comfort of the building which further leads to the smaller 
HVAC system requirements. Selection for appropriate insulating materials reduces the thermal exchange 
of the building from the external sources. The use of cavities as an insulation method has been widely 
adopted. This method of double skin façade prevents the building from overheating and reduce building 
temperature while providing comfort to the occupant. The cavity traps the solar radiations and 
unwanted energies from the surroundings. 

2.3.3 The role of geometry and orientation 

The orientation and geometry of the building are the two important factors that cannot be ignored at 
the planning stage. It helps the architect or a designer to regulate, which areas of the buildings are 
affected by the direct sunlight, wind, rain or noise etc. Proper orientation can be accumulated through 
the path of the sun and it can be used to define which side can provide the maximum advantage to the 
building. The air-conditioning or heating energy requirements also gets affected and leads to energy 
conservation. Elements such as shading devices, openings, arrangement of internal and external spaces 
and form of the building for considerable energy use are important measures to be considered during 
the initial design stages. The shape and orientation of the building and the position of surrounding 
features such as other buildings, vegetations, hardscapes or softscapes can influence the air flow and 
the heat transfer. 

2.3.4 The role of openings 

To attain visual connection to the outside world, openings are created in a building. Openings are an 
important element in any building that creates the link between the indoor and outdoor spaces and 
allows to bring in natural light and ventilation in an effective way. But this key element of building 
façade sometimes bring nuisance to the building, for instance openings may affect the thermal 
performance of the building, allow unwanted air or sound configurations. Thus, openings alone cannot 
be much effective approach until they are paired with the other suitable elements such as shading 
devices or projections, which prevents excessive heat gain and results in reducing the cooling load of the 
building. Presently, there are several self-adjusting façades introduced that have extensive impact on 
the overall performance of the building. 

3. Methodology 

An extensive literature review of the domain of façade design aided us to identify the course of action 
for this article. A one vs one case study approach has been adopted. Representative work of famous 
architects are shortlisted. After considering similar typology buildings, we were able to shortlist an 
Indian building and its representative counterpart in other country. The buildings are abstracted to their 
basic elements and complex forms, in order to revel the selection of materials along with their 
properties that help achieve higher sustainability levels of the select buildings. A sensible effort is made 
to observe and recognize how the designer’s philosophy is emerged in building forms; as the 
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 fundamental concept or theme. We further highlight the characteristics of the sustainable façades and 
also discuss various other design alternatives. These include building orientations, façade treatment, 
selection of various building openings for daylighting and shading device/elements. Overall, the paper 
would discuss the respective modern solutions based on adaptive façade which highlights architectural 
concepts and provides energy friendly designs. Further, this study would also investigate different 
strategies that helps improve thermal comfort of the select buildings. 

Framework of analysis 

The topmost concern has been given to the design ideology of the architects and their buildings in detail. With 
respect to the buildings, we attempt to study the 3 under mentioned:    
1. Site Planning and Orientation 
Existing site conditions and surroundings usually becomes the basis for the design. This aspect would try to analyze 
the topography, orientation, shape, neighborhood, location and other forces in the context of defining a building 
façade. 
2. Building Design Layout 
In this study, we identify the arrangement of building layouts to understand energy efficiency for selecting the 
particular form. Selection of appropriate structural system helps to define the division of spaces, freedom of 
openings and enclosure choice of the building. The spaces are arranged as per the functional requirements.   
3. Use of material 
Influenced by modernism, the use of modern materials such as concrete, steel, brick and glass become the norm. 
Choosing a particular material for façade, adds more depth to the overall structure. While some material is used for 
climatic purposes, other is used for aesthetic reasons. 

4. Results 

4.1. UGC building 

 

 

Architect: Indian Architect, Habib Rahman from Kolkata has contributed in establishing the image of 

governmental architecture in many cities of India. 

The Bauhaus ideology and the form of the building became the inspiration for architect Habib Rahman 
to provide accommodation to all the offices of UGC. The overall form of the building is similar as a box 
shape. Based on the modern style, the building was designed for a functional purpose. The building is 
divided into two blocks, so as to fit to the site as also the classification of the spaces was balanced. 
Rahman used R.C.C. framed structure with a simple grid and thus the linear form. The columns were left 

Fig.1 The offices of The University Grants Commission, New Delhi 
Source: ugc.ac.in  
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exposed and made visible. Each free-standing column was rectangular in shape. The projected slab 
creates a floating effect on the ground floor. Due to the lack of funds, the AC system was not installed at 
the time of construction but Rahman left the provision for it in the building. 

 

 

 

 

 

 

 

 

 

Horizontal chajjas and vertical louvers were provided on the front side of the façade which acted as a 
protecting layer to the building. But the rear façade of the building was distinct, as Rahman provided 
two continuous extensions on the windows. These ideas were somehow innovative that any other 
architect or designer had used during that time. The rooms protect from direct sunlight and also help to 
reduce the heat load of the AC system. 
         The building is protected from the extreme climate of the region through its advanced façade 
performance. The façade comprises of surface of smaller units consisting of vertical and horizontal 
louvers and hangovers. Narrowly placed louvers and hangover projections at every interval creates a 
perfect play of mass and void in the façade. 

Very less ornamentation is done on the façade except for the use of concrete jaali while limited amount 
of his expressions were used at a few places. 

4.2. SOKA BAU, Administration Building  

 

 

Architect: German Architect, Thomas Herzog from Munich known for his emphasis on climate and 

energy use through the use of technologically advanced architectural skins. 

Fig.3 SOKA BAU administration building in Wiesbaden 
Source: Soka bau final booklet 
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Fig.2 Image 1,2,3. 
source: http://sukanyarahman.com/2011/12/11/habib-rahman-remembered-in-history-of-delhi-

architecture/ 
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 The complex is well known for its intelligent façade concept, which allows flexible ventilation options, 
differentiated lighting and range of energy related features. Insulated façade of the building consists of 
automatically adjusted elements that maintain the inner office spaces appropriate. The north and south 
elevation of the building contains light deflecting elements which changes according to the weather 
conditions. Excellent energy consumption values are achieved through the adjustable building 
components from excess heating and cooling to provide a good indoor climatic condition. Proper 
ventilation is achieved even when window openings are closed and it creates a user-friendly space. 

 

 

 

 

 

 

 

 

 

 

 

 

 

The four slender volumes of the complex are organized according to the urban climate to maintain the 
east-west wind flow. All the five buildings are connected by dual access on the longitudinal sides on the 
north-south axes. The reinforced concrete skeleton construction is used as the structural support to the 
building. The north and south façades of each block are treated with specialized construction technique 
to optimize the effect of day lighting. Least glazing on the east and west façades. The automated solar 
shading and daylight redirecting devices are installed on the south face of the building whereas the fixed 
daylight redirecting devices are there on the north face of the building to distribute the indoor light. 

Triple glazed windows are used to optimize solar control and improve thermal performance through 
natural ventilation. When the sunlight falls on the south façade of the building, the automatic light-
deflecting ‘wings’ moves into shade position that reflects the direct sunlight to enter the rooms. It helps 
to minimize the energy gain in the building and avoids overheating in summer. The floor and ceiling 
slabs both play an active and passive role in heating and cooling of the building that can be thermally 
controlled. In summers, warmth is extracted from the slabs, whereas in winter the solid components are 
heated in them. 

Design and Innovations 

The new technical concepts work with new technology, tools, materials and experiments. Soka-Bau is a 
complete example innovative invention and new kind of ‘intelligent façade’ with extremely high 
performance to reduce fossil energy consumption. There is use of automatic moving shading devices to 

Fig.4 Orientation building façade treatment (Image: 1,2,3,4) 

source: https://issuu.com/tameraray/docs/soka_bau_final_booklet 
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reflect the daylight as a secondary façade layer. Highly insulated panels of wood installed are in each 
module of the façade. The innovation in the façade is entirely mechanical for the office use. At the time 
of sun shine, the elements move in the shading position of the sun, thus allowing maximum degree of 
shading while reflecting direct sunlight into the rooms. 

Material used 

Along with the aesthetic qualities, major emphasis is given to the material properties to remain 
functional and endure technical effectiveness. The material used are reinforced concrete, steel, metal, 
glass, aluminum, insulating glazing and wood. 

Energy efficiency 

During the planning stage, the goal was to achieve energy - efficiency, comfort level, less investment and 
operating costs with little building technical equipment as possible. This innovative approach by the 
architect is excellent. There is a provision for hygienic basic air exchange in the natural manner in 
summers and there are open able windows to the outside for natural ventilation. Highly insulated glazed 
façade is used in the elevations. Effective solar shading devices are installed to protect the building from 
the daylight in summers. Active measures are taken for the distribution of sunlight inside rooms of the 
building. The buildings are integrated into the overall energy efficient concept. The façade treatment of 
the building is used for the renovation and enveloping whole structure, which ultimately reduces the 
energy requirements of the building. 

Table 1: Comparative analysis  

Design aspects Key idea (UGC) Key idea (SOKA BAU) 

Site planning 

and orientation 

Orientation of the building is according to the 

site and road entry 

Orientation is according to the climatic reasons 

and privacy 

Form and positioning of the building is 

according to the shape of the site 

Distance between the two blocks allows to get 

proper day lighting, ventilation and privacy 

Oriented according to the urban climate to 

optimize daylighting and solar control 

Building orientation to maintain east-west 

wind flow 

Longitudinal arrangement of the buildings 

on the north-south axes 

Building layout 

Use of pure geometry in the overall form of 

building the block 

Grid structural system for building according to 

the functional requirements 

Arrangement of blocks is according to the sun 

path 

Linkages between all five building by dual 

access 

Building arrangement is of varying heights 

and depths to offer the flexible 

environment for the users 

Façade 

treatment 

Break up of façades with vertical louvers, 

horizontal projections and overhangs 

Continuous horizontal louvers on the façade 

R.C.C. structure with filler walls made up of 

bricks 

Use of Indian architectural elements such as 

Jaalis and Chhajjas to challenge the external 

environment and weather 

Intelligent façade concept 

Light deflecting elements on the north 

façade 

Triple insulated glazing  

Computer control shading devices on the 

south elevation 

Highly insulated user controllable wooden 

panels 

Material 
Use modern material such as concrete, glass, 

wood and steel 

The material used are reinforced concrete, 

steel, metal, glass and aluminum 
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 Structural elements including columns, beams, 

slabs, chhajjas and louvers made up of R.C.C. 

Enclosing walls made of brick masonry 

Concrete jail for façade treatment 

Use of appropriate and locally available material 

Insulating wooden panels and glazing 

 

5.  Conclusion 

The study concludes that, a thoughtfully designed building façade is considered to be more effective for 
its occupant and the environment as it plays a crucial role in the exchange of energies between indoor 
and outdoor spaces. In our study, we undertook the work of 2 different architects. Habib Rahman who 
was the key architect of the UGC building and Thomas Herzog of the Soka Bau Complex. Habib Rahman 
was influenced by German architect Walter Gropius works which majorly focused on the functionality 
aspect of the building. He derives the form of the building from pure geometry. However, his planning 
and orientation of the building derived with respect to the shape of the site. He further divided the 
building into blocks and wings system. The use of modular grid in the structural system and articulating 
elements in the façades were made to develop elevation. The lack of availability of modern materials 
such as glass and steel and required technical skills further restricted for the usage. Hence, he used the 
conventional material like concrete and bricks, which was more labor intensive than machinery. The 
used of overhangs and louvers in the façades of the buildings as a sun breaker but later Rahman added 
Indian interpretation of these elements in form of chhajjas and jaalis, which made the building more 
energy efficient in terms of thermal exchange and natural ventilation within the indoor and outdoor 
spaces. 

On the other hand, we have an architectural masterpiece by Thomas Herzog. The Soka Bau complex is 
well known for its intelligent façade design concept, which provides a variety of energy related features 
such as differentiated lighting, flexible ventilation and good insulation. The automatically adjustable 
elements on insulated façades maintains the internal office spaces appropriate working atmosphere for 
the occupants. The varying position of the façade elements outside were made adjustable according to 
the weather conditions. Thomas Herzog’s idea for the adjustable heating and cooling components in the 
building ensure the excellent energy consumption values, good internal climate, flexibility and the user 
friendliness of the building. 

From our analysis, we can deduce that Rahman played well with form and spaces. His designs are neat, 
balanced and proportionate with simple geometry. He gave more importance to natural light and 
ventilation that solves the problem of excessive heat. He treated his building façades with linear and 
horizontal elements to develop aesthetics. Whereas Thomas Herzog implemented the technologies in 
façade system. Based on the benefits and shortcomings, he proposed an integrated technology that 
utilizes advantages of previous technologies with the goal of achieving better efficiency. 

A thoughtfully designed façade can assist in: 

1.       reducing energy consumption of the building. The façade helps in minimizing thermal 
gain and thus also reduces the cooling loads of the building. 
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2.    improved natural ventilation by way of cavity façades and mechanized windows. They 
help to regulate the natural air within the building without compromising human comfort from 
outside environment. 

3.    ensuring acoustical insulation by way of protection provided by the external façade from 
unwanted noise within the building premises. 

4.    increasing the human comfort level by way of allowing to control light penetration by 
various means, such as louvers or shading components. 

5.    ensuring safety and security by proper planning and treatment of openings through 
conventional system of grills and bars in the openings. 

6.    enhancing the aesthetics such as line and proportion and other geometrical shapes that 
pertain to the beauty in accordance to the time and culture. 
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Abstract: Traditional Chinese architectural window lattice is one of the typical elements of vernacular 
buildings in China. It has been increasingly applied in the area of contemporary architecture as a cultural 
symbol. The pattern and density of lattice has a strong influence on daylighting performance of interior 
spatial properties. However, possessing both good daylighting performance and traditional appearance 
design is a challenge for architects. The aim of this study is to investigate the influence of the window 
lattice patterns design on daylighting from an operable aspect, which will provide a quantitative basis 
for their design and applications. In this article we investigated twenty traditional window lattices with 
four types and eight densities, and their daylight performances in a typical single room, taking into 
account the construction and aesthetics. For each density grouping, the structural units of lattice 
possess same size of section and length of pattern. For the daylighting evaluation, the simulation 
method is RADIANCE. Climate-based daylight modelling was adopted to produce daylighting 
performances in the room. As a result, some design guidelines and strategies of traditional Chinese 
architectural window lattice patterns were suggested to support modern building design based on 
current Chinese building regulations. 

Keywords: Traditional Chinese Architectural window lattice; Density; Climate-based daylight modelling; 
Daylighting performance 

1. Introduction 

Traditional Chinese architectural window lattice is one of the typical elements of vernacular buildings in 
China. It has been increasingly applied in the area of contemporary architecture as a cultural symbol 
(Figure.1). 
     Most of the studies on Chinese traditional windows focus on visual and spatial meanings, such as 
form, modulus, construction, aesthetics, history and so on, but their architectural physical properties 
are rarely discussed. The research of natural light performance of traditional flower window can be 
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summarized into two aspects. Firstly, quantifying the lighting function of the traditional flower window 
for the traditional building space provides a new visual angle and data support for the related 
theoretical research of the traditional building, and is helpful for more comprehensively understanding 
the traditional flower window and the application mode thereof, and carrying out targeted protection 
and development. Secondly, to provide data support for the window opening design of contemporary 
architectural creation. It is difficult to predict the lighting performance without special simulation by 
using the Chinese traditional window shape. 

    

Figure 1: The modern building design with traditional Chinese architectural window lattice 

 

In this article we investigated thirty-two traditional window lattices with four types and eight 
densities, and their daylight performances in a typical single room, taking into account the construction 
and aesthetics. For each density grouping, the structural units of lattice possess same size of section and 
area of pattern. For the daylighting evaluation, the method is radiance. Climate-based daylight 
modelling was adopted to produce daylighting performances in the room. As a result, some design 
guidelines and strategies of traditional Chinese architectural window lattice patterns were suggested to 
support modern building design based on current Chinese building regulations. 

 

2. Review 

Geometric patterns can be applied to window lattice design for architectural spaces, not only as an 
ornamental feature but also as an environmental control system that modulates daylighting. Several 
studies have assessed both quantitative and qualitative aspects associated with window lattice. For 
example, a group of researchers evaluated how changing the perforation ratio and depth of the window 
screens influences the annual energy loads. Then they defined an optimum depth to perforation ratio 
for various window orientations (Sherif et al. 2012a). In a study by Francesco Ruggiero and colleagues 
(2009), the researchers found that the Islamic wall allows a more uniform luminance distribution within 
a confined environment, which is necessary to create visual comfort conditions. They measured the 
physiological aspect of vision by measuring the contrast caused by light as well as the psychological 
aspect of vision, by describing the available view to the outside. Additional research by Iason 
Konstantzos et al. (2015) attempted to investigate ‘‘view clarity’’ through shading fabrics and shades. 
They provided sample test offices equipped with different window shading products and measured 
participants’ preferences under sunny and cloudy sky conditions. They identified several significance 
factors impacting view clarity scores including fabric, sky conditions and viewing distance. Another 
group of researchers focuses on the application and performance assessment of geometric patterns as 
shading screens and shows how the geometric patterns can function as a design agency, an 
environmental control system, and a cultural element (Emami et al. 2016). In parallel, the topology and 
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culture of the conventional Chinese lattice windows have been studied (He & Schnabel. 2018). Based on 
underlying logic studies, the researchers developed algorithms for the generation of the components. 
Lattice windows can be generated parametrically following the underlying logic of the geometry 
according to the topology and cultural context.  

3. Case 

3.1. Simulation room 

Because the aim of this study is to primarily obtain the overall principle of how the window lattice of the 
building facade influences the daylighting, the simulation results will provide a basis for further 
research. To simplify the simulation, a dual-rectangular space is selected as building model for the 
analysis, where in the building is aligned south-north direction. The model is able to reflect the daylight. 
The test rooms are all set to be 4.5 meter in width, 5.0 meter in length and 3.2 meter in height. The 
room size is very common used in the design domain. For example, the room can be used as the house’s 
bedroom, and can also be used as a standard office room, moreover, the size accord with the design 
modulus.  

 

Figure 2: The model  

3.2. Windows lattice patterns 

The changes of traditional Chinese window lattice pattern include two aspects: form and density. The 
determination of the window area is simple according to the criteria, building structure, use habits, etc. 
For this study, an interior was modelled which represents a habitable domestic room. Each virtual room 
has a 4.5 × 5 metres wide plan and a standard ceiling height of 3.2 metres. 32 rooms have different 
forms of window lattice with the rang of density from 5% to 40%, and the lattice area is approximately 
same for every density (Figure. 3). The window size is 1.2m X1.2m that means the wall-to-window-area 
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ratio of all test rooms is identical, about 0.1. Each room has one of four types: horizontal bar-type 
lattice, vertical bar-type lattice, square-type lattice and fragment-type lattice. The survey of the density 
of tradition Chinese window lattice is around 42%, which may due to structural limitation and durability. 
For modern technology and aesthetic, the lattice density of 42% means a big cost of material. So, we set 
8 density ranges, from 5%-40% with an interval of 5%, to find out the regular of the DF change. 
According to traditional manufacturing crafts, the sectional size of the lattice bar is 0.01m X 0.01m. 

 

Figure 3: The four lattice patterns with densities from 5% to 40%, and the lattice area is approximately 
same for every density. 

4. Method 

For daylight calculation, a web-based survey (Reinhart and Fitz 2006) indicates that 79% participants 
who were considering daylighting used computer simulation technology, and over 50% of the programs 
used the Radiance (Ward and Shakespeare 1998) simulation engine. It reveals that Radiance is 
predominant in the daylight simulation community. The accuracy of Radiance has been validated and it 
has proved that Radiance is suitable to predict internal illuminance for a range of sky conditions 
(Mardaljevic 2000). So many researchers use Radiance to calculate daylight factor and interior 
illuminance distribution at certain time (Dubois 2003; Samant and Yang 2007).  

Daylight factor (DF) is defined in more conventional residential rooms, serving as a reference for 
window design in architecture in order to. The daylight factor (DF) was conceived as a means of rating 
daylighting performance independently of the actually occurring, instantaneous sky conditions. Hence it 
was defined as the ratio of the internal horizontal illuminance Ein at some arbitrary point in a space to 
the unobstructed (external) horizontal illuminance Eout from a hemisphere of sky. Light from the sky 
can arrive at a point in a space directly if any sky is visible from that point, and also indirectly following 
one or more reflections from surfaces inside and outside of the space. Since daylight factors are 
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evaluated under overcast conditions, the position of the sun is irrelevant, hence the room location and 
the opening orientation do not affect to the calculation results.  

In study, daylight simulations were conducted with two room surface average reflectances. The inner 
surfaces of the room were assumed to display Lambertian reflectances. The luminous intensity of 
reflected light was therefore directly proportional to the cosine of the angle between the observer’s line 
of sight and the surface normal. All variables of the calculation model are shown in Figure 2. The main 
location of the room model corresponds to Beijing under predominantly overcast skies. All trials relating 
to shape, size and position of the window are developed under these weather conditions. The window 
orientation used for all calculation models and locations is south. And the test room is on 7th floor (20 
meters high) with no cover around it.  

5. Case study 

5.1. The horizontal bar-type lattice 

Figure 4 shows the influence of the density change (from 5% - 40%) of horizontal bar-type lattice on the 
value of daylight factor, from near window position to far away. As we can see, eight lines with different 
colours (different densities) decline from left to right which means near window will get more 
daylighting. As the density increases, the trend of lines become gentle. When the density arrives at 30%, 
the line almost near flat, which indicates that the high density (up 30%) will lead to a bad daylighting 
performance. However, when the density arrives at 20%, the lines show a little fluctuation in the front 
part where closed to the opening which may caused by the reflection of the horizontal bars. And for all 
lines, the area is dim where distance window over 3.0 meters.  

 

Figure 4: The DF for test point distance from window for different densities of horizontal bar-type lattice 

5.2. The vertical bar-type lattice 

Figure 5 shows the influence of the density change (from 5% - 40%) of vertical bar-type lattice on the 
value of daylight factor, from near window position to far away. As we can see, eight lines with different 
colours (different densities) decline from left to right which means near window will get more 
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daylighting. As the density increases, the trend of lines become gentle. But even at 40% (density), the 
brown line still shows a marked downward trend, which indicates that the vertical type performance 
better than horizontal type with both high density lattice in daylighting.  Similarly, the area is dim where 
distance window over 3.0 meters for all lines.  

 

Figure 1: The DF for test point distance from window for different densities of vertical bar-type lattice 

5.3. The square-type lattice 

The data of square-type lattice is quite similar with square-type lattice. As we can see, eight lines with 
different colours (different densities) decline from left to right which means near window will get more 
daylighting. As the density increases, the trend of lines become gentle. Besides, the dark blue line (35%) 
and the brown line (40%) show a little fluctuation in the front part where closed to the opening which 
may caused by the reflection from the horizontal lattice. Similarly, the area is dim where distance 
window over 3.0 meters for all lines. 

 

Figure 6: The DF for test point distance from window for different densities of square-type lattice 
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5.4. The fragment-type lattice  

Figure 7 shows the influence of the density change (from 5% - 40%) of fragment-type lattice on the value 
of daylight factor, from near window position to far away. As we can see, eight lines with different 
colours (different densities) decline from left to right which means near window will get more 
daylighting. As the density increases, the trend of lines become gentle. When the density arrives at 40%, 
the line almost near flat. And, the green line (30%) the dark blue line (35%) and the brown line (40%) 
show a little fluctuation in the front part where closed to the opening which may caused by the 
reflection from the horizontal lattice. However, for 5% and 10%, the two lines are quite closed. The sizes 
of fragment-type openings are inhomogeneous, and some bigger openings with higher position will 
benefit the daylighting performance. Thus, when the density rises, the size of openings trend to be same 
which lead to a normal performance. Compared with square and horizontal ones, the fragment-type 
shows slight fluctuation. Similarly, the area is dim where distance window over 3.0 meters for all lines. 

 

 

Figure 7: The DF for test point distance from window for different densities of fragment-type lattice 

 

5.5. The comparison between four types 

The study proves that the density of lattice has the most influence on a building’s daylighting 
performance. As the density increases, the average DF drops dramatically (Figure 8). When the density is 
less than 10%, the average DF of four kinds of lattice are relatively similar, around at 1.60%. As can be 
seen, as the density reaching 15%, the average DF of horizontal bar-type lattice begins to go down more 
steeply than other three. After reaching 20%, the average DF numerical gap between horizontal bar-
type lattice and others is stable at 0.18%. In the last stage (the density is 40%), the average DF of 
horizontal bar-type lattice, vertical bar-type lattice, square-type lattice and fragment-type lattice is 
0.19%, 0.44%, 0.46% and 0.36% respectively. To sum up, as the density rises, the horizontal bar-type 
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lattice performances the worst in daylighting. And in low density, fragment-type lattice is little better 
than vertical bar-type lattice and square-type lattice. As the density goes up, the two performance little 
better than fragment-type lattice, and the margin is really small. 

As we can see, the 10% density group of the fragment-type lattice possesses 1.6% DF, much higher 
than other types`. For the reason, the bigger lattice openings can benefit the daylighting. When low 
density, the fragment-type lattice possesses some bigger openings in the central area which leads to a 
better daylighting performance. And as the density goes up, the sizes of fragment-type lattice`s opening 
getting close. So its average DF tends to be similar with square-type lattice. These findings can make a 
good sense for architectural design. 

 

 

Figure 8: The average DF of four type lattices with different densities 

 

6. Discussion 

The window design on building facades has a great influence on interior daylighting environment. 
Standard for Daylighting Design for Building (GB 50033-2013, China) defines the minimum value of DF 
for daylighting design for building. As we can see (Figure 9), according to the Building Daylighting Regs 
minimum (DF=0.1%), the maximum DF threshold for horizontal bar-type lattice, vertical bar-type lattice, 
square-type lattice and fragment-type lattice are 17%, 22%, 21% and 21% respectively. Properly high 
density of lattice will create a traditional Chinese architectural atmosphere. And these thresholds can 
make a good sense for architectural design.  Besides, it indicates that three other types are better than 
horizontal bar-type lattice in daylighting performance as well. 



419 

 

Analyze the Interaction Relationship between Traditional Chinese Architectural Window Lattice Patterns and 
Daylighting Performance with Different Densities 

 

Figure 9: The study based on Standard for Daylighting Design for Building 

 

7. Conclusion 

In total, for 32 different spaces, the paper studies daylighting measures in four window lattice 
variations, with ratings for daylighting factor, providing a rich, detailed and methodical analysis of a 
basic application in design architectural science. Some conclusions that can be drawn from this study 
include:  

1) The study indicates that horizontal bar-type lattice is the worst performance in daylighting. And at 
the low density (5%, 10%) stage, fragment-type lattice is little better than vertical and square ones. As 
the density rises, their average DF are getting closed. When density reaches 30%, the average DF of 
square-type lattice is similar to vertical bar-type lattice, 0.1% better than fragment-type lattice, 0.2% 
better than horizontal bar-type lattice. And the error between four types will last to the highest density. 

2) For each type lattice, as the increase of the density, the average DF approximately decline linearly 
which is according to the assumption. When the density arrives at 30%, the DF data of horizontal bar-
type lattice which located from window to inner space, almost bottom out. While other three types` 
data lines still possess obvious decrease trend. And for all test samples, the DF value of area 3.0 meters 
distanced from window drop down around 0.4%, which means bad daylighting. These findings can make 
a good sense for architectural design. 

3) According to the Building Daylighting Regs minimum value (DF=0.1%), the maximum density of 
square-type lattice and fragment-type lattice are 17%, 22%, 21% and 21% respectively which is essential 
for the design application. Properly high density of lattice will create a traditional Chinese architectural 
atmosphere. And these density thresholds can well balance the daylighting performance and 
architectural aesthetics. 

However, there are limits to the present research that must also be taken into account when 
interpreting the results. Firstly, more locations with different latitude (such as Nanjing, Guangzhou, 
et.al.) should be studied, which will put forward detailed case information on perfecting this study. 
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Secondly, daylight autonomy (DA) as dynamic daylight performance metric, is a more applicable than 
DF. This study is a primary analysis of the influence of window patterns on the building daylighting 
performance. More research findings will be reported in the following papers.  
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Abstract: Louis I Kahn spent his entire career in need to find an ‘order' that could bring silence into the light. 
His buildings characterized the quality of timelessness while embracing silence and light. This paper mainly 
focuses on the theories given by Louis I Kahn and how those can be interpreted and implemented in the 
present context of building facade design. He said, "Architecture is an art you can walk around and be in."  He 
wanted to create monumental spaces with the essence of spirituality and function. Kahn was considered 
‘universalist' and ‘humanist' in his approach as his works are based on a logical system of theories and 
relationships between ‘form',' ‘structure', ‘scale', ‘light' and ‘shadow'. The unique geometrical abstraction in 
his façade helped him to create a distinct approach towards building design.  The paper explores how various 
conceptual theories of Kahn are linked to his works especially of the Indian Institute of Management in 
Ahmedabad (1962-74) and the National Capital Complex in Bangladesh (1962-83). 

 
Keywords: Building facade, Monumentality, Window Opening, Daylight. 

1. Introduction 
"Louis I Kahn wanted was a mystery, a sense of majestic and ambiguous scale, of function transcending into 
awe. It is totally, as it were, outside time – has escaped time as a ruin does – containing within it, as always, 
the sublime." (Gusheh, M., 2013). The paper explores his journey of thought resulting in the formation of 
various theories towards façade design along with implication in the present context.  According to him, an 
architect should build a building that not only serves its function but also creates a space that makes the user 
aware of its presence. He didn't want to simply create a building but rather, a sculpture with ‘spaces' in it. His 
buildings always had the essence of spirituality with a reflection of past architecture of building design 
through the use of innovative construction techniques. Architecture design evolution inspired him to develop 
his perspective for a distinct design of buildings. This directed him to build monolithic structures and bold 
openings represented as perfect examples for interpretation of the past in the era of modern architecture. 
 

The review of his work journey is highlighted in this study. His journey was inspired by many architects, 
which helped him in the evolution of his thoughts and further lead to the emergence of various design 
theories. Kahn wanted to create structures which are monumental yet functional to the need of its present 
user. His search of monumentality led to the origins of Roman and Greek architecture which further led to 
understand the importance of ‘form', ‘structure', ‘space' and most importantly ‘light' in a building. Various 
philosophies such as ‘Served and Servant Spaces', Silence and Light' and ‘Ruins of Rome' developed by Louis I 
Kahn lead to a new outlook for architecture. Kahn's philosophies had different subjective jargons that lead to 
the development of various interpretations about his buildings. His works show excellent geometrical 
abstraction, façade opening, and unique construction techniques that make his buildings monumental in 
nature as well as emphasize the importance of light in a building. He tried to explain the relation of light with 
the function of the building in his design perspectives that could provide a unique experience to the user.  
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The study elaborates the relationship between his theories and building openings especially of the Indian 
Institute of Management in Ahmedabad (1962-74) and the National Capital Complex in Bangladesh (1962-
83). He believed that "architecture began with the making of a room" and "the room is not a room without 
natural light". Various interesting openings can be seen in his buildings at Dhaka and Ahmedabad. These 
geometrical openings are one of the reasons that make a space monumental. Further, the study shows how 
Kahn used these openings as a method to bring change in the modern architectural era by using the 
innovative design approach for façade development of modern buildings with the essence of monumentality. 

2. Kahn’s Design Journey 

2.1. Beaux-art and Classicism 
Kahn started his architectural journey from the University of Pennsylvania (a leading university in Beaux-Arts 
tradition). This style emphasized, "the study of Greek and Roman structures, composition, and symmetry, and 
the creation of elaborate presentation drawings" (Black, 2007; Rabifard, M., 2011). It focused on the masses 
of historical buildings, the nature of material, composition and using it in the present context. "Beaux-Arts 
design depended on the regular breaking and disguising of axes in order to preserve the freshness of their 
organizing effect" (Brownlee D, De Long D, 1991; Rabifard, M., 2011). 

 

Kahn believed that contemporary and modern architecture should have remanence of Classicism as it 
perfectly defines the proper rational composition that can be used to make better structures. Paul Cret, one 
of the professors at the University of Pennsylvania had a great influence on Kahn's architecture. He believed 
in theories of "Structural Rationalism by Viollet-Le-Duc and De Baudot" and "The Classicism of Durand's 
Permutative System". He tried to link these two theories by building a façade with the combination of Greek 
and Roman structures without compromising the material characteristics.  

 

Kahn became an ardent follower of the beaux-arts style. He always remained true to his principles even as 
the majority moved towards the modern era of architecture. He was deeply intrigued by the use of light, 
material, scale, and geometries in historical structures during his visit to Rome and Greece, which greatly 
influenced his teachings and approach. He used to trace the lines of Greek and Roman structures to find 
hidden geometries, which could be used in modern structures with innovative techniques. During his years of 
teaching, he emphasized on the sketches. Sketches reflect the understanding of scale, light, and geometry. 
He teaches "appropriateness" (Louis Kahn, 1974; Rabifard, M., 2011).  

 

2.2. Influence of architects 

Modernism was at its glory in the mid-twentieth century, looking forward to a new beginning without traces 
from the past. Many famous architects like Le Corbusier, Frank Lloyd Wright, and Mies Van Der Rohe left 
huge marks in the era of modernism. Louis I Kahn who was one of the few architects of that era with a 
different approach. Yet, he was greatly influenced by these architects; one of them was Le Corbusier. During 
Kahn's entire career, he looked up to him. He always thought about Le Corb's opinion on his buildings. (Louis 
Kahn, 1972; Rabifard, M., 2011). Kahn greatly admired Le Corb for his understanding of scale, composition, 
masses, materials and his zeal to create architecture that not only serves its function but also to fulfill the 
user's emotional and psychological needs. In the same way, Kahn spoke about his ‘form' and ‘order'. 
Architecture for Kahn was not just a need but also an order between the thoughts and reality.  (Namazian, A., 
Mehdipour, A., 2012). 

 
Other architects such as F.L. Wright and Meis Van Der Rohe might have influenced Kahn on some of his 
theories. Scully defined the similarities between his works with other architects. (Namazian, A.; Mehdipour, 
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A., 2012).  For Kahn "Architecture comes from making of a room" and Wright believed in "the room to be 
expressed on exterior as space enclosed” (Wright, 1928, p.168) (fig.2).  Their respect for the material, abstract 
composition and use of masses in their buildings is quite similar but still different. Their similar ideologies 
were expressed through different approaches. Kahn appreciated abstract forms but that extracted from 
historical forms instead of a completely new composition of the modern era where the only motto was not 
to refer the past. (Coulter, G., 2015). 
 

2.3. Trip to Europe 

After his graduation, Kahn visited many places and sketched almost all the structures during his expedition. 
His trip to Europe in 1950-51 proved a turning point in Kahn's life where he realized the importance of 
"monumentality in the regulation of architecture" (McCarter, 2005) and "use of shadows and light" in 
buildings. Later he developed his theories of light and shadow, which he called "Silence and Light". After 
coming back from Rome, he wrote "Our stuff looks tinny compared to it and all the pure forms have been 
tried in all variations." (Kahn, 1951; Rabifard, M., 2011). He felt the need to understand the ideas and 
approaches to create spaces and compare them with modern principles and objectives. 

 

Earlier works of Kahn showed the reflection of traditional modernism before his journey to Europe. Later, he 
tried to develop an order to "redefining the use of structure, light, form, and space." (UKEssays, 2018). Kahn 
was in the search of a new "beginning", where one builds a new life instead of a building, a spiritual resource 
blended with monumentality. He studied how scale, form, and light can create a monumental space from the 
remains of Greek and Roman structures. The use of light in Pantheon from Oculus, the scale of Baths of 
Caracalla and pure form of Pyramid – all these structures taught him to create sustainable monumentality. 
"Monumentality for Kahn involved the enigmatic, the eternal, and the timeless – it could not be the goal of 
architectural thinking, but more the outcome of architecture's use." (Coulter, G., 2015). He used past 
examples to understand the relationship between monumentality, scale, light and shadow. The dual nature 
of shade was to provide natural cooling and serve as a medium between light and structure. Thus, Kahn's 
architecture highlighted the innovative use of light and shadow in his buildings with the use of geometric 
openings that reflect the reminisce of historical architecture. 
 

3.  Design Theories and Approach 
Kahn was one of the few architects whose works show the progression of thoughts. If we deeply study his 
buildings according to the timeline, we will find his understanding of the relationship between form and 
structure led to the development of various theories. These theories mainly focus on light entering into the 
building. Further, vital relationships such as (1) Servant and served spaces, (2) function and geometry, (3) 
form/structure and geometry, (4) structure and form; is always present in his buildings. (Rabifard, M., 2011). 
For Kahn architecture is not just building with functional space according to needs of the user but an 
amalgamation of form, function, structure, geometry, light and shadow to build a space. However, to 
understand these relations we need to understand some terms, which were constantly used by Kahn while 
explaining his buildings. 

3.1 Terms 

3.1.1 Order 

Kahn designs revolve around "order", a guiding principle to create structures. Order is a variable between 
thoughts and reality. For Kahn, it was a filling gap between art and architecture, between subconscious and 
culture. It was all the tangible and intangible condition in the design process. Lobell explained order for Kahn 
in two ways. He explained it with the statement "what brick like?" irrespective of its nature, properties and 
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cost. Similarly, "What does this building want to be?" irrespective of physical boundaries. A second way, what 
is the background or history of building and spaces in a particular place, an order which already exists in the 
society in the name of culture, traditions or rituals. (Lobell, 1979; Rabifard, M., 2011). 

 

                    
Figure 1: L. Kahn, on the creation of Form, 1960 
[Tyng 1984, p. 30; Desvaux,N., Tordesillas, A. 
(2017)]. 

                      Figure 2: L. Kahn, drawing for City/2 exposition: 
The Room, 1971. Louis I. Kahn Collection; 
Desvaux,N., Tordesillas, A. (2017). 

 

3.1.2 Form and Design 

Kahn was always intrigued by how thoughts come to reality, how immeasurable can be converted into 
measurable. It leads to the development of certain theories that explain how ideas are converted into ‘form', 
‘form' into ‘design' and ‘design' into ‘space'. "Form is what, Design is how. The form is impersonal, the design 
belongs to its producer.” (fig.1) The design depends upon different aspects such as cost, availability of 
material, client preferences, etc. whereas a form is the harmony of spaces to fulfill the function. (Kahn 1962; 
Desvaux, N., 2017). 
 

3.1.3 Space and Monumentality 

For Kahn space also held a different meaning. It was something with the spiritual quality defining the light at 
every point of time, space leads to monumentality. Kahn defined monumentality as space which cannot be 
defined but only felt, "a spiritual quality" which reflects the quality of "timelessness". (Kahn, 1944; Rabifard, 
M., 2011). In the pantheon, the oculus controls the light in such a way that light reaches the altar in the 
morning and moves towards the other altar during the afternoon. By being in such spaces we feel the 
presence of the building and such architecture is referred "timeless" by Kahn. 

 

3.2. Served and servant spaces 

After analyzing the Greek and Roman structures Kahn always questioned himself: how to bring natural light, 
mechanical supporting system and monumentality in a space without hiding any of them instead 
complementing each other. Kahn used to call all the mechanical supporting systems such as air conditioning 
ducts, elevators, store areas as servant spaces as they serve the main areas which are served spaces. He 
considered all these serving spaces as useful as the served spaces and always gave a distinct identity to these 
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spaces. He used to place the serving space around the served areas which lead to blockage of light entering 
into a building but also created a new opportunity to bring light into served spaces. Kahn believed in building 
the character of the space. (Namazian, A., Mehdipour, A., 2012). The character of the space was defined by 
the need for light in the space according to its function. Kahn believed that no space was, architecturally, a 
space unless it has natural light. In Philips Exeter Academy Library, the diagonal braces are used upon the 
central space to bring light and support the structure. The character of the space is a community meeting 
place, the space wants to be magnificent to its users which led Kahn to build large circular voids in walls 
unified by the diagonal bracing on the top. 

 

3.3 Silence and Light 

"I sense light is the giver of all presences and material as spent light. What is made by Light casts a shadow 
belongs to light." (Louis I Kahn). For Kahn shadow is as important as light. He developed the theory of 
"silence and light". Authors have different interpretations upon this theory, due to lack of objective 
explanation. Few author's explanation was purely conceptual while others tried to connect his theories to 
ruins of Greek and Roman. The silence was considered as the thoughts inside mind while the light was the 
design, the product of thoughts in physical form (fig.4). A school of thought considered that Kahn wanted to 
create buildings in which the silence reflected the institution of place. To move from silence to light, there 
was the threshold where "order" sits. (fig.3) (order explained in the above paragraph) Another school of 
thought considered silence as the indoor spaces or the form of the building and light as outdoors which were 
connected by the medium called "openings". These opening were referred to like the spaces between one 
column and another, windows, doors, skylights, etc. through which we experience the outside world by being 
inside the building. These openings in Kahn's architecture reflected the ruins of Rome and Greek structures. 
Vincent Scully commented on Kahn's work that, he could have used glass but due to the presence of order in 
his building he successfully created void in thin brick walls representing the roman architecture (Scully, V., 
1993) referring to the buildings of Indian Institute of Management, Ahmedabad and National Assembly 
Building, Dhaka. 
 

                    
Figure 3: L. Kahn, Silence and light, 1972 (Tyng 1984, p. 135; Desvaux, N., Tordesillas, A. 2017). 

Figure 4: Chart showing LIK Design philosophy (Drawn by Author).  
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3.4 Ruins of Rome 

Kahn used "skins", a wall around the main structure, as a division between indoors and outdoors which acted 
as the threshold to cut direct glare but allowed light into the building. Kahn used to put a wall in front of a 
window to avoid glare but provided cutout in the wall to receive light and view. (Gusheh, M., 2013). Scully 
coined the term "Ruins of Rome" to explain the façade or skins with the pure geometric void wrapped around 
the building in hot and dry climate to protect the building from direct sunlight as well as to explain the 
coolness of shadow. These geometric voids were derived from "superimposition of circles" (Park, J., 
Baldanchoijil, G., 2014)  of Greek and Roman architecture. These ruins enhanced the user experience with 
the play of shadow and light, unconcealment and concealment. Kahn said "I thought of the beauty of ruins … 
the absence of frames … of things which nothing lives behind … and so I thought of wrapping ruins around 
buildings." Kahn deliberately created a façade with pure shape void as these pure forms cannot be outdated, 
such shapes were timeless which made his architecture monumental. The shapes were derived from 
triangles of the pyramid, Vitruvius theory of square and circle. These theories reflected the richness of 
Roman and Greek architecture which inspired Kahn. He tried to put together the geometry and structure to 
put forth his order (openings) in front of the user. (Curtis, W.J. R., 2012). Kahn always prioritized 
characteristics of a place over function. The curved arches in IIM Ahmedabad acted as the medium for cool 
air as well as block glare before entering the building, which is much more to just serve the function of the 
space. (Coulter, G., 2015)  

In 1964, Kahn first used the term "ruins" for his buildings. Tyng explained the term ruin as "It was the 
freedom from the servitude of performing the practical function for which it was designed, freedom to fully 
express its spirit or form essence." (Tyng, 1984). Gusheh further explained ruin as the critical line between 
past and present, which was free to interpretation but reflected the difference of opinion between past and 
present. (Gusheh, M., 2013). The buildings in Ahmedabad and Dhaka were "beyond function" wrapped 
around ruins. Such buildings were called timeless "because they carry out a determined function, but because 
they permit other functions. Finally, because they permit everything that is unforeseeable in life." (Ibid.,113; 
Gusheh, M., 2013). The buildings were the hollow shells punched with the circles and triangles, which are 
hard to date. They were abstract as well as open to interpretation irrespective in which era they exist, like 
every opening in his building has its interpretation and derivation which are free from the measure of time. 
Scully commented that "Kahn's use of the ruin is not only visual, it is also conceptual, structural, and 
systematic." Visual as the void on the panel walls, conceptual due to their relation with his theory of silence 
and light related to Roman and Greek architecture. Its structural that made them look like built deformed 
due to their large voids, for example the concrete lintel placed to support the brick arches and systematic 
because of their "delineation and radical separation of building parts” (Gusheh, M., 2013). 
 

4. Geometrical abstraction for openings 
As we can see the "openings" played an important role in Kahn's designs, so he tried to give distinct identity 
to each one of them like the cycloid arches in Kimbell Art Museum, geometry of squares and circles in 
buildings of Ahmedabad and Dhaka, triangular roof of Yale University Art Gallery and so on. He realized the 
metaphysical effect of light in the building. The quantity and quality of light entering into the building 
mattered to him. The façade developed by Louis I Kahn in IIM, Ahmedabad and National Assembly building, 
Dhaka were quite complex in their underlying principles of the geometry of circles and squares. These circles 
and squares were juxtaposed on the façade. These openings are not only placed on flat surface but on the 
curved walls also. They broke the dullness and strictness and brought out the dynamic visual in the façade. 
(Park, J., Baldanchoijil, G., 2014).  Park tried to explain the mathematical geometry of the unique façade of 
Kahn. He called the whole process as "Superimposition of Circles" under which he had taken a unit circle, a 
modular unit for the whole geometry (fig.5). Circles were superimposed on one another with related scales 
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making a different opening on different levels of buildings in the façade. These opening can be a connecting 
corridor on one level or a window on another. This method of Kahn can be used in the development of the 
façade in the present time. It showed various possibilities to create unique openings according to its function 
at different levels. These are not only function-specific but also monumental in its way, as they explain its 
own story. 

 

                                       

                                  
Figure 5: The Geometric construction of façade of passage that links between the classroom and library block 
(Park, J., Baldanchoijil, G., 2014). 

Certain examples of openings are used to explain the geometry of circles and squares from IIM Ahmedabad 
and National assembly Dhaka. (Park, J., Baldanchoijil, G., 2014). 
Example 1: Design of Façade that links passages between the classroom and the library block around the 
inner courtyard. (Indian Institute of Management, Ahmedabad). 
The façade is made of 3 concentric circles, C1, C2 and C3 (fig.5). The corridor in the middle floor is taken as 
the base length that is predecided. The square for the corridor is circumscribed by the circle i.e. C1. C1 is 
taken as the unit circle. Each circle used is proportional to the unit circle i.e. C1:C2: C3 = 1:1.5:2.5. The length 
of the square is equal to the top chord in circle C3 cut by extended line L1 and L4. L2 and L3 are the 
midpoints between L1 and L as well as L and L4. These lines cut an arch in the circle C3 with the square 
window below it and on the floor above the corridor. A small arch is cut with the intersection of L2 and L3 
with the circle C2. The two square windows are cut below the corridor with the reference of the above 
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square. Such geometric combinations are used to create a variety of opening on each floor with their unique 
shape. (Park, J., Baldanchoijil, G., 2014). 
 
Example 2:  The opening on the round walls of Hostels for the Ministers of Government in National Assembly, 
Dhaka. 

This opening is placed on the curved wall. These curved walls are the screen walls. The space between the 
wall and the main building acts as the diffusion chamber for the hostels. Here C1 is the unit circle (fig.6). A 
point O1 is taken as the intersection of two-unit circles from which circle C2 is drawn. The ratio of C1:C2 = 
1:2.5. Another circle C3 is drawn similarly with the ratio with a unit circle as, C1: C3 =1:1.5. Then chords are 
drawn from the intersection of two-unit circles. Such openings are created on the "skins" on a huge scale to 
give the idea of "ruins". 
 

 

 

 

 

 

 

 

 

 
Figure 6: Construction of geometric opening on the round walls of Hostels for the Ministers of Government 
(Park, J., Baldanchoijil, G., 2014). 

 

5. Conclusion 

Kahn's quest to find order led to drastic changes in his life. After 1950, Kahn started to apply his theories in 
his buildings which led his career to a better path. Much like the beauty of ruins is appreciated centuries 
later, Kahn's contributions were acknowledged much after his unfortunate sudden death. Kahn's approach to 
façade design is very unique and connected to climatic factors to a great extent. These approaches can be 
used to make better buildings in the present and future. The superimposition of circles is based on pure 
geometry but its scale is what makes the difference. Kahn's buildings are more than functional needs. The 
mass of brick walls cut open by brick arches supported by concrete lintels is greater than the conventional 
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practices of R.C.C. beam and column in terms of structure, light, and quality of space. He wanted to create 
monumental buildings with efficient light and shadow. These buildings possess the spiritual quality where 
one can feel the silence of the structure and feel one with the building. 
The theory of silence and light majorly focused on the light in the building whose presence can be detected 
only because of darkness and shadows. Kahn created openings that cut glare but light reached inside the 
buildings for functional purposes in an innovative way. These openings created a play of light in the most 
geometrical way inside the building. They brought the light inside the structures which reflect the time 
during a day. His buildings are combinations of vernacular and technical architecture. He binds together the 
cultural and social aspects of a place with the function of light in the building. All his theories help in one way 
or another like served and servant spaces talk about planning, silence and light talk about the importance of 
light in building and monumentality and Ruins of Rome talk about façade development. 
Kahn's approach is quite useful for beginners or students of architecture to understand the relationship 
between the scale, light, and geometry to create a façade. He found a way to create monumental spaces 
without disturbing the function of the building through these facades. These façades can be applied to any 
type of building, whether residential, community space or institutional building. He succeeded in creating an 
"order" for building design. 
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Abstract: The replacement of traditional glazing with semi-transparent/building-integrated photovoltaic 
(STPV/BIPV) glass (STPV curtain glazing) provides benefits of reduced cooling and optimized lighting 
energy besides generation of PV electricity. Energy optimization is carried out for several iterations with 
varying parameters of room depths and façade configurations to find the lowest net energy 
requirement. For longer room depths, amorphous silicon with 10% transparency in the middle region 
with an optimized upper height of 2m and with polysilicon cells in the upper and lower sections forms 
the optimized STPV configuration for the south, east, and west for all the representative cities of various 
climates in India. For shorter room depths, the cooling energy is more pronounced than savings due to 
PV electricity generation. Compared to standard double glazing, the energy savings for optimized 
configuration of STPV are 46% for a room depth of 4m and 23% for a room depth of 12m for the east 
façade (Coimbatore) and 52% and 25% for 4m and 12m room depth for the south facade (New Delhi). 
The payback or the excess cost of STPV from that of a standard DGU (double-glazed unit) could be 
recovered in less than 8 years for the south, east, and west facades for Coimbatore, New Delhi, Mumbai, 
and Bengaluru. 

Keywords: Semi-transparent Photovoltaics (STPV); Building-integrated Photovoltaics (BIPV) for Indian 
cities; Solar Photovoltaics. 

1. Introduction 

Office buildings coming up in various cities across continents and climatic zones are increasingly having 
the same type of functional characters. For instance, large open or closed office categories needing a 
climate-controlled environment have the same types of equipment that are more dependent on 
computers and its accessories. In India, through its National Solar Mission and Smart Cities initiative, it 
has been projected that 10% of each smart city's energy must come through solar. (Workshop on Smart 
Cities Mission,2015).Buildings are becoming ‘prosumers’, a term to denote both producers and 
consumers of energy. Several studies have already been done to assess the solar energy potential of 
dense urban blocks across various countries.  

In India, the option of nearly zero-energy buildings is not proposed as mandatory; however, building 
regulatory codes such as the Energy Conservation Building Code (ECBC) and Green Rating for Integrated 
Habitat Assessment (GRIHA) have prescribed renewable energy generation, but these are voluntary at 
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present. Capital subsidies and tax incentives are provided to promote solar PV growth. It has been 
proven that in a dense urban context, the use of rooftops for solar PV depends on the availability of un-
obstructed and shade-free rooftops. The rooftop energy offset increases for taller buildings in a dense 
urban scenario as it is not shaded by neighboring buildings. Opposite to this is proven true for a building 
in a sparsely developed area. Buildings of lesser height in such an area are likely to get more solar 
energy offset as the total roof area available for solar PV is higher. For taller buildings in such sparsely 
developed areas, the available roof area to floor area is also lesser. Therefore, we need to look at other 
options such as the façade to further increase the energy offset for taller buildings. This paper looks into 
the façade potential of STPV on energy efficiency. 

2. Choice of a typical three-section façade 

When conventional glazing material is replaced by STPV, it would act not only as an electricity generator 
but also act as a building's envelope, which controls the interior climate by influencing its thermal and 
lighting energy flows. So the net energy consumed by the office space would be the sum of the cooling 
and lighting energy it consumes minus the electricity it generates from the STPV façade (STPV/BIPV). 
The major theme of this paper would be to design an optimal configuration of such a façade using 
STPV/BIPV so that it consumes optimal energy when compared to that of standard conventional glazing. 

 

Many research studies have focused on the optimal design of a three-section façade of a typical 
perimeter office building. Such a three-section façade would constitute an upper ‘daylight section’ from 
the false ceiling, i.e., from 3m to 2m below, a middle ‘view section’ from 2m to 0.8m height below and a 
bottom section from working height (0.8m) till floor level. In a study for Toronto(Canada) by Kapsis et al. 
(2015), the result of three STPV configurations reveals that silicon-based PV cells in the daylight section 
(upper section)and thin-film-based STPV in the view section cater to daylighting needs better while also 
providing an adequate view to the outdoors. Providing silicon-based cells in the view section does not 
increase the lighting levels much but obstructs the view to the outdoors. 

 

Robinson and Atheienitis (2009) and Xu et al. (2014) have recommended an optimal cell ratio (area 
occupied by polysilicon cells divided by the façade area) for different WWR (window-to-wall ratio). 
Insights from the literature review of the above studies have guided us to choose a three-section façade 
for the current research inquiry.  

 

For the current study, five cities in India representing each of the four climatic zones – Mumbai and 
Coimbatore for warm-humid, Ahmadabad for hot and dry, New Delhi for composite, and Bengaluru for 
the temperate climate –are taken for the inquiry. Simulation is done for all the cities as mentioned 
above. The results of this study are limited to the above cities. 

 

Fung and Yang (2008) have proved that solar heat is the major source of heat gain for the interiors of 
a building. It is also proven that a double-glazed unit provides better insulation as compared to that of a 
single-glazed unit and controls the amount of solar energy entering the building. Results have proven 
that energy consumption increases linearly with an increase in the glazing area for all types of glazing, 
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irrespective of the climate and orientations for Indian cities (Singh and Garg,2011). Silicon cells or thin-
film provides shading and also controls heat gain inside the buildings as compared to what standard 
glazing provides. The details of the double-glazed unit considered for the inquiry are mentioned in 
Table1. Results of the performance of the optimized configuration of STPV are compared with the 
performance of a standard glazing unit. 

3. Optimization 

The optimization of the typical three-section façade had several iterative simulations performed 
together to find the optimal function.  Performing several hundred simulations in a single run saves time 
too.   

Table 1.Details of the standard double-glazed unit and STPV double-glazed unit 

Details of the double-glazed unit (DGU) of the typical three-section façade used in the inquiry using EnergyPlus. 

 Standard Glazing 
(from outer to inner) 

STPV GLAZING 
(outer to inner)  

Daylight 
Section 

Grey6mm+Argon 
13mm+6mm Low-e clear  

STPV(97%PV cell ratio-Polysilicon cells)(6mm)+ 13mm argon+ 6mm clear with 
or without Low-e clear  

Middle View 
Section 

Grey 6 mm+Argon 
13mm+6mm Low-e clear 

STPV of amorphous thin film of varying transparencies(10%,20%,30%,40%, 
and50%)(6mm)+13mm argon+ 6mm clear with or without Low-e clear 

Bottom 
Section 

Grey6mm+Argon 
13mm+6mm Low-e clear 

STPV(97%PV cell ratio-Polysilicon cells)(6mm)+ 13mm argon+ 6mm clear with 
or without Low-e clear 

3.1. Optimization objective function and parameters 

A single fitness function is evolved out of optimization, which is the minimum net energy consumed by 
the optimal façade configuration. The net energy consumed EC is the sum of cooling load ECLand lighting 
energy needed EL minus the PV electricity generated EG.(Figure2). 
 

The equation is mentioned below.                                                                
EC =ECL+EL  - EG 
EC = Net energy consumed in kWh/year 
ECL= Cooling energy consumed in kWh/year 
EG = PV energy generated in kWh/year  
EL = Lighting energy consumed in kWh/year 
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Figure 1.3D Model of the typical three-section STPV facade 

 
 

 

 

 
 
 
 
 
 
 

 

 

3.2. Varying parameters for optimization 

 A typical perimeter office with the following room dimensions– 4m width and 3.6m height; with varying 
room depths of 4m, 8m, and 12m as parameters –are considered for this inquiry. The top ‘daylight 
section’ from 2 to 3m height would have polysilicon cells with space in-between. The middle ‘view 
section’ from 0.3 to 2 m height would have an amorphous silicon thin film. The bottom ‘sill section’ 
would have polysilicon cells from 0 to 0.3m height (Figure 1). The transparencies of the middle section 
of amorphous silicon thin film varied from 10% to 50% in 10% steps. The height of the middle layer 
would be increased in 0.1m steps from 2.0m height to 2.9 m height. It would even expand at the bottom 
from 0.3m height to 0.1m height to the floor level in 0.1m steps. This would mean that the middle 
section would expand in the area at the top and bottom portions for each iteration graduating in 0.1m 
steps. The simulations are performed for east, west, north, and south orientations for the climates of 
five representative cities. This requires nearly 300 simulations for each room depth for each orientation 
and climate for a single optimization run. 

3.3. Software used 

EnergyPlus is used for building performance simulation and GenOpt is used for optimization. A mesh 
algorithm is used to run all the iterative steps without skipping any step of the varying parameters. 
EnergyPlus and GenOpt were found suitable due to their lower computational time needed for 
simulation and optimization, respectively. As it would not be convenient to model individual polysilicon 
cells in EnergyPlus, a proxy model with 3% transparency corresponding to 97% PV cell coverage is being 
used for the upper daylight section and the bottom section below 0.3m height. The middle section with 

Figure 2.Schematic flow of optimization 
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amorphous silicon of varying transparency values is used with the same electrical properties as 
mentioned in Table-2. 
 
Table 2.Module efficiency of STPV double-glazed unit 

Module efficiency of the amorphous-insulated double-glazed unit 

 Visible transmittance STPV Module efficiency  

1 10% 10% 

2 20% 9% 

3 30% 7% 

4 40% 5.8% 

5 50% 4% 

Source:Kapsis, K(2016) 

4. PV electricity generation 

 As PV configuration with preferred values would be difficult to configure in EnergyPlus, a simple 
mathematical function equation is used to calculate the PV energy produced by the three sections of the 
façade: 
 Ep = As × Gt × Eeff cell × Effinv 

where Ep is the electrical energy produced by PV modules in kWh;As is the active PV cell area in m2; Gt is 
the annual solar radiation energy incident on BIPV in kWh/m2/year, which is calculated by EnergyPlus; 
Eeff cell is the efficiency of the BIPV module (which varies as per the module type);Effinv is the efficiency of 
the inverter (which is set to 90%); and Eeffcell of polysilicon cells, is taken as 15%. Amorphous silicon 
efficiency varies as per cell transparency and is given as input from lab-tested values from a previous 
study (Table2) (Kapsis,2016).  
 

5. Thermal and lighting modelling 

Typical three-section façade for a perimeter office for four orientations (south, east, west, and 
north)were simulated with varying parameters as mentioned in the previous section, for the energy 
optimization for the climates of five representative cities. The typical meteorological year(TMY) for 
Coimbatore is available from NREL (National Renewable Energy Laboratory); for other representative 
cities, ISHRAE is the source.  

5.1 Construction Details 

The exterior wall considered is a 0.2m thick brick wall and insulated with polystyrene with 20mm plaster 
on either side and the interior wall considered is 0.12 m thick brick wall with 20mm plaster on either 
side and has been assigned adiabatic. Floor/Roof is 0.15m RCC and has been assigned adiabatic. False-
ceiling roof with acoustic tiles, with air-gap in-between the ceiling and the false ceiling, has been 
provided. This spandrel portion of the façade is considered opaque and is not included for optimization 
but the heat flow from that is being considered. The major heat flow is through the STPV window. 
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5.2 Schedule of simulation hours 

 The working hours considered is from 8 am to 6 pm, each day. Weekdays are taken from Monday to 
Friday. Saturday is being considered as a partial working day and a fraction of 0.3% to 0.5% of normal 
equipment used are being considered. Simulation is performed for one complete TMY. Occupancy is 
being set at one person per 9m2. Infiltration: The number of air changes per hour (ACH) being 
considered is 0.5 per hour. 

5.3 Lighting control  

Whenever lighting levels are below 500 lux, artificial lighting is activated. Three sensors are devised to 
monitor the simulation models for lighting levels. The lighting consumption here is calculated as 10.8 
W/m2 . Shading by blinds is not activated in both the daylight upper section and the middle view section 
as STPV itself contributes to some amount of shading. In addition to this, a previous study has proven 
that with and without glare, the control has produced similar visual results in the optimal STPV design 
(Choo and Janssen, 2014). 

Hourly simulations are carried out for one complete typical year to calculate the PV energy 
produced, cooling, heating, and lighting energy needed for varying parametric functions as previously 
described. Simulations are also carried out for a standard glazing unit for varying room depths and 
orientations to find the net energy needed for a conventional glazing unit as described in Table 1. The 
results are compared with the optimized STPV façade for varied orientations. 

5.4 Optimization 

 
 The building simulations were run in 
EnergyPlus. The GenOpt software was used 
to automate the process of exploring the 
solutions via the Mesh algorithm, which 
searches all possible solutions on a 
mesh.(Figure 3) The solar transmittance and 
module efficiency for amorphous silicon 
thin film of varying transparencies are 
adapted from previous research (Kapsis, 
2016). The solar reflectance, visible 
reflectance, and thermal conductivity of 
amorphous silicon PV glass of various 
transparencies (middle window) and 
polysilicon PV glass (upper and lower 

windows) are derived from the ONYX 
SOLAR's technical document on BIPV and 
previous research (Kapsis, 2016). 

Figure 3-A Screenshot of optimization using EnergyPlus 
and GenOpt 
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6. Results, discussion, and validation 

The results of optimization generally observed for all the cities are mentioned below. The duration of 
each simulation run was about 25minutes. Amorphous silicon of 10% transparency forms the optimized 
transparency for the middle section for all the representative cities for the orientations of east, west, 
and south except north with 4m room depth. 

 

Figure 4.Typical three-section façade after optimization for 4 m room depth 
 

Shorter room depth of 4m: For shorter room depths especially for 4m, the cooling load is more pronounced 
compared to 8m and 12m room depths. Amorphous silicon of  10% transparency performs better in reducing the 
cooling load. Therefore, the dimensions of the optimized STPV façade for 4m room depth maximizes in the middle 
‘view-section with 2.9 m upper height and 0.1m in the lower height. This holds well for all representative cities and 
all the four orientations (Figure 4). Energy offset by the façade for shorter room depths is more than that of the long 
room depths. This is because the area of the façade is the same for shorter and longer room depths. 

For the north, as the irradiation received and PV energy produced is very less compared to other orientations, 
cooling load savings are more pronounced. So, for all the climates of five representative cities except Bengaluru, the 
dimensions of the optimized façade maximize with amorphous silicon of middle section with 2.9 m upper height 
and 0.1m/0.3m lower height for all room depths of 4m, 8m, and 12m. For all the representative cities, for 4m north, 
optimal amorphous silicon transparency is found to be 20%, and for 8m and 12m north optimal amorphous silicon 
transparency is found to be 10%. (Figure 4). For north orientation, as it receives the minimal radiation, for better 
lighting, amorphous silicon transparency of 20% maximizes in height only in the case of 4m depth. 
 

Longer room depths 8 m and 12m: For longer room depths (8m and 12m), savings due to PV energy produced 
by the polysilicon cells in the upper ‘daylight' section is more pronounced than the cooling load savings achieved by 
the maximum amorphous silicon with 10% transparency. Therefore, the dimensions of the optimized façade for 8m 
and 12m room depth have the polysilicon upper ‘daylight' section increased to the maximum height from 2m to 3m, 
the middle ‘view-section’ with 10% amorphous silicon transparency is made optimal up to 2 m in height, and the 
lower polysilicon ‘bottom sill section’ has either 0.3m or 0.1m height for all the representative cities and with the 
orientations of east, west, and south (Figure 5). However, there are exceptions such as in one case for Coimbatore 
where 12 m depth and for west orientation, amorphous silicon transparency with 10% maximizes in height to 
increase the savings from the cooling load. 
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Figure 5 Typical three-section façade after optimization for 8m and 12m room depths 

 

Energy Savings: For Coimbatore, for east orientation, energy savings are 46% and 23% for 4m and 12m room 
depths as compared to those with standard glazing. For New Delhi, for south orientation, energy savings are 52% 
and 25% for 4m and 12m in comparison with that of standard glazing. Among orientations, when energy savings are 
taken into account, for Coimbatore and Bengaluru, as they are located lower in the northern latitude, have their 
BIPV energy savings more for east and west orientations when compared to south orientation. For NewDelhi, 
Mumbai, and Ahmadabad, as they are located, higher in the northern latitude, BIPV energy savings are more in the 
south and next come east and west as most of the time the sun is in the south. The savings are guided by the 
irradiation values received by the façade. These savings reflect in the payback of BIPV, net energy consumption, 
which corresponds to solar irradiation received as discussed above. The EPI’s or energy performance indices for 
Coimbatore, New Delhi, and Bengaluru are below the benchmark EPI given by the ECBC. A maximum of 9% increase 
is found for Mumbai and a maximum of 13% increase is found for Ahmadabad than the benchmark of EPI values 
prescribed by the ECBC.  

6.1.BIPV and economical analysis  

Based on the above BIPV simulation and optimization, a simple payback analysis is done as against a 
standard DGU (double-glazed unit). Information-technology-based offices come under industries. 
Therefore, the industrial tariff for all the representative cities is considered apart from the commercial 
category.  

The first case would be the recovery of excess cost from that of DGU, from savings by using the BIPV. 
These savings would include cooling load savings and savings from PV power generation. While the 
excess cost of STPV from that of a standard DGU could be recovered in less than 7.6 years for the south, 
east, and west for commercial and industrial tariffs for Coimbatore, NewDelhi, Mumbai, and Bengaluru 
due to higher utility tariff rates; for Ahmadabad, due to lower tariff rates, it is  6.7 years for the south to 
9 years for the east. (Tamil Nadu EB tariff order2019, Delhi EB  tariff order2019, Mumbai EB tariff order 
2019, Ahmadabad EB tariff order 2019, Bengaluru EB tariff order 2019). 

The second case is the capital recovery of BIPV/STPV from PV electricity generation and cooling load 
savings. The capital cost recovery for a commercial tariff is less than 11 years for all the cities except 
Ahmadabad for all orientations except the north. Capital cost recovery for an industrial tariff is less than 
11 years for all orientations except the north, only for NewDelhi, Mumbai, Coimbatore(E&W) and 
Bengaluru.(For Coimbatore, for the south, for 4m, it is 12.9 years and for 12m, it is 12.1years). For 
Ahmadabad for all the orientations, it is more than half the lifetime of BIPV for industrial tariff due to 
lower tariff rates. For the north, for all the orientations and all the representative cities, payback is more 
than 12.5 years, which is more than half the lifetime of BIPV.  
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Energy performance and optimal semi-transparent/building-integrated photovoltaic (STPV/BIPV) façade 
configuration for typical perimeter offices in representative cities of various climates in India  

The above-mentioned results of this optimization would guide architects and designers with design 
decisions to choose the optimal configuration of BIPV/STPV prescribed for Indian cities representing 
various climates in India. If the lowest net energy is preferred amorphous silicon of 10% transparency 
could be chosen and if more naturally lit environment is needed amorphous silicon 20% could be chosen 
though it slightly compromises on cooling load. For the current study, a curtain wall glazing more than 
90% of WWR is considered. The future inquiry could consider optimization with varying WWR for all 
representative cities. Optimization including daylight autonomy is proposed for future research.  

Table 3.Savings of optimized STPV configurations for varied room depths and orientations compared to 
standard glazing for Coimbatore 

 

SOUTH  EAST  

Room depth 
/glazing type 

Energy 
generate
d from 
STPV 
kWh/a-
Si- Trans 
in % 

Cooling 
load 
kWh 

Lightin
g load 
kWh 

Heati
ng 
load 

kWh 

Net 
energy 
kWh/ 
YR  

EPI/m2/ 

YR 

Savings 
in kWh 
/YR 
Savings 
in % 
 

Room depth 
/glazing type 

Energy 
generated 
from STPV 
kWh /a-Si- 
Trans in% 

Coolin
g load 
kWh 

Lighting 
load 
kWh 

Heatin
g load 

kWh 

Net 
energy 
kWh/ YR  

EPI/m2/ 

YR 

Savings 
in 
kWh/YR 
Savings 
in % 

4 m 
Optimized 997/10% 3672 184 0 

2859/1
78 

 

4 m Optimized 
1134/10% 4060 198 0 3123/195 

 4m Std 
Glazing 0 4938 17 0 

4956/3
09 2097/42 

4M Std Glazing 
0 5736 26 0 5763/360 2640/46 

8 m 
Optimized 

1124/10
% 6501 836 0 

6214/1
94 

 

8 m Optimized 
1311/10% 6874 813 0 6376/199 

 8 m Std 
Glazing 0 7708 574 0 

8283/2
58 2069/25 

8 m Std 
Glazing 0 8623 584 0 9207/287 2831/31 

12 m 
Optimized 

1124/10
% 9009 1281 0 

9167/1
90 

 

12 m 
Optimized 1279/10% 9326 1251 0 9298/193 

 12 m Std 
Glazing  0 10233 983 0 

11217/
233 2050/18 

12 m Std 
Glazing 0 11135 974 0 

12109/25
2 2811/23 

NORTH  WEST  

Room 
depth/glazing 
type 

Energy 
generate
d from 
STPV 
kWh /a-
Si- Trans 
in % 

Cooling 
load 
kWh 

Lightin
g load 
kWh 

Heati
ng 
load 

kWh 

Net 
energy 
kWh/Y
R 
EPI/m2/ 

YR 

Savings 
in 
kWh/YR 
Savings 
in % 

Room 
depth/glazing 
type 

Energy 
generated 
from  STPV 
kWh /a-Si-
Trans in % 

Cooling 
load 
kWh 

Lighting 
load 
kWh 

Heatin
g load 

kWh 

Net 
energy 
kWh/ YR 
EPI/m2/ 

YR 

Savings 
in 
kWh/YR 
Savings 
in % 

4 m 
Optimized 618/20% 3139 109 0 

2630/1
64 

 

4 m Optimized 
1084/10% 4003 171 0 3091/193 

 4 m Std 
Glazing 0 3815 19  

3835/2
39 1205/31 

4 m Std 
Glazing 

 
5539 12 0 5551/346 2460/44 

8 m 
Optimized 656/10% 5761 864 0 

5968/1
86 

 

8 m Optimized 
1222/10% 6815 790 0 6383/199 

 8 m Std 
Glazing 0 6538 604 0 

7142/2
23 1174/16 

8 m Std 
Glazing 0 8395 546 0 8941/279 2558/29 

12 m 
Optimized 656/10% 8270 1330 0 

8944/1
86 

 

12 m 
Optimized  1084/10% 9191 1188 0 9296/193  

 12 m Std 
Glazing 0 9055 1068 0 

10123/
210 1179/12 

12 m Std 
Glazing 0 10897 921 0 

11818/24
6 2522/21 
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Abstract: Towards making cities and human settlements inclusive, safe, resilient and sustainable, the 
aim of this paper is to explore on the provision of low-income housing for the victims of typhoons that 
hit in the island of Mindanao, Philippines. Specifically, this sought to assess housing and relocation sites 
provided by the government, aid agencies, private and non-government organizations; investigate on 
the use, modification and incremental construction of houses by the inhabitant beneficiaries during 
occupancy; and, analyse the social construction of low-income housing contributed by various social 
actors (political, economic and cultural) in the formation of the built environment towards climate 
change adaptation and disaster risk reduction. Informed by fieldwork data covering 11 housing cases, 
this paper highlights the social construction of low-income housing demonstrated by the valuable 
contribution of the people who, in the case of developing countries, are actors both in socio-economic 
and socio-cultural processes. Thus, putting the people at the centre of housing and urban development 
interventions, an inclusive built environment is realized for the future of cities, most specially in 
developing countries that need urgent attention towards being safe, resilient and sustainable.  

Keywords: Climate change, low-income housing, socio-spatial processes, Philippines. 

1. Introduction 

The Philippines, uniquely located at the circum-Pacific ring of fire, is one of the countries that are 
vulnerable to natural hazards and disasters. In 2018, the country ranked third, of the 172 countries 
covered by the World Risk Index report, with a disaster risk index value of 26.70. The Philippines 
together with Vanuatu as the country with the highest disaster risk (index value: 50.28) and followed by 
Tonga in second place (index value: 29.42) are characterised with very high exposure to extreme natural 
events such as cyclones or earthquakes (World Risk Report, 2018, p. 6). In the case of the Philippines, 
this is evident in the occurrence of an average of 20 typhoons per year, and annual events of droughts 
and floods brought by El Niño and La Niña phenomena, respectively. In November 2013, Typhoon 
‘Yolanda’ (international name: ‘Haiyan’), one of the strongest typhoons on record, struck in the central 
part of the Philippines, mostly in the Visayas archipelago. As reported, the super typhoon had sustained 
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winds of 235 kph (147 mph) with gusts of 275 kph (170 mph) when it made landfall. By these 
measurements, Typhoon ‘Yolanda’ would be comparable to a strong Category 4 hurricane in the U.S., 
nearly in the top most Category 5 (Inquirer, 2013). The island of Mindanao that was not in the usual 
path of storms, located at the southern part of the country, rarely experienced strong typhoons. 
However, recently, three notable typhoons severely hit the island namely: ‘Sendong’ in December 2011 
(Malig, 2011); ‘Pablo’ in December 2012 (Legaspi, 2012); and, ‘Vinta’ in December 2017 (ABS CBN, 
2017). ‘Pablo’ was considered as the most damaging typhoon especially to the coastal municipalities, 
located at the eastern part of the island of Mindanao, facing directly to the Pacific Ocean. In the context 
of high disaster risk index associated with high level of societal vulnerability, the conditions of a society 
and the ability of a government to respond in the event of emergency are significant considerations in 
the formulation of frameworks for climate change adaptation and disaster risk reduction strategies. 

2. Background to the study 

2.1. Climate change adaptation and disaster risk reduction policies in the Philippines 

The Philippines, like most parts of the world, also exhibited increasing temperatures. The Department of 
Science and Technology - Philippine Atmospheric, Geophysical and Astronomical Services Administration 
(PAG-ASA) observed that the mean temperature during the period 1951 to 2010 had an increase of 
0.648 °C, or an average of 0.0108 °C per year-increase. The maximum (daytime) temperatures and 
minimum (night time) temperatures were also seen to have increased by 0.36 °C and 1.0 °C, 
respectively. These observed mean and annual maximum temperature anomalies in the Philippines 
(1951 to 2010) were based on comparison with the 1971-2000 normal values (PAG-ASA, n.d.).   

To address climate change issues and for adaptive, safe and disaster resilient communities, the 
Philippine government enacted the following major policies: Republic Act (RA) No. 9729, also known as 
the ‘Climate Change Act of 2009’ (Republic of the Philippines, 2009); RA 10121, also known as the 
‘Philippine Disaster Reduction and Management Act of 2010’ (Republic of the Philippines, 2010); and, RA 
10174, an act establishing the People’s Survival Fund (Republic of the Philippines, 2011). To fulfil the 
requirements of RA 10121, the Office of Civil Defence formulated and implements the National Disaster 
Risk Reduction and Management Plan (NDRRMP) and ensures that the physical framework, social, 
economic and environmental plans of communities, cities, municipalities and provinces are consistent 
with such plan.  For the implementation of NDRRMP 2011-2028, the following national government 
agencies are identified to lead on each of the four thematic areas. They are the Department of Science 
and Technology for disaster prevention and mitigation; the Department of Interior and Local 
Government for disaster preparedness; the Department of Social Welfare and Development for disaster 
response; and, the National Economic Development Authority for disaster rehabilitation and recovery 
(NDRRMC, n.d.).  

2.2. Incremental construction, evolution and socio-spatial processes in low-income housing 

Previous studies revealed the socio-spatial processes in relation to incremental construction and 
evolution of low-income housing found in progressive urban settlements.  It was observed that the 
stages of incremental construction of houses were directly related to the degree of security of tenure. 
This was exemplified when a simple dwelling in an informal settlement was upgraded with permanent 
building materials and standard methods of construction, in the course of development, when the 
inhabitants’ degree of security improved (Malaque III et al., 2015). Furthermore, connecting the 
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incremental constructions of housing cases representing the range of housing types from informal to 
formal, the evolution of a house was modelled. This was demonstrated how a simple shack in a squatter 
settlement evolved to become permanent piece of formal architecture which could be one- or two-
storey residential building in due course of development (Malaque III et al., 2016). These dynamic 
spatial processes found in progressive urban settlements reflect the various social factors apparent in 
developing country conditions. Eventually, this redefines the actor of a socio-spatial process in the 
formation of built environment originally defined by Madanipour (2006) from the point of view of urban 
design. Specifically, according to Madanipour (2006, p. 174), the socio-economic process reflects the act 
of the producers identified as ‘those who build the city, predominantly developers and their financiers 
and team professionals, including designers and construction companies’. However, in the context of 
informal urban development in developing countries, the urban poor themselves are identified as the 
main producers demonstrated in self-help housing schemes observed in the incremental construction 
and evolution of low-income housing found in progressive urban settlements. In terms of access to 
finance, the urban poor, who mostly relied on transient urban labour and other forms of informal 
income and would not qualify to avail formal housing loans, formed themselves into community savings 
organisations. Furthermore, in terms of technical and other forms of assistance, the intervention of 
NGOs in urban poor housing provision brought the design professionals and civic organisations to offer 
technical support, labour and sweat equity in the construction of houses (Malaque III et al., 2016, p. 96). 
Thus, in the context of informal urbanisation in developing countries, the urban poor who are the users 
(socio-cultural actors) are also defined as the producers (socio-economic actors) of housing and the built 
environment.  

3. Aims and objectives 

The Agenda 2030 for Sustainable Development, which is aimed to end poverty, protect the planet and 
ensure prosperity for all, stresses the point that everyone do their part, with among other key actors, 
putting the people at the centre. Furthermore, the Sustainable Development Goal 11 aims to ‘make 
cities and human settlement inclusive, safe, resilient and sustainable’ (UN-HABITAT, 2017). Parallel to 
the call of Agenda 2030 for Sustainable Development, this paper emphasizes the valuable contribution 
of the people and maintains that low-income housing is socially constructed as exhibited in the 
incremental construction, evolution and socio-spatial processes unique to the conditions of a developing 
country (Malaque III et al., 2015; 2016). In the Philippines, being vulnerable to natural hazards and 
disasters, major policies were enacted to address climate change issues for adaptive, safe and disaster 
resilient communities. However, in the context of social construction of housing, there is a need to 
explore on the contribution of the people in housing provision and formation of the built environment 
towards climate change adaptation and disaster risk reduction. Thus, the aim of this paper is to explore 
on the provision of low-income housing for the victims of typhoons that hit in the municipality of Cateel, 
province of Davao Oriental in the island of Mindanao, Philippines. Specifically, this sought to assess 
housing and relocation sites provided by the government, aid agencies, private and non-government 
organizations; investigate on the use, modification and incremental construction of houses by the 
inhabitant beneficiaries during occupancy; and, analyse the social construction of low-income housing 
contributed by various actors (socio-political, socio-economic and socio-cultural). From the point of view 
of socio-spatial processes (Madanipour, 1996; 2006), specifically with a redefined actor in the socio-
economic process in developing country context (Malaque III et al., 2016), the discussion of this paper 
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emphasises the importance of political, economic and cultural factors in the formulation of climate 
change adaptation and disaster risk reduction strategies.  

4. Case study area and selection of housing cases 

This paper utilised fieldwork data from the comprehensive study of Golimlim (2019) conducted in the 
municipality of Cateel, province of Davao Oriental, island of Mindanao, Philippines in October 2018. 
Cateel is considered as one of the oldest towns in Southern Mindanao (Davao) region. The settlement 
was originally established in 1840, but in later years, the town centre (Poblacion) was moved to the 
coastal area directly facing to the Pacific Ocean since the inhabitants’ main source of livelihood is 
fishing. Cateel officially became a municipality in 1903. Maintaining the same political status until now, 
the municipality has a total land area of 55,556 hectares with a total population of 40,704 (2015 Census 
of Population) and an average annual growth rate of 1.11% (PSA, 2017). Considering its geographical 
location, Cateel is highly exposed to natural hazards and disasters. Being badly hit by Typhoon ‘Pablo’ in 
2012, and for being the major recipient of housing and relocation assistance for typhoon victims in the 
region, the municipality of Cateel was chosen as the case study area. Out of 30 housing cases covered by 
the comprehensive study of Golimlim (2019), 11 housing cases were chosen to be included in this paper, 
representing the various modes or agencies of housing provision and assistance (Table 1). 

Table 1: List of housing cases included in this paper. 

Case number Housing provision and assistance Years of occupancy 

DOS-02 
DF-03 

Department of Social Welfare and Development (DSWD) 
DSWD and provincial government of Davao Oriental 

5 
4 

DLT-03 DSWD and Lucio Tan private companies 2 
NHA-02 National Housing Authority (NHA) 5 
CISP-01 Caritas Internationalis  6 
GK-02 Gawad Kalinga 5 
PRCA-01 Philippine Red Cross 5 
IFRC-03 International Federation of Red Cross and Red Crescent Societies 6 
DSH-02 
NSH-01 
SH-01 

DSWD; Self-help housing 
NHA; Self-help housing 
Self-help housing 

1 
4 
6 

5. Data collection, analysis and results 

The comprehensive study of Golimlim (2019) was guided by a list of housing beneficiaries affected by 
Typhon ‘Pablo’ in 2012 provided by the local government unit (municipality) of Cateel through its 
Municipal Disaster Risk Reduction Management Council. Purposive sampling technique was used to 
select housing cases to represent various forms of housing assistance from the government, non-
government and private organisations, including those with apparent modifications by the inhabitants 
themselves during occupancy. Fieldwork activities include physical documentation of relocation sites 
and houses; personal interviews with householders and key informants from government agencies; and, 
focus group discussions with selected housing beneficiaries. To discuss the provision and social 
construction of housing in this paper, 11 housing cases (Table 1) were chosen, from various modes of 
provision and assistance, to explore on the modifications made by the inhabitants during occupancy as 
their own strategies towards climate change adaptation and disaster risk reduction. 
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5.1. Housing provision by the government, non-government and private organisations 

Housing provision by the national government were implemented by the Department of Social Welfare 
and Development (DSWD) and the National Housing Authority (NHA) in various sites. In the case of a 
housing site developed by DSWD located in San Alfonso (e.g. case no. DOS-02), core housing units were 
provided with total floor area of 25 square meters (sqm.) (Figure 1(a)) and made of permanent building 
materials such as concrete for the floor and walls, and galvanised iron (GI) sheets installed on steel 
trusses and purlins for the roof (Figure 2(a)). On another site located in San Rafael, housing units (e.g. 
case no. DLT-03), with the same house model in San Alfonso site, were provided by DSWD in partnership 
with Lucio Tan private companies. Moreover, DSWD in partnership with the provincial government of 
Davao Oriental provided housing units located in Aragon. These housing units (e.g. case no. DF-03) had 
total floor area of 25 sqm. and made of semi-permanent building materials such as plywood installed on 
coco lumber frames for the walls, and GI sheets installed on coco lumber rafters and purlins for the roof. 
In the case of NHA, core housing units (e.g. case no. NHA-02) located in San Alfonso were provided as 
semi-attached houses with total floor area of 21 sqm. (Figure 1(b)) and made of permanent building 
materials such as concrete for the floor and walls, and GI sheets installed on steel purlins for the roof. All 
these DSWD and NHA house models were initially provided as core housing units with open plan. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                   (a)                                                                                          (b) 

Figure 1: Core house floor plans initially provided by DSWD (a) and NHA (b) and the modifications made 
by inhabitants during occupancy. 

 

Housing assistance from NGOs were provided by the Caritas Internationalis and the Gawad Kalinga. 
In the case of Caritas Internationalis Shelter Program, housing units (e.g. case no. CISP-01) were 
provided with total floor area of 18 sqm. and mostly made of semi-permanent materials such as coco 
lumber and wood for the building structures from the floor joists, wall frames and to the roof rafters 
and purlins. For the roof covering, GI sheets were installed. Despite being made of semi-permanent 
materials, the main building structure was built elevated on stilts with permanent concrete material for 
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footings (Figure 2(b)). In the case of Gawad Kalinga, two-storey housing units (e.g. case no. GK-02) with 
total floor area of 45 sqm. were built in row houses in a relocation site in Poblacion. These row houses 
were made of permanent building materials such as concrete for the ground floor and walls, hardwood 
for the second floor and GI sheets installed on steel purlins for the roof. The Caritas Internationalis 
Shelter Program was an on-site housing assistance implemented on the same location were housing 
beneficiaries originally settled. On the other hand, the Gawad Kalinga was an off-site housing 
development intended for a group of housing beneficiaries relocated in a new site known as GK Village.  

 

 

 

 

 

 

 

 

 

(a)                                                                                   (b) 

Figure 2: Reconstructed house models initially provided by DSWD (a) and Caritas Internationalis (b). 

 

Housing assistance were also provided by other aid agencies such as the Philippine Red Cross and the 
International Federation of Red Cross and Red Crescent Societies. Housing assistance from the 
Philippines Red Cross were intended for landless victims of Typhoon ‘Pablo’ whose houses were totally 
damaged. Typical housing units (e.g. case no. PRCA-01) had total floor area of 21 sqm. and made of 
semi-permanent (coco lumber for wall and roof structures) and local (bamboo slits for wall coverings) 
building materials. The typical non-permanent building structure was built elevated on stilts made of 
concrete footings. On one hand, housing assistance from the International Federation of Red Cross and 
Red Crescent Societies were intended for typhoon victims who previously settled on landslide and flood 
prone areas. Typical core housing units (e.g. case no. IFRC-03) had total floor area of 22 sqm. and mostly 
made of permanent building materials such as concrete for the foundation, floor and lower half of walls, 
and GI sheets for the roofs. The upper half of the walls were covered with plywood installed on coco 
lumber frames. Typical house models by both aid agencies were initially provided as core housing units 
with open plan. Furthermore, the use of semi-permanent and local building materials allowed more 
flexibility for the inhabitants in the expansion and incremental improvement of their dwelling units.  

5.2. Self-help construction of houses 

The DSWD provided core housing units made of permanent building materials such as concrete for the 
floor and walls, and GI sheets for the roof in a relocation site in Sta. Felomena. However, the site is 
situated in a flood prone area. As shown and indicated in Figure 3(a), flood water enters into the interior 
of the house during seasonal flooding. Furthermore, with cracks on the walls, and leakage on the roof 
and ceiling during rains, housing beneficiaries opted not to settle on the provided housing unit and built 
their own house on the same lot with elevated living spaces built on stilts safe from seasonal flood 
water level. Figure 3(b) shows a sample housing unit (case no. DSH-02) with total floor area of 23 sqm. 
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As self-help and informal housing structure, the house was made of local assorted building materials 
such as coco lumber, bamboo slits and recycled wood planks for the floor and walls, and combination of 
recycled GI sheets, nipa shingles and used tarpaulin for the roof.  

 

 

 

 

 

 

 

 

                                                   (a)                                                                               (b) 

Figure 3: Core housing unit provided by DSWD (a) and self-help housing unit (b) on the same site. 

 
In the case of housing and relocation site provided by NHA in San Alfonso, it was found distant away 

from the beneficiaries’ source of livelihood that is farming. Because of the location, housing 
beneficiaries built their own (self-help) houses near their farms while maintaining possession of the 
housing units at the relocation site awarded to them. As an example, shown in Figure 4(a), a self-help 
housing unit (case no. NSH-01) was built at the farm of a beneficiary, which is a two-storey house with 
total floor area of 72 sqm. The entire ground floor was made of concrete, the entire second floor was 
made of wood, and the roof was covered with GI sheets installed on wood trusses and purlins.  

For the inhabitants of houses that were not totally damaged during Typhoon ‘Pablo’, they were not 
given the first priority for housing assistance. Thus, they built and reconstructed their own houses purely 
in self-help manner. As an example, shown in Figure 4(b), an informal housing unit (case no. SH-01) with 
total floor area of 18 sqm. was made of light building materials such as recycled wood planks for the 
walls and recycled GI sheets for the roof. These self-help houses, viewed as informal housing structures, 
were built based on indigenous knowledge of the inhabitants resembling characteristics of vernacular 
architecture.  

 

 

 

 

 

 

 

 

                                                 (a)                                                                                 (b)         

Figure 4: Self-help housing units.  
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6. Discussion: incremental and social construction of low-income housing 

The socio-political process reflects the act of the regulators mainly identified by Madanipour (2006) as 
the government. In the case of the Philippines, the government’s role in urban development reflected in 
planning is manifested in the provision of low-income housing for typhoon victims in the island of 
Mindanao presented in this paper.  As shown in Figure 1, core housing units made of standardised 
permanent building materials were initially provided by DSWD and NHA. While NHA had been the usual 
national government agency involved in housing provision, the DSWD in this case was mainly involved 
because housing assistance was a major component of the mandated response to disaster. The initial 
provision of core housing model means minimal cost to the government, which also allows more 
flexibility for the inhabitants in the modification or incremental construction of their housing units 
during occupancy. On the other hand, while the socio-economic process reflects the act of the 
producers (Madanipour, 2006), in the Philippine context observed by Malaque III et al. (2016), the low-
income population themselves act as the producers demonstrated in the incremental housing 
construction and self-help housing schemes. Figure 1(a) shows the inhabitants’ own interior partitioning 
in the core house (provided by DSWD) and the expansion for additional living spaces to accommodate 
their needs during occupancy. In the case of a housing unit provided by NHA (Figure 1(b)), the semi-
attached core house served as a bedroom during occupancy with other living spaces provided in the 
expansion area of the house. With the initial provision of a core house provided by the government 
coupled with the modification by the inhabitants during occupancy, the collaboration between the 
government and the people is reflected in the architecture of the house as its by-product. 

Producers of the built environment identified by Madanipour (2006) are those who build the city, 
predominantly the developers, their financiers and design professionals. In the Philippine context, the 
NGOs played an institutional role in bringing the design professionals and civic organisations to offer 
technical support, labour and sweat equity in the construction of houses (Malaque III et al., 2016). 
Unlike in standardised core housing units provided by the government (e.g. through DSWD and NHA), 
housing units (e.g. shown in Figure 2(b)) provided by an NGO, the Caritas Internationalis, were built 
elevated on stilts made of permanent concrete footings. Despite made of semi-permanent building 
materials, being built elevated on stable concrete footings, the house at first instance, is safe against 
seasonal flooding, among other elements of nature. The use of semi-permanent building materials, 
aside from being economical in nature, allows more flexibility for the inhabitants in the modification or 
incremental construction of their housing units during occupancy.  

The valuable contribution of the inhabitants in the formation of the built environment is also 
demonstrated in the socio-cultural process reflected in the act of the users identified as the urban 
society (Madanipour, 2006), or in the Philippine context, the low-income population (Malaque III et al., 
2016). For example, the failure of the government to provide an ideal housing prompted the 
beneficiaries to build their own dwellings adapted to climatic conditions, safe and resilient against 
natural hazards and disasters, despite being built based on indigenous knowledge using locally available 
semi-permanent building materials. This is exemplified in a housing case shown in Figure 3 where a self-
help housing unit was built elevated on stilts as alternative to a government provided standardised 
housing unit uninhabitable for being vulnerable to seasonal flooding. In the same case, when a 
relocation site was situated away from their source of livelihood, or in any case, they were not given the 
first priority as housing beneficiaries, the inhabitants opted for self-help housing schemes reflecting the 
same qualities of vernacular architecture (Figure 4).  



449 

 

Socio-spatial processes in the construction of low-income housing towards climate change adaptation 
and disaster risk reduction 

 

7. Conclusion 

Towards climate change adaptation and disaster risk reduction, various strategies were applied by 
different agencies in housing provision. In housing units provided by the government, non-government 
and private organisations, mitigating measures against flooding include the construction of houses 
elevated on stilts; filling-in of the ground for elevation; raised concrete flooring; and, provision of 
drainage canals. Moreover, upon occupancy, the inhabitants themselves made modifications to their 
housing units. The incremental construction includes the addition of rooms and other living spaces; and, 
the enhancement of housing structures based on local indigenous knowledge in response to climate 
change and preparedness to disasters. In preparation against strong winds, mitigating measures include 
the use of old tyres and wood for additional weight on the roof; and, tying of the roof structure to stable 
trees. In response to rising temperature, adaptation strategies include the provision of balconies; use of 
natural building materials; application of basic passive cooling design elements; and, planting of trees 
and shrubs.  

The architecture of low-income housing exemplified in this paper represents the contributions of 
socio-political, socio-economic and socio-cultural actors in the formation of built environment in the 
following manner. Firstly, the socio-political process, with the government as actor, is illustrated by the 
delivery of standardized core housing units to housing beneficiaries. Secondly, the socio-economic 
process, with the assistance of NGOs and aid agencies, also includes the contribution of the inhabitants. 
Finally, the socio-cultural process, with people as the main actors, is demonstrated by the modification 
and incremental construction of initially provided core housing units by the inhabitants themselves 
during occupancy based on local indigenous knowledge, in the same manner with self-help housing, 
reflecting the qualities of vernacular architecture.  

Aimed towards climate change adaptation and disaster risk reduction, this paper highlights the social 
construction of low-income housing demonstrated by the valuable contribution of the people who in 
the case of developing countries are actors both in socio-economic and socio-cultural processes in the 
formation of the built environment. Thus, putting the people at the centre of housing and urban 
development interventions, an inclusive built environment is realized for the future of cities, most 
specially in developing countries that need urgent attention towards being safe, resilient and 
sustainable.  
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Abstract: Mysuru a city in Karnataka, India, renowned for it’s stately monuments and urban planning, 
has a horde of little known residential buildings that are indicative of the cultural and societal makeup of 
the populace contributing to the architectural heritage of the city. One such residential typology fairly 
ubiquitous in Mysuru, the “agrahara” is quintessential to the Brahmin community and consists of 
houses that are relatively simple in style compared to other residential typologies found in the city, but 
the dynamism that comes to the fore when organized as a settlement is of considerable social 
dimension. The houses impose close proximity of the neighbours but there exists clear boundaries 
between them, which are defined by physical or visual architectural features. This paper looks at the 
influence of social customs on spatial composition of the “agrahara” and the architectural 
manifestations that in turn promote human relationships, religious practices and interaction with 
natural environment. The research shall focus on the relation of the public street to the private house 
addressed by a transitional space called the “jagali” that plays an important part in extending the house 
to the street, which in turn becomes an integral part of community life. 

Keywords: Mysuru; agrahara; jagali; community. 

1. Introduction 

Mysuru, (formerly known as Mysore) the erstwhile capital of the Wodeyar dynasty in the state of 
Karnataka, has a historical background that dates back to the 14th century and the customs, traditions 
and religious beliefs are upheld by the society and promoted by the Royal Wodeyar family even in 
present times. The built heritage is often a window offering glimpses of the cultural heritage of a society 
and as such has a uniqueness that is identifiable with the place. Of the several residential typologies or 
mane (house) such as the ara-mane (palace), thotti-mane (courtyard house), angadi-mane (house with a 
shop) or colonial bungalow, the agrahara, consisting of numerous row houses with shared walls, is 
unique in building configuration and socio cultural significance. 

Traditionally the agrahara, found in South India (also called “agraharam” in the neighboring state of 
Tamil Nadu) is an “exclusively Brahman residential street or quarter”1  “assigned to them by royalty for 
their maintenance”. 2 The Sanskrit word “agra” – first and “hara” – garland (of houses, usually around a 
temple) 3 is literally translated into the built form, where the houses are arranged linearly in parallel 
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rows or in a ‘U’ formation which may or may not have a temple at the open end. Many agraharas 
were built in Mysuru in the 1900s such as Devamba, Nanjamamba, Devajamba, Laxamba, 
Kempamajamba, Cheluvamba, Lingamba, Krishnarajendrapura, Laxmivilas and Ramavilas.4 

2. The tale of two agraharas 

Of the two cases presented in the paper, Devirammanni agrahara and Rajaram agrahara, are the older 
settlements and the latter has been documented with measured drawing. The two are varied in 
ownership rights; built configuration and size that provides a comparison but still maintain the character 
of the agrahara. 

“A traditional house in an agrahara is typically long and narrow; it has a relatively small 
frontage on the street but behind the front door extends a long way. At the front is the 
veranda, the door at the back of the veranda opens on to a courtyard partly open to sky, 
surrounded on three sides by a hall. At the back of the hall in a corner is a cupboard – the 
domestic shrine or puja shelf containing small images or pictures of the deities. Behind the 
hall is the kitchen and behind that is the second portion, a storeroom for food known as 
the daughter – in – law’s room. At the rear section are a cowshed and a garden, extending 
to the far end of the site, where there is a back door. In a large house, there may also be 
extra rooms of the hall, a separate shrine room, a separate granary, and so on; the biggest 
houses have an upper storey as well.”5 

2.1. Devirammani agrahara 

Regarded as the one of the oldest agraharas it is situated in the heart of the city, next to the royal palace 
complex. The linear configuration of 24 row houses owned by the residents, of varied sizes is arranged 
in parallel rows on either side of a secondary street, at the end of which is a temple dedicated to the 
Hindu god Ganesha. (Figure. 1) 

 

 

 
Figure 1: Devirammani agrahara, Mysuru. 

 



453 

 

The agraharas of mysuru 

 

Originally the houses in Devirammanni agrahara followed the typical rectangular configuration, with 
a narrow front comprising of the covered verandah known as “jagali” in the local Kannada language and 
built of brick, timber and black half cylindrical clay tiles for roof called the “nada henchu” (nada = 
country and henchu = tiles). Behind the jagali, the house extends linearly and ends abutting a street at 
the back. 

Although most are demolished to accommodate RCC framed multistorey apartment units, the few 
houses that retain the traditional character and the street emphasize the social space of the community. 
The street plays a dual role of a connector and a communal gathering area during festivals, religious 
events in the temple and ceremonial events like weddings etc. (Figure. 2) 

 

 
Figure 2: Devirammani agrahara – Street with few original houses. 

2.2. Rajaram agrahara 

According to one resident Mr. Aradhya (72) whose father also lived in the same house and other 
permanent residents, Rajaram Agrahara, was built to provide housing to the upper class Brahmins in 
1935. The patron Rajaram Modaliyar with the consent of the ruling Wodeyar king constructed this 
housing society for a price of Rupees 15000, with a rental of Rupees 2 per annum and the proceeds used 
to run a milk dairy that provided milk to the citizens, gratis. The municipal corporation now owns it and 
charges a rent of Rupees 20 per month and tenancy now includes not only Brahmins but Lingayats 
(another Hindu caste who worship Lord Shiva) as well. (Figure. 3) 
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Figure 3: Rajaram agrahara, Mysuru. 

 

Set in a land parcel measuring almost an acre (3611 Sq. M), 31 houses are arranged in 5 rows 
forming a U and the enclosed, densely landscaped central space of an area of 950 Sq. M has a small 
shrine worshipped by the community. Accessed from a community street through the ‘jagali’, the 
houses are constructed with brick walls, Kadappa stone or cement flooring and timber roof, covered 
with Mangalore terracotta tiles. (Figure.4) The typical housing unit of 18’ x 28’ (5.5 x 9 m) originally 
consisted of a living area, one bedroom and a kitchen that gave way to an open to sky but enclosed 
backyard with a toilet and a bath. The backyard further opened into a back street.  

 

 
Figure 4: Rajaram agrahara – Street, jagali of original houses and park. 

 

The central park in Rajaram Agrahara constituting 26% of the total land area is a defined social and 
leisure space for members of the community and serves as a playground for children. One senior citizen 
recalls that before the advent of the television, a “radio room” built in the park played popular songs in 
the evening to entertain residents gathered out on the jagali. This “radio room” was later converted into 
a shrine where religious rituals are still carried out. Indigenous trees and flowering plants in the park 
help keep the ambient air temperature lower. 
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3. Social customs and spatial compositions 

Comparisons between both agraharas reveal similarities that indicate influence of age-old social 
customs on the spatial compositions. The agrahara street was never a main thoroughfare road, but an 
exclusive one that led into the agrahara thus eliminating the possibility of non Brahmans and other 
lower caste people from entering the agrahara inadvertently.  

Brahmans were the priestly class and as such the temple in the agrahara was integral to the 
community to practice their faith. The members diligently maintained the temple and monetary 
donations were also contributed for its upkeep. 

The main façade of the house is deceptively small concealing the numerous spacious spaces at the 
rear, which were arranged in keeping with the social dictates of the Brahman community. 

 

“In the past, the space of a Brahman house was clearly graded according to it’s relative 
purity as well as markedly gendered. The veranda, outside the front door, was the least 
pure area, where visitors, including non – Brahmans, were received. Men mainly stayed on 
the verandah and in the hall and women remained in the kitchen, storeroom and back half 
of the house. The kitchen was also the pure center of the house, which was closed to 
anyone of lower status, including members of the family suffering pollution, especially 
menstruating women who were secluded in the back yard. As women did not go to the 
front of the house, they had to use the back door.”6 “Non Brahman and Adi Dravidar 
(Dalit) labourers came to the back door of a Brahman house to collect their wages.” 7 

 

And hence the back of the house opens into a utilitarian back street that supported household 
service activities such as goods delivery or refuse collection, and provided access for women and non-
Brahman servants. In present times the rules governing the way of life are not as rigid but the agrahara 
houses retain the spatial components of which the jagali is diversely employed and the back street is 
rarely used. 

4. The Jagali 

The relation of the public street to the private house is always in conflict – and the ‘jagali’, or ‘jagali 
katte’ - a feature found in the Agrahara house - is similar to a roofed verandah and an effective 
transitional element. It is a low height platform on either side of the main entry door, and the pathway 
leading to the door is level with the street. The Jagali does not have a physical barrier in the form of a 
railing or parapet, and the seamlessness is inviting and does not enforce a psychological barrier to 
maintain distance. 

As the housing units are typical and arranged in a row, the Jagali in front are connected and form a 
continuous corridor, only interrupted at the pathway leading to the main door. One house shares the 
Jagali space with two neighbours on either side, but there are clear boundaries created with choice of 
paint colour and at times cladding on the walls. Though at one arm of the ‘U’, sloping topography has 
influenced the siting of every two houses on a level below the preceding unit, creating a stepped Jagali. 
This stepped profile adds another dimension to the boundaries between houses, which the adults are 
mindful of, though not so much the children. 



456 A.V. Biradar, S.Papu 

 

 

This platform of 4’ (1.2m) depth and height of 18”(varies) is also a space that is conducive for 
multiple uses by multiple users of diverse age groups and hence has a daily chronological dynamism as 
seen in Rajaram agrahara. 

4.1. An aesthetic platform. 

The row houses in Rajaram agrahara are of identical plan and size with no physical boundary between 
the houses motivating residents to identify individual houses in creative ways and to place a virtual edge 
for their space. The covered jagali is the main façade of the house and consequently the walls, plinths, 
timber columns and beams supporting the roof of the jagali are painted with bright colours that 
distinguish one house from another. Planters built along its edge and the auspicious ‘Tulsi’ plant is seen 
on many a jagali. Rangoli (patterns drawn with rice powder) is another traditional and cultural art 
practiced on a daily basis at dawn in front of the main door, on the jagali and also extends to the street. 
The Rangoli design in front of each house is inherently different, with the size and complexity in patterns 
proclaiming the artist’s talent that also singularizes the residence. (Figure. 5) 

 

 
Figure 5: Rajaram agrahara – Entrance to a house. 

4.2. The leisure lounge. 

It is first and foremost the conversational platform between family members or neighbours. Visitors and 
strangers are entertained mainly on the jagali, before they are welcomed inside. The author witnessed 
residents reading newspaper, sewing, conversing over the phone and sharing lunch with neighbours on 
the jagali. The jagali is ideally suited for young children to play out – of – doors that is a safe extension of 
the house and the wooden furniture of armchairs and benches positioned on the jagali is popular for 
morning or evening coffee time. (Figure.6) Most often it is a space for the elders to rest in the afternoon 
or late evening and watch the mundane activities of the community and thus a system of monitoring 
and security is enforced. 
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Figure 6: Rajaram agrahara – Multiple uses of the jagali. 

4.3. A domestic dais. 

As much as the jagali portrays and encourages the culture and lifestyle of the residents of the 
community, it is most decidedly used for utility purposes. Footwear, which is not worn inside the house, 
is stored in cabinets on the jagali. Clothesline for drying is a regular feature; grains and spices are also 
dried for storage. At times the jagali converts into a parking space for bicycles and motorbikes.  

4.4 Micro climate regulator 

The covered jagali is a proven microclimate regulator shading the wall façade and openings keeping the 
masonry mass and interior of the houses cool. The shared masonry walls and high timber roofs with 
terracotta tiles (4.5 M from floor level), linear cross ventilation and day lighting primarily from the street 
side and backyard are other factors that contribute to the thermal comfort. 

 

4.5. Transition sphere 

Transition spaces that connect two programmatically (street and house) or climatically (indoors and 
outdoors) different spaces are relevant in architecture as they influence both physical and physiological 
behaviour of users. In the case of the Jagali, a person coming in from the street shall stop here to discard 
shoes, park his bicycle, hang up an umbrella before entering the house, indicating the transition in 
physical movement and activity. The partly shaded Jagali helps physiologically to adjust a person’s eyes 
to light while entering or exiting the house. Hierarchy of architectural features used on the Jagali also 
contributes to the essence of transition. (Table 1) 

In Rajaram agrahara, the author attributes the duality of the Jagali as a transition space and an 
extension of the household to the low platform and roof, proximity of the internal street and the central 
courtyard. The Jagali straddles both the outside and inside sphere, but interconnection with indoors as 
seen in Figure 7 is greater; and hence activities of the house spill over to the Jagali and subsequently to 
the street in an uninterrupted manner giving rise to the perception that space beyond the walls of 
private residence is also within it’s sphere. 
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4.6. Regional feature. 

The jagali is a building element also commonly found in agrarian communities in rural Karnataka and 
hosts a variety of activities. During the day the women dry grains, crops, food and clothes on it. In the 
evenings, the jagali is often a magnet to pull people off the streets for a brief conversation with the 
neighbours, and for the men to engage in leisure activities of playing dice or smoking beedis (rolled 
tobacco leaf cigarettes) It also transmuted into a sleeping area for the menfolk and children during the 
warm summer seasons. 

5. A comparative analysis 

A comparative analysis between the Devirammanni and Rajaram agrahara is attempted in Table 1 

Table 1 Comparisons between Devirammanni and Rajaram agraharas 

Similarities Differences Features of transition 

Both Agraharas were built for the 
Brahmin community and features a 
temple. 

Devirammanni agrahara has a single 
central street with houses across the 
street having direct visual contact. 

Rajaram agrahara is built in U 
formation creating two ribbons of 
road enclosing a central courtyard 
that obscures direct visibility. 

The lean to timber-framed roof of 
Jagali offers shelter from natural 
elements on the street indicating 
the transition from street to house. 

Inversely, it is a transition from the 
enclosed shadowed interiors to 
partly open day lit exterior spaces. 

   
The row housing typology is 
approached by the front street and 
opens into a back service street. 

Devirammanni agrahara houses are 
larger, some with accessible attic 
spaces. The jagali is deeper than 
that of Rajaram agrahara. 

Rajaram agrahara houses are typical 
single storied units. 

The low roof with it’s exposed 
structure also acts as a prelude to 
the climbing roof of the interiors.  

On the other hand, it forms an 
effective transition element from 
the high roof of the house to the 
open outdoors. 

   

Figure 7 Plan of typical unit of Rajaram agrahara 
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The Jagali is roofed – an extension of 
the sloped roof of the house. 

Devirammani agrahara Jagalis may 
have featured either a parapet or a 
wall to separate houses. Jagali are 
also of varied heights and some are 
even enclosed with wood lattice 
screens. At the time this study took 
place, the recent transformations 
eclipsed the original construction. 

Where as in the Rajaram agrahara, 
Jagalis are of uniform depth and 
connect to each other to form a 
continuous corridor. Interestingly, at 
one arm of the U form, the 
topography breaks the monotony of 
the continuous corridor and creates 
a stepped profile. 

The raised platform of the Jagali at a 
higher level than that of the street 
indicates a transition from outdoors 
to indoors.  

The activity of walking in from the 
street transforms to temporary 
sedentary postures of either 
standing or sitting in this space 
before accessing the house. 

   
The Jagali is low height, adjoins the 
street and is used for multiple 
activities 

Individual resident owns the house 
in Devirammanni agrahara. 

Mysuru municipal corporation owns 
the Rajaram agrahara and leases it 
to tenants. 

The flooring material of the Jagali is 
rough textured (granite slabs and/or 
red oxide) compared to the smooth 
stone tiles used inside which implies 
a transition from indoors to 
outdoors.  

Or vice versa – denoting a transition 
from street surface to structured 
flooring of the Jagali. 

6. Conclusion 

By design the jagali of the houses face each other and overlook the street that virtually renders the 
street wider facilitating visual connection between the opposing houses (though in Rajaram agrahara 
the visual connection may be minimized owing to a larger central landscaped space. (Figure. 8) 

 

 
Figure 8: Cross section through Rajaram agrahara. 

 

In both cases, as the jagali is physically easily accessible from the street, the psychological 
demarcation between the two is nebulous, presenting a transition area that is easily navigated and 
manifests as a lateral extension of the private household. 
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The community thrives on the social interactions of its members in everyday routine activities or in 
elaborate religious or social functions. The socio cultural component is highly visible and practiced in the 
agraharas where the settlement patterns and architecture showcase the Brahman lifestyle and 
accommodates the inevitable changes brought about by the passage of time. The agrahara exemplifies 
the idea of a community that safe guards it’s culture, encourages harmonious associations with 
neighbours – although privacy between neighbours can be non existent – and reverence to nature by 
way of central community park or the courtyards and backyards enclosed within the house which have 
culturally significant trees and plants. 

Agraharas are a microcosm for an urban sustainable city emphasizing the importance of interlinking 
indoors with outdoors, intermediary areas that effectively facilitate transition from indoors to outdoors, 
inclusive street scapes, community spaces which are the responsibility of all the stakeholders ensuring 
hygiene and safety providing a stage to nurture cultural lineage thereby preserving the cultural and built 
heritage. 
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Abstract: 

‘‘Vāstu is the art of living in harmony with the land, such that one derives the greatest 
benefits and prosperity from being in perfect equilibrium with Nature’’ 

 (Acharya, 1981, p.14). 

The “Vāstu Shastra” is traditional practice in Indian Architecture. The Vāstu Purusha Mandala has an 
origin of Vāstu Shastra. The Vāstu in Sanskrit means the nature. The Purusha refers to the energies of 
cosmic man. The Mandala is the superimposition of energy fields. The Vāstu Shastra is based on five 
elements – Sky, Air, Fire, Water and Earth. Thus, a design is reciprocation to cardinal directions: North, 
South, East and West grounded in the geographic location. The traditional city of Jaipur is researched on 
the timelessness of Vāstu Purusha Mandala. The spatial science will be a derivative of the societal 
patterns. The societal patterns as an outcome of the cultural beliefs. The cultural beliefs are said to be 
interwoven in the religion. The religious beliefs to purify mind and soul of humankind. The spatial 
networks such as – functions: zoning, connectivity: circulation, architectural features: decorations will be 
defining the urban design. The inferences will focus on the science of ‘logical argumentation and co-
relational research to set up the language of Vāstu Shastra through graphical sketches.  

Key Words: Vāstu Purursha Mandala, Architecture Design, Mythology, Spatial Science.  

1.Introduction 

 
The science of Vāstu Shastra enables the occupants to live in harmony with nature. The Lord 
Vishwākarma is the supreme creator of Vāstu Vidhya. The first creation is the earth and origin in a 
house. The Vishwākarma – prakasha and Vishwākarma - Shilpa are its doctrines.1 The three broad 
divisions are - Vāstu, Shilpa and Chitra.1 The further subsets are city planning, palace architecture, 
temple architecture, residential design and details. The decorative aspects include iconography and 
painting. The Vāstu Shastra is created on cosmological, cultural, geological and geographical subject 
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matters. The cosmic influence is heavenly bodies in celestial space affecting the architecture. The geo-
magnetic fields between North and South poles generate energy fields. The geology of earth crust 
provides the materials and construction space. The hydrology and eco-systems are the perennial 
sources of water and life support vegetation. The socio-cultural beliefs of the social structure help to 
organize the space. The astrological consequence is in delineation of functions. The field of sphere of 
Vāstu Shastra is vast. The scope of the academic exercise will be limited to study the traditional walled 
city of Jaipur.  

2. Spatial Science of Jaipur  

The traditional city of Jaipur qualifies as one 
of the best urban design. The walled city of 
Jaipur was founded by Maharaja Sawai Jai 
Singh in 1927.2 His Rajputana rule over the 
region flourished for approximately 46 years. 
His kingdom was based in Amber. The 
increasing population and demand for trade 
gave way to the design of ‘Pink City’. In 1953, 
Prince of Wales visited Jaipur. The city was 
painted pink as a welcoming gesture.2 The 
city’s population as per 2011 census is 
36,02,000. The city demonstrates a high 
growth rate of 50.44%.3 The walled city of 
Jaipur flourishes on the local craft. The 
commercial activity is well woven in the 
functional zoning of the city. The grain 
market, timber market, textile market and 
jewellery market etc. are the main trades laid 
along the circulation networks. The density of walled city of Jaipur is 6000 persons per square 
kilometres.4 The highly dense city is a mix use design of residential and commercial land use pattern.  
Today, the city is marked on the World heritage. Last but not least, core city of Jaipur is a notified special 
zone in the Urban Area Zone 1 of Jaipur Master Plan.4 

2.1. Mythology of Temple Gods 

The core city of Jaipur is designed by descendant of Shaspati linage – Vidhya Dhār Bhattacharya.5 The 
site for the walled city reciprocates to the natural geographic boundaries. The Aravalli range marks the 
east and west edge. The north edge is secured by Amber Fort and Jaigarh fort. The western edge by 
500’-0” high wall of Nahargarh. The site slopes towards the western direction. The East-West axis forms 
the ridge line in the city planning. The physical boundaries of the site are strengthened by the temples. 
The core of the city i.e. the Brahamasthan was pivot held by Govind Dev Ji Temple. The Maharaja Sawai 
Jai Singh was a worshipper of Lord Govind Dev Ji. He believed the powers to rule were conferred to him 
by the Govind Dev Ji. (Ref Fig. 01) The cardinal direction of North was strengthened by Ram Harihar 
Temple and Kal Bhairav Temple. The Eastern edge marks the rising Sun. The Sun God is worshipped in 
eastern direction. The Sun temple and sacred Galta Ji temple positioned in East. The Amba Garh and 
Raghunath Garh are also oriented to cardinal direction of East. The Southern edge is guarded by the 

Figure 01: Imagery of temples in the walled city of Jaipur.  
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Lord Shiva temple. The Shankar Garh is located in the South Cardinal direction. The western edge is 
marked by the political boundary of Nahargarh fort. The political boundary was strengthened by Ganesh 
Garh. (Ref. Fig. 02 & 03) These temples are the religious guards to the Jaipur city. The forts are the 
political powers held in place by centrally located palace. These temples are oriented to the 
mythological beliefs of Indian religion. The political guards are the forts along the periphery with 
geographical boundaries. 

 

2.2. Depiction of Vāstu Purusha Mandala 

The Vāstu Purusha Mandala is a perfect square with miniature square sub-divisions. The multiples of 
8x8 and 9x9 subdivisions on the macro square scale of 64 and 91. The Jaipur city plan depicts divisional 
layout in the Chowkris. The city pattern is the ‘Prastara’ type of tradition plan. In Jaipur, the nine-grid 
plan is subdivided into 3x3 chequerboard pattern. The central pivotal grid is delineated to Palace as a 
Brahma Sathna. This palace extends to a combined double square. The one square confine the Brahma 
and other to Bhudhara. The Brahma being the supreme creator of the universe. The Bhudhara being the 
earth the Prakriti with feminine order. The 9th subdivision i.e. the position of Rudra is relocated on the 
South-East cardinal direction. The geographic boundary of Aravalli range marks its foothill towards the 
city in North-West cardinal direction. The subdivisions of 3rd ,4th ,5th ,6th ,7th ,8th squares are 
superimposed on Vāstu Purusha Mandala. (Ref. Figure 04). These subdivisions reciprocate to Apa, 
Aryama, Swtra, Vaishnav, Indra and Mitra. These nine chowkris are defined by the grid iron pattern. The 
minor chowkris have further sub-divisions by Bazaar streets and Rastas. Theses chowkris are fractioned 
as 7x7, 8x8 and 9x9 chequerboard pattern. The micro division of plot size is based on family size and 
economic status.5  
 

Figure 02 & 03:  Religious guards and political power locators in fortified city of Jaipur. 
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2.3. Cardinal directions 

The Vāstu Purusha Mandala derives energies 
from the cardinal directions. The East being 
the rising Sun associated with the positive 
influence range of the Sun God. The solar 
radiation is absorbed and scattered on Earth’s 
surface. The Sun’s most dominating influence 
results in changing climate and generating 
winds. The West being setting Sun at the same 
time Moon rise. The moon takes 
approximately 27 days for the moon to rotate 
once on its axis. The moons rotation is 
synchronous rotation. This motion, known as 
lunar libration. The full moon influences the 
positive energy and inspires celebrations. The 
Moon also inspires countless deities e.g. 
Monday (lord Shiva).  The Moons gravitational 
pull is the key in making Earth a liveable 
planet. The moons pull causes tides and 
affects earth’s atmosphere. The North and 
South being the poles of Earth’s magnet. The 
magnetic field of North and South fall in 
sphere of earth’s rotation about its own axis. 
The magnitude varies over the surface of the 
Earth in the range 0.3 to 0.6 Gauss.6 The 
Earth’s magnetic fields is attributed to 
dynamo effect. The convective current drives 
the outer core fluid and it circulates relative to 
the earth. The electric conducting materials 
move relative to the earth’s magnetic field. The Interaction of the terrestrial magnetic field with 
particles from the solar wind sets up the conditions for the aurora phenomena near the poles.6 These 
nine subdivisions of walled city’s Vāstu layout are held in geographic co-ordinates of 26°54’0” North 
latitude and 75°49’0” East longitude.7 The grid iron pattern of street i.e. movement channels are under 
the astrological influences of Nav Girah. The Eastern cardinal point guarded by Suraj Pol (Sun –     ). The 
western cardinal point is guarded by the Chand Pol (Moon -     ). These Pol’s are influenced by rise of 
Sun in the daytime and rise of Moon in the night time. Moreover, Moon deciphers energies only from 
the reflection of Sun God. The most of the activity generations in the spatial planning are results of 
synchronized relation in planetary positions of Sun, Moon and Earth. The cardinal directions and 
astrological significance are prime governor in layout of Jaipur. (Ref. Figure 05). 

Figure 04 & 05:  9 (3x3) Grid plan of Vāstu Purusha 
Mandala and city axis oriented to cardinal directions 
with temples as energy fields. 

http://hyperphysics.phy-astr.gsu.edu/hbase/solar/solwin.html#c1
http://hyperphysics.phy-astr.gsu.edu/hbase/atmos/aurora.html#c1
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2.4 City Palace – the Centroid 

The city palace of Jaipur was established by Maharaja Sawai Jai Singh in 1727. The palace was 
administrative seat of Jaipur. The royal palace was aligned to North - East axis and very central in nine 
grid: Vāstu Purursha Mandala. The palace was home to the Jaipur royal family. The Chandra Mahal, 
Mubarak Mahal, Shri Govind Dev Temple and the city palace museum are the most prominent 
structures in the complex. The Govind Dev Ji temple is dedicated to the Hindu God Lord Krishna. The 
three-entry portal of the palace complex are - The Udai Pol, the Virendra Pol and the Tripolia. The Sabha 
Niwas i.e. Diwan-e-Aam’s façade was lined with cusped arches supported on marble columns. The 
interiors were beautifully painted. The Sarvato Bhadra (Diwan-e-Khas) is a single storied, square, open 
hall, with enclosed rooms at the four corners. It was traditionally been used for important private 
functions like the coronation rituals of the Maharajas of Jaipur. The Pritam Niwas Chowk, there are four 
small gates (known as Ridhi Sidhi Pol) that are adorned with themes representing the four seasons and 
Hindu Gods. The gates are the Northeast Peacock Gate (with motifs of peacocks on the doorway) 
representing autumn and dedicated Lord Vishnu; the Southeast Lotus Gate (with continual flower and 
petal pattern) suggestive of summer season and dedicated to Lord Shiva-Parvati; the Northwest Green 
Gate, also called the Leheriya (meaning: "waves") gate, in green color suggestive of spring and dedicated 
to Lord Ganesha, and lastly, the Southwest Rose Gate with repeated flower pattern representing winter 
season and dedicated to Goddess Devi. The Chandra Mahal is one of the oldest buildings in the City 
Palace complex. It has seven floors, a number considered auspicious by Rajput rulers. The first two 
floors consist of the Sukh Niwas (the house of pleasure), followed by the Rang Mahal (alternatively 
called Shobha Niwas) with colored glasswork, then Chhavi Niwas with its blue and white decorations. 
The last two floors are the Shri Niwas, and Mukut Mandir which is literally the crowning pavilion of this 
palace. The Mukut Mandir, with a bangaldar roof, has the royal 
standard of Jaipur hoisted at all times, as well as a quarter flag 
(underscoring the Sawai in the title) when the Maharaja is in 
residence. The Mubarak Mahal is adorned with a hanging balcony 
and is identical on all four sides. The intricate carving in white 
marble and beige stone giving it the illusion of delicate 
decoupage. The Mubarak Mahal was built for receiving foreign 
guests but it now houses the museum offices and a library on the 
first floor and the museum's Textile Gallery on the ground floor. 
The Clock Tower is a structure to the south of the Sabha Niwas. It 
is a sign of European influence in the Rajput court as the clock 
was installed in a pre-existing tower in 1873.   

2.5. Spatial connectivity network 

The walled city of Jaipur is harmoniously connected by network of 
roads. There is strict control of the façade and streetscapes. 
There are six bazaar streets. The southern direction is entered 

Figure 06 Streetscape of Jaipur is a 
strengthened perspectile journey 
accentuated with architectural features. 
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with four Pols – Ram Pol, Shiv Pol, Motibagla and Krishan Pol. The northern direction by the Zorawar 
Pol. Further, the geographical setting of the city is automatically guarded by the Aravalli. These Pol’s 
such as – Lord Ram, Lord Shiv and Lord Krishan decipher energies associated with Gods. The Pol’s extend 
the grid layout to the introvert urban design of core city. There are six bazaar streets approximately 
111’-0” wide as primary streets. These bazaar streets divide the city into Chowkris. The primary streets 
intersect at Amber Chowk (Choti Chopar), Manak Chowk (Bari Chopar) and Rāmgangā Chowk. The 
primary streets are aligned in East-West and North-South directions. The North-South direction gets 
harsh Sun directly on street for short duration i.e. from Southern hemisphere. The East-West direction 
being less in number i.e. four out of six, rarely get direct Sun. The Sun orientation in the primary streets 
confirms bioclimatic street design layout. The section of the primary street is vehicular and pedestrian 
friendly. The section is accentuated by shaded verandah corridor along the line of shops. The ‘Rasta’ i.e. 
the narrower street is 55’-0” wide. This width of secondary street is spaced in a manner to block the 
harsh Sun rays. The tertiary streets are 27’-0” wide. The rectilinear grid iron pattern is followed in layout 
of five chowkris out of nine. The two chokris demonstrate organically laid out street pattern. These 
streets are the trade routes and derive their names as - Ghee walon ka rasta, Maniharon ka rasta etc. 
These Bazaar streets and Rastas are activity generators in the design scheme. (Ref Sketch 06) 

2.6. Political, socio – cultural stimuli 

The footprint of Jaipur is an amalgamation of Political, Religious, Societal and Cultural factors. The urban 
design of city is fine grain and fine textured. The Palace is administrative political centroid of 
composition. The fortified city limits the stronghold of the centroid. The centroid is axially aligned to 
north-south axis. The axis symmetrically balances the composition. The chowkris are the sub-centres 
with interesting push and pull in the city design. The temples are the religious energy fields in design 
layout. These are the power points of religious activity. The chowkris are the socio- cultural hub spread 
on the chequerboard plotted pattern. These residential sectors are the designated the trade routes as 
per occupation of residents. The successful design of the walled city lies in the complimenting layers of 
political power, social structure and cultural ethos. 

2.7. Architectural features 

The architecture of Jaipur is pure depiction of traditional motifs, features and decorations. Each of these 
are representations of rich cultural heritage of the city. These are also climate responsive design 
solutions. The architectural features of Jarokhas, Jali, Chajja, Chattris, Cornice, Verandah and Floral 
pattern are unique design solutions. The verandah acts as transition space and provides shade. The 
Jarokhas and Chhatris are the permeable spaces and act as pause points in visual vocabulary of design. 
The numerous scrolls and floral patterns on the red sandstone are unifying aesthetics. Even the painting 
and wall murals in the interior design depict cultural heritage of the city. Not only the interior, exterior 
also exhibit the accentuated perspective effects with the help of streamline hoarding spaces. The 
havellis and mohallas in the chowkris are of courtyard typology.  These vary from single courtyard to 
multiple courtyard design. The courtyard is an activity space and hub of the design. It also acts as a 
convective current generator to ventilate the interior of Havelli. The architectural features not only 
make visual vocabulary aesthetically pleasing but also act as active bioclimatic devices. 
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2.8. Construction techniques 

The hot and dry climate of Jaipur favours the use of red sandstone, lime and brick. The conductivity of 
stone is low and even the transmittance is less. The stone acts as a heat barrier. The compact built from 
of the urban fabric responds well to the climatic conditions. The introvert planning, less exposed surface 
area, reduced heat gain and narrower lanes provides cool shaded spaces. The landform of the city has 
natural slope towards western edge. The city land gives way to natural slope and percolation of water as 
drainage solution. The water supply lanes are connected to the underground aqueducts and water 
tanks. The horizontal chajjas, jarokhas on brackets, modular system of arches, lattice screen, masonry of 
stone and brick are the construction techniques applied in buildings.8 The eaves are rain water sun 
protection and drainage solutions. The jarokhas supported on brackets act as ventilation and structural 
solution to cantilever. The post and lintel system are infilled with arch panels. The jali acts as perforation 
screen to ventilate the interior and infilter the daylight. In the end it can be concluded that cities are not 
designed at a macro scale but are detailed at miniature scale.  

3. Contemporising Vāstu Shastra of Jawahar Kala Kendra 

The Jawahar Kala Kendra is a contemporary 
design of cosmos and science. The planets of the 
universe are depicted in design. The movement 
of planets guiding the life and wellbeing is the 
science of astrology. In the city of Jaipur, Jantar 
Mantar is an astronomical instrument. The 
masonry designed building measured precisely 
the movement of the Sun and the Stars. The 
design of Jawahar Kala Kendra is also a pure 
square. The square is the abstraction of cosmos 
in geometrical from. The design is a depiction of 
Navagraha in the meticulous three-dimensional 
environment.  

4.1. Symbolism in spatial science of Vāstu 

 The Charles Correa’s plan for the ‘Jawahar Kala 
Kendra’ directly represents the original Navagraha 
or nine house planetary energy fields. His ideology 
was to invoke the underlying construct of the 
cosmos in the spatial layout. He was really inspired 
by the mandala and was interested in its use to 
‘structure the environment’. He applied the energy 
fields of Navagraha in the nine square plan of 
‘Jawahar Kala Kendra’. The building 
accommodates nine functions in the museum 
space. By using the nine squares mandala, Correa 
is also replicating the astrological significance of 
Jaipur city. He used the nine square mandalas not 

Figure 07:    The structuring the symbolism of traditional 
city - walled city of Jaipur & Jawahar Kala Kendra, Jaipur. 

Figure 08 Centroid of Jawahar Kala Kendra - the 
courtyard. 

 



468 Singh A. and Sharma S. 

 

only as a structuring device but also to consciously invoke the symbolism of traditional city. (Ref. Fig. 07) 

3.1.  Myths, cardinal directions and circulation network 

The building plan is a pure square geometrical form. The macro square 9 is subdivided into 3x3 micro 
subdivisions. Each of the squares (30m X 30m) is defined by 8-metre-high walls. The building programme 
confirms to the eight separate planetary positions corresponding to the energies represented by the 
specific planet. The central courtyard, representing ‘void’ of Vāstu Shastra, meaning: Nothing which is 
Everything. (Ref Table 01).  

The plan of the ‘Jawahar Kala Kendra’ is aligned 
to cardinal directions. (Ref. Fig. 09) The cardinal 
direction of Venus (Shukra) is slightly different 
from the rest of eight blocks. The central void 
has a flooring pattern- diagram of lotus. The 
seat of Bahama in Vāstu Shastra. (Refer Sketch 
08). The building block aligned to North East 
diagonal of Vāstu Purusha Mandala. The 
direction of North - East being the Mangal 

(    ) is the administration. The direction of 
South - East being the master of house is given 

to the Library i.e. Guru (   ). The direction of 
South - West is the position to man i.e. 
Museum -I, similarly the zone of North - West 
being the location of Budh (   ). The 
enlightenment of human in Museum – II, by, 

imparting education. The position of Rahu 
(   ), Ketu(    ) and Chandra (    ) are partially 
under the influence of planetary positions. The 

planetary positions are interconnected to each other by circulation network. The circulation is designed 
in clockwise direction. The play of solid-void, open-closed and semi-enclosed spaces are met in the 
movement pattern. 

Table 1: The table of planet names, their astronomical energy fields and function. 

Planet 
Venus (Shukra -    ) 
Jupiter (Guru -     ) 
Ascending Node (Rahu-     ) 
Saturn (Shani -     ) 
Descending Node(Ketu-     ) 

Mercury (Budh-    ) 
Moon (Chandra-     ) 

Color 
White 
Lemon yellow 
Iridescent 
Red Earth 
Brown Black 
Golden Yellow 
Milky White 

Energy Field 
Art 
Knowledge 
Devourer/ Restorer 
Knowledge 
Anger 
Education 
Heart 

Function 
Drama / Theatre 
Library 
Documentation 
Museum - I 
Museum – II 
Lok Kala Kendra 
Cafeteria 

Figure 09 Plan of Jawahar Kala Kendra superimposed 
by Vāstu Purusha Mandala w.r.t. cardinal directions. 
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4. Architectural Design as co-relational research & logical argumentation 

The Jaipur city bear the testimony of time over centuries. The socio-economic, political and cultural 
factors were well adapted in the urban pattern.  The urban design of traditional city is analysed with 
reference to Vāstu Purusha Mandala. The inferences are also drawn from the study of architectural 
design.  

4.1. Energy fields of Vāstu Purusha Mandala 

The disposition of energy fields on the Vāstu Purusha Mandala is co-relational. It is related to five 
elements, five mental states and five sheaths of the soul. The nine square mandala delineates energy of 
Brahama by centroids of – Rudra, Prithividhara, Apaha, Suryaha, Savitraha, Yahama, Pitra, Asuraha. The 
geographical boundary of Aravalis re-spaced Rudra in South – East direction. The five elements – Sun: 
movement of sunrays w.r.t time on earth’s surface, Moon: the 27 day cycle of moon with full, partial 
and no moon, Air: the movement w.r.t of gravitational and thermal, Fire: the magnetic field by magma 
of earth, Water: the rivers and sea. The five mental states and five sheaths of the soul are spaced by 
planetary positions and astrology. The central space being the Brahamasthan i.e. the creator of 
Universe. The place designated for the Palace enshrines power. The centrality also strengths the 
circumferential layout of chowkris. In a way each chowkri with its space specific planetary position w.r.t 
centroid of navgriha. 

4.2. Cardinal & cosmological circumference  

The Jaipur city is circumferential in layout with pivotal centrality. The Jantar Mantar in the design 

strengthens the astronomical significance of planets. The Suraj Pol (         ) and Chand Pol (        ) are 
cardinally strengthened by East and West entry in Pada 3 & 4. The South entry is in Pada 4 & 6. (Ref Fig. 
04 & 05). The entry gates extend inside the city fabric as the channels of movement. The same trade 
people occupying the close-knit space integrates the movement pattern in design. The economy of the 
Jaipur is based on its markets. The markets are spaced in relation to trades and give way to meaningful 
marketability. The street typology of grid iron network is allocated with different trades. The streets are 
not only named but also functionally allocated the shops of specific trade – Ghee Walon ka Rasts, Johari 
Bazaar, Haldion ka rasta, Kisanpol bazar etc. This functional layout generates activity pattern. It 
reinforces the circulation network – both pedestrian and vehicular. The organized layout qualifies high 
on intelligibility value of 0.148.9 

4.3. Zoning and activity pattern 

The city is zoned into chowkeri sarhad in pivotal position, chowkeri ganga pol in Apaha, chowkeri 
Ramchandra ji in Suryaha, chowkeri ghat gate in Savitraha, chowkeri vishveraj ji and modikhana in 
Vivasvan and Yahama, chowkeri top khana in Jayaha , chowkeri purani basti in Asuraha, last but not 
least chowkeri top khana in Rudra. The zoning is based on the function specific spatial layout. The sub 
divisions into plotted land parcels creates a planetary position connect to to its energy diagram. The city 
pattern is unimaginable without correlational diagram of navgriha positions laid on the Vāstu Purusha 
Mandala.  
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4.4. Architectural features 

The architectural features of Jarokhas, Jali, Chajja, Chattris, Cornice, Verandah and Floral pattern are 
design solutions. These design solutions help to let in the Sun, Wind, Fire, Earth and Water. The letting 
in of five basic elements makes life in perfect equilibrium with nature.  

4.5. Contemporising Vāstu Shastra 

The design of Jawahar Kala Kendra is evolved from the Vāstu Purusha Mandala 9 square grid. The 
spaces are given position as per required astrological supremacy. The circulation of the building is in the 
positive direction i.e. clockwise. The ‘What’ and ‘Why’ of Vāstu Shastra designs not only strengthens our 
traditional roots but also paves way forward. The continuum of research has a vide scope in subjects of 
urban design, urban planning, architecture, landscape and astrology. 
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Abstract: Vaastushastra is an ancient vernacular architectural practice that has been utilized by Indians 
since the Indus civilization. This paper examines comfort levels in homes designed using these principles 
and are built in Dubai. Some of these principles are similar to passive design theories and the correlation 
can be understood by examining the former. The correlation of Vaastushastra to passive design could 
be the underlying cause for users’ comfort in homes that are designed on these principles. The paper 
investigates the connection between the principles of Vaastushastra and users’ comfort in residential 
spaces. The core aspects of Vaastushastra are, Panch Maha Bhutas (5 elements) and Vaastu Purush 
Mandala (Cosmic Grid). The Panch Maha Bhutas are earth, fire, water, wind and space, which represent 
the elements of nature. Users’ comfort in residential spaces is linked to four of the five senses, with 
taste being the exception. Homes in Dubai that are built on the principles of Vaastushastra were used to 
show the connection between the two theories. The result of the study shows the impact that each of 
these principles have on the residents’ comfort and how the design of the house could be modified to 
improve comfort.   

Keywords: Vaastushastra; comfort; homes; Dubai 

1. Introduction 

Vaastushastra belongs to a wider belief system of Hinduism and the latter explains how its followers 
should live their lives, the concepts of which are described in the Vedas. The Vedas are a body of 
knowledge that were written in the ancient language of Sanskrit, these describe the various rules that its 
disciples should follow. Vaastushastra is found in different parts of the Vedas but the main body of text 
is in the Sthapatya Veda which is a part of Atharva Veda, the fourth Veda (Bubbar 2005). Some aspects 
of Hinduism are still practiced till date, these include Ayurveda and Homeopathy which are alternative 
forms of medicine, Yoga and meditation which are alternative wellness techniques. Vaastushastra is 
based on the same core aspects as all these traditional practices. The Panch Maha Bhutas are a core 
aspect of Hinduism which are the five elements (panch meaning five) of nature and are the foundation 
of all creations (Sharma 2012). All practices of Hinduism refer to these five elements and it is imperative 
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to balance these elements in any traditional practice. Each one of these five elements are related one of 
the five human senses; earth is connected to smell, fire is connected to sight, water is connected to 
taste, wind is connected to touch and space is connected to sound (Pegrum 2000).Vaastushastra 
emphasizes that five elements should be balanced in every built environment. According to Hinduism, 
the human body is made of these five elements and therefore the subconscious mind (or soul) connects 
to the balance or imbalance of these elements in the built space. If the five elements are balanced in the 
space then its occupants are likely to feel comfortable, positive and therefore flourish in such spaces. 
Since home is the most personal space to each individual and/or family, the paper will test the 
connections between homes that are built of the principles of Vaastushastra and the level of comfort 
experienced by the residents.  

Indians have migrated to many parts of the world and taken their culture and beliefs with them. One 
such part of the world is the Middle East and United Arab Emirates (UAE) is the country where many 
Indians have migrated. UAE is a country in which majority of the population is expatriate and the Indian 
community is the largest group recorded at 38.2% (World Population Review 2019). Since there is such a 
large group of Indians in the UAE, many traditions that are followed by Hindus in India are seen in UAE, 
these include yoga centres, meditation centres, homeopathy clinics and ayurvedic centres. Many 
Indians who live in Dubai follow their traditional practices that were conducted by their familes in India 
and following Vaastushastra is one such tradition. Many Indians in Dubai will check whether the house 
they are planning to live in is compliant with the rules of Vaastushastra or not. If the house is not 
compliant, many of these people will not live in such a house. Since there is a large population of Indians 
in Dubai, it was possible to find homes that were built on the principles of Vaastushatra.  

2. Principles of Vaastushastra  

Vaastushastra constitutes of two parts- Vaastu which translates to dwelling or home which comes from 
the word vas which refers to dwell or to live and shastra which means the science of. The words come 
together to mean the science of dwelling spaces (Chakrabarti 1998). The principles of Vaastushastra 
weren’t limited in their application; artists, artisans and architects study them in order to understand 
the basics principles of design. Since Vaastushastra is a part of the Vedas its concepts can be found in 
various manuscripts and each of these manuscripts come from different regions. All the manuscripts 
mention rules that are specific to the region that the manuscript belongs to, for example, Manasara and 
Mayamatam are followed in South India (Dagens 2000) and Vishwakarma Prakash is followed in North 
India. Original manuscripts of Vaastushastra lay out the principles that should be followed, these rules 
might appear to be conflicting when different manuscripts are compared. But these should not be seen 
as conflicting, but rather as adaptations that accommodate the climatic changes of the region. Each 
region of India has different manuscripts that they can refer to and the principles will reflect the specific 
climate of the region (Bubbar 2005).  

The fundamental aspects of Vaastushastra that are followed through all the regions are, Panch 
Maha Bhutas and the Vaastu Purusha Mandala. The Panch Maha Bhutas are the five elements that the 
universe is made of, which are earth, fire, water, wind and space. These elements are placed on the 
Vaastu Purusha Mandala which is a cosmic grid. The basic grid of Vaastu Purusha Mandala is the 3x3 
grid and each element has a specific location on the grid. The location of the element on the grid is 
based on the region in which it is applied (Bubbar 2005). Which means that for different parts of the 
world, different grids can be applied. Figure 1 below is a basic 3x3 grid which has the elements placed in 
the appropriate directions. The Panch Maha Bhutas link to the five senses where earth is connected to 
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smell, fire is connected to sight, water is connected to taste, wind is connected to touch and space is 
connected to sound (Pegrum 2000). 

 

Figure 1 3x3 Mandala grid with 5 elements and nature (Source: Author) 

Vaastushastra lays the principles of architecture which includes urban planning of towns and 
villages, also planning of buildings such as temples, palaces and homes, including locations of doors and 
design of furniture. Many ancient buildings in India are built on the principles of Vaastushastra, these 
range from temples to palaces, to homes of the upper class known as havelis and the homes of the 
common man. The ancient city Jaipur was planned on the principles of Vaastushastra, some 
modifications were made to the basic principles since the complete 3x3 grid wouldn’t fit in the allocated 
space. Contemporary buildings that are associated to the principles of Vaastushastra are Jawahar Kala 
Kendra in Jaipur designed by Charles Correa and the IIT in Bombay (Chakrabarti 1998). When these 
elements are balanced in the built environment then the occupants of the space should feel 
comfortable in it. It is easier to evaluate users’ comfort in residential spaces rather than in commercial 
spaces, therefore the selected case studies will be homes that conform to the principles of 
Vaastushastra. 

Each element represents the characteristics of the corner in which it is placed. The northeast 
corner is representative of water. One possible reason for this association could be that the morning sun 
(which has the least amount of UV rays) shines on the water element placed in this corner. The water 
element should be placed outside the house, therefore being exposed to early morning sun rays. The 
combination of water and early morning sun rays makes this location ideal for meditation or any other 
morning activities such as yoga. Similarly, the southeast of the house is exposed to maximum heat gain 
and therefore is associated with the fire element. This paper will examine whether the southeast corner 
is warmer than the southwest corner, since the southwest corner should also be warm. The southwest 
corner is associated with the earth element and this link is hard to explain. The principles suggest that 



474 M.Karani 

 

the least windows are placed on this side and the walls are thicker, which makes the southwest side 
heavy which could be the possible association with earth. The northwest is linked to the wind because 
the wind direction is predominantly in the northwest direction in India. The house should be designed so 
that it always allows for air circulation by placing the windows, opening and corridors accordingly.  

3. Comfort in Residential spaces  

Comfort can be measured by thermal comfort, which relies purely on the temperature of any 
space to be maintained at a constant number or by adaptive thermal comfort which relies on how 
comfortable users’ feel in a space and isn’t reliant only on absolute temperatures. Adaptive comfort also 
relies on the fact that “comfort is a goal and not a product” (Nicol et. al.2012). The space should allow 
for the user to make required changes, so that they can feel comfortable. We rely on four of the five 
senses to feel comfortable in a space, these are touch, sight, smell and sound. In a residential space, 
sight, smell and sound are reasonably constant, or can be controlled by the occupant with the 
exceptions of street sound or ambient neighborhood sound and bad odors in the neighborhood. The 
sense of touch fluctuates the most in the house both on daily and seasonal basis. If the internal 
temperature is outside the comfort range, then air-conditioning or heating can be used to control the 
temperature. The use of air-conditioning or heating creates noise and stale air which can cause 
discomfort for the users. Vaastushastra stipulates that specific functions of the house should be located 
in specific corners of house, the explanation behind this is that the function matches the element that is 
located in that corner (Table 1). The approach to spread the functions in the house this way could be 
understood as an adaptive approach to designing the space.  

Table 1 Link between direction, element and functional use of space 

Direction Element  Function Suggested 
time of use  

Comfort 

Northeast Water Meditation Early Morning  Adequate natural light and 

comfortable temperature  

Southeast Fire Kitchen Mid-Morning  Warmest space in the house 

therefore used for kitchen 

Southwest Earth Master 

bedroom 

Night  Cooler space since minimum 

windows are located here  

Northwest  Wind Bathroom  Various times  Wind direction allows for 

natural ventilation  

Centre  Space Courtyard/ 

empty 

 Allows for natural light and 

ventilation in the space.  

 

There are three approaches to adaptive changes, and these are “behavioral, physiological and 
psychological”. These three approaches link to three mechanisms for adaption, behavioral links to 
adjustment, physiological links to acclimatization and psychological links to habituation (Schweiker, et 
al. 2012). From these three, behavioral adaptation can be linked to Vaastushastra. This is because the 
principles of Vaastushastra suggest that the functions of the house are laid out to match the occupants’ 
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routine which could be mapped against the comfort levels in various spaces of the house. The functions 
of the spaces are planned into the house so that they are placed in the appropriate direction as per 
Vastu Purush Mandala (Figure 1).   

The paper uses quantitate and qualitative data to understand the comfort of the residents. 
Quantitative data was collected to measure temperature and humidity in four corners of the case study 
homes. Four corners of the house where studied because Vaastushastra suggests that the comfort of 
these four corners varies. Since the case studies were based in residential spaces, it was assumed that 
the levels of light, sound and smell wouldn’t change drastically on a daily basis. For the qualitative data 
the residents were asked to answer a questionnaire in which they were asked about their comfort in 
terms of quality of light, sound, smell and ambient temperature experienced in the house.  

4. Understanding Vaastushastra through users’ comfort   

This paper will address key principles of Vaastushastra that are primarily linked to residential design. 
Each of these principles will be understood in terms of its links to users’ comfort and adaptable comfort. 
An investigation was carried out in a traditional home in Kerala found that the internal temperatures of 
the house are maintained at comfortable levels.  

“investigation has revealed that when the outside ambient temperature is below normal, the 
building system tries to maintain the indoor air temperature at a higher but comfortable level 
and when the outside temperature is above normal, the indoor temperature is maintained at a 
lower but comfortable level.”  (Dili 2009) 

1. Orientation of the house. According to the principles the house should be aligned either along 
the north to south axis, or along the east to west axis. When the house is aligned to the cardinal 
directions, it impacts the placement of windows and openings which in turn has an impact on 
the user’s ability to adapt the space to suit their comfort.  

2. Placement and size of windows. Vaastushastra mentions the ideal locations for windows; for 
arid climates the maximum number of windows should be placed on the north and east side, 
with no windows placed on the south and minimum windows placed on the west. Similar to the 
concepts of passive design, the north side of the house is recommended to have maximum 
windows because this doesn’t cause excessive heat gain and therefore a comfortable internal 
temperature can be maintained. Because of the geographic location of Dubai, the angle of the 
sun can cause heat gain and therefore it is advised that there are minimum or no windows in the 
south.  

3. Proportions of the house. The proportions of the house are stipulated in Vaastushastra and the 
proportion system is known as Shad Varga formula. The recommended geometry of the house is 
square or rectangular with specific proportions. The length and width of the house are linked, so 
that the placement of the windows and openings allow for natural light and air circulation which 
can allow the space to be adaptive to the users’ needs.  

4. Proportions of the rooms in the house. Similar to the overall geometry, the rooms of the house 
should follow the principles of Shad Varga formula. Similar to the principles of passive design, 
the geometry of the rooms allows for air circulation which helps to maintain users comfort. The 
rooms in the house should be either square or rectangular with recommended proportions 
which allows for adequate air circulation to support users comfort.   
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5. Placement of windows on south and west side with the use of solar shading. Any windows on 
the south side of the house should have appropriate shading devices. Based on the geometry of 
the house and its orientation, windows can be placed on the south and west if required. Based 
on the geographic location of the house, the overhang for the south and the west can prevent 
excessive heat gain if it is calculated correctly.  

5. Methodology  

Two methodologies were used to understand the link between Vaastushastra and users’ comfort. The 
first methodology was to find five case study homes in Dubai that were built on the principles of 
Vaastushastra as discussed above. The second methodology was to understand users’ comfort in these 
houses. Firstly, by using quantitative data of temperature & humidity and secondly qualitative data by 
using questionnaires. The quantitative data was collected twice in the year, once in the summer and 
once in the winter. The data was collected twice in the year because Dubai has two seasons in the year, 
summer and winter. The first method is to understand the sense of touch in these homes. This sense is 
associated with temperature, humidity and the how the furniture and finishes of the space feel to the 
user. Since the furniture and finishing of the space remained the same for the duration of the study, the 
investigation was on the temperature and humidity recorded in the space. Loggers were placed in four 
corners of the house, to note the difference in temperature and humidity in the four sides. The four sub-
cardinal corners were selected for the study, this would establish the connection with the four 
elements.  

The second methodology was to understand how the users’ felt in the space, by asking questions 
that related to all four senses. Sometimes the way the users’ feel in a space is different from the actual 
temperatures that are recorded. Even though the optimum internal temperatures are defined by CIBSE 
Arid 2014 the users might feel comfortable at different temperatures or might need other factors to feel 
comfortable. Since these are residential spaces, the light, sound and smell weren’t recorded through 
empirical measurements, but the users were asked how the they felt about these factors in the house.  

6. Case study homes in Dubai 

6.1 Climate in Dubai  

The climate in Dubai is hot and humid, which is similar to the climate of Rajasthan. The latitude of both 
cities is similar, which makes the sun angle similar in both places which is the reason for using the 
principles applied in Rajasthan to homes in Dubai. The average highest temperature recorded in Dubai 
in the summer is 41°C and the lowest is 30°C and in the winter the average highest temperature is 23°C 
with the lowest at 14°C. Five homes were selected as case studies, the size of these homes ranges from 
250m2 to 500m2. The houses that were selected adhered to some of the principles of Vaastushastra. 
Homes that adhered to different principles of Vaastushastra were selected so that the impact of each of 
the principles could be understood. Table 2 shows all the principles and lists which houses followed 
which of these principles.  

6.2. Discussion of 5 case studies 

Orientation of the houses is a key feature in Vaastushastra; therefore, all the houses were aligned either 
to the north-south axis or to the east west axis. Geographic location of the house should determine 
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whether the axis should be aligned to north- south or east- west. Similar to the strategy of passive 
design for hot climates, Vaastushastra mentions that homes in hot climates should have the length of 
the house oriented with the east west axis (extension 2014). Overall, the recommended proportion of 
house should be square or rectangular.  

Case study 1 follows all the principles of Vaastushastra except two, both are about the proportions 
of the house. In this house, the overall plan is not a rectangle, there is a cut in the plan. One of the 
rooms is not a rectangle or square in shape, it has a cut which makes the plan a polygon in shape. The 
variation in the room shape could cause a change in the temperature recorded in the room. In case 
study 2 all the rules are followed except that there is one small window on the south elevation which 
doesn’t have a shading device. The windows on the west have shading devices. This study helps to 
understand the impact of a south side window. Case study 3 follows most of the rules, except that there 
are windows on all sides of the house and that the south and west windows don’t have any shading 
devices. This house will show the impact of large openings all around the house that don’t have 
recommended shading. Case study 4 and 5 are oriented so that the length of the house is aligned to the 
east and west. In case study 4 there are windows placed on the south and west side and the windows on 
the south don’t have shading. Whereas in case study 5 the only variation is that there are windows on 
the west of the house, but these have a large overhang covering the openings. Table 2 shows the criteria 
that were included in each house.  

Table 2 Criteria of selecting the houses  

 Case Study 1 Case Study 2 Case Study 3 Case Study 4 Case Study 5 

Orientation of the 
house 

 
  

 
  

 
  

 
  

 
  

Proportion of the 
house  

 
x 

 
  

 
  

 
  

 
  

Ideal location of 
windows in the 
house  

 
  

 
  

 

  

 
  

 

  

Proportion of the 
rooms in the house  

 
x 

 
  

 

 
  

 
  

 
  

Placement of 
windows on South 
and West side with 
the use of solar 
shading 

 
 

  

 
 

x 

 
 

  

 
 

  
 

 
 

  

7. Case study findings  

7.1 Climate in Dubai  

Temperature loggers were placed in four corners of the house which are northeast, southeast, 
southwest and northwest. The four corners of the house were selected to place the data loggers, firstly 
because Vaastushastra mentions that the elements are associated with four of these corners. Secondly, 
the corner of the house is likely to be the corner of a room, whereas if pure cardinal directions where 



478 M.Karani 

 

taken these could sit in between two rooms. The loggers where placed for a duration of 14 days during 
the summer and winter months. Table 3 shows the average temperature variations during the summer 
months and table 4 shows the average temperature variations in the winter months. The trend seen in 
all the temperatures below are that the northeast is the coolest side and the southeast is the warmest.   

Table 3 Case studies recording during the summer  

 

Table 4 Winter recording of the case study homes  

 

7.2 Findings from users’ questionnaires  

The key factors that are used to understand the satisfaction of residents includes many other aspects 
such as safety, infrastructure and others (Amerigo and Aragones 1997). The questionnairre was 
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designed based on the criteria that were lited by Brunsgaarda, et al. (2012). In the questionnaires the 
users were asked which space they used the most in the house. This helped to understand which rooms 
the residents were using the most. If they were using the cooler spaces in the house, they would find 
the house comfortable; but if they were using the warmer spaces in the house, they would feel 
uncomfortable.  

The data collected from the users’ questionnaires supports the temperature findings in each 
house. In both Case study 1 and 2, the occupants are usually comfortable in the house because they use 
the northwest or northeast space which is the most which is the coolest. There are minimal issues with 
sound because air-conditioning is largely used during the summer months. Both homes are located in 
quiet residential spaces, so there isn’t too much street sound. Since the houses have openable windows 
there are minimal problems about smell. The only concern that the occupants had was about natural 
daylight because they used artificial light during the day.  

In case study 3, the users needed air-conditioning in the house throughout the year. They used the 
southeast and southwest spaces of the house which are the warmest spaces in the house. But in this 
house the overall temperature is much higher than in the other houses, so the occupants are bound to 
feel warmer. With the use of air-conditioning the noise level in the house is high which isn’t 
comfortable. The house has openable windows which helps to ventilate the space and therefore the 
smell in the house is not an issue. Occupants of the house don’t use any artificial light during the day.  

Case study 4 the house has no windows in the northwest, so even though it is the coolest side it isn’t 
used during the day. In both case study 4 and 5, the occupants use the southeast and southwest rooms, 
which are the warmest in the house. Since they spend time in the warm spaces, they rely on air-
conditioning which makes the house noisy. The windows allow for natural ventilation which eliminates 
stale air in the house. The occupants don’t rely on artificial light too much during the summer.  

8. Conclusion 

The findings of the research support that homes designed on the principles of Vaastushastra are 

comfortable for the users. There are two aspects to comfort, one only refers to measurable temperature 

comfort (thermal comfort) and the other refers to the feeling of comfort (adaptive comfort). Case 

studies 4 and 5 are examples of the former, in which we see that these homes achieve comfortable 

temperatures, but the occupants are complaining about high temperatures in the house, which requires 

use of air-conditioning and prevents an overall comfort for the residents. Even though the architecture 

is designed based on the principles of Vaastushastra, the internal spaces aren’t designed accordingly. In 

these homes, the internal spaces can be redesigned so that the house can be comfortable for the users.  

 Case studies 1 and 2 are examples where the users are comfortable in the house, even though 
the recorded temperatures of the house are high. These are examples of adaptive comfort because the 
occupants use the cooler part of the house. In case study 1, the geometry of the house doesn’t follow 
the proportions of Vaastushastra, which causes the anomaly of higher temperature in the southwest. 
This example shows the impact that irregular geometry has on the temperature of the house. Residents 
of the house are comfortable in this house because they use the cooler spaces of northeast and 
northwest. If the overall geometry of the house is changed, it will create an even more comfortable 
space. In case study 2, the house aligns with the cardinal directions, but the length is aligned to the 
north south axis, which isn’t suitable for hot climates. The occupants are comfortable in the house 
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because they use the cooler spaces of northeast and northwest. If the orientation of the house is 
changed, the users will feel even more comfortable in the house.  

In case study 3, the recorded temperatures of the house are high, and the users of the house feel 
uncomfortable. Due to high temperatures in the house, the air-conditioning is utilised all the time and 
similar to case study 4 and 5 the residents feel uncomfortable due to high levels of internal sound. The 
house is oriented along the north south axis but should have been oriented around the east west axis. 
There are windows on all sides of the house and the windows on the south and west don’t have 
overhangs, which allows for internal heat gain.  
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Abstract: This study investigates user perception of the public and private threshold within intensive 
housing in Wellington, New Zealand. The specific focus is to investigate the perception within the 
threshold that is the transitional area between the front door and the street curb. Two Wellington, New 
Zealand, based housing developments, The Altair complex (Newtown) and Britomart complex 
(Berhampore), were selected as case studies against specific criteria. These criteria promote a diverse 
target demographic to increase variability in results. Human experience within the public and private 
threshold are recorded and collated through a series of semi-structured interviews. The objective of the 
study is to understand the residents’ personal opinion on the space; what works and what doesn’t. The 
results are analysed and relevant literature is integrated to reveal trends and design implications. 
Ultimately, a set of guidelines and design implications are produced, which can be followed at a design 
level. These strategies aim to guide the design-phase in future industry projects, therefore, improving 
the human experience within intensive housing. 

Keywords: User perception, public and private threshold, intensive housing, medium-density housing. 

1. Introduction 

This research investigates user perceptions of the public and private threshold space within New 
Zealand intensive housing. To this end, the opinions of residents were collected in order to understand 

how dwelling occupants perceive their thresholds between public and private space. To understand 
definitions of successful transitions between public to private space this research adopted an interview 
based data collection method to examine how intensive housing residents could inform key design 
guidelines for practitioners.  

The aim of this research was to produce a set of guidelines and principles based solely on user 
perception. The qualities that influence human experience is critically analysed to create correlations 
between the user experience and the public and private threshold. 
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Occupants in two recently completed intensive housing projects in Wellington, New Zealand, 
dubbed ‘The Altair’ and ‘Britomart’, were interviewed. Semi-structured interviews were recorded onsite 
at the case study locations to understand correlations between user groups and locations. Then the 
interviews were analysed to understand the effects of the threshold and revealed common trends. The 
following section speaks to the specific data collection and analysis method adopted in the interviews 
carried out for this research.   

2. Methodology 

To find the most relevant case study projects for this research, a statistical analysis of all 
surrounding suburbs of the Wellington Central Business District was carried out. This initial statistical 
analysis of the 2013 census data recorded (the most updated data available at the time of this research). 
This data included variables such as occupants’ gender, age range, ethnic group, housing typology, 
median weekly rent and, median income. Factors such as housing typologies of the suburbs were also 
taken into account, suburbs with high rates of medium/high-density living were favored. This 
information briefed the research on what to expect in each suburb. The objective of the research was to 
gain a range of user perceptions, therefore, suburbs with the most diverse range of the aforementioned 
variables were selected for inclusion in this research. 

As a result two suburbs, Newtown and Berhampore, were chosen for their diverse range of 
households matching the original aim of the research. Both neighborhoods are within walking distance 
to the city centre. This creates a spectrum of transport needs and variations for users. This close 
proximity to the city centre or ‘semi-suburban’ location also means that it is used as a ‘thoroughfare’ 
suburb, not an end destination. As a consequence, this has created a large amount of diversity in these 
two suburbs, and meeting the criteria for the initial case study scheme. 

3. Prerequisite case study analysis 

3.1. The Altair 

Location 108 – 126 Rintoul Street, Newtown, Wellington 

Year completed 2006 

Architect Architecture+ 

Number of dwellings 71 total 

Building typology Row style terrace houses (2, 3 and 4 storey townhouses) 

Site Size Approximately 100m x 100m (1 hectare) 

Site density Each individual site has an area of between 130m2 and 180m2.  
Averaging 142m2 excluding courtyard. 

In order to evaluate the phenomenological qualities of each case 
study, the architectural design qualities are described here in 
detail based on the architect’s design brief publications. The Altair 
Townhouses are arranged around two large courtyards to 
enhance community interaction. Modulations in form, materiality 
and, color produce a sense of identity for each of the dwellings 
(Figure 1). This is achieved by staggering the unit sizes to create an 

Figure 1. Street view of The Altair (source: 
Architecture+, 2019) 
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irregular aesthetic. The aim of this irregular aesthetic was to provide a greater degree of privacy 
between units. In order to add to this sense of individual identity, there is also a large range of urban 
modulation; vehicle access, private courtyards, common areas and foliage to distinctively separate 
spaces. Three larger communal landscape areas within the complex create the main separations 
between the three groups of buildings (Figure 3). 

Two housing blocks have a street-front facade on the North and east ends of the complex. These 
two street-facing housing blocks are separated by a vehicle entry and exit zone. The two housing blocks 
have different conditions: 

1.  Parking access from the rear and a semi-private gated courtyard with direct pedestrian access 
from the street. (Figure 2) 

2. Parking and access from Rintoul Street and 
private courtyards at the rear. 

 

 

3.2. Britomart  

Location 135 Britomart Street, Berhampore, Wellington 

Year completed 2018 
Architect Studio Pacific Architecture 
Number of dwellings 36 units in total 
Building typology Terraced Housing 
Site Size 2023m2 
Site density - 

Britomart housing development is built to serve the 
social housing demand for smaller apartment-style 
homes in Wellington. The development has been 
designed with a community focus, whilst still 
maintaining privacy for residents. All homes are north-
facing, to attain maximum sunlight all year round 
(Figure 4). Ground floor units are all accessed by a small 

Figure 3. Plan Figure 2. Masterplan (source: google maps, 
2019) 

Figure 4. View of Britomart from street 
(source: Studio Pacific Architecture, 2018) 
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private fenced patio which has built-in planter boxes and clotheslines (Figure 5). 

Level 1 units are accessed by a shared entry staircase, creating a sense of community within the 
entranceway (Figure 6). On-site parking is minimised to favour a pedestrian-based landscape. This is a 
response to the close proximity to local amenity and public transport routes. 

4. Interview procedure and pilot study interviews 

The work carried out in this research followed the Human Ethics Committee (HEC) guidelines 
from Victoria University of Wellington and subsequently attained ethics approval [0000027137]. A semi-
structured interview method was used for the study. Open-ended questions that relate directly to the 
design qualities were used to create space for participants to narrate their experiences (Galletta & 
Cross, 2013). This was because of the unprecedented nature of this research which is based on the 
methodology developed by Kernohan et al. (1996). As a consequence, the biggest obstacle was 
establishing a research methodology that would facilitate clear communication between all members of 
the research team and the interviewees. This was because the user perception survey developed here 
brought together practice based designers, academic researchers and residents with little or no 
experience in design or research. 

The methodology discussed in the following section discusses how Kernohan et al’s work is 
applied to the aforementioned case studies. Kernohan et al. address the topical issue of user 
participation. At the time of its publication this work was identified as a major addition to the literature 
of user studies and building evaluation (RIBA, 1996).  

4.1. Pilot Study Interviews 

The aim of the pilot study interviews was to obtain at least 10 interview responses from 
occupants who had been occupying a dwelling in each case study. Two interview groups were put 
together with research assistants and architects from the industry partner. A total of eleven interviews 
were recorded in the initial phase of the interview period, throughout this phase, various changes were 
made to the question framework and terminology to improve legibility and communication between 
design experts, the researchers and the dwelling occupants. 

The line of questions were structured specifically to increase the interviewees understanding of 
the research topic.  Questions based on Spatial Qualities and Recreation were posed at the very 

Figure 5. Plan                                                                Figure 6. Britomart Masterplan (source:  

     google maps, 2019)  
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beginning of the survey to establish key definitions of public and private thresholds. In nearly all 
interviews this evoked more thought-provoking topics such as occupants’ privacy needs, which lead to 
informed critical feedback. These opening questions also allowed the research and design team to gauge 
an understanding of the user’s attitudes towards thresholds at an early stage of the interview process. 
This was one of the major findings of the interview process which is discussed in greater detail at the 
end of this paper in preparation of phase two of this research. 

4.2. Initial Interview questions 

1. Space Qualities 
a. Do you enjoy being able to personalise your outdoor area? 

2. Recreation 
a. What activities do you like to do in your outdoor area? 
b. Are there any activities you would like to do in your outdoor area but can’t? 
c. How often do you use the communal facilities of the complex? 

3. External Environments 
a. Would an external space need any particular shelter? (From wind, rain or sun?) 

4. Community 
a. Do you like to be able to easily communicate or socialize with your immediate or 

close neighbours? 
b. Would you like to live in an integrated way with families and other demographic 

groups in neighbouring dwellings? 
5. Public and Private Environments (privacy needs) 

c. Is it important to you for have privacy from the other units and/or road? 
d. Does it bother you that people or other units can see into your outdoor space? 
e. Would you rather have more sun or more privacy? 
f. Does the public see through to this dwelling area? How does this affect you? 

The two case study developments were then interviewed on separate days: 

The Altair: 8 residents interviewed between the 31/01/19 - 1/02/19 

Britomart: 3 residents interviewed on the 7/02/19 

5. Interview results 

5.1 The Altair 

5.1.1 Spatial Qualities 
The interview responses suggest that 75% of residents like to personalise the space to their 

needs. Specifically, resident 1 identified that personalisation is not necessary because of the tenure. A 
key point of fact here was that this resident was renting the property and therefore preferred to 
maintain the original state of the area. This resident also identified that if the property was privately 
owned the area would be well-tailored to his own preference. This was a common theme amongst two 
other residents, who agreed with this sentiment; essentially reiterating that they would consider more 
personalisation if the property was privately owned. Resident 6 specifically identified being dissatisfied 
with thresholds between public and private space because of the lack of sunlight near these areas. This 
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resident specifically noted not spending “any time” there. This was not a common theme and seemed to 
be an isolated response  

5.1.2 Recreation 
All residents do functional and recreational activities in their outdoor area including drying 

clothes, gardening, sitting, eating meals, drinking, and playing with children. Resident 7 specifically 
emphasised spending a vast amount of time in the outdoor area because of the access to sunlight. 

As a result, and as could be expected, all the instances that residents identified feeling 
dissatisfied with their threshold space had a direct correlation with either a lack of sunlight in the 
outdoor areas, frustration with building layout and lack of space for entertaining guests.  

When asked about the communal residents’ park amenities, one resident vehemently responded 
in favour of this kind of space, stating that their family used it “almost every day” since it is enclosed and 
feels safe for children. This use was expected by both the research team and the architects as initial 
research in the planning stage identified that children are by far the greatest users of shared outdoor 
space in multi-family housing (Marcus, 1986, p. 126). Multiple units overlook the residents’ park so 
there is passive visual surveillance for children playing. Conversely, all residents who identified they did 
not use this communal park noted that there was no amenity for adults in this space, making it 
unattractive for anyone without children. 

5.1.3 External Environments 
The majority of residents (75%) noted that the inclusion of rain shelter is necessary for any 

threshold spaces. Resident 3 notes their displeasure with the lack of weather-protection over the 
balcony, stating that the potential risk for slips in wet weather condition meant that these spaces were 
often unusable or did not feel safe. The residents located towards the west wing of the complex were all 
satisfied that these external thresholds spaces were “fairly protected as it is” due at least in part, to the 
added protection of the shelter against the north-easterly down pours (NIWA, 2014, p.16) 

5.1.4 Community 
With the exception of a single resident, all interviewees identified that they liked the ablility to 

socialise with immediate or close neighbours. A resident with children specifically noted that:  

“The kids play with other children in the area and it’s absolutely amazing, it’s a great way of 
meeting new people”.  

This suggested that incorporating additional spatial consideration for social space was potentially 
important, especially for households with children. All of the residents that were located in the East 
wing of the complex (street-front side) identified that they were not open to living in a more integrated 
way with families and other demographic groups in neighbouring dwellings. One resident specifically 
identified that they were “happy the way it is”. However, Resident 3 suggested they would be open to 
such a concept but not in the current complex. The conversation with the design team during the 
interviews suggested that this was potentially due to their location in the complex. These residents were 
relatively cut off from the central part of the complex simply because their units had dedicated street 
front access. All accounts of the residents interviewed suggested that any residents located near the 
street had less daily interaction with other residents. However, this may have been a result of the choice 
made not to integrate with neighbouring dwellings and households made up of families.  

5.1.5 Privacy 
All residents located on the East wing of the complex (street-front side) agree that privacy from 

the other units and/or road is of a medium/high priority. Resident 2 identified that noise pollution from 
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the road was a big factor in this decision. This resident identified being extremely unhappy with the 
current visual and audio privacy, specifically stating that that the public and private threshold should be 
more than just a visual aspect. All other residents that did not have street-front dwellings suggested 
they were satisfied with their current privacy from other units/road, with four out of five residents 
stating that they enjoyed having a unit located away from the street fabric. Resident 7 explained that 
their satisfaction with privacy is based predominantly on safety reasons; they stated that the outdoor 
area wouldn’t be used if their unit was situated near the road, due to perceived safety issues for 
children. These results study suggest there is a clear difference in privacy satisfaction between users. 
The significant difference in the level of satisfaction had to do with the location of the dwelling, the 
preferred option being situated away from the road. 

Around 66% of residents situated near the street-front rated privacy needs higher than sunlight 
needs. The remaining residents all rated sunlight higher than privacy. Again the difference in privacy 
needs seemed to be associated with the location of the unit. 

5.2. Britomart 

5.2.1 Spatial Qualities 
The interviews suggest that the residents would like to be able to personalise their outdoor space 

with gardening being proposed as a desirable activity. 

5.2.2 Recreation 
All residents thoroughly enjoyed recreational and functional activities in their outdoor 

thresholds. These included gardening, sitting, reading and be able to dry clothes. Resident 11 described 
the merits in having a raised garden bed in the outdoor area, identifying that this made it much easier to 
reach the garden. 

To improve recreational aspects, all residents proposed having space in their external threshold 
spaces to grow more vegetables and more space to entertain. Amongst all the interviewees, the data 
collected in this survey suggested that gardening was a great success for the older demographic. 

All residents identified that they were not using the communal facilities of the housing complex. 
Two residents explained they did initially use this space when they moved in, however the configuration 
of this space within the complex made it increasingly inconvenient over time. The results of this survey 
also suggest that the access to the drying room is not adequate as it is too steep for the elderly 
residents.  

5.2.3 External Environments 
Much like the Altair complex all the residents located on the street-front row are exposed to a lot 

of wind. The household in these space all identified shelter from wind was the biggest problem here. 

5.2.4 Privacy 
Privacy from the other units and/or road was again identified high priority for residents on the 

street-front row, and some specific issues with privacy were noted. Some outdoor areas are overlooked 
by neighbouring dwellings; which was specifically identified as an undesirable attribute in the building 
layout by all interviewees. The permeability of the main entrance of each dwelling was also identified as 
an inappropriate design measure. This was because the main doors were partially clear glass, as a result, 
pedestrians are constantly able to see into the internal private dwelling spaces.  
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Although not all residents expressed concern regarding people/other units being able to see into 
their space, all household identified that they needed a greater degree of privacy.  

6. Common trend analysis 

The results of this survey identify six common trends which were observed in both case studies. 
These centrally focus on dwelling location within the masterplan; lack of privacy and permeability of the 
building envelope; lack of entertainment space in the external threshold spaces; the massive 
discrepancy in user satisfaction between households facing the street front in comparison to households 
facing inwards in the complex; the social interactions inhibited by the communal space design; and 
finally noise pollution. These are discussed in greater detail below. 

1. Majority residents have a shared level of satisfaction with their threshold irrespective of their 
demographic. However, this satisfaction was lower within the residents located close to the 
road. The investigations suggests that privacy is a concern that has been poorly addressed in 
those houses. Residents in this area noted that they would add more privacy layers to the 
boundary if they owned the property. Privacy needs are higher for the residents living on the 
street edge, with all respondents in this zone saying privacy is of a medium to high priority. 80% 
of residents situated on the street-front rate privacy needs as higher than their need for direct 
sunlight. Residents living in other areas noted that they are pleased with the location of their 
dwelling. Some users stating that their current privacy is “great” and they are “lucky” not to live 
near the street. All residents in these areas rated direct sun need higher than privacy needs. 

2. Interviewees voiced concerns about people/the public being able to see into their outdoor space 
for residents living on the street front edge. This is compared to there being little or no 
irritation from the public seeing into outdoor space for the residents located to the rear-side of 
the complex.  

3. Residents are dissatisfied with the outdoor area in terms of places for entertaining. Residents 
noted that if the outdoor area was connected to the living space they would use it much more 
often. This suggests the willingness to blur the threshold between private and public; residents 
want to bring social aspects into their outdoor area (bring their private life towards the public 
sphere). 

4. Residents who live on the street front typology are less inclined to live in a more integrated way 
with families and other demographic groups in the area. The occupants of dwellings with street 
front access have little incentive to enter the housing complex to interact with neighbours or 
use the common areas. As Marcus (1986) explains a greater territorial sense can develop if 
residents frequently walk through communal spaces. Residents situated at the rear of a 
complex may begin to feel comfortable in the space, greet others and perceive the space 
almost as an extension of their dwelling (Marcus, 1986, p.120). To create a more interactive 
community, there needs to be more incentive for street-front residents to enter the complex. 

5. Some residents have noted that there are little communal facilities available to promote social 
encounters. The lack of outdoor communal amenities for adults was apparent from the 
interviews. According to Marcus (1986), most people will avoid private ground level open 
spaces lacking a barrier and abutting directly onto public spaces (Marcus, 1986, p. 127). The 
results of this research suggest that the threshold between private to public is unsuccessful. 
The common area is shared by all residents, yet the area is underutilised. This area needs more 
amenities to invite users to enjoy the space, especially street-front residents who have no 
incentive to enter the space. 
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6. A small number of residents on the street-front have explained that noise pollution from the road 

matters just as much as privacy. Not only visual privacy is needed but also sound privacy. Noise 
pollution problems were only mentioned by street-front users; meaning this may be of a high 
priority for a successful threshold into a neighbourhood. 

7. Design Implications 

The data collected in regard to the public-private threshold in this study identifies that secluded 
dwellings were perceived as far more successful. Specifically the units that bordered the existing street 
were perceived as far less successful at creating appropriate public to private thresholds. Perceptions of 
residents located on the street front were much more negative compared to those who were located 
deeper in the complex. 

Participants particularly noted the lack of barriers from road noise pollution. Natural barriers 
such as landscaping is recommended to dissipate not only the acoustic but also visual pollution.  

Where the public-private threshold extended to the treatment of facades and point of entry, 
users identified that screening or frosted glass would be preferred over a fully transparent material. 

A common trend was the opinion that if the property were privately owned by the resident 
(rather than rented) or if a sense of ownership was afforded then there would likely be more motivation 
for households to develop vegetation and landscaping in the outdoor areas. This was specifically 
identified by some interviewees as a measure that could have potentially added more privacy from 
other units and the road. Nearly all interviewees gave landscaping a very high priority in their outdoor 
area; multiple residents commented on how “lucky” they are to have a tree in their outdoor area. 
Therefore, the use of landscaping to increase the feeling of privacy and ample room for gardening would 
be recommended as identified by Marcus (1986). 

Some residents also identified being unhappy with their threshold in places where units had 
balconies physically overlooking their private courtyard. The interviews found that the majority of 
residents were uncomfortable with other resident’s looking down into their private space. Desired levels 
of privacy vary according to the individual. This suggests that designing for inclusion and flexibility may 
be one of the most important consideration of design thresholds in intensive housing projects. 

8. Barriers and limitations 

It should be noted that this research is not without limitations. First, this paper only looked at the 
residential sector based on the households examined in two case studies. While this study is a 
comprehensive representation of a wide range of ethnic groups in the case studies examined, it is still 
limited due to the single type of residential housing examined. Second, the data collection was limited 
by the availability of the residents. As interviews took place between 11am-4pm on weekdays there 
were a number of households that were not home. Involvement in this study was also governed by the 
residents’ willingness to participate, and times of availability which were dictated by day time and early 
evening hours for the safety of the research team. Third, this research is based in specific suburbs of 
Wellington, New Zealand. The contextual nature of qualitative research means that careful thought 
must be given to the potential relevance (or lack of) to other sociocultural settings (Kuper & Lingard & 
Levison, 2008). 
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9. Key outcomes and further research 

Some of the most lessons learnt in this research pertain to the manner in which this kind of 
phenomenological research can be undertaken again with a wider study-pool.  One of the key outcomes 
of this research was the iterative evaluation of the survey methods that were refined during the pilot 
study and then in the final questionnaire.  As a result, the exercise of developing a user perception 
survey has been reported on earlier in this paper.  

The biggest obstacle in this research was facilitating research between all members of the 
research team and the interviewees. This was because of the unprecedented nature of this research 
that was initially proposed by the methodology developed by Kernohan et al. (1996) over two decades 
ago.  The user perception survey developed here brought together practice based designers, academic 
researchers and residents with little or no experience in design or research.  This meant that industry-
related jargon and research based definitions had to be calibrated to develop a common terminology for 
all the groups in question. The questions were then arranged into a simple framework with clear themes 
to promote a coherent structure and communication. In partnership with Victoria University of 
Wellington and Studio Pacific Architecture this ‘user perception survey’ will now be the main tool used 
for understanding perception of occupants in the next larger phase of the study.  
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Abstract: Wind catcher is natural ventilation device that is commonly used in buiding in various Middle 

East countries, intended to work as passive cooling and ventilation system. However, the geometry of 

wind catcher which is an opening to the outside environment make it also potential to function as 

daylight distributor in buildings. This paper investigates the sensitivity of daylighting performance in 

building with wind catcher system based on three design input, i.e. number of gratings, chimney height, 

and interior tower reflectance. The sensitivity analysis is performed by linear regression and the 

significance of each design input can be observed by the Standard Regression Coefficient. A model of 

wind catcher is introduced, with various number of gratings (0 - 9), chimney height (1.5 m - 3 m), and 

interior tower reflectance (0.1 - 0.9). Simulation and analysis are performed for the climate of Bandung, 

Indonesia. Average Daylight Factor (ADF) is observed. As the result, this study unveils that the design 

input (number of gratings, chimney height, and interior tower reflectance) show great impact for 

daylighting performance in building based on simulation and analysis that has been performed. 

Keywords:  Wind Catcher, Sensitivity Analysis, Average Daylight Factor (ADF).  

 

1. Introduction  
Building consume the biggest energy which is as much as 40% of the world's annual energy used for 

heating ventilation and air conditioning (HVAC) and about 20-30% of the total electrical energy used is 

used as an electricity source to artificial lighting (Perez-Lombard,L. et al., 2008). Building in hot climate 

countries such as Egypt, Iraq, Iran, Bangladesh, and others use wind catcher as natural ventilation to 

provide fresh air into the building and gradually reduces the concentration of air pollution in building 

(Bahadori et al., 2014). It improves indoor air quality and reduces the consumption of non-renewable 

energies and fossil fuels. The system of wind catcher is placed higher than the ceiling and consists of 

openings, roofs, channels, and inner partitions. 
Meanwhile, Indonesia is a tropical country that has high daylight intensity but its utilization has not 

been maximized. There are many benefits that can be obtained from daylight, which can be used for 

indoor lighting. The use of daylight also has a great effect on saving electricity consumption from the 

use of artificial lighting. However, awareness to utilize the daylight during the day diminishes along with 

the development of modern building architecture. In this case, the wind catcher can be utilized because 

the openings in the wind catcher can also automatically capture the light outside and channel it into the 

building.  
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The previous research has been carried out on wind catcher systems in country with tropical 

climates (Gharakhani A, et al., 2017), but the identification is only limited to its function as natural 

ventilation that works passively without reviewing the potential of wind catcher as daylight channel into 

the building. In order to improve the overall performance of wind catcher, a sensitivity analysis should 

be applied to an isolated building model with wind catcher system. This research was conducted by 

programming and simulating a model of an isolated building model with wind catcher system using 

related software to determine the effect of various design variables such as number of gratings, the 

chimney height, and interior tower reflectance with climate data in Bandung, Indonesia for a year. 

This paper presents a local sensitivity analysis of daylighting for building with wind catcher system. 

Studied performance indices include Average Daylight factor (ADF). Daylight Factor (DF) is the level of 

illuminance at a certain point in a particular field against the level of illuminance in the open field when 

it occurs. The sensitivity analysis is based on linear regression. The Standard Regression Coefficient of 

each studied parameter were displayed to determine the building parameters that have the most 

significant impact on the performance indices, and the Coefficient of Determination (R2) is used to 

determine the relevance of each design input to the daylight metric used in this study.   

  

2. Methodology  

To find out the impact of input variable to the output variable y, a sensitivity analysis was performed 

using linear regression. The influence of the input variable to the output variable is seen from the 

Standard Regression Coefficient (SRC) and the Coefficient of Determination (R2) value. Input variable x 

and output variable y are standardized against the reference building model by Montazeri (2018), 

therefore the SRC value will be in the range between -1 to 1.   

2.1  Geometry Modelling  

As shown in figure 1, a simple building geometry was chosen as a case study reference model, referring 
to the building with wind catcher system in a study by Montazeri (2018). The building dimension is 8 m × 
6 m × 3 m. The chimney height is 1.5 m and placed above the ceiling with openings facing north, with a 
horizontal opening area of 1 m × 1 m without grating. There is opening (window) in the middle of the 
facade opposite to the wind catcher with an area of 2 m × 1 m facing south. To simplify the problem, the 
door and interior partitions are not considered in the simulation process. 

 
Figure 1. The geometry of Reference buildings (a) wind catcher facade, (b) window facade  

 

  

  
      ( a )                                        ( b )   
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2.2       Modelling Variation 
The design input variations used in this study are number of gratings, the height of chimney, and the 
interior tower reflectors that are made varied with some ranges according to a combination of baseline 
values. The height of the chimney varies from 1.5 m to 3 m with a variation range of 0.1 m, variations in 
the number of lattices from 0 (without gratings) to 9 gratings, and the variations of reflectance values 
vary from 0.1 to 0.9 with a range of 0.1. 

 

 

Figure 2. The geometry of wind catcher system with (a) chimney height variation, (b) gratings 

variation 

3. Simulation 
A model of wind catcher is introduced, with various number of gratings (0 - 9), chimney height 

(1.5 m - 3 m), and interior tower reflectance (0.1 - 0.9). Climate-based daylight modelling, simulation 
and analysis are performed for the climate of Bandung, Indonesia. Average Daylight Factor (ADF) is 
observed. Orientation of the wind catcher opening is facing north and window with 2 m x 1 m dimension 
is made facing south. The use of daylighting is closely related to the geographical position of a building 
because of the relative movement of the sun at each coordinate on earth, therefore a reference is 
needed to help estimate the amount of daylight entering a building, in this study the equator was used 
as a reference. The position of the city of Bandung is in the southern part of the equator. The sun always 
shines above the equator for Bandung which is in the southern part of the line, therefore the direction 
of the most daylight comes from the north throughout the year.  

Daylight simulation are performed in Grasshopper (Honeybee) to obtain the results of each metric.  
Several settings were made before simulation is done. The location of the simulation object is in the city 
of Bandung, Indonesia with coordinates 6°8’S and 107°6’W. The sky model used is Perez sky model. It 
uses real data gathered from weather stations all over the world. 165 simulation points are spread 
around the buildings with distance between each points is 0.5 m and altitude 0.75 m from the floor 
which is adjusted to the height of occupancy area. It is necessary to adjust Radiance parameters in order 
to produce more accurate calculation results (IES, 2012 & Elghazi et al, 2014).  
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Figure 3. Measurement points in building 

 

4  Results  

The results of the sensitivity analysis of the input variable x to the output variable y variable are found in 

the graph in Figure 4. From the Standard Regression Coefficient (SRC) that has been obtained, there is 

no significant difference between the values of each design input. The design input that has the largest 

Standard Regression Coefficient is the chimney height which is 0.9896. The changes of ADF in gratings 

design input produce a negative Standard Regression Coefficient which means that the greater the 

number of gratings the ADF result is smaller in value.  
The Chimney height has a direct effect on the effective area of the entry of daylight intensity, then it 

has a significant influence in the value of daylighting metrics, if the chimney height is increased the 

value of ADF is increased as well. Similarly, it also applied in the surface reflectance of the chimney. The 

surface in a dark chimney (low reflectance) reflects less light than the surface of a bright chimney (high 

reflectance), and will produce a reflected light component that has little contribution to indoor lighting.  

The R2 (R-squared) - also called the Coefficient of Determination, which is the proportion of variance (%) 

in the dependent variable that can be explained by the independent variable. As can be seen in Table 2, 

the Coefficient of Determination from each design input all passed 0.75 which mean substantial based 

on rule of thumb proposed by Henseler (Henseler et al., 2009).  
  

Table 2: Standard Regression Coefficient (SRC) and Coefficient of Determination (R2) 

Design input  SRC  R2  

Chimney height  0.9896  0.9792  

Reflectance  0.9786  0.9402  

Number of gratings  0.9696  0.9578  
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Figure 4. Graphic of sensitivity analysis  

 
Table 3: The standardized values of chimney height and ADF used for sensitivity analysis  

Chimney Height   ADF  C'  A'  

1.5   2.12
9  

0  0  

1.6   2.13
7  

0.216930458  0.261
75  

1.7   2.13
7  

0.433860916  0.2746
3746  

1.8   2.15
7  

0.650791373  0.9827
3971  

1.9   2.15
8  

0.867721831  1.0213
6669  

2   2.16
4  

1.084652289  1.2466
8482  

2.1   2.16
6  

1.301582747  1.3131
7563  

2.2   2.17
8  

1.518513205  1.7294
6894  

2.3   2.1
8  

1.735443663  1.8002
7916  

2.4   2.18
7  

1.95237412  2.0481
1495  

2.5   2.18
9  

2.169304578  2.1189
2518  

2.6   2.20
7  

2.386235036  2.7562
172  

2.7   2.20
8  

2.603165494  2.7916
2232  

2.8   2.2
1  

2.820095952  2.8624
3254  

2.9   2.21
2  

3.037026409  2.9332
4277  

3   2.21
9  

3.253956867  3.1810
7855  

  



496 Pratiwi D.,  Ajrina Z., Mangkuto R. and Koerniawan M. 

 

Table 4. The standardized values of reflectance and ADF used for sensitivity analysis 

 

 Reflectance  ADF  R'  A'  
 0.1  2.081  -1.549193338  -0.953366  
 0.2  2.1  -1.161895004  -0.575992  
 0.3  2.106  -0.774596669  -0.4568212  
 0.4  2.11  -0.387298335  -0.377374  
 0.5  2.129  0  0  
 0.6  2.167  0.387298335  0.75474808  
 0.7  2.187  0.774596669  1.15198391  
 0.8  2.206  1.161895004  1.52935795  
 0.9  2.233  1.549193338  2.06562633   

 
Table 5. The standardized values of number of gratings and ADF used for sensitivity analysis 

 

Gratings  ADF  G'  A’  
0  2.129  0  0  
1  2.126  0.348155  -0.187  
2  2.120  0.696311  -0.529  
3  2.117  1.044466  -0.658  
4  2.111  1.392621  -0.994  
5  2.105  1.740777  -1.336  
6  2.097  2.088932  -1.791  
7  2.096  2.437087  -1.848  
8  2.088  2.785242  -2.276  
9  2.068  3.133398  -3.415   

5  Conclusion  

This paper presents result and analysis based on sensitivity analysis of wind catcher system with various design 

input to the output metric, in this case the Average Daylight Factor (ADF). Based on the results, it can be concluded 

that each design input has significant impact to the ADF values. The R2 values of each design input all show 

substantial effect. The design input that has the most significant impact to the value of ADF is the chimney height 

with Standard Regression Coefficient (SRC) 0.9896. The SRC of gratings design input produce negative values which 

means the greater the number of gratings the ADF would be smaller in value.  
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Abstract: Poor thermal conditions and indoor environmental quality are known to decrease productivity 
and cause dissatisfaction for building occupants. Acceptable indoor air quality (IAQ), for example, is 
defined as air with no known contaminants at harmful concentration levels, and yet prescription of 
ventilation rates in standards and guidelines in educational facilities are deemed sufficient for 
acceptable IAQ. However, studies have shown these requirements are often not met. While the impact 
of indoor environmental quality on health and educational outcomes in schools have been extensively 
investigated, scientific studies on measurements of indoor environmental conditions in P-12 schools in 
Australia are limited. This paper presents the initial results of the year-long study investigating the IAQ 
performance before (for two school terms) and after (last two school terms) the installation of fresh 
filtered air ventilation systems in the selected school classrooms in Victoria, Australia. Specifically, this 
paper is the evaluation of the Term 1 indoor air quality conditions of ten (10) classrooms in four (4) 
primary schools and a secondary school prior to the intervention in the ventilation system. 

Keywords: indoor air quality, CO2 concentration, student performance, primary school classrooms 

1. Introduction 

Good indoor air quality (IAQ) in schools is particularly important in providing a safe, healthy, productive 
and comfortable teaching-learning environments for students, teachers and other school staff. World-
wide, there is significant research into the indoor environmental quality of school classrooms, 
particularly on indoor air quality and ventilation. Reviews on school environments show that schools 
generally have inadequate ventilation and exhibit poor indoor air quality (IAQ) (Daisey et al., 2003) with 
various indoor air pollutants sometimes at elevated concentrations (Annesi-Maesano et al., 2013). 
School children constitute a sensitive population and are especially vulnerable to environmental 
contaminant exposures. The physiological systems in children are not fully developed (Makri et al., 
2004). For one, children breath larger volume of air compared to adults such that the respiratory system 
of children may be exposed to higher concentration of indoor air pollutants in school classroom 
(Bennett et al., 2007). Moreover, with children more physically active and because of their activities and 
behaviour in classrooms (sitting on floor, crawling, etc.), they are more exposed to indoor air pollutants.  

mailto:mary.andamon@rmit.edu.au
mailto:priyadarsini.rajagopalan@rmit.edu.au
mailto:jin.woo@rmit.edu.au
mailto:ruth.huang@rmit.edu.au
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School children can spend approximately 65 to 90%o of their time in indoor environments with 
potentially a large portion in schools. Australian students in Years 1 to 12 receive at least 25 hours of 
instruction per week (Victorian Department of Education and Training, 2017) or up to 1,075 hours 
indoors in school buildings annually. These primary students will spend up to 12,900 hours of their lives 
in school buildings from pre-school to Year 12 – which would be up to 25% of their waking lives to the 
completion of their schooling (Cheryan et al., 2014). With the number of hours spent in classrooms, the 
conditions of indoor environmental quality factors in school buildings and their impact on children’s 
health, well-being, comfort and learning ability require attention. 

The quality of indoor environments is characterized by thermal comfort and IAQ variables attributed 
to the presence of chemicals (CO, CO2, NO2, VOCs, formaldehyde, particulate matter, etc.) and biological 
(mould, fungi, pollens, bacteria, etc.) pollutants (Bluyssen, 2009). However, indoor micro-environments 
differ and are uniquely characterised depending on the local outdoor air, specific building characteristics 
and indoor activities (Stranger et al., 2007). Inadequate IAQ conditions due to indoor pollutants and 
thermal conditions have been found to influence performance, school attendance of students (Mendell 
and Heath, 2005) and cause respiratory and other health related issues (Csobod et al., 2014). Poor 
ventilation in school classrooms have been associated with student academic achievement (Haverinen-
Shaughnessy et al., 2011) and along with poor IAQ, are responsible for acute and chronic health effects 
(Annesi-Maesano et al., 2013), particularly respiratory health issues in young children (Taptiklis and 
Phipps, 2017a). 

1.1. Criteria for indoor air quality and ventilation rates 

A common standard index for indoor air quality does not exist. Typically, IAQ is expressed as the 
required level or ventilation or CO2 concentrations. The basis of criteria for indoor air quality and 
ventilation rates is the general acceptance that IAQ is influenced by emission from people and their 
activities, from building and furnishing, and from the HVAC system itself (DIN, 2007). Indoor carbon 
dioxide (CO2) concentration measurements are commonly used as indicators of indoor ventilation and 
surrogates for air quality of indoor environments. Concentration levels exceeding 1,000ppm is an 
indication of insufficient ventilation and unacceptable conditions in relation to odours removal. Outdoor 
carbon dioxide (CO2) concentration levels typically range between 300 to 500ppm, and typical indoor 
CO2 concentration levels range between 500 to 1,500ppm (Seppänen, 2006). ASHRAE Standard 62.1 
(2016) recommends a steady-state C02 concentration in a space no greater than about 700ppm above 
outdoor air levels with ventilation rate to be held to 7.5 Ls-1 per person. 

Australian Standard AS 1668.2 (2012) sets out design requirements for mechanically ventilated 
buildings, based on the need to control odours, particulates and gases, to achieve acceptable IAQ. AS 
1668.2 advocates minimum outdoor airflow rate between 10-12 Ls-1 per person, and in addition, 
specifies a minimum floor area requirement per occupant. For example, 12 Ls-1 per person and 
minimum floor area of 2m2 per person in classrooms serving persons up to 16 years of age. However, 
there is no information on minimum CO2 concentrations or other indoor air pollutants exposure levels.  

The Standards New Zealand NZS 4303:1990 Ventilation for acceptable indoor air quality (1990) 
specifies a fresh air requirement of 8 Ls-1 per person in a class of 30 occupants, as cited in Designing 
Quality Learning Spaces: Ventilation & Indoor Air Quality (Ministry of Education, 2007) and adopts the 
benchmark of 1,000ppm CO2 concentration levels.  

The measurement and analysis of indoor CO2 concentration levels often assist to understand 
ventilation conditions within an indoor environment. Seppänen et al. (1999) suggest that the control of 
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the ventilation is equivalent to control of CO2 concentration levels in the same indoor space. Many 
studies have found classrooms with high indoor CO2 concentration levels are potentially under- 
ventilated. Classrooms with ideal ventilation are typically where indoor CO2 concentration levels range 
between 600 to 800ppm. Classrooms in the US, Canada and Sweden were reported to have CO2 
concentration levels exceeding 1,000ppm, and high CO2 concentrations at 1,000ppm is associated to 
increased absenteeism (Shendell et al., 2004). In UK classrooms student were exposed to unacceptable 
air conditions of CO2 concentration of up to 5,000ppm (Bakó-Biró et al., 2012). Another study in Portugal 
across 51 elementary schools similarly reported high CO2 concentrations of close to 2,000ppm (Ferreira 
and Cardoso, 2014). Fadeyi et al. (2014) also reported inferior IAQ of exceedingly high CO2 concentration 
levels (>1,600ppm) found in elementary classrooms in United Arab Emirates. In New Zealand, Wang et 
al. (2016) have measured high levels of CO2 concentrations (exceeding 3,500ppm) in classrooms during 
school hours. Luther and Atkinson (2012) likewise found high CO2 concentrations (>2,700ppm) in 
Australian classrooms during winter.  

Mendell and Heath (2005) have identified that students’ attention and performance are linked to 
ventilation rates. It is evident that deficient ventilation has direct impacts on health and students’ 
performance, yet IAQ and ventilation rates are rarely measured in schools (Daisey et al., 2003; 
Shaughnessy et al., 2007; Taptiklis and Phipps, 2017b). 

2. P-12 schools in Victoria, Australia 

The primary objective of this research is to investigate the link between indoor air quality and student 
school performance in a sample of school classrooms in five (5) P-12 school buildings in Victoria, 
Australia and to inform the development of suitable air quality guidelines. This paper focuses on the 
initial evaluation of the indoor air quality of the ten (10) school classrooms (2 classrooms for each 
school) during the school Term 1 (January-April), corresponding to summer-early autumn. These 
preliminary results will set the context for comparison with the conditions of the classrooms after the 
installation of fresh filtered air ventilation system during the winter break prior to School Term 3 (July-
September/winter-early spring). 

The five (5) school buildings were built in the last 20-30 years and all classrooms had mechanical 
ventilation systems. The classroom sizes range from a floor area of 55-70m2 and volume of 149-180m3 
with occupancy of 15-27 students. During the 12-week period in school Term 1, the general level and 
conditions of the physical parameters describing the classroom environments were monitored using 
Onset HOBO MX110: air temperature (±0.21°C from 0° to 50°C range); relative humidity (1% to 90% RH 
range,±2% from 20% to 80% typical at 25°C) and CO2 concentration (0 to 5,000 ppm, ±50 ppm ±5% of 
reading at 25°C, less than 70% RH). These parameters were continuously monitored in each classroom 
and recorded at 15-min intervals.  

For one (1) day in Term 1, the experiment on schoolwork performance were performed in each of 
the school classrooms. Students completed the d2 paper-and-pencil Test of Attention widely used in 
paediatric populations (Brickenkamp, 1994). The d2 Test is a measure of selective attention, 
concentration, and speeded visual perceptual discrimination as well as impulsivity. For students from 
age 8-9, the duration of the test is between 8 and 10 minutes (Brickenkamp, 1981). Students in the four 
(4) primary schools were in Years 3 to 6 and ages between 8-12 years old. The secondary students were 
in Level 7-8 and ages 12-15. The indoor environment conditions (air temperature, relative humidity, 
mean radiant temperature, air velocity, and CO2 concentrations) were monitored and further recorded 
during the experiments. These indoor physical parameters were measured with probes connected to 
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Testo 480: air temperature (0 to +50 °C range, ±0.5 °C), relative humidity (0 to 100 %RH, ±(1.8 %RH), air 
velocity (0 to +5 m/s, ±0.03 m/s), globe temperature (dia 150mm, 0 to +120 °C) and CO2 concentrations 
(0 to +10000 ppm CO2, ±75 ppm CO2; 0 to +5000 ppm CO2, ±150 ppm CO2). These probes were fitted on 
a tripod with measurements taken at a height of 900-1000mm and placed close to the testing area in 
the classrooms.  

3. School classroom conditions 

The 12-week measurements of the classroom conditions provide the background data and 
information on the established conditions prior to the experiment on schoolwork performance and the 
installation of the ventilation system intervention.  

3.1. General classroom conditions 

The general conditions of the school classrooms during school hours (from 10:00am-3pm) are shown in 
Table 1. Average indoor air temperatures, Ta, were generally consistent across the 10 classrooms 
ranging from 21.6°C to 23.6°C with average relative humidity levels pf 49-59RH%. The Term 1 
monitoring period is from 29 January to 21 April 2019 (summer and early autumn) and the mean 
outdoor temperature was 20°C with 56-61RH%. January and February are the summer months in 
Australia and during the same period, the maximum temperatures ranged from 32°C to 35°C. The 
minimum temperatures were 11°C-12°C, typical of early autumn minimum temperatures. 

Table 1: Mean values of the main environmental parameters in 5 schools (10 classrooms) for  
12 weeks, 10:00am-3:00pm 

Classroom S1A S1B S2A S2B S3A S3B S4A SS4B S5B S5B 

Indoor Ta,= (°C)           
Mean 21.9 21.6 22.0 22.7 21.8 21.9 23.6 22.1 22.2 22.6 
SD 1.6 2.0 1.5 1.50 0.7 0.7 1.1 0.8 0.7 0.6 
Max 23.9 24.1 23.7 24.4 22.5 22.6 24.8 23.1 23.0 23.3 
Min 19.6 18.7 19.8 20.5 20.7 20.9 21.9 20.8 21.2 21.7 

RH (%)           
Mean 56 59 51 49 51 52 49 52 51 52 

CO2 (ppm)           
Mean 992 692 854 649 749 678 1274 1319 748 747 
SD 77.4 28.8 109.9 50.9 43.8 26.5 79.7 109.9 113.1 115.8 
Max 1072 733 952 714 823 704 1398 1451 887 859 
Min 895 663 699 580 702 638 1177 1186 574 578 

Outdoor Ta (°C)           
Mean 20.2 20.6 20.6 20.6 20.8 
Max 32.6 32.8 32.8 32.8 35.1 
Min 12.2 12 12 12 11.1 

Outdoor RH (%)           
Mean 61 56 56 56 56 
Max 96 89 89 89 95 
Min 24 25 25 25 22 

 



501 

 

An investigation of indoor air quality in school classrooms in Victoria, Australia 

 

The CO2 concentration levels in the 10 classrooms varied with mean values ranging from 649ppm to 
1319ppm. School S4 classrooms had the highest CO2 concentration levels measuring a maximum of 
1398-1451ppm. Whereas, the two classrooms, S2B and S3B exhibited the lowest CO2 measurements at 
649ppm and 678ppm, respectively. The basis of the commonly-referenced guideline value for CO2 of 
1000ppm is the 650ppm concentration difference with the outdoor CO2 concentration of 350ppm 
(ASTM, 2012). Comparing the mean measurement values of CO2 concentrations with the current annual 
average outdoor CO2 concentration at Cape Grim of 402ppm (BoM and CSIRO, 2018), the difference of 
247ppm to 917ppm above outdoor levels indicate that indoor air quality in these 10 school classrooms 
can be categorised as ‘Acceptable’ (IDA 3) to ‘High’ (IDA 1) following the classifications of IAQ according 
to EN 13779 (2007).  

Calculation of CO2 generation rates. The CO2 generation rate of 0.0029 Ls-1 for children and 0.0052 
L/s-1 for the teachers in the occupied classrooms were calculated according to ASTM Standard D6245 
(2012), used as normative reference by ASHRAE Standard 62.1 (2016) based on the oxygen consumption 
VO2, respiratory quotient, RQ, the activity levels and body parameters of children and adults occupying 
the classrooms (Eq 1). 

VCO2 = VO2 ∙ RQ = 0.00276 AD ∙ M ∙ RQ/(0.23 RQ + 0.77) (1) 

Where: 

VCO2 = CO2 generation rate, Ls-1 per person 

VO2 = Rate of oxygen consumption, Ls-1 per person 

AD = DuBois surface area, m2 

M = metabolic rate, Met (1 met = 58.2 W/m2) 

RQ = respiratory quotient 

The DuBois surface area for children ranges from 0.8 to 1.4m2 and 1.8m2 for an average-sized adult 
(ASTM, 2012). For this initial analysis, AD = 1.0m2for children. Based on the observed activities in the 
schools during the one-day survey, the 1.2 met rate for normal activity levels was used. RQ is the ratio of 
the volumetric rate at which CO2 is produced to the rate at which oxygen in consumed. The CO2 
generation rate per person, VCO2 is then VO2 multiplied by RQ. The value of RQ = 0.83 was used and this 
applies to a normal diet mix of fat, carbohydrate, and protein (ASHRAE, 2016).  

Calculation of ventilation rate. The 10 classrooms have floor area sizes ranging 55-70m2 and volume 
of 149-180m3 occupied by 15-27 school children. The air change rate was calculated using the mass 
balance equation to maintain the steady state CO2 concentration (Eq 2) (Luther et al., 2018) on the 
measured average CO2 concentration in the space, Cs and the base outdoor concentration, Co, 
determined from the minimum indoor CO2 concentration at the end of the long decay periods 
(weekends) (Roulet and Flavio, 2002).  

a = (Ng/V)/(Cs – Co)  (2) 

Where: 

a = air change rate, h-1 

N = number of people (occupants) in the space 

g = indoor CO2 generation rate per person, mLs-1  

V = space volume, m3 



502 M.M. Andamon, P. Rajagopalan, J. Woo and R. Huang 

 

Cs = Final (steady-state) CO2 concentration in the space, ppm (v) 

Co = CO2 concentration in outdoor air, determined from the minimum values measured  
        on weekends, ppm (v) 

The minimum CO2 concentration values ranged from 280-390ppm across the 10 classrooms in the 
weekends of Term 1 (12 weeks). The minimum concentration values were deducted from the average 
CO2 concentration to determine the increase resulting from indoor sources. The average of the 
minimum CO2 concentration levels in the classrooms during the weekends ranged from 426-480ppm. 
For the 4 classrooms, 2 with the highest CO2 concentration levels (S4A and S4B) and 2 with the lowest 
CO2 measurements, S2B and S3B (Table 1), using the CO2 generation rate of 0.0029 Ls-1 for children and 
Eq 2, the air change rates ranged from a low 1.12 ACH to 5.08 ACH (Table 2). 

Table 2: Air change rates for Classrooms S4A, S4B, S2B and S3B  
during 12 weeks in Term 1 (10:00am-3:00pm) 

Classroom N V (m3) Cs (ppm) Co (ppm) ACH (h-1) 

S4A 27 240 1274 323 1.23 
S4B 25 245 1319 368 1.12 

S2B 22 188 649 389 4.69 
S3B 25 169 678 374 5.08 

3.2. Classroom conditions during the one-day survey 

To further evaluate the indoor conditions of the school classrooms, additional measurements were 
taken for one day during the school hours of 10am-3pm wherein the 10-minute d2 performance tests 
were completed by the students. The indoor air temperatures were 22.4°C to 24.3°C with 42-73 RH%. 
Air velocities within the classrooms were typical of spaces with mechanical ventilation, mean values 
ranging from 0.09 to 0.20 ms-1. Though quite low, the maximum air velocity of 0.20 to 0.28 ms-1 indicates 
the use of fans or air-conditioning for cooling. 

 

Table 3: Mean values of the main environmental parameters in 4 schools (8 classrooms) for 1 day 
(10am-3pm) 

Classroom S1A S1B S2A S2B S3A S3B S4A SS4B S5B S5B 

Indoor Ta (°C)           
Mean 23.4 23.7 23.8 22.8 22.4 24.2 22.4 22.8 n/a n/a 
Max 24.6 24.8 24.6 23.8 23.6 25.5 25.6 23.3 n/a n/a 
Min 22.3 22.4 22.4 22.0 20.8 22.7 19.6 22.6 n/a n/a 

RH (%)           
Mean 73 73 38 40 51 47 43 42 n/a n/a 

C02 (ppm)           
Mean 486 506 1558 1548 967 987 1593 1774 n/a n/a 
Max 552 601 1833 2250 1193 1158 1891 2192 n/a n/a 
Min 381 426 1077 1127 651 812 786 1121 n/a n/a 

Air velocity (ms-1)           
Mean 0.20 0.18 0.10 0.09 0.11 0.11 0.12 0.15 n/a n/a 
Max 0.28 0.26 0.14 0.11 0.12 0.14 0.21 0.20 n/a n/a 
Min 0.13 0.10 0.07 0.08 0.09 0.08 0.06 0.08 n/a n/a 

MRT (°C)           
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Classroom S1A S1B S2A S2B S3A S3B S4A SS4B S5B S5B 

Mean 35.0 34.9 34.6 22.6 36.4 40.1 22.8 33.2 n/a n/a 
Max 37.8 36.7 37.6 23.4 39.0 43.3 25.2 34.3 n/a n/a 
Min 32.9 32.0 32.5 22.0 32.0 34.8 20.9 32.0 n/a n/a 

Operative Temp 
(°C) 

28.7 28.8 29.2 22.7 29.4 32.1 22.5 27.8 n/a n/a 

PMV           
Mean 1.2 1.3 1.3 -0.4 1.4 2.2 -0.5 0.8 n/a n/a 
Max 1.6 1.6 1.7 -0.2 1.9 2.8 0.2 0.9 n/a n/a 
Min 0.9 0.9 0.8 -0.6 0.5 1.2 -1.2 0.8 n/a n/a 

PPD(%)           
Mean 35.2 40.3 40.3 8.3 45.5 84.9 10.2 18.5 n/a n/a 
Max 56.3 56.3 61.8 5.8 72.1 97.8 5.8 22.1 n/a n/a 
Min 22.1 22.1 18.5 12.5 10.4 35.2 35.2 18.5 n/a n/a 

Outdoor Ta (°C)           
Mean 20.7 24.4 18.0 21.0 32 

Outdoor RH (%)           
Mean 96 28 61 33 30 

 

From the measured globe temperatures, the average calculated mean radiant temperatures, MRT, 
ranged from 22.6°C to 40.1°C. The maximum values for CO2 concentration levels, however, showed 
values >1150ppm reaching a value 2250ppm (Classroom S2B). The two classrooms in School S4 also 
consistently exhibited the highest CO2 concentration levels with mean values of >1593ppm. 

Based on observations of activity levels and clothing worn, 1.2 met and 0.60 clo values were 
assumed to calculate the predicted mean vote (PMV) and predicted percentage dissatisfied (PPD) 
thermal comfort indices. The mean values of the PMV index ranged from -0.4 to 2.2 during the day-
measurement, with mean values of the PPD index ranging from a low 8.3% to 84.9%. 

4. Assessment of schoolwork performance 

The lack of reported research studies in the literature on the assessment of academic performance and 
the correlation with indoor air quality parameters is an objective of this study. Part of this study is to 
assess the schoolwork performance and attempt to establish a relationship with the indoor conditions, 
particularly, indoor air temperature, relative humidity and the CO2 concentration levels. The analysis of 
the d2 Test results is currently in progress and not yet completed for reporting in this paper.  

The d2 Test is a timed test to estimate individual attention and concentration performance and 
measures processing speed, rule compliance and quality of performance (Brickenkamp and Zillmer, 
1998). It is administered to the students via a one-page, paper and pencil test consisting of 14 lines of 
the characters ‘d’ and ‘p’ with one to four dashes. The task is to scan across each line to identify and 
cross out as many target characters as possible (a ‘d’ with a total of two dashes placed above and/or 
below) per line in a limited time of 20 seconds – every 20s to move on to the next line.  

The performance parameters of d2 Test include total number of items processed (TN), the number 
of mistakes due to omission (E1), errors of commission (E2) and concentration performance (CP). TN is a 
quantitative measure of performance of all items that were processed regardless of their relevance. It is 
a highly reliable measure of attention allocation, processing speed, amount of work completed and 
motivation. E1 is a relatively common mistake and sensitive to attentional control, rule compliance, 
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accuracy of visual scanning, and quality of performance. It occurs when relevant items (‘d’ with two 
dashes) are not crossed out. E2 occurs when irrelevant letters are crossed out. It is a less common error 
and related to inhibitory control, rule compliance, accuracy of visual scanning, carefulness, and cognitive 
flexibility. CP is derived from the number of the correctly crossed out relevant items less E2. It is highly 
reliable, providing an excellent index of the coordination of speed and accuracy of performance for 
paediatric populations (Wassenberg et al., 2008; Rivera et al., 2017). 

As initial analysis, classrooms in Schools S2, S3 and S4 have been selected as pilot tests to confirm 
student performance pre- installation of the ventilation system. These 4 classrooms were selected for 
reporting in this paper due to the highest and lowest CO2 concentration levels (Tables 1 and 2). 
Classrooms S2B and S3B with the lowest CO2 concentrations levels, have 22 and 25 students, 
respectively. Both classrooms are used by Year 5 students (10-11 years). The two School S4 classrooms, 
S4A and S4B are occupied by Year 6 students (11-12 years). Classroom S4A has 27 students, of which 15 
participated in the test (56%). For Classroom S4B, with a total of 25 students, 17 participated (68%). 18 
students (82%) in Classroom S2B participated in the test and 12 students (48%) from Classroom S3B. 

Results for Classroom S3B reported the highest number of items completed. However, the results 
also indicate the highest mistakes due to omission and commission (Table 4). Interestingly, test results 
from Classroom S2B show the least errors of commission. Of the four classes, students in S4A reported 
consistently higher TN, E1 and E2 compared to classroom S4B. Although students in S4A completed 
more work, they also made more mistakes in both omission and commission. There is no marked 
difference in CP results in Classrooms S2B, S4A and S4B. However, Classroom S3B yields the highest 
score (by 14%) for concentration performance. 

 

Table 4: Student performance test for Classrooms S4A, S4B, S2B and S3B (Term 1) 

Classroom N TN E1 E2 CP 

S4A 15 391.4 10.2 12.0 143.3 
S4B 17 384.6 7.8 10.2 143.6 
S2B 18 348.8 10.1 6.9 145.2 
S3B 12 480.8 14.6 23.4 164.3 

5. Conclusion and direction of future work 

The early preliminary analysis of the Term 1 measurements of the school classrooms reported in this 
paper show that the indoor air quality conditions in the 10 Victorian schools are similar to reported 
results of other studies particularly with CO2 concentration levels exceeding 1,000ppm during school 
hours. Of particular concern is the calculated low air change rates in these classrooms. 

Methodological issues on the calculation of CO2 generation rates and estimation of ventilation rates 
using CO2 concentration analysis will need to be further explored. 

For further reporting of results of this study, the normative data from the performance tests: for 
total number of items processed (TN), the total number of corrected response (CR), omission errors (E1) 
and commission errors (E2) will be analysed and correlated with the monitored indoor conditions of the 
classrooms. 
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Abstract: Due to rapid urbanisation, there is tremendous increase in global warming which has forced 
architects to design spaces that are ambient to users with strategies that are climate responsive. 
Particular to the Climatic comfort in buildings of tropical context are very much influenced by their 
sensitivity towards thermal conditions. The design of buildings is based on spatial organization specific 
to its need. There are many classifications of spaces in building design of which ' COURTYARDS' are 
unique, specifically in designing a building that is climatically responsive. This study tries to understand 
the impact of courtyard geometry towards thermal comfort of occupants in an institutional building that 
is located in the warm humid climate of Tiruchirappalli. The geometry of the courtyard was analysed by 
studying the shadow pattern and through field measurements of surfaces for specific time period. This 
study was carried on with the hypothesis that the shadow of the building plays a major role in modifying 
the temperature of courtyard spaces in the building, but the study suggested that the influence caused 
by the courtyard geometry was negligible as the impact of the shadow on temperature reduction was 
less.  

Keywords:  Climate; Thermal Comfort; Shadow Pattern; Courtyard Geometry. 

1. Introduction 

Recent report from Ministry of Human Resources and Development (MHRD) India, indicates that 
majority of the student population who have completed their graduate degree, prefer stipendiary 
postgraduate courses or temporary project assistant positions (Khare2014, Wadhwa et al 2007, Lall 
1987 and Parikh 2004). Among the graduated students only 40% of them are placed last year (2018), 
having no option left before them the remaining 60% of the students are being forced to pursue post-
graduate studies (Sengupta 2006 and Ara 1998). Shocking news is that employment opportunity for 
Indians in India are expected to decline by ≥3.5 % in the fiscal year, 2019 (Singh 2018). Considering the 
unemployment rate and growing demand for post-graduate courses, many interdisciplinary post-
graduate courses are being offered to students (Bertrand et al. 2010, Banerjee et al 2007, Agarwal 2007 
and Bhattacharya 2008). As the number of courses offered by an institution increases, the contemporary 
infrastructure and advanced facilities required for establishing the same also increases. Eventually the 
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energy required to build, run and maintain the mentioned facilities steps-up considerably, leading to 
global warming and a hole in the ozone layer (De Castro et al. 2013 and Singh et al. 2009). When you 
look at the electricity loading pattern of educational institution, ≈35 to 40% of the total energy 
consumption goes to human comfort viz., lighting, fan, air-conditioning, refrigeration, etc., If you take a 
look at the educational institutions that are located in tropical climatic condition, major portion of the 
electrical energy is consumed for running air-conditioning system (De Abreu et al. 2018).  

According to World Meteorological Organization (WMO), the last 22 years encompass the 20 
warmest years on record. A combined effect of climate change and an evolving El Nino could possibly 
make coming years, the hottest ever. This motivated climate and building scientists to reinvent possible 
solutions for achieving self-sustainable or low energy building. Self-sustainable or low energy buildings is 
a concept used by architects to build structures that can provide superior thermal comfort to users by 
consuming minimal renewable energy sources. Recent studies have reported that a classroom’s thermal 
comfort and air quality decide the student’s performance and wellbeing (Wong et al. 2003, Corgnati et 
al. 2007, Kwok et al. 1998 and Buratti et al 2009). Temperature distribution inside the classrooms 
located in tropical climatic condition depends on variables such as sun-path, location, wind, rainfall, 
humidity, precipitation, shadow of surrounding elements etc (Kruger et al. 2004 and Humphreys 1981). 
Building possess different types of open spaces; among them courtyard plays a significant role in 
altering the temperature of the buildings to suit the thermal comfort of the users. Based on the recent 
experimental studies, experts suggest that introducing a courtyard in a classroom complex with an 
appropriate aspect-ratio, geometry and orientation could possibly enhance the thermal comfort and air-
quality of the classrooms in tropical/sub-tropical climatic conditions (Canton et al2014, Sadafi et al. 2011 
and Chatzidimitriou 2016. When it comes to an educational institution, the number of floors and 
classrooms per floor is relatively higher. By introducing a courtyard with optimal shape, orientation and 
aspect ratio (Almhafdy et al 2013), the effective shadow area can be ensured during the day as a 
function of sun-path and wind direction. When shadow area during the day is maintained, eventually 
the surface temperature of the building goes down. When the surface temperature is lower, then the 
residual heating of the subsequent floor levels becomes minimal resulting in superior thermal comfort in 
tropical area. On other hand, cross ventilation attributed by stack effect phenomenon ensures superior 
air quality. Ascribed merits offered by a courtyard makes it inevitable when it comes to educational 
institutions, as the courtyard spaces can be used as a recreational area for the students wherein the 
economics of the building is also equally taken care off. Conversely, if the guiding parameters while 
designing a courtyard are taken lightly then whole purpose behind the courtyard gets lost (Berkovic et al 
2012).   

This study tries to understand the role of courtyard in a classroom complex located in a tropical 
climatic condition. The role of aspect ratio of courtyard on the incurred shadow area and surface 
temperature of a classroom complex in National Institute of Technology, Trichy is extensively studied. 

2. Methodology  

         In order to understand the effect of courtyard space on the thermal comfort of an institutional 
building, the surface temperature of ground, first and second floor level was recorded using a non-

courtyard geometry the change in shadow area yield was recorded by taking photographic image of 
shadow for every hour from 6:30 am to 17:30 pm. The surface temperature of building and shadow 
area on courtyard space were recorded to analyse the impact of courtyard on thermal comfort of 
an institutional building. The data obtained is further taken to the comparative analysis of regional 
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temperature of Trichy. Shadow area yield is defined as the total shadow area that a particular space 
encompasses as a function of (a) orientation of building, (b) geometry of the building, (c) geometry 
of the courtyard, (d) sun path of the region of study etc., Shadow area in the courtyard was 
captured using a digital camera (Nikon D500) for every hour (from 6.30 am to 17.30 pm) .The 
shadow area in the photograph was used as a basis to mimic the building and shadow model using 
SketchUp 2014 which was further  imported in AutoCAD 2014 software to original length scale of 
the building. The imported model was superimposed on the building model drafted in AutoCAD 
2014 software which gives the area of Shadow. 

2.1 Study Area Description 

        The study was conducted in a classroom complex of an institutional building located in tropical 
climatic condition, on 5th September 2018 from 6:30 am to 17:30 pm. The Institute complex is located 
in Trichy-Tanjore National Highway, Tamilnadu,India (Figure 1) . Trichy has latitude of 10.7905° N and 
longitude of  78.7047° E. 

 

 

 

Figure 1: Location of the site discussed in this study  

(Source : https://www.mapsofindia.com,https://bharatmaps.gov.in/map.aspx) 

 

The topology of Trichy is almost flat, with an average elevation of 88 metres (289 ft). According to 
Koppen climate classification Trichy experiences tropical savanna climate—designated "Aw” without 
major change in temperature between summer and winter. Trichy experiences almost hot dry climatic 
condition .  According to Indian Metrological Department the average climatic condition of Trichy is 
tabulated in Figure 2 and 3. 

NIT,Trichy 

    North 

Scale: 1:577791 Scale: Not to Scale 

https://en.wikipedia.org/wiki/Tropical_savanna_climate
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Figure 2: Climate data of Trichy 

(Source : https://energyplus.net/weather, Climate Consultant) 

 

 
 

Figure 3: Climate data of Trichy (Source : https://energyplus.net/weather, Climate Consultant) 

 

https://energyplus.net/weather
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Figure 4: Orientation of institutional building with respect to east-west axis 

 

The building is oriented at 33º to east-west axis (Figure 4). The building has three floors and the height 
of the building is approximately 12m. The building has a rectangular courtyard with dimension of 44.1m 
x 76.4m and is enclosed by built-up space on all four sides. The exterior length of the building is 
approximately 102.2 m x 104.5 m.  

 

3. Results and Discussion  

The role of building aspect ratio (length/width) as a function of sun path on the shadow area yield of an 
institutional building located in tropical climatic condition is shown in Figure 5. Variation in the shadow 
area from morning to evening can be clearly understood from Figure 5. If we carefully see Figure 5, the 
shadow area from 12.30 pm to 17.30 pm is a nothing but a mirror image of the shadow area 
corresponding to 6.30 am to 11.30 am. The effective shadow area of the courtyard space decreases 
considerably from 6.30 am to 11.30 am, thereby the exposing both courtyard space and the western 
wing of the discussed building to direct sunlight. As the sun path changes from 11.30 am to 12.30 pm, 
the effective shadow area becomes nearly zero which eventually exposes west wing, east wing and the 
courtyard to direct sunlight. At 12.30 pm, the effective shadow area increases steadily from west to east 
wing (at 5.30 pm). So from 6.30 am to 12.30 pm the shadow area of west wing of the courtyard goes up, 
while post noon session (from 12.30 pm to 5.30 pm) the shadow area increases across east wing of the 
building. Figure 5 undoubtedly shows that the discussed building experiences a differential heating 
phenomenon in the west and east wings of courtyard surface during the day. This differential heating 
phenomenon tends to build a steep thermal gradient across different floor levels, which may eventually 
increase the surface temperature of the users in subsequent floors. 
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Figure 5: The role of building aspect ratio as a function of sun path on the shadow area yield of an 
institutional building located in tropical climatic condition 

 

Quantitative shadow area analysis of the courtyard space from 6.30 am to 17.30 pm is presented 
in Table 1. The shadow area yield of the courtyard for every hour is calculated by subtracting the 
shadow region from the building plan (Figure 5). When it comes to shadow area yield calculation (Table 
1), the exterior shadow area of the building is not considered in this study. The shadow area computed 
from Figure 5 is confined to courtyard space only. Table 1 clearly shows that the apparent shadow area 
yield decreases from 6.30 am to 11.30 am, whereas from 12.30 pm to 17.30 pm the shadow area yield 
increases steadily. Since the source of sunlight is at acute angle to building geometry at 6:30 am and 
17:30 pm, the built space around the courtyard tends to restrict sunlight to enter inside the courtyard. 
That is why the shadow area yield is higher at 6:30 am and 17:30 pm (Figure 5 and Table 1). At 7:30 am, 
the sun's angle slowly increases because of which a part of the courtyard receives direct sunlight. At 
7:30 am and 16:30 pm, almost 3/4th of the courtyard space is covered with shadow while the remaining 
space receives direct sunlight. The shadow area corresponding to 8:30 am and 15:30 pm is almost a 
mirror image of the shadow area representing 7:30 am and 16:30 pm.  The shadow area yield is found to 
be minimal in between 10.30 am to 13.30 pm. The rate at which shadow area decreases (from 6.30 am 
to 11.30 am) and increases (from 12.30 pm to 5.30 pm) in the courtyard is nearly similar. Thus the 
discussions pertaining to the shadow area yield from Figure 5 concedes with the quantitative analysis 
presented in Table 1. 
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Table 1: Quantitative shadow area analysis of the courtyard space from 6.30 am to 17.30 pm 
 

      Time 
(hours:mins) 

Shadow area of courtyard space (m2) 
Apparent shadow area yield (%) 

6:30 3205.99 100 
7:30 2717.07 85 
8:30 1656.53 52 
9:30 934.12 29 

10:30 520.77 16 
11:30 477.86 15 
12:30 575.74 18 
13:30 866.26 27 
14:30 982.34 31 
15:30 1283.11 40 
16:30 2226.02 70 
17:30 3205.99 100 

 
The effect of shadow area yield on the mean surface temperature of courtyard space/ground 

floor, first floor and second floor of the discussed institutional building is shown in Figure 6. The mean 
regional temperature of Trichy on 10th Sep 2018 is superimposed with experimental results, so that the 
variation in mean surface temperature of different floor levels can be compared with regional 
temperature later. If we compare mean regional temperature of Trichy with the mean surface 
temperature of ground floor, first floor and second floor; it can be seen that after 15.30 pm the mean 
temperature of Trichy gradually decreases. But the mean surface temperature of different floor level 
increases steadily, which is naturally not an expected phenomenon. Possible reason behind the steady 
increase in the mean surface temperature of all three-floor levels is due to stack effect. Since the 
courtyard’s aspect ratio is incorrect, the courtyard is simply exposed to direct sunlight during the day. 
This eventually heats up the courtyard space considerably, thereby levitating the hot air up to 
subsequent floor levels. The residual heat wave that moves up is being carried across every possible 
room in the building, leading to a substantial thermal discomfort among the users. Ascribed 
phenomenon can be witnessed in the form of a steep linear curve (Figure 6) corresponding to the mean 
surface temperature of three distinct floor levels. The surface temperature of all the floor level increases 
steadily from 6.30 am to 17.30 pm, which clearly indicates that the role of courtyard has clearly 
outplayed in this design. If the courtyard design would have been nearly correct, then the mean surface 
temperature of discussed floor levels should have followed an inverse parabolic trend of shadow yield 
curve. If you break the trend lines (green, blue and magenta) corresponding to the mean surface 
temperature of three floors and compare it with parabolic trend line corresponding to shadow are yield 
curve (black). In between the time frame 6.30 am to 12.30 pm, as the shadow area decreases there is a 
steep increase in the mean surface temperature of three floors. But in between the time frame 15.30 
pm to 17.30 pm the trend line corresponding to the mean surface temperature of three floor should 
decrease, but Figure 6 shows an increasing trend. The mean surface temperature of the three floors 
follow a linear trend after 15.30 pm due to stack effect. Among the three floors, the mean surface 
temperature of second floor is relatively higher than the first and ground floor. But during 13:30pm and 
15:30pm the stack effect has disturbed surface temperature of the building to such an extent that the 
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temperature of the ground floor becomes even more higher than the first floor due to radiation of hot 
air from the courtyard surface. At 14:30 due to hazy sky condition, there was drop down of surface 
temperature of courtyard that had its impact on surface temperature of ground floor even. Ascribed 
discussions elucidating the relationship between the surface temperature of three floor levels and 
shadow area yield acknowledges our earlier discussions pertaining to Figure 5 and Table 1. 

 

 

Figure 6: The effect of shadow area yield on the mean surface temperature of three-floor level  

5. Conclusions 

The effect of courtyard geometry on the thermal comfort of an institutional building located in tropical 
climatic conditions is studied. The thermal comfort of the users in an institutional building depends on 
the aspect ratio of the building and courtyard. The aspect ratio of the building dictates the degree of 
differential heating phenomenon along the courtyard and builds up a steep thermal gradient across the 
different floor levels. Wherein the aspect ratio of the courtyard decides the shadow area yield of a 
particular floor level. Improper courtyard aspect ratio selection can expose the open space to direct 
sunlight and generate heat wave from courtyard space. This heat wave can levitate across the different 
floor levels, leading to considerable increment in the mean surface temperatures of building. 
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Abstract: When Victoria University of Wellington proposed to move the School of Biological Sciences 
from its existing 1972 building to a new one, it had the foresight to first conduct of an evaluation of the 
existing premises. This was carried out in 2014 to provide a baseline for a repeat survey following the 
School’s move to the proposed new building. This was duly undertaken at the end of 2018, following the 
first year of occupancy. This kind of before-and-after survey is only very rarely undertaken - in this case, 
the well-established Building Use Studies Methodology was used to assess the users’ perception of both 
buildings. Overall, users’ perception of the new building had significantly improved in comparison to the 
older premises. Notably, the technologically advanced facilities and the contemporary aesthetics of the 
new building provide a positive, pleasing image for both occupants and their visitors. However, noise 
and shortage of storage were sources of dissatisfaction. With a drastic jump from the 18th to the 77th 
percentile within the context of New Zealand commercial and academic buildings, the new building sets 
a favourable benchmark for academic buildings in New Zealand. 

Keywords: User survey; building performance; academic buildings; BUS methodology. 

1. Introduction 

 
Victoria University of Wellington’s Kelburn Campus has undergone significant redevelopment over the 
last decade or so. As part of the postgraduate research programme at the School of Architecture, the 
opportunity has been taken to conduct post-occupancy evaluations (POEs) of some of the new buildings. 
With the 2014 approval of a proposal to move the School of Biological Sciences (SBS) from its existing 
1972 premises to a new (but at that time still to be constructed) building (see Fig 1), the University’s 
Campus Services had the foresight to fund the conduct of a POE of the existing premises – the Kirk 
Building (Fig 2). This was carried out during the 2014/15 summer when occupancy was mainly staff and 
postgraduate students. It was designed to assess how those for whom these premises were their main 
place of work and study perceived the building, and provide a baseline for a repeat survey following the 
School’s move to the proposed new building. Named Te Toki a Rata (Fig 3), the new building opened in 
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time for the start of the 2018 academic teaching year and the follow-up survey was undertaken at the 
end of that year during the 2018/19 summer. 

 

 
Figure 1: Part map of the Campus indicating the relative locations of the two buildings 

                  -  Kirk Building shaded Green; Te Toki a Rata shaded blue 

 

 

Figure 2: The Kirk Building, looking   

     northeast along Kelburn Parade (Gandhi) 

 

 

Figure 3: The Te Toki a Rata Building, looking  

             southwest along Kelburn Parade (Chun) 

There is nothing new in before-and-after building case studies, and POE surveys of building users 
have become relatively common. However, the former frequently concentrate on easily measurable 
outputs such as energy use following a refurbishment or building services upgrade, while the latter tend 
to be one-offs designed to elicit issues of concern to the users and to prioritise their remediation. Only 
very rarely are the perceptions of a group of users sought in the building they currently occupy prior to 
their moving to new premises, the exercise repeated once the group has settled in the new premises, 
and the results analysed to gauge what changes or (hopefully) improvements have been achieved. The 
few projects that come to mind are the pioneering studies of the Cooperative Insurance Society Building 
in Manchester in the 1960s (Manning, 1965), Council House 2 in Melbourne early this century (Paevere 
and Brown, 2008), and most recently The EY Centre in Sydney (Pearson, 2019).  

For the present project, the well-established Building Use Studies (BUS) Methodology was used to 
assess the users’ perception of both buildings (BUS Methodology, n.d.). This methodology involves the 
direct distribution of a three-page questionnaire which seeks responses to a set of some 65 questions, 
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most frequently on a 7-point scale. Mean values for different factors can be compared with benchmarks 
based on similar buildings previously surveyed and various indices of comfort and satisfaction with the 
building derived. 

 

2. The Kirk Building 

 
The nine-storey, 10,200m2 Kirk Building had been home to the School of Biological Sciences (SBS) since 
its completion in 1972. Designed by Kingston, Reynolds, Thom and Allardice (KRTA) architects, the brief 
was for it to be “primarily a functional building” and for the occupants to be within an environment that 
was work-ethic based. The building’s 60m x 20m plan shape was long and narrow (see Fig 4) with an 
exposed concrete finish (see Fig 2) and windows positioned at ceiling level to limit sunlight penetration 
while enabling sufficient daylight (Barrowman, 1999). 

 

 
Figure 4: Typical floor plan of the Kirk Building (Level 5 shown here) 

 

With its ever-increasing student roll and the demand for postgraduate studies, the building was fast 
becoming too small to accommodate the SBS. The School had three undergraduate laboratories situated 
on different levels and approximately 20 laboratories of various sizes scattered throughout the building 
for postgraduate studies. Each laboratory required associated preparation rooms designed to store 
chemicals and enable staff to prepare experiments for classes and research. However, the space 
allocated for these functions was becoming inadequate, leading to the conversion of other rooms to 
cater for the additional storage requirements. Moreover, the SBS has a number of staff members 
ranging from laboratory technicians to administration with each member being provided with an office 
space either shared or individual dependent on their work requirements.  

The mechanical services had to provide an environment appropriate for the ever-changing 
laboratory equipment and activities as well as for the comfort of the occupants. Thus, many systems in 
the building had been retrofitted over its life as more modern and effective technology became 
available. Each floor was fitted with extract ventilation and pressure control systems, where in some 
instances a new system was paired with an older unit.  
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3. The Te Toki a Rata Building 

 
This five-storey building has an L-shaped plan form (see Fig 5), with the long side following the site 
perimeter along Kelburn Parade (see Figs 1 and 3). The most notable difference from the Kirk Building is 
that Te Toki a Rata provides open-plan offices as main working spaces for both staff and postgraduate 
students and fewer single and small-group shared offices. It also has consolidated more than 20 
laboratories of varying sizes into three large laboratories. These changes are aimed at promoting 
collaboration and streamlining of the laboratory processes; having single offices embedded within open-
plan office spaces increases the visibility of those occupying single offices, and large consolidated 
laboratories encourage interactions between people. 

 

 

Figure 5: Level 3 floor plan of Te Toki a Rata (after Warren and Mahoney) 

 

Te Toki a Rata provides varying sizes of meeting rooms, multimedia computer workshops, a double-
tier lecture theatre with 230 seats, a large kitchen and dining area, and a new Tuatara enclosure (the 
Tuatara is a reptile endemic to New Zealand and the only surviving member of its order). Overall, the 
building fulfils the growing needs of the School of Biological Sciences and provides state of the art 
laboratory facilities. 

A centralised HVAC system services the majority of the building. While individual occupants do not 
have direct control over temperature, adjustments can be made to accommodate occupants’ comfort 
requirements through individual or group requests. Occupants also have indirect means of control over 
conditions within their workspaces, such as blinds, personal heaters or fans, and openable windows in 
some areas. 

The narrow plan shapes of Te Toki a Rata and dominantly glazed exterior provide ample 
opportunities for natural light. The configuration of the building also ensures that visual access to the 
exterior environment is available from most working areas (except the below ground level). The 
laboratory facilities have specialised services requirements, particularly regarding the extraction from 
fume cupboards, ventilation and temperature control for animals, and air movement controls. 
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Since the School of Biological Sciences shifted to Te Toki a Rata, a few issues have been raised by its 
occupants. Many were teething problems that have been resolved already, while other issues have been 
acknowledged and were in the process of resolution at the time of the survey. Key identified issues were 
a shortage of storage spaces (particularly in laboratories), unnecessarily slow air-lock doors, 
temperature regulation in office areas, and managing glare from the sun. 

 

 

4. The Building Use Studies (BUS) Methodology 

 
This methodology, licensed from Building Use Studies Limited, has become an integral part of many POE 
programmes since it was first developed for the landmark PROBE (Post-Occupancy Review of Buildings 
and their Engineering) study, in which a series of building performance evaluation studies were 
conducted from 1995 to 2002 in the UK. Since then, it has been used to complete over 850 studies 
worldwide (BUS Methodology, n.d.) 

The BUS Methodology employs a standardised, structured questionnaire to acquire information. 
Building occupants are invited to rate various performance-related aspects on a seven-point scale and 
provide brief written comment on a number of these. Key variables included are building design, space, 
thermal comfort, noise, lighting, health and productivity. The data obtained from the survey are 
analysed and compared with similar local buildings from the database. Summary results provide an 
overview of building performance, and detailed results are given for each question complemented by 
statistical tables and charts. 

Surveys of both buildings were conducted from mid-November to mid-December (in 2014 and 2018 
respectively). During this period, most of the undergraduate students have completed their year and 
left, while permanent and long-term occupants (staffs and postgraduate students) remain. For this 
survey, it was in our interest to capture the perceptions and opinions of regular, permanent occupants 
of the building.  

The paper survey forms were distributed in person by the researchers to each workstation or office 
in the building. This approach provided opportunities to engage respondents and clarify any questions 
they had. It was accompanied by an introduction and reminders of the survey via emails. The collection 
of completed questionnaires was undertaken in two modes; a return box located in the administration 
office and in-person collection by the researchers who toured the building regularly to collect completed 
survey forms while providing further opportunities to engage respondents and act as another reminder 
for the survey. All told, 67 completed questionnaires were returned from Kirk and 97 from Te Toki a 
Rata.  

The BUS Methodology produces a standard analysis of all factors surveyed and derived indices from 
data gathered from the survey. It provides an insight into the context of other academic and commercial 
buildings in New Zealand previously surveyed by the BUS Methodology, from which a benchmark score 
is derived for comparison.  
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5. Comparison of scores between the two buildings 

 
Table 1 provides a direct comparison of mean scores between the Kirk Building (KK) and Te Toki a Rata 
(TTR) with statistically significant differences highlighted. In reading the table, the following notes apply: 

1. An asterisk (*) denotes a statistically significant difference – t-test indicates p-value < 0.01. 
Green highlighting denotes where TTR is performing significantly better than KK, and red 
highlighting denotes where TTR is performing worse than KK. Absence of highlighting or an 
asterisk indicates no significant difference.  

2. Unless otherwise stated, a score of 7 is ‘best’; superscript 4 implies a score of 4 is best, 
superscript 1 implies a score of 1 is best. 

3. The numbers in square brackets are the average percentages of respondents who thought 
personal control of that aspect was important [KK versus TTR]. 

Of the eleven operational factors, TTR demonstrated statistically significant improvement in six: 
image to visitors, cleaning, availability of meeting rooms, furniture, facilities meeting work 
requirements, and personal safety. Of the remaining five non-significant differences, three indicated a 
noticeable improvement, while two were marginally worse. Image to visitors recorded a particularly 
impressive increase in the mean score, from 2.34 to 6.16. 

In terms of the temperature overall and air overall environment factors, TTR scored significantly 
better than Kirk in winter (5.19 and 5.20 respectively c.f. 3.94 and 3.98, where 7 would be the ideal 
score); in summer, the differences were non-significant but still favoured TTR. Also of note, respondents 
found the air to be on the still side in TTR all year round by comparison with Kirk, which tended to be 
draughty in winter. 

The score for lighting overall had improved significantly, from 4.25 in Kirk to 5.46 in TTR, while the 
amount of natural light was assessed as being near-perfect with a score of 4.07 where 4.00 would be the 
ideal. While the score for sun and sky glare was higher in the case of TTR (4.11 c.f. 3.30 compared with 
an ideal of 1.00) the difference was non-significant. 

While there was no evidence that occupants of TTR perceive a difference in noise overall from the 
Kirk building, statistically significant increases in the scores for noise from colleagues (4.92 c.f. 4.31) and 
noise from other people (4.93 c.f. 4.02) were found, most likely attributable to the inherent nature of 
open-plan offices. 

Given that the HVAC systems and the artificial lights in TTR are centrally managed, it is unsurprising 
that the scores for personal control remain at the low end of the scale. As with Kirk, less than 20% of 
respondents on average see individual control as important to them. 

No less than four of the five satisfaction factors are perceived as having improved significantly at TTR 
– the mean scores for design, needs, comfort overall and health have all increased substantially – and 
while the increase in the score for productivity is not statistically significant, the trend is clear. 

Fuller details can be found in the individual reports on these buildings, including the standard 
deviations of the scores and the nature of respondents’ comments (Gandhi and Baird, 2015; Chun and 
Baird, 2019).   
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Table 1: Kirk Building (KK) vs Te Toki a Rata (TTR) - Comparison of mean perception scores 

                  for each factor - statistically significant differences asterisked.   

 

FACTOR                                                           KK           TTR FACTOR                                                             KK           TTR 

OPERATIONAL 

Image to visitors                               2.34 6.16* Cleaning 3.87 5.61* 

Space in building                                 3.99 4.51   Availability of meeting rooms 3.66 4.94* 

Space at desk - too little/much4       3.88 3.72 Suitability of storage arrangements 3.37 3.92 

Furniture                                              4.41 5.53* Facilities meet work requirements 4.04 5.30* 

Effectiveness of response 3.67 4.22 Speed of response 3.67 3.57 

Personal safety 3.94 6.09*  

ENVIRONMENTAL 

Temp and Air in Winter Temp and Air in Summer 

Temp Overall 3.94 5.19* Temp Overall 4.26 4.62 

Temp - too hot/too cold4 4.76 4.30 Temp - too hot/too cold4 3.27 3.49 

Temp - stable/variable4 4.42 4.08 Temp - stable/variable4 4.57 4.70 

Air - still/draughty4 4.39 3.10* Air - still/draughty4 3.95 3.10* 

Air - dry/humid4 3.87 3.11 Air - dry/humid4 3.50 2.98 

Air - fresh/stuffy1 4.27 3.59 Air - fresh/stuffy1 4.16 3.56 

Air - odourless/smelly1 3.37 2.65* Air - odourless/smelly1 3.81 2.58* 

Air overall 3.98 5.20* Air overall 4.25 4.68 

LIGHTING NOISE 

Lighting Overall 4.25 5.46* Noise Overall 3.92 3.92 

Natural light – too little/much4 3.02 4.07* From colleagues – too little/much4 4.31 4.92* 

Sun&Sky Glare-none/too much1 3.30 4.11 From other people-too little/much4 4.02 4.93* 

Artificial light - too little/much4 4.27 4.30 From inside - too little/much4 4.31 4.76 

Art’l light Glare - none/too much1 3.50 3.43 From outside - too little/much4 4.65 3.40* 

 Interruptions – none/frequent1 3.98 3.94 

PERSONAL CONTROL  [KK vs TTR] SATISFACTION 

Heating [21% vs 22%] 2.56 1.47* Design 3.59 5.17* 

Cooling [15% vs 17%] 1.95 1.46 Needs 4.09 5.09* 

Ventilation [18% vs 17%] 3.03 1.73* Comfort Overall 3.66 5.17* 

Lighting [26% vs 19%] 4.00 2.43* Productivity % -5.4% -1.4% 

Noise [20% vs 26%] 2.28 1.81 Health 3.41 4.33* 
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6. Comparison of performance indices between the two buildings 

 

The BUS Methodology promulgates a set of performance indices – the Comfort Index, the Satisfaction 
Index, and the Summary Index - whereby individual buildings can be compared with one another or 
placed in context with similar types of buildings. A -3 to +3 scale is used for these indices (Baird, 2010). 

The Comfort Index is an amalgamation of seven factors – temperature overall and air overall in both 
winter and summer, lighting overall, noise overall, and comfort overall.  The resulting indices for Kirk 
and Te Toki a Rata were –0.67 and +0.52 respectively; the difference is indicating a marked 
improvement in the perception of overall comfort. 

The Satisfaction Index is a function of four of the satisfaction factors - design, needs, health, and 
productivity. In this case, the resulting indices for Kirk and Te Toki a Rata were –0.55 and +0.63 
respectively; the difference is again indicating a marked improvement – this time in overall satisfaction. 

The Summary Index is the average of the Comfort Index and Satisfaction Index. Again, Te Toki a Rata 
has demonstrated significantly improved users’ perception overall, in comparison to the Kirk building, 
with a much-improved value of +0.57 compared to Kirk’s -0.60.  

Figs 6 illustrates how both buildings are ranked amongst the 48 academic and commercial buildings 
previously surveyed in New Zealand (each circle represents the position of an individual building that 
has been surveyed using the BUS Methodology). The differences in position observed in the figure give 
confirmation that the users are more comfortable and more satisfied with Te Toki a Rata than they were 
in the Kirk building, and how the two buildings compare against others of a similar nature.  

Situated at the 77th percentile of this set of New Zealand buildings, Te Toki a Rata represents a 
favourable benchmark within the context of New Zealand commercial and academic buildings, and 
certainly a substantial improvement on the Kirk building from the point of view of its users. 

 

 

 

Figure 6: Summary Indices of NZ commercial and academic buildings – Kirk and TTR indicated 
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7. Conclusions 

 

The user perception surveys of the Kirk Building and Te Toki a Rata were successful in engaging the 
building users and garnering more than sufficient numbers of completed questionnaires to enable 
reliable statistical analyses to be undertaken. The well-engaged internal survey becomes a useful source 
of insights for the relevant management teams – in this case, the Victoria University of Wellington 
facilities management team and the School of Biological Sciences management team.  

Analysis of the survey data highlighted and confirmed several issues, of which management was 
already aware or that had been brought to their attention previously, rather than revealing new issues. 
However, it provided ample opportunities for occupants to communicate their personalised concerns 
and experience, which in turn should assist management in decision making and prioritising actions and 
communications. 

Overall, users’ perception of Te Toki a Rata is significantly improved in comparison to the Kirk 
Building. Notably, the technologically advanced facilities and the contemporary aesthetics of the 
building provide a positive, pleasing image for both occupants and their visitors. Noise and shortage of 
storage space were key sources of dissatisfaction. However, the mitigation process was already 
underway at the time of the survey. The two surveys allowed the building management to quantify the 
change in user satisfaction compared to the Kirk Building.  With a drastic jump from the 18th percentile 
to 77th percentile within the context of New Zealand commercial and academic buildings, Te Toki a Rata 
can be considered as a successful alternative to the Kirk Building and a favourable benchmark for 
academic buildings in New Zealand. 

While it could be argued that moving to a new building could, in itself, positively influence the 
occupants’ perceptions – the so-called “honeymoon period” – in this instance a full academic year had 
elapsed before the survey took place. Recent research by Bunn (2018) using BUS data from multiple 
longitudinal surveys of seven non-domestic buildings revealed “… a consistency of each building’s main 
comfort and satisfaction scores over time” and “that a building’s comfort profile will be determined by 
its design and initial operation and captured in the first occupant survey”. These findings serve to give 
confidence that the improvement is real and likely to be maintained, unless, as noted by Bunn, 
contextual or population changes occur in the future. 
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Abstract: In the beginning of Delhi Master Plan 2021, existing buildings of Delhi are energy intensive 
which add to the cooling load and energy requirement. The study aims to reduce energy use in existing 
buildings through the use of passive cooling strategies, after building performance evaluation is carried 
out; to highlight the importance of passive cooling strategies and their relevance with two case studies 
of built-forms in Delhi which differ in their design, location and function. The performance of the 
buildings in its existing condition is monitored in two extreme climatic conditions; summer and winter. 
Exploration and experimentation of passive strategies are done on two built forms through modelling 
using the environmental tool IESVE, to determine optimum design solution. The key findings of 
modelling are the importance of response of each building element to its environment. Appropriate 
insulation of the roof drastically changes the adjacent internal environment due to the amount of solar 
radiation falling on it. Design of overhangs must be done in relation to the altitude angle of solar 
radiation and depth of window. Selection of strategies based on micro climate and design of buildings in 
harmony with the environment is also crucial for cutting down energy consumption. 

Keywords: Building Performance Evaluation, Passive Strategies, Modelling, Simulation 

1. Introduction 

Though it is easier to build a new environment-friendly building, one cannot ignore retrofitting of 
existing buildings since they consume 36% of the total energy globally (International Energy Agency 
2017). Electricity consumed annually by existing buildings in India is more than the total electricity 
consumed by all buildings that will be constructed over the next 20 years (The Energy and Resources 
Institute 2013). With significantly growing energy demand in buildings, power shortage and increase in 
Carbon emissions have been experienced. Improved efficiency of existing buildings through building 
retrofitting represents a high volume, low-cost approach to reducing energy use and greenhouse gas 
emissions (Luisa F. Cabeza 2018). Policy and planning documents define eight types of settlements in 
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Delhi, only one of which is termed ‘planned’. The planned colonies account for about 23.7% of the total 
estimated population whereas; the unplanned colonies together make the remaining population of 
76.3% (Centre for Policy Research 2015). The new Master plan of Delhi 2021 aims to develop 27,000 
hectares in the City to meet growing demands (Delhi Development Authority 2010). Construction in 
Delhi is time sensitive; as is the case of any fast-growing city and many constructions are done without 
proper management. Not all existing buildings are designed ‘energy efficient’ or ‘climate responsive’. 
Therefore, importance of retrofitting should be taken a serious concern by the Government, 
stakeholders and homeowners. 

According to the Central Electricity Authority annual report 2017-2018, electricity consumption in 
Delhi is more than all the metro cities put together (Central Electricity Authority 2018). The power-cuts 
and shortfall in electricity experienced in Delhi during the months of June and July could directly be 
attributable to air-conditioning (Lall 2007). Hence, it is inevitable to ensure appropriate Building 
Performance. An evaluation method as a regulatory means is hence appropriate. 

Building Performance Evaluation is a useful method to understand and enhance the level of 
performance; to upgrade the effectiveness and efficiency in producing quality and well-maintained 
buildings. All buildings require a level of performance and a standard of management throughout their 
life that can provide and sustain conditions suitable for the well-being of their users (Kamaruzzaman 
2011). Building performance simulation has become an accepted method of assessment during the 
design as well as during the operational life of built forms (Olufolahan Oduyemi 2016). The complexities 
in the design process is increasing and building performance simulation tools help to find the optimum 
results and solution for the performance of buildings (IES Virtual Environment User Guides 2019). These 
can be applied for finding the best retrofitting solution for an existing built form. There are many passive 
design technologies that can be applied for retrofitting of existing buildings, and selecting the optimum 
strategy yields the appropriate performance. The simulation tool which is selected for the project plays 
an important role in the selection of optimum design solutions. Thus, the research intends to 
understand the effects of different simple retrofitting strategies for the existing housing stock in Delhi 
and extend to other cities as well, through building simulation tool, Integrated Environment Solutions 
Virtual Environment (IESVE).  

2. Methodology 

Integrated Environment Solutions Virtual Environment (IESVE) is a tool used widely for new building, 
renovation or retrofitting projects and the software allow designers to test different design options, to 
identify optimum passive solutions, compare low-Carbon technologies, and draw conclusions on energy 
use, CO2 emissions, occupant comfort, lighting levels, airflow, and many more. It allows one to design 
and operate comfortable buildings that consume significantly less energy and incorporate low-Carbon 
and renewable technologies (IES Virtual Environment User Guides 2019). With the help of the Ap locator 
(weather and site location editor), the climatic condition of a particular site can be acquired and these 
data can be modified and altered to match the required conditions. IESVE programs facilitate a full 
dynamic thermal modelling of building and consequent energy consumption with APACHE calculations 
and simulation (Central simulation processor which enables one to assess every aspect of thermal 
performance as well as share results and input) (IES Virtual Environment User Guides 2019). 

Five retrofitting strategies are selected, among many strategies, to make retrofitting more cost 
effective and practical for this particular simulation project. These selected strategies will not be 
burdensome for implementation for the homeowners and the community. They are: 
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a) 1200mm overhang for windows and openings, where applicable.  

b) Integration of 100mm rock wool insulation (U-value of 0.6 W/m2K) on the roof and floor 

c) double glazing with 12mm air gap (12mm gap is used to avoid bulky window frame and double- 
glazing windows have 0.4 mm to 20mm gap depending on the type of gas-filled) for windows and 
openings where applicable,  

d) Manual Night cooling mechanism  

e) Responsive Roof insulation 

2.1 Study area 

Delhi has composite climate and is predominantly hot so too, distinct cool and humid seasons. 
Cooling is essential and heating is a requirement because most of the population is used to hot climate 
and many buildings do not aid thermal comfort. Two buildings are selected for performance evaluation 
and simulation model which are different in location, function, orientation and occupancy.  

2.1.1 Eastend Apartments 

15/903, Mayur Vihar Phase-1 (Extn.), Delhi – 110 096 

Eastend Apartments has 1306 apartment blocks of 8 – 9 storeys. The selected flat is on the 9th floor. 

 

           
Figure 1: Eastend apartments (Source: Author) 

2.1.2 Chelsea West Architects Office 

S-468 First Floor, G.K Part 1, Delhi – 110048  

         
Figure 2: Chelsea West Architects Office (Source: Author) 

Greater Kailash Part I was developed in the early 1970’s. The selected flat is a residential one on the first 
floor of a 5-storey building which has been converted to suit the requirement of the architecture firm.  
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2.2 Building Performance Evaluation 

While Building Performance Evaluation can cover the entire life cycle of the building (including 
construction, postconstruction, early occupancy and in-use stages), Post-occupancy evaluation (POE) is 
limited to the in-use stage of a building (Rajat Gupta 2019). A Post-occupancy Evaluation was performed 
for both the buildings through Energy Audit, Temperature Monitoring and Occupancy Satisfaction.  

2.2.1 Energy Audit 

Electricity bills for the entire year of 2014 were collected and analysed to assess the electricity 
consumption and all appliances in both the buildings were audited as well.  

2.2.1.1 Eastend Apartments 

The main electricity consumption goes in cooling of the house and other uses are relatively low. 
During summer months, the unit of consumption of electricity is almost five times higher than the rest 
of the year. These summer months includes May to September and gradually decreases when winter 
comes. Heating during winter is done through small electric heaters which can be moved anywhere in 
the house. Family take care to switch off unused appliances and lights. 

2.2.1.2 Chelsea West Architects Office 

Electricity is used for all appliances as well as for cooling and heating. Cooling load is high as the 
office remains air conditioned throughout occupancy hours i.e. 8 – 10 h / day. Computers are kept on 
even when not in use adding to the cooling load. The amount of electricity consumed during the months 
of May to August is more than double compared to the other months due to higher cooling 
requirement. 

2.2.2 Temperature Monitoring 

The two flats were monitored using data loggers for a period of one week during summer (23rd May 
– 30th May 2014) and winter (19th Jan – 26th Jan 2014) for evaluation and analysis of the actual 
performance. Data loggers, i-buttons, were placed in three rooms and one in the balcony in both the 
buildings.  

2.2.2.1 Eastend Apartments 

Summer readings: The internal temperature remains lower than the outside temperature for most 
part of the day with a difference of 80C to 100C with mean minimum. During the night the outdoor 
temperature drops to about 50C. The rooms that are monitored have different types of conditioning. 
Out of the three rooms that are monitored, only Master bedroom is air-conditioned. The other rooms 
have ceiling fans for cooling and they maintain a temperature of about 340C with the active cooling 
system.  

Winter readings: The internal temperature is higher than the outside temperature by 70C to 90C due 
to electric heaters. Master bedroom is occupied most time of the day, since the owners are retired, and 
has more internal gains than the other two rooms. Most of the rooms have comfortable temperature of 
170C to 210C.  
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2.2.2.2 Chelsea West Architects Office 

Summer readings: Temperature reading inside the office is below the external temperature (almost 
80C difference during peak hours) during most part of the day. There is a decrease in the room 
temperature during office hours when the cooling starts.  

Winter readings: Temperature fluctuation occurs outside during sunshine hours and after sunset 
there is almost 100C difference between the lower range and the upper range. The internal temperature 
on the other hand, remains constant during occupancy hours. The bedroom is rarely occupied and so 
has lower temperature than the studio which has more internal gains from computers and other 
appliances and from the occupants as well. There is a minimal heating during winter and the room 
temperature remains within comfortable range with appropriate clothing. 
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Figure 3: Monthly Actual Electricity consumption for Eastend Apartments and Chelsea west office taken 
from electricity bill of 2014 (Source: Author) 

2.3 Validation and creation of Base case model 

The model was validated with respect to the data acquired from the data loggers through six 
iterations. Manual adjustments of parameters like infiltration rate, and small changes in the U-values 
were done by trial and error until the simulation results matches the known data. The weather file used 
for modelling is taken from ASHRAE design weather database 2014 and the location is Safdarjung, Delhi. 
The dry bulb temperature readings were quite different from the monitored outside temperature. This 
could be due to the difference of more than 17 kms (for Eastend) and 10 kms (for Chelsea West) 
between the study areas and the database for the program. Base case models were made with RMSE of 
2.14% and 2.34% for Eastend apartments and Chelsea West office respectively.  

The internal temperature differences could be due to variation of internal gains, hours of air 
conditioning used, external gains and other factors. The number of air changes due to infiltration is kept 
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as 0.5 and the air conditioning of the rooms are set to work when the temperature of the room is 
greater than 260C during occupancy hours only. The base case model does not take into account the 
dessert cooler during the summer months and during winter, the electric heating is left out while 
modelling and thus the result in the lower temperature reading. The occupancy hours differ slightly in 
Chelsea West office due to extra hours in the office from the fixed hours in the model.  

The materials used and U values for base case mode are: 

 Eastend Apartments Chelsea West Architects Office 

Elements  Material/modelling 
assumptions 

U values 
(W/m2K) 

Material/modelling 
assumptions 

U values 
(W/m2K) 

Floors/ Ceiling 150mm thick RCC slab 
with ceramic tile 

2.61 150mm thick RCC slab with 
ceramic tile 

2.71 

Partition wall 150mm brick wall with 
plaster and paint finish 

1.53 150mm brick wall with 
plaster and paint finish 

1.67 

Roofs 150mm thick RCC slab 2.38 150mm thick RCC slab with 
ceramic tile 

2.14 

External walls Brick wall of 230mm 
thickness 

2.06 Brick wall of 230mm 
thickness 

2.06 

Windows Single glazing with 
wooden frame 

5.32 Single glazing with wooden 
frame 

5.32 

Table 1: Materials and U-values used in simulation model for both the buildings (Source: Author) 

2.4 Analysis of Simulation 

The simulation process is done separately for each of the five strategies and the results were 
recorded. The last stage of the simulation process is a combination of all five strategies. Table 2 shows 
the comparative result for the two buildings. It is evident that the cooling load of the two buildings 
decreases to 38% and 32% and most effectively when all five strategies are applied. 

2.4.1 Eastend Apartments 

There is a little change in the thermal performance when overhang of 1200mm is introduced. 
Although there is a decrease in the cooling load, this is offset by the increase in the heating load since 
the overhang remains the same length throughout the year regardless of the angle of solar radiation. 
Thermal Insulation (rock wool) of 100mm thick on the roof reduces the overall energy consumption 
mainly due to reduction of the cooling load and a small reduction in the heating load as well. On the 
hottest day the peak internal temperature drops by almost 20C due to roof insulation which reduces the 
solar gain substantially since it is the element which receives the most solar radiation and installation of 
insulation materials prevents heat from penetrating into the liveable area. The integration of 100mm 
insulation (U-value of 0.6 W/m2K) on the roof and floor has the most effect on the energy consumption 
as the cooling load decrease to almost 22% less than the base case model. There is a great improvement 
in the U values of the building components. The windows are set to open only when the internal 
temperature goes higher than the outside temperature. The peak day temperature sees the lowest 
temperature during 04:00 hours in the morning and from that point onwards the temperature is slowly 
rising but the internal temperature remains almost 1.5oC lower throughout the day as compared to the 
base case without night cooling, which means that the thermal mass of the building helps to retain the 
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cold. There is not much variation with the overall performance when the glazing is doubled and coating 
on the outside, and the amount of heating requirement is higher than a building with single glazing but 
this is neutralised by the reduction in cooling load. The peak solar gain in the south side bedrooms 
decreases by 0.4 kW, although there is not much change in the peak room temperatures. The cooling 
load reduces by 2480 KWh which amounts to 38% reduction when all the passive strategies are applied 
on the model. The peak internal temperature is reduced to 5oC throughout the day resulting in more 
comfort. 

2.4.2 Chelsea West Architects Office 

With the introduction of an overhang of 1200 mm, the internal peak day air temperature reduces by 
20C as compared to the base case peak day temperature. The reduction is more distinct in the 
conference room and the principal’s office since they face south. Insulating the floor, external walls and 
the ceiling, on the other hand reduces the cooling requirement substantially by 2100 KWh, which is 
22.8% from the base case. The peak internal temperature on any given day is lower by 4oC to 5oC in 
almost all the rooms. Insulation of the floor and ceiling does not have too much effect on the thermal 
condition of the room since they are an internal element shared between the lower floor and the upper 
floor respectively and offers little to the improvement to the thermal mass. There is no heating 
requirement when the building is insulated. Night cooling helps to maintain a 2oC lower internal 
temperature form the base case and the lowest temperature is between 04:00 hours and slowly rises 
until it reaches a peak point after 18:00 hours, but by this time the rooms are not fully occupied and it is 
still lower than the base case temperature. The reduced temperature is maintained during the main 
occupant hours. Cross ventilation helps the effectiveness of night cooling and the thermal insulation 
retains the coolth within the rooms. Night cooling is more effective in rooms having larger windows and 
greater number of windows. Double glazing windows do not have much improvement to the 
performance of the building and they do not reduce the internal temperature although a slight decrease 
in the solar gain is noticed. The windows are mostly facing south and they are long and have larger 
width without overhangs so the solar radiation can still heat up almost the entire length of the window. 
The thermal mass of the building is improved after addition of insulations and this retains the coolth due 
to night cooling. Heating requirement is eliminated completely and cooling load reduces to almost 32%. 

 

Passive 
design 
strategy  

Eastend Apartments Chelsea West Office Remarks 

Double 
glazing 

Cooling load reduces slightly but 
heating load increases  

Does not help in reducing 
heat gain due to size and 
position of windows 

Dose not have desired 
effect due to location 
of openings 

1200mm 
overhang 

Slight decrease in cooling load but 
increase in heating load in winter 
since the length of the overhang 
remains the same for both seasons. 

Most effective on the 
south side openings 

Length should be 
adjustable depending 
on the angle of 
radiation  
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Night 
Cooling 

Reduce the internal temperature 
by 1.50C during peak hours 

Reduce the internal 
temperature by 20C. Most 
effective in rooms with 
larger size openings 

Cheapest mechanism 
provided the external 
temperature should 
be lower than the 
internal temperature 

Roof 
Insulation 

Reduction of 20C in the internal 
temperature during summer 
months. Reduction in overall 
cooling load 

No direct contact with 
roof 

Optimum solution for 
top floor apartments  

Overall 
insulation 

Cooling load reduced by 22% as 
compared to base case. Insulation 
of walls and roof is most effective 
as they cover the maximum area 

Reduce the cooling load 
by 22.8% from the base 
case. Peak internal 
temperature drops by 50C 
in most of the rooms. 
Insulation of the walls is 
most effective 

Insulation the entire 
envelope is the most 
effective strategy to 
reduce cooling load 

Combined 
Strategies 

Internal peak day temperature is 
50C less than the base case. 
Cooling load reduces by 38% and 
no heating is required in winter 

Internal peak day 
temperature is 50C less 
than the base case. 
Cooling load reduces by 
32% and no heating is 
required in winter 

 

Table 2: Analysis of Simulation for each Passive Design Strategies (Source: Author) 
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Figure 4: Total cooling load for Eastend Apartments and Chelsea West office simulation (Source: Author) 
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3. Discussion 

It was observed that Responsive Roof insulation is the most effective way of reducing cooling load 
and overall energy consumption for a top floor apartment. Night cooling is the simplest mechanism 
applied for this simulation to reduce the internal temperature effectively but, the automated windows 
will not be applicable in practical use. The change in glazing type alone, without external shading, have 
little effect on the overall performance since the size of opening remains the same and solar radiation 
already penetrates through the glasses. It was also noticed that the overhang does not have a large 
impact since most of the windows are located in areas where shading is provided by either vegetation or 
by the neighbouring buildings. Appropriate thermal insulation of wall and roof prevent heat from 
penetrating into the internal space and is most effective when combined with responsive and passive 
night cooling for attaining thermal comfort. 

4. Limitations of the model 

External Errors: User errors like inaccurate input data, misinterpretation of output or simple 
mistakes made during the course of modelling. Limitations of expertise in using the software can lead to 
a different output and is very sensitive when designing for a specific cooling requirement. Modelling 
calculations may not match the actual requirement. Over or underestimation of total internal gains can 
seriously affect the results, although appliances audit can be made for the exact hours of use and user 
behaviour can only be assumed. 

The number of occupants varies especially in the office building. The occupancy profile being set 
always takes into consideration a fixed number of people; this might overestimate the total internal 
gains as well as the cooling requirements. The weather data used might not be up to date and slight 
variation in temperature can change the comfort temperature in the area and most weather files are 
taken at a specific location of a city and the micro climate of the site having greenery and water body to 
cool the temperature might not be considered. 

5. Conclusion 

Building Performance evaluation is a useful and important step in maintaining and controlling the 
overall performance of any building, particularly those existing. Improvements, where required, can be 
analysed through the evaluation process. Building simulation plays a vital role in selection of the best 
design strategies whether at the design stage or at the retrofitting stage. Through building simulation; a 
simple design strategy can help to reduce the energy consumption of a building up to 30% reduction. 
This will lead to an overall reduction of Carbon emissions in the city to an enormous extend. Building 
performance evaluation and simulation, if done at the early stage of design, can ensure minimal to Net 
Zero Carbon building. 
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Abstract: As the population of a city grows, housing forms change and, in many instances, become more 
compact. In Melbourne and other Australian cities there has been a shift away from detached dwellings 
toward more compact apartment development, especially in the inner-city areas. This research seeks to 
understand the views of existing apartment residents and their perspectives on Indoor Environment 
Quality (IEQ). Of interest is how they prioritise IEQ versus other building aspects and how they assess 
IEQ on a day to day basis. In support of this aim a survey of 98 apartment residents was undertaken 
which asked them to rank the importance of a range of apartment attributes of which IEQ was one. They 
were also asked to consider the various domains of IEQ (visual, olfactory, thermal and auditory) in an 
assessment of their own apartments and to share the techniques they employ to manage each domain. 
Results gleaned from the survey responses suggest IEQ appears to be traded-off against other priorities. 
Residents were generally satisfied with their dwellings; however, they do identify aspects of IEQ where 
improvements can be made. The study offers a wider relevance as many international cities face similar 
challenges to satisfy urban population growth. 

Keywords: IEQ, Apartment, Satisfaction, Occupant perceptions 

1. Introduction 

The greater city of Melbourne (population approximately 4.5 million) which is located on Australia’s 
South East coast is emblematic of the change being seen in residential dwelling forms as Australia’s 
population grows. The still common detached dwelling (71% of all dwellings nationwide) is being 
replaced by more compact dwelling forms such as apartments (14% of all dwellings) (ABS, 2016a). 
Indeed, the buildings in which apartments are located are becoming taller, particularly in the denser, 
central parts of cites such as the local government area referred to as the City of Melbourne (population 
135,964) where apartments make up 84% of all dwellings (ABS, 2016a) and 69% of these apartments are 
in buildings of nine stories or more (CoM, 2017). 

As a departure from Australia’s typical residential building form, it is fair to say that local experience 
of ‘high-rise’ apartment buildings is limited and that research specific to the local form scarce. A 
previous desktop study of apartment developments in Melbourne (CoM, 2013b) found that many 
designs exhibited problems and that issues appeared more prevalent in buildings of 16 storeys or more, 
none of which were rated as ‘good’ in the study. Aspects of indoor environment quality (IEQ) were 
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mentioned as problematic, such as ‘poor light’, ‘poor natural ventilation’ and ‘poor visual privacy’. A 
follow-up residential consultation study was undertaken (CoM, 2013a) that reinforced some of these 
findings, also found residents ‘Lack of natural light and/or air’ an important issue. Considering that IEQ 
touches upon the sensory domains of thermal, visual, acoustic and olfactory (Dubois et al., 2007), it is 
surprising to see only some aspects of IEQ represented in these studies.  

When viewed together as in Table 1, the previous studies show that IEQ represents one of a number 
of criteria that apartment residents might employ to assess the satisfaction or otherwise with their 
housing. Buys and Miller (2012) in their consideration of inner urban high density Brisbane (a city of 2.5 
million people, on Australia’s central-north-east coast), point out that residential satisfaction can be 
analysed by considering dwelling design, neighbourhood and neighbours, drawing from Canter and Rees 
(1982). In consideration of this, IEQ is arguably an important contributor to dwelling satisfaction and 
therefore is a contributor to resident satisfaction overall. 

Table 1 Comparison of studies of the problems and priorities of apartment residents in Melbourne. IEQ 
elements marked with ‘*’. 

Author CoM (2013b) CoM (2013a) Essence Communications (2015) 

Approach Design review 
26 case study developments 
(incorporating buildings from three 
to 41 storeys)  assessed against 14 
design criteria (CoM, 2013b) . 

Resident consultation activity 
Residents asked to identify 
their “housing issues in the City 
of Melbourne from 14 issues” 
(CoM, 2013a, p. 9). Results, in 
order of priority, for City of 
Melbourne residents shown 
(n=289). 

Survey of community members and 
industry experts (n= 1701 of which 
622 currently live in an apartment).  

Respondents nominated up to five 
important aspects of apartment 
living. Results shown order of 
frequency of nomination. 

Selected 
findings 

 Small apartment sizes 

 Lack of apartment choice 

 Dominance of car parking 

 Amenity: 
o Poor light* 
o Poor natural ventilation* 
o Visual privacy* 

 Poor building layout 

 Poor apartment layout 

 Limited flexibility and adaptability 

 Poor environmental performance 

 Limited communal space and 
facilities 

 Lack of storage and utility spaces 

1. Buying a home is 
unaffordable 

2. Rent is too high 
3. Apartments are too small 
4. Lack of social housing for 

vulnerable households 
5. Lack of shared open space 
6. Lack of natural light and/or 

air* 
7. Poor environmental 

performance 

 

1. Size and space 
2. Daylight* 
3. Ventilation* 
4. Noise minimisation* 
5. Sustainable energy 
6. Access to outdoor spaces 
7. Sunlight* 
8. Car parking 

 

 

In a comprehensive Post Occupancy Evaluation (POE) study of multi-storey apartments in Brisbane 
(another large Australian city located on the East coast) involving 636 residents (Kennedy et al., 2015), it 
was apparent that the IEQ often fell short of resident expectations. Using the BUS Occupant Survey 
(Leaman, 2010), they assessed “satisfaction with suitability of dwelling design for local climate”, to 
which 32% responded ‘neutral’ and 13% responded ‘dissatisfied’. These and other findings allowed the 
researchers to draw important conclusions regarding IEQ shortcomings and possible design 
improvements for inner urban dwellings.  
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Exactly how IEQ influences apartment resident satisfaction in the City of Melbourne is, in part, 
addressed by these studies, however aspects remain unclear. Resident views on IEQ with respect to 
other considerations and how they assess and manage IEQ still warrant further investigation. The role 
the thermal domain plays in IEQ satisfaction (beyond the limited consideration in the studies in Table 1) 
is worth revisiting, and it is valuable to consider if findings from Buys and Miller (2012) can translate to 
the climatically different Melbourne situation.  

In seeking to add to the understanding of IEQ in apartments and how it might impact resident 
satifaction, this paper reports on the results of a survey of apartment residents in the City of Melbourne 
which aimed to better understand: 

i) how residents prioritise IEQ versus other considerations when considering apartment 
living; 

ii) how they assessed the existing IEQ of their apartments, ensuring that the four sensory 
domains of thermal, visual, acoustical and olfactory were considered in such assessments; 
and 

iii) if any one of these domains was considered more important than the others.  

The survey results presented represent the first phase of a research project enquiring into the links 
between resident satisfaction and IEQ in City of Melbourne apartments. The second phase of the project 
which will seek to understand IEQ ‘in the moment’ and with respect to measurable physical parameters 
such as temperature, light levels, noise, etc. will be reported elsewhere. 

2. Methodology 

The methodology employed in this study is drawn from an established approach. It employs the 
principles of POE to assess a resident’s satisfaction with their apartment’s IEQ. The survey approach 
commonly calls for the assessment of aspects of IEQ across a satisfaction scale (usually a 5 or 7-point 
Likert scale). Implicit in this approach is the notion of resident satisfaction being associated with an  
 “actual-aspirational gap”: 

 “Individuals may be seen as cognitively constructing a “reference” condition for each 
particular salient feature of their residential situation. The quantity or quality of the given 
feature implied by the reference point will depend on the individuals self-assessed needs 
and aspirations. If the current situation is perceived to be in proximate congruence with 
the reference situation, an affective state of satisfaction should be manifested.” Galster 
(1987, p. 542) 

2.1. Survey design 

Based on outcomes from two small focus groups (6 to 7 people), an 85-question online survey, created 
using Qualtrics, was developed to better understand how residents prioritised IEQ, how they assessed it 
in their own apartments and how they managed it. The survey was designed to be completed on a 
mobile device or a PC and contained a mixture of structured and open-ended questions. The survey also 
allowed respondents to provide free-form responses as appropriate, either when they select ‘other’ in 
multiple choice questions, or when they responded that an aspect of IEQ was unsatisfactory. The survey 
was designed to be completed in about 15 minutes. 
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2.2. Survey distribution 

The sampling approach was centred around the Geocoded National Address File (GNAF). The GNAF, 
which is maintained by PSMA Australia Limited (an unlisted public company formed by the nine 
governments of Australia), contains 13,555,551 principle addresses and was current to November 2016 
(PSMA, 2016). There was sufficient detail within the structure to identify building and individual unit 
addresses. It was also possible to assess the number of unit-addresses at a street-address and in most 
cases, the database contained apartment floor level for each unit-address. The dataset was processed 
using MS Access and MS Excel, enabling a profile of the City of Melbourne address population to be 
developed, from a which a sample was generated.  

A stratified sample was developed that sought to send an even number of survey prompt cards to 
apartments located in buildings across each quartile by building height. This involved randomly selecting 
25 buildings of 20 or more apartments from each height quartile. Where possible, buildings selected so 
as to achieve a postcode area distribution consistent with that of the population. 

Once 100 street-addresses had been selected, 20 unit-addresses were randomly selected within 
each street-address. Prior to mailout, each street-address was verified online by either internet search 
or using Google Maps. This approach sought to minimise the number of bad addresses in the mailing 
database and to remain compliant with usage terms of the GNAF, which requires independent address 
verification prior to mailout in August, 2017. 

To recruit participants, 2000 prompt cards addressed to ‘The Resident’ were mailed out to the 
addresses described above. Each prompt card contained a shortened web address and a QR code that 
were linked to the online survey.  

2.3. Survey responses 

Of the 2000 prompt cards mailed out, 105 responses were received of which 98 were complete. 
Despite best efforts, approximately 300 prompt cards were returned as being undeliverable. If the rest 
of the cards were assumed to have been delivered successfully, the response rate achieved was 
approximately 6%. While lower than expected, the response rate may be a consequence of a more 
transient resident population, less committed to apartment living in the longer term (eg. single bedroom 
dwellings in metropolitan Melbourne have median rental tenancies of 13 months  (DHHS, 2019)). 
Conversely, those who did respond are likely to be more committed to apartment life and as such are 
likely to paint a valid picture of IEQ issues experienced. As shown in Table 2, the age of respondents in 
the sample was generally older than the population (average of 43 years versus 33 years) and tended to 
be made up of people who were born in Australia (61% versus 33%) rather than overseas. Apartments 
were of similar size, 1.8 bedrooms on average, and were occupied by a similar number of residents (2.0 
residents per apartment) and the majority owned the apartment. Buildings in the sample group were 
generally larger than the population in both height (floors) and size (number of apartments). 

The higher proportion of respondents nominating Australia as country of birth is likely to due to the 
survey being issued only in English. The larger nature of the buildings within which respondent 
apartments were located is likely to be due to the stratified surveying approach, which deliberately 
targeted residents in buildings of 20 or more apartments. Reasons for differences in tenure and age are 
harder to identify but may in fact be related. 

The fact that the survey attracted respondents that tended to own their apartments could be 
indicative of a greater interest in apartment living, in general, than those in the population that rent 
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their dwelling. This commitment of owners was seen when respondents were asked about the length of 
time they intended to live in their current apartment where owners most commonly answered ’10 years 
or more’ and renters most commonly answered ‘1 to 2 years’. 

Table 2 Characteristics of survey respondents compared to population estimates from sources shown. 

 
 

Sample Population Population source data 

Personal 
characteristics 

Number of residents 98 135,964 

Data from ABS (2016b), place of 
usual residence. Includes all 
residents of the Local Government 
Area for CoM. 

Average age (years) 43 33 

Gender: Male 45% 49% 

Gender: Female 55% 51% 

Country of Birth: Australia 61% 33% 

Country of Birth: Other 39% 67% 

Apartment 
characteristics 

Number of apartments <98 63,726 
Data from ABS (2016b), dwelling 
count on census night. Includes all 
apartments in apartment buildings 
within the Local Government Area 
for CoM. 

Average number of bedrooms 1.8 1.7 

Tenure: Owner occupier 60% 21% 

Tenure: Rent (or sublet) 33% 55% 

Tenure: Other 7% 25% 

Average number of residents 2.0 1.9 

Building 
characteristics 

Number of buildings <98 1675 Data from CoM (2017), including 
only residential buildings marked 
‘apartment’.  

Average height (floors) 21.6 6.4 

Average size (no. of apartments) 185 40 

 

The longer-term commitment to living in an apartment may have prompted this group to respond to 
the survey, whereas the more transient rental group may have been less interested in responding. The 
older than expected age of respondents may have been related to this difference as apartments owners 
would generally be more likely to be older than apartments renters in Australia (ABS, 2017). 

2.4. Limitations of approach 

The relatively small sample size (n=98 of a population of 135,964) limits the degree to which findings, in 
isolation from other data, can be used to make general statements about the population. Furthermore, 
while the stratified sampling approach sought to achieve a geographically representative sample, the 
‘self-selected’ nature of the survey respondents requires accommodation when drawing conclusions. As 
the survey required a reasonable investment of time and effort to complete, it is reasonable to assume 
that respondents represent a willing and engaged group of residents. These considerations 
notwithstanding, the comprehensive nature of the survey which adopted a ‘depth’ rather than ‘breadth’ 
approach still provides useful insights regarding resident perceptions of apartment IEQ and its influence 
upon satisfaction with the dwelling. 

3. The importance of IEQ to overall apartment satisfaction 

As part of the survey, respondents were asked to rank 13 criteria in order of importance when 
purchasing an apartment to live in. Prospective ownership was mentioned in the question as an attempt 
to illicit a ranking that reflected a longer term, considered response based on own experience as an 
apartment resident. Price was deliberately excluded from consideration so as to force respondents to 
consider dwelling outcomes rather than notions of value (the trade-off between what is paid versus 
what is received). The ranking question itself was located late in the survey, after a number of pages of 
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questions explaining what is meant by IEQ. Criteria selected were based upon literature review and the 
outcomes of focus-group activities. Furthermore, participants were given the opportunity to add 
criterion to the list in the event a key issue had been overlooked.  

Results of the ranking exercise were analysed using the median rank each criterion, which was 
interpreted as a summary indicator of implied importance, as shown in Table 3. IEQ was shown to be 
considered an important criterion, ranked second amongst those considered. The most important 
criterion considered by the group were equally ranked ‘apartment size’ and ‘location’. As IEQ is 
subordinate to these criteria, it is likely that residents compromised IEQ in order to achieve desirable 
size and location outcomes. 

Table 3 Median IEQ ranking by survey respondents (n=98). Equal ranked criteria are shown side by side. 
Commonly added criteria are shown at the base of the table, along with the frequency of occurrence. 

 

Notably, residents also added a number of criteria to the list. Whether these additional criteria 
would have altered the IEQ rank is unclear, and as such represents a weakness of the ranking approach 
which requires the presentation of a complete set of options to all respondents. Respondents were also 
asked to rank the importance of the four domains within IEQ. This activity was considered important as 
the previous studies, shown in Table 1, had each presented elements of IEQ as being important to 
residents, however key domains such as the thermal environment had not been mentioned. 

Table 4 Median ranking of IEQ domains by survey respondents (n=98). 

 

Amongst the four domains of IEQ, light was the most important consideration for residents with 50% 
of respondents ranking it the most important criterion (Table 4). Temperature was ranked second most 
important, and noise and air quality ranked equal third. When the frequency distribution of rankings for 
each of the criteria were considered, a difference between temperature, noise and air was difficult to 
see, however light was clearly a priority.  

Respondents were also asked to assess satisfaction with IEQ in their own apartment within each of 
the four domains above as well as overall. This assessment made it possible to cross-check the explicit 

Implied order 

of importance

Median 

Rank

1 2 apartment size location

2 4 IEQ

3 5 safety, security

4 6 balcony

5 7 storage views privacy

6 9 shared garden energy efficiency

7 11 building size apartment floor

8 11.5 building manager

Building amenities (6) Public transport (5) Community (5)

Parking (5) Age (3) Aesthetics (3)

Criteria

Criteria commonly 

added by respondents

Implied order 

of importance

Median 

Rank

1 1.5 light

2 2.5 temperature

3 3 noise air

Criteria
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ranking (Table 4) with one that was implied by their assessment of their apartment. If it is assumed that 
overall satisfaction with IEQ can be modelled by considering satisfaction within each sensory domain, 
then the coefficients attributable to each domain will reflect the weight placed upon each by the 
assessor. In an attempt to cross-check explicit and implicit rankings of IEQ elements, a simple, linear 
model was employed (Eq. 1). 

 
IEQSat = A x LSat + B x TSat + C x NSat + D x ASat + E (Eq. 1) 

Where: 

IEQSat, LSat, TSat, NSat and ASat = satisfaction with IEQ overall, light, temperature, noise and air. 
Each measured using a five-point ordinal scale (1 = Dissatisfied, 2 = Somewhat dissatisfied, 3 = 
Neutral, 4 = Somewhat satisfied and 5 = Satisfied). 

Results of regression (n=98):   A= 0.22, B= 0.22, C= 0.26, D = 0.16 and E (Constant) = 0.89, (R2) = 0.67 

The result is interesting as it suggests a different weighting of importance to that achieved when 
residents were asked to explicitly rank the domains of IEQ. In this result, residents tended to place 
relatively even weights on light, temperature, noise and slightly lessor weight on air quality.  

4. Apartment resident satisfaction with IEQ 

 
Figure 1 Satisfaction with IEQ, shown on a divergent stacked bar diagram by tenure (own=59, 

rent/other=39). Neutral votes are shown centrally, dissatisfied votes left and satisfied votes right. 
 

When asked how satisfied residents were with the IEQ of their apartments overall, most (80%) 
respondents indicated they were ‘somewhat satisfied’ or ‘satisfied’ with IEQ in their dwelling. 
Interestingly, satisfaction ratings were found to diverge between owner-occupiers and the rest of the 

* 
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respondent group (predominantly renters). Whereas 95% of owner-occupiers were ‘somewhat satisfied’ 
or ‘satisfied’ with IEQ, only 56% of renters made this assessment. The difference in satisfaction between 
owner-occupiers and renters was found to exist for each of the IEQ elements considered in the survey, 
and was assessed as statistically significant using a t-test (α=0.05) in most cases (q44a, marked ‘*’, was 
an exception to this rule), as illustrated in Figure 1. 

Table 5 Causes of IEQ dissatisfaction in apartments. 

Thermal dissatisfaction (n=26) Visual dissatisfaction (n=20) 
Thermal sensation by season: 

 

Daylight assessment by season: 

 

Respondent remarks: Respondent remarks: 

 Not enough insulation or poor glazing (too thin, too big) 

 Cost or running heaters/coolers is excessive 

 Cannot install heaters/coolers due to cost or building 
constraints (fees, lack of wall access, heritage 
considerations) 

 Believe that it should not be necessary to run 
heaters/coolers 

 Heaters/coolers ineffective (eg. just heat the ceiling 
area) 

 Access to direct sunlight (too much or too little) 

Daylight 

 Buildings too close 
together preventing 
daylight access 

 New buildings blocking 
daylight access 

 Floorplan limits daylight 
access 

 Insufficient glazing 

 Heritage considerations 
prevent window 
alterations 

 Orientation poor (eg. west 
or south) 

Artificial light 

 Would like dimmers to 
control light intensity 

 Do not like ‘warm’ light 
colours 

 Lighting not bright enough 
Views 

 New buildings blocking 
views 

 View of carpark 

 View of ugly structure (eg 
concrete wall, train tracks 
buildings) 

Air quality dissatisfaction (n=13) 
Air quality satisfaction by element: 

 
Respondent remarks: 

 Air in apartment not filtered and city air is of a poor 
quality 

 Dust collects on interior surfaces if windows left open 

 Exhaust fans ineffective 

 Opening balcony door compromises privacy and 
security 

 Insufficient windows to enable ventilation 

 Sewer smells when apartment left vacant 

 No opening windows 

 Cooking odours stay for a long time 

 Damp and mould 

Acoustic dissatisfaction (n=17) 

Sources of acoustic dissatisfaction (multi-select): 

 
Respondent remarks: 

 AC unit installed incorrectly. Very noisy. 

 Banging on walls / ceiling and kids running, voices and 
parties on balconies be me 

 Noise from car-park (siren, blower vacs) 

 Homeless people camping in alleyway backing my building, 
garbage pick-ups st 6:30am, drunk people yelling in the 
street, emergency exit alarms for adjacent apartments, 
alarms for hotel car parks, car music playing 

 

Across every sensory domain, renters were less satisfied than owner-occupiers and 15% indicated 
they were either ‘somewhat dissatisfied’ or ‘dissatisfied’ with IEQ overall. Temperature was highlighted 
as a particular area of concern, with 49% of renters indicating they were ‘somewhat dissatisfied’ or 
‘dissatisfied’ with this aspect. In seeking to explain the results achieved in Figure 1 follow-up diagnostic 

Cold Cool

Slightly 

cool Neutral

Slightly 

warm Warm Hot

Summer 1 1 2 5 5 5 7

Winter 12 9 1 2 2 0 0

Too 

dark

Slightly 

too 

dark

Just 

right

Slightly 

too 

bright

Too 

bright

Summer 5 8 4 1 2

Winter 6 11 3 0 0

Dissatisfied Neutral Satisfied

Freshness of air 2 7 2 1 1

Air movement 1 11 1 0 0

Free from odours 2 6 0 4 1

Free from condensation 3 6 0 1 3

Free from mould 3 3 2 2 3 Speech (street) 9 Footsteps (ceiling) 7 Traffic 4

Speech (corridor) 8 Other 5 Furniture moving 2

Construction 8 Music (neighbour) 4

Speech (neighbour) 7 Music (outside) 4
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questions and respondent remarks were considered. The results of this analysis are summarised in Table 
5 by IEQ domain.  

Looking at the thermal environment more closely, respondents were asked to assess temperature in 
bedrooms and living rooms separately, and to assess each in terms of satisfaction in summer and winter. 
While the degree of dissatisfaction highlighted with temperature overall was apparent, there was no 
clear difference in satisfaction between rooms or seasons. If dissatisfied with temperature there was an 
even balance of ‘too cold in winter’ and ‘too hot in summer’. 

5. Conclusions and implications for high-rise apartments in Melbourne 

From a survey of 98 apartment residents in inner Melbourne, it appears that most are satisfied with the 
IEQ in their apartments, however, it is not as important as location and apartment size. While a small 
sample, responses provided insight into the IEQ preferences and challenges faced by apartment 
residents. Where dissatisfaction occurs, there is a significant difference between the satisfaction of 
those who own their apartment and those who rent. Renters are more likely to be dissatisfied with the 
component elements of IEQ and with IEQ overall. 

Causes of dissatisfaction often stemmed from an inability to affect the indoor environment in a 
manner considered acceptable. For example, a satisfactory thermal environment was not passively 
manifested in the apartment and could not be achieved with provided heaters/coolers. Furthermore, 
concerns regarding the cost of running heaters/coolers to achieve satisfactory thermal outcomes were 
seen as barriers to their use. Satisfactory lighting conditions could not be achieved due to the shading 
caused by other buildings, especially in situations where such buildings were newly constructed over the 
life of the tenancy. Causes of dissatisfaction were also seen to stem from conflicting desires to achieve 
an acceptable outcome in one domain, such as air quality, while managing other priorities such as street 
noise management.  

The results of the study require further consideration, yet they suggest that the high-rise apartment 
form brings problems when it comes to IEQ, some of which may be readily addressed and some of 
which may be considered perennial in nature. Thermal environment issues raised in the survey and 
longitudinal studies appear to be ones that could be avoided in new buildings by good building design 
yet may be difficult to address in existing buildings. Other problems such as access to daylight are less 
easily resolved at a building level yet are clearly exacerbated by a changing city skyline. Problems in the 
acoustic domain and those pertaining to air quality may also be solvable with good building design. In 
all, it appears unlikely that there is one IEQ solution that will suit all people and that a more nuanced 
approach that incorporates opportunities for adaptation, particularly for renters, is needed. 

Going forward, a question emerging from this research pertains to the essential nature of the 
environments residents experience when they assess IEQ. A second phase of research aims to explore 
this aspect by employing the Field Study of Thermal Comfort (FTSC) technique (Nicol and Roaf, 2005), 
which commonly seeks to link subjective impressions of the environment with objective measures. The 
data logger employed for this component of the research has been described by Carre and Williamson 
(2018). 
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Abstract: The energy performance of a building is dependent on various decisions and actions taken by 
the key stakeholders like building designers, operators, managers, consultants, engineers, occupants, 
vendors, researchers and policymakers; throughout the building’s lifecycle. Amongst all the 
stakeholders' occupants of the building are the one who experiences and interacts with the building 
systems on a regular basis throughout the buildings’ operational phase. The true nature of this dynamic 
and diverse interaction is difficult to understand, estimate or document for a building designer, 
therefore, a standard representation is considered in the preconstruction-simulation process. In the 
published literature, it is a widely established fact that this leads to a performance gap between the 
predicted and actual energy consumption of buildings. Built on this fact this paper explores the human 
dimension of building energy performance and presents a thorough literature review to understand 
occupant and building system interaction. It also highlights the research need and obstacles to fully 
integrate the occupant behaviour into the building design and operation process to close the energy 
performance gap while enhancing the occupant comfort and satisfaction. This review concludes with 
recommendations for all stakeholders for addressing this knowledge and practice void in the process of 
building performance evaluation, also reforms needed in Indian green building industry. 

Keywords: Green building energy performance; Occupant behaviour 

1. Introduction 

The building sector plays an important role in the nation’s urbanization; they positively contribute 
towards the economy and the human need for the built environment. This development and 
urbanization are indispensable for the nation’s growth but they are also identified as key contributors 
for issues leading to climate change. Building sector all over the globe constitutes around 30% of the 
energy consumption and accounts for around 19% of energy-related GHG emissions. This is expected to 
rise steeply in the near future as the building sector in developing countries like India is growing rapidly 
(AEEE, 2017).  

India’s construction industry has experienced exponential growth in the past two decades. It is 
estimated that 40% of its construction is still to happen by 2030 (IEA, 2015). This place India on stringent 
energy demand for sufficing the future growth (AEEE, 2017). The rapid growth in construction activities 
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has also raised the need for stringent rules to regularize the conventional construction practice. Since 
the commencement of the green building movement in India the reforms like the green building codes- 
ECBC and rating systems like LEED, GRIHA and IGBC has provided a profound means for the construction 
industry professional to evaluate the built environment for energy efficiency and sustainability (Beep, 
2016). Till now, the foremost efforts are to thrust the building practices towards high performance and 
has been limited to the designing of new-construction and retrofitting of the existing structures. It is 
believed that in coming years the green building norms will predominate the conventional construction 
practices, then the focus will shift towards maintaining the achieved low energy of the rated green 
buildings and for the overall built environment. Then achieving super energy efficient buildings, plus net 
zero approaches will be required. To re-validate the effectiveness of green policies implemented in a 
green building, post-occupancy evaluations (POE) conducted in an operation phase can be evidentiary. 
Thus, the reforms in Indian green building codes and rating systems will be significant to bring the 
changes needed for industry future growth. 

Green buildings have become a wide practice all over the globe, however, many experts believe 
that there is an alarming energy performance gap between the predicted and actual energy 
consumption, leading to conclusions that green buildings are not serving the purpose required for the 
mitigation of climate change (Scofield 2013). In a building life cycle, factors contributing to building 
energy consumption are the thermal performance of building envelops, construction assembly details, 
climatic conditions of the location, efficiency/quality of installed indoor equipment and occupant 
interaction. Most of these factors are usually catered in the preconstruction stage through the 
simulation analysis process, but the actual energy consumption happens in the operational stage, when 
the designed building systems are used by the building occupants. The occupants of the building can 
only decipher the indoor climate conditions and respond accordingly, the building performance is totally 
invisible to them (Kaiyu and Tianzhen 2017). There are very few studies done to evaluate the extent to 
which occupant responds and understands the green features of the building (Brown and Cole 2009), 
this user feedback plays a crucial role in determining the real energy use pattern of the building. Many 
POE studies conducted worldwide to test the building operational performance suggest that the 
performance gap results not because of failure of designs or techniques but because in reality buildings 
do not use energy, but people do (Janda, 2011). In attempts to quantify the effect, experts estimate that 
the occupants can affect building performance by several hundred percentages over other identified 
parameters like weather, equipment and building construction quality (O’Brien, et al., 2016). Thus, 
understanding and evaluating the impact of occupant behaviour is crucial to achieve anticipated 
building energy performance. 

2. Understanding Building Occupants 

The occupant of a building can be defined as a person who occupies or uses a space for a specific 
purpose or to perform a specific task for a large time of a day and over the years. They are the end-user 
of building features and spaces, through their presence and activities within a space they can control 
several indoor environment parameters (Elham, et al. 2017). To understand fully how an occupant 
interaction with the building systems that can lead to altered building performance, we need to step by 
step evaluate the space customization done by an individual occupant to build his/her perceived 
ownership with the surrounding space.  

Users in an attempt to fulfil their function and purpose within the building space, customizes their 
immediate surroundings to their perception of comfort and satisfaction. Over a period of time, the 
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interactive relationship is formed between users and their space which further shapes their perceived 
comfort and develops their adaptive behavioural pattern within that functional space, this in large can 
have a substantial impact on anticipated building performance. This interactive process is influenced 
and triggered by various parameters consisting of environmental factors like thermal comfort, air 
quality, lighting, and noise and also non-environmental factors/ contextual factors such as gender, 
sitting close to a window, age, hours spent in the building and in the workstation, and the number of 
people sharing office space etc.(Nahmens, et al., 2015).  

According to experts, in Green building practice, the occupants of the buildings are considered either as 
active participants or passive recipients of Indoor environmental quality (IEQ) conditions. An active 
participant is assumed to comprehend the building system performance and controls with which they 
are anticipated to interact. It is expected that they will make suitable choices which will be aligned with 
the best result of building performance. Whereas in situations where occupants are considered as 
passive recipients, it is assumed that they will rely on building automated systems to deliver the desired 
results (Brown & Cole, 2009). Largely the latter is prominent in practice since occupants are least 
considered or given a platform for experience feedback in the overall building life cycle performance. 

3. Occupant Energy behaviour 

The Energy Behaviour of an occupant can be defined as the interaction of occupants with the building 
systems to obtain desired personal comfort inside spaces (Elham, et al., 2017).  As per the studies by the 
International Energy Agency (IEA), Energy in Buildings and Communities Programme (EBC) Annex 53, The 
term ‘behaviour’ refers to “observable actions or reactions of a person in response to external or internal 
stimuli, or respectively actions or reactions of a person to adapt to ambient environmental conditions 
such as temperature, indoor air quality or sunlight” (Yoshinoa, et al., 2016). 

3.1. Factors affecting occupants’ energy behaviour 

The parameters that can influence occupant energy behaviour within a space to acquire comfort can be 
broadly divided into building parameters and occupants’ characteristic parameters. Any change in these 
parameters can trigger undesired occupants’ interaction with space.  

Building parameters   

 Climatic conditions – Outside and inside environmental conditions. 
 Building typology and function- overall operations of the building. 
 Architectural environmental design, space layout and maintenance.  

Occupant Characteristic parameters  

 State of occupants like presence or absence in space, arrival or departure, movement and 
working pattern within a space  

 Socio- economic-personal parameter like occupant’s gender, age, employment, family size, 
household size, socio-cultural background, level of education, awareness of energy issues, 
the differences between male and female thermal preferences etc. 

 Sense of ownership like are the occupants whether are tenants or owners of the space.  
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3.2. Types of occupant behaviour 

Experts through various studies have outlined two main areas of influence of occupant behaviour on 
building performance for energy use and comfort:  

Adaptive Behaviour 

It is motivated by real or perceived potential enhancement in comfort conditions. when occupants 
engage in actions to adapt the indoor environment to their needs or preferences such as interaction 
with the building envelope (i.e., windows, shades, blinds) and control systems (i.e., thermostats set 
points, fans, radiator valves) Occupants can also adapt themselves to their environment by adjusting 
clothing levels (Hong , et al., 2017).  

Non-adaptive Behaviour 

Are those for which improving comfort is not a primary motivator, such as (presence, movement, and 
usage of electrical equipment such as plug loads). Such human-building interactions represent 
quantitative variables that influence overall building energy use (Hong, et al., 2017).  

A report by Dr William O’Brien and others, elaborates that both types of occupant behaviours can be 
understood by actions or states. Action refers to the step/action taken like opening a window, while a 
state refers to the resulting state like an opened window position. These are resultants of measurable 
triggers like building/space indoor conditions but are influenced by occupant contextual factor (O’Brien, 
et al., 2018). 

4. Effects of occupant behaviour on building performance 

Holistically green building spaces are designed to achieve human comfort (both thermal and visual) and 
satisfaction but in case of any change which results in discomfort, occupant reaction to restore their 
comfort results discrepancy in building’s performance. Occupants have passive and active effects on 
building energy consumption. The passive impact like metabolic heat produced on set occupancy 
pattern can be considered within the occupancy section of energy simulation tool but their active 
behaviour like the interaction with control systems and building elements like the use of openings, 
adjustments with blinds and use of electrical appliances cannot be determined. Studies suggest that the 
consideration of occupant behaviour in simulations, resulted in variances of up to 30% (Elham, et al., 
2017).  Studies have reported significant performance variations, even larger for low energy buildings 
which use passive strategies and relying more on occupant interactions (Hong, et al., 2016). Therefore, 
having a profound knowledge of occupant-building interactions will help to bridge the performance gap 
(Hong, et al., 2016). 

In existing Buildings, proposing Energy Conservation Measures (ECMs) for retrofitting can hold a 
significant role in achieving energy efficiency target’s and without estimating the behaviour impacts the 
whole exercise can lead to financial and building performance failures (Kaiyu & Tianzhen, 2017). Also, in 
new building construction estimating behavioural impacts through the simulation process is crucial for a 
more effective building design and systems performance (Sun & Hong, 2017). 
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A study done in U.S. investigating 953 office buildings in New York city, where 21 offices were 
LEED certified buildings and others conventional buildings on the performance of actual energy 
consumption, Energy Performance Rating data and GHG emissions, illustrated that even having same 
typology, time frame, geological and climatic region, the LEED buildings collectively showed no savings 
compared to conventional buildings. LEED Silver and Certified office buildings underperformed compare 
to some other conventional buildings, suggesting that the LEED building certification is not moving the 
city toward its goal of climate change mitigation (Scofield 2013). The results from such POE studies 
raises questions on the overall viability of green building industries with a focus on human interventions 
and encourage researchers to deeply analyze the factors leading to non-performance of green buildings.  

4.1. Discussion on occupant behaviour studies  

This section of the paper presents a wide discussion of the results from the published studies on 
attempts to quantify and highlight the effect of occupant behaviour on the overall building 
performance.  Numerous research projects evaluate post-occupancy energy-use but as per the literature 
review presented by Delzendeh Elham and others, there exist very few studies worldwide investigating 
the influence of overall interlinked occupant energy behaviour and building energy performance. 
However, there exists a large body of literature on studies that have attempted to focus on a single 
energy behaviour of occupants like the opening of windows or adjusting blinds within the analyzed 
space (Elham, et al., 2017). Several studies have investigated and highlighted the fact that HVAC 
systems, electrical appliances and artificial lighting that allows occupants to manage their comfort 
levels, are the key sources of energy consumption in buildings. The variations in using these systems can 
cause significant variations in the total energy consumption in buildings (Huebner, et al. 2015). In these 
studies, the experts have tried to analyze occupant behaviour by categorizing them into different groups 
based on their energy attitude thus developing realistic occupancy schedules for simulation models for 
actual energy consumption results (Elham, et al., 2017).  

Many experts believe that the role of occupant behaviour in influencing the building energy 
consumption will reduce if highly integrated building automation is adopted, but there exist many such 
studies which provide evidence many high performing building with advanced building automation 
systems (BAS) do not necessarily perform well or reduce the impact of energy-intensive behaviours 
(O’Brien, et al., 2016). Some studies also highlight the fact that the use of specific automated controls 
like lighting has an impact on that specific consumption sect only but it did not reduce the total energy 
consumption of the building (Bourgeois, et al., 2005). Therefore, studying the inter-relationship between 
various energy behaviours of occupants to reduce overall building energy consumption is a useful and 
potential study area with the further analysis needed (Tianzhen 2018). 

The Rowner research project was conducted in Gosport (UK) between 2009 and 2013, as part of the 
Building Performance Evaluation programme (BPE). The findings from this study highlighted a major 
energy performance gap between two identical flats within the same building block due to differing 
occupant behaviours, including different activity, presence at home, different occupancy levels, and 
variations in the occupants’ thermal preferences (HUB ZC. 2015) 

A detail post occupancy study investigating energy performance, water consumption, user 
satisfaction and comfort, conducted on highest rated U.K. Ecohomes suggests that energy-efficiency 
behaviors account for 51%, 37%, and 11% of the differences in consumption of heating, electricity and 
water, respectively, between dwellings. Concluding that in low energy designs more treatment of 
human factor is required (Z. Gill, et al. 2010). Another study done in Florida U.S., where 10 identical 
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houses having the same floor area, on the same street, same efficient construction assemblies and built-
in same year showed total energy consumption variation by a factor of three and end-use energy level 
variation up to 10.6 times only in space heating (Hong, et al., 2016).  

A simulation study by Building Energy Research Center, Tsinghua University China, inspecting the 
integration of occupant different lifestyle/behaviour with levels of technological upgrades suggested 
that 36% reduction in the energy consumption is related with technology upgrade and around 80% 
reduction in energy consumption, due to lifestyle/behaviour changes. Concluding a concord between 
occupant health/comfort, technological function and energy performance, has to be established (Yan & 
Hong, 2014). The estimation of energy-saving varies from study to study, a research done on dwellings 
of Netherland, aimed to determine insight into the effect of occupant behaviour on energy 
consumption, by controlling all other building characteristics had found that about 4.2% variation is 
based on occupant behaviour whereas around 42% still is through building characteristic (Santin, et al., 
2009). However, POE studies on occupant satisfaction have discovered the fact that occupants are more 
favorably disposed to green buildings than conventional buildings. Also, the database of various POE 
studies concludes that occupant’s satisfaction scores tend to be much higher for green buildings 
compared to other AC conventional buildings (Max Paul & Dear, 2010). 

There are many more several studies that have aimed to highlight the significance of occupant 
behaviour in closing the building energy performance gap, however, all the attempts are very 
fragmented and do not lead to any absolute resolution (Tianzhen 2018).  

4.2. Building typology and occupant energy use behaviour 

As per the current efforts, most energy efficiency measures are aimed towards Office and Residential 
building types, therefore till now major research effort on occupant behaviour in buildings is also 
focused on the same two building types. The simple reasons behind the same are as follows: - 

 The Office and residential building types cover a large proportion of constructed floor plate 
therefore easy for researchers to access and explore. 

 The primary occupants of these buildings play a significant role in influencing the real 
building performance as they spend major periods in these buildings, are likely to feel 
substantial ownership over the space, they also have the responsibility and ability to adapt 
building systems to maintain comfort. 

 Commercial/office and Residential occupants use considerable energy and often making 
purchasing decisions about plug-in appliances and equipment.  

 A separating feature between Office and Residential occupants is that many times office 
occupants are typically not responsible for energy costs, whereas residential occupants 
normally pay for their electricity, natural gas, and other energy use (O’Brien, et al., 2018). 

Over these two building typologies, it is been noted that the majority of the existing behavioural 
research and programs focus on residential buildings whereas more research is needed on the impact of 
behavioural measures on commercial buildings, institutional and hospitals (Sun & Hong, 2017). 

5. Obstacles in estimation and quantification of occupant behaviour  

Building performance simulation (BPS) researchers view occupants as a leading cause of discrepancies 
between BPS predictions and reality.  The fact that occupant behaviour can majorly alter the predicted 
building performance is well established but to document and track this effect in real scenario still, have 
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a lot of hindrances. As mentioned below these obstacles make the integration and quantification of 
occupant behaviour in overall building performance modelling a challenging task. 

 Determining and standardization of occupant behaviour involves multidisciplinary field 
research of social/behaviour/building/computing/data science, sensing and control 
technologies (Gulbinas, et al., 2014). 

 The standardized occupant schedules that are unrepresentative of actual occupancy diversity 
are considered in energy simulation programs therefore misleads the whole attempt (Hong, 
et al., 2016) 

 People do not “receive, perceive and respond” in similar ways even to a similar condition. 
The physical, physiological and psychological differences between individuals make the issue 
of predicting human behaviour a challenge for building energy system designers (Jian & 
Zhen-Yu, 2014). 

 Stochasticity, dynamism and diversity in occupant's energy-related behaviour in buildings, 
makes it hard to model for any simulation-based assessment method for energy 
consumption study, only a representation of set pattern of homogenous occupant’s behavior 
can be modeled thus leading to major gap in actual and predicted energy consumption 
(Kaiyu & Tianzhen, 2017). 

 Energy behaviours are not static; they change with accumulated experiences and are often 
inconsistent (Paone & Bacher, 2018). 

 A study by Ardeshir Mahdavi and others, explains that contextually every building is different  
in terms of buildings' use (function), size, context (physical, climatic, cultural), orientation, 
envelope, systems therefore the results obtained from one building cannot be transposed to 
other buildings without extensive calibration measures (Mahdavi & Proglhof, 2009). 

 Quantifying the occupant energy behaviour and modelling it in a building performance simulation 
program is still a major challenge. The building performance industry is struggling to develop realistic 
simulation models to predict the actual building performance of buildings post-occupancy, as it dictates 
all the design, statistical, technological and many other decisions making (O’Brien, Gaetani, et al. 2016). 
To arrive at realistic occupancy schedules, the initial stage of data collection on occupant behavior 
through surveys, walkthroughs, interviews and interactions is still the most difficult task for the 
designers/researcher. It is believed that gathering data on occupant- building interaction to improve 
building operation is the next frontier in sustainable design, However, in attempts to collect occupant 
data followings are still major challenges, 

 There need to be an adequate, broad and detail collection of data over a long period for 
behaviour understanding and modelling. 

 The methodology adopted to collect data should cater to all the possible occupant behavior 
within the building that can lead to the building performance gap.  

 The collected data should be a true representation of all possible occupant behaviour in 
buildings. 

 This data should hold the validation in various applications in the evaluation of behaviour models. 

 Should be able to serve the purpose in quantifying the impact of energy-related occupant 
behaviour on building energy performance. 
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 Should be able to provide a metrics insight to integrate behaviours into building simulation 
modelling process. 

Once a wide and detail data on occupant behaviour are collected and analyzed, it can be used to create 
realistic occupant schedules to input in building simulation model thus arriving at actual building energy 
consumption could be possible. As per experts, considering a standard occupancy schedule with 
incorrect occupant’s interactions with building systems in building simulation leads to a major problem 
of imprecise simulation predictions of energy and other performance parameters, which mislead 
designers to make optimal design considerations and government and code agencies to develop 
inappropriate codes and incentives plans. Sub-optimal building code, incentives, and design conclusions 
will leave building owners, operators and society at large with a long-term liability therefore there is a 
critical need to develop realistic occupant behaviour schedules for simulation models for refining green 
building codes. (O’Brien, et al., 2018).  

6. Conclusion 

The green building industry is heading towards high performance and building occupants are the 
key players to sustain it. The exploration of the human centric building performance field, which is 
neglected due to lack of understanding, stochasticity and interdisciplinary in nature holds large 
potentials to fill the performance voids in the field.  There is wide scope for research that can establish a 
methodology for rated green buildings for maintaining the anticipated building energy performance 
over the operational years by rectifying the lacunas associated with the occupant and building 
interaction system. There exist learning and reforms for every building stakeholder to bridge this gap. 

In the scope of role and responsibilities of designers, there is a need to evaluate user experience 
and that can be taken into consideration while designing and conceptualization of building performance. 
This will further assist designers to understand the occupant overall satisfaction and perception of green 
building systems /features, in relation to designed space indoor environmental quality (IEQ).  

For building operators and managers, there is a need to develop a regular feedback loop to 
explore building green feature awareness of occupants, and their response to it. This will also help in 
establishing a large database of occupant’s response for the researchers and designers.  

For occupants of the building, there need to be more action-oriented reforms through their 
awareness and behaviours within the space that have implications on the building performance.   

For researchers, there is a need to develop methodological understanding to highlight the 
significance of humanistic factors in closing the building energy ‘performance gap’.  

Whereas for clients investing financially in green buildings need to question the rating systems 
about the relationship between Green Certification and Indoor environmental quality (IEQ), further 
assessing occupant satisfaction/ dissatisfaction inciting to adaptive energy behaviors within the spaces. 
For a client it is imperative that the return of investments should also be perceived as their occupant’s 
satisfaction with space thus leading to lesser complaints. 

Focusing this issue on Indian Green building industry, there is no framework to evaluate the post 
occupancy performance of a green building in India. It is very difficult to find any wholistic POE study 
done on Indian green buildings. Amongst the existing green building rating systems in India, Green 
Rating for Integrated Habitat Assessment (GRIHA) version 2015, the audit is conducted after 1 year of 
building occupancy includes a performance assessment requirement that reviews whether energy 
systems, solid waste-management and water systems of the building are performing as predicted and 
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they match the information provided at the time of award of a provisional GRIHA rating (Gupta, et al. 
2019). However, there is no comprehensive performance evaluation of a building mandated during the 
operational stage from a technical and occupant perspective. LEED-India has optional credit paths that 
prescribe POE/aftercare or elements of BPE after certification has been awarded (Gupta, et al. 2019), 
but the results of such an Indian study is still not available for reference. Clearly more research is 
required for enhancing our knowledge of Indian green building energy performance in operational stage 
and understanding how occupants interact impacting building’s overall performance. 
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Abstract: The incidence of falls in residential aged care facilities is considerably higher than other 
settings, such as in people’s own homes, and on average, half of a facility’s residents will fall in any year.  
Despite recent advances in falls prevention research, most of the evidence focuses on falls prevention in 
independent living settings with relatively few studies based in residential aged care, and even fewer 
focusing on the role of technology in the prevention of falls. The hidden costs of falls include changed 
behaviours, activity restriction, reduced independence and social isolation. Sensor-based “smart” 
flooring is now being used in some aged care settings to alert nursing staff and enable timely help. 
Marketing literature claims this can reduce, as well as detect, falls. We investigated these claims by 
conducting case study research, which involved observing the use of the flooring and interviewing key 
staff on the floor and in management at one residential facility. Our findings suggest that smart flooring 
does contribute to reducing falls and has a generally positive impact on staff workflow, although there 
are challenges in making full effective use of smart flooring, with staff required to modify their 
behaviour to prevent false alarms.    

Keywords: Smart flooring; residential aged care facilities; falls detection and prevention; technology for 
ageing. 

1. Introduction 

Over one million older adults in Australia receive aged care services, with approximately 1 in 11 people 
aged 70 and over accessing Residential Aged Care Facilities (RACF) (Department of Social Services, 2013-
2014). RACFs provide full-time care and are expected to protect the health and well-being of residents, 
yet the incidence of falls in RACFs is considerably higher than the incidence of falls that occur among 
older people living in the community – that is, in their own homes (Kreisfeld et al, 2017). As Kreisfeld, 
Pointer, and Bradley (2017) report, RACFs and the home were the two most common places for 
hospitalised fall injury cases for older adults from 2002 to 2013, but the rate of falls for people in 
residential aged care was 9,037 per 100,000 population, compared with 1,655 per 100,000 of people 
living in their own homes. In the Australian state of Victoria, Stathakis, Gray, and Berecki-Gisolf (2015) 
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report that 45% of fall-related deaths occurred in RACFs, while 33% happened in community settings 
(that is, in people’s own homes, excluding hospitals and hospices). The National Ageing Research 
Institute (2004) explains that older people living in residential care settings have increased number of 
comorbidities and reduced activity options than those living independently. These circumstances may 
lead to the higher rates of fall cases among residential care residents compared to the community 
dwellers. The hidden costs of falls are changed behaviours such as fear of falling, activity restriction, loss 
of independence and social isolation. In the 75+ age group, more people died from falls in 2011 than 
deaths from car accidents across all ages (Batchelor, 2013). 

Effective fall prevention for older adults is essential. Various interventions across a range of 
disciplines have been designed aiming for effective fall prevention (Becker and Rapp, 2010; Hamm et al, 

2016; Vu et al, 2006;). The Elsi Smart Floor system is one of the proposed strategies. This smart floor 
technology employs sensing capability to automatically and unobtrusively monitor a person’s movement 
on the floor, detect possible falls, and alert caregivers (Tanaka et al, 2015). Brodersen and Lindegaard 
(2015) claim smart floors can help with prevention, timely assistance and remote care. They argue that 
successfully adopting smart flooring for an aged care centre requires more than the initial installation. It 
involves ongoing co-development, with the healthcare staff, to ensure the system is used effectively 
(Brodersen and Lindegaard, 2015). Trade literature on the Elsi® Smart Floor states that it is proven to be 
the first and only system on the market that can reduce falls, support cost savings for its customers, and 
contribute solutions for security and wellbeing’ (HLS Healthcare, 2018). However, academic research 
evaluating smart flooring is lacking. One aim of our research was to determine if there is empirical 
support for this marketing claim, through a case study of an Australian residential aged care facility that 
drew on ethnographic methods.  

2. Background 

2.1. Technology-based fall intervention 

Research around the utilisation of technology-based interventions for fall detection and fall prevention 
has been growing in recent years. According to He, Hu, and Wang (2016), there are three different 
methods of technology-based intervention for fall detection based on sensor technology. The first 
method utilises vision-based sensors which extract information from the captured video to determine 
whether there is a fall or not (M. Yu et al, 2012). The second method promotes sensors which are 
embedded in the residential space of intended users or patients, such as the floor or bed (Aloulou et al, 
2013). The third method is in the form of wearable devices which requires users to wear a device or 
garment with embedded sensors (X. Yu, 2008). 

Smart flooring aligns with the second method where technology needs to be architecturally 
integrated into the personal living spaces to be unobtrusive, affordable and reliable. This technology 
was initially developed to assist older adults living independently at home by integrating sensor 
technology into the home environment (Klack et al, 2010) and used to monitor inhabitants’ positions 
within a room, detect abnormal behavioural patterns, and activate rescue procedures in case of falls or 
other emergency events.  

In addition to detecting falls, technology-based initiatives can be helpful for falls prevention. Hamm 
et al (2016) proposed four categories of technology-based fall prevention: pre-fall prevention, post-fall 
prevention, fall injury prevention, and cross-fall prevention systems. The type of system needed 
depends on the resident’s circumstances of falls, whether they have experienced falls or not, and 



559 

 

With increasing numbers of frail elderly, is smart flooring a useful strategy for falls detection and reduction? 

whether they are at risk or not (Table 1). As an embedded sensor in living spaces, smart floor technology 
focuses on detecting possible falls or risky behaviours which can lead to a fall. It can be classified as a 
pre-fall prevention system or fall injury prevention system. 

 

Table 1: Categories of technology-based fall prevention (Hamm et al, 2016) 

Category Resident’s circumstances of falls Purpose 

Pre-fall prevention 
system 

Has not experienced a fall but is 
considered at risk 

Pro-active approach to prevent falls from 
happening 

Post-fall prevention 
system 

Has experienced fall(s) Re-active interventions to reduce future 
risks of falls 

Fall injury prevention 
system 

Has or has not experienced a fall, 
but is likely to experience falls 

Detecting falls when they occur to 
prevent/minimise injury risks 

Cross-fall prevention 
system 

Has/has not experienced a fall The combination of two or more pre-fall, 
post-fall or fall injury prevention 
interventions 

2.2. Elsi Smart Floor 

In this study, we investigate the utilisation of the Elsi smart floor that is commercialised by Maricare 
globally and by HLS Healthcare for the Australia market. According to MariCare (2015) in their product 

brief, Elsi smart floor claims to be “the first and only system on the market that can reduce falls, 
support cost saving for its customers”. It originated from a pilot project conducted by the City of Helsinki 
and Aalto University (MariCare, 2015).  

Hakkarainen (2017) reported that the smart floor consists of a sensor foil with electronic units that 
can be installed under any flooring material. It has six types of alert: falling, getting up from the bed, 
entering the toilet, staying too long in the toilet, as well as entering, and exiting the resident room. This 
technology requires mobile phones which are carried by the staff to receive alerts from the smart floor. 
Additionally, it provides computer software which allows staff to monitor residents’ movements online. 
Movement on plans (Figure 1) is shown as moving dots and makes it possible to view movements online 
as well as conduct a retrospective analysis of fall cases (Hakkarainen, 2017). 
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Figure 1: Elsi smart floor movement recording. (source: MariCare Oy, 2018)  

 

A study by Oksanen et al. (2012), based on a review of the Elsi pilot project in Finland from 2008 to 
2010, reported that smart flooring was a quality improvement tool for nursing managers and caregivers. 
Different from previous studies of ground-based sensors, this technology was found by Oksanen et al. 
(2012) as helping to prevent falls, not only to detect falls. 

Despite recent advances in falls prevention research, most of the evidence focuses on falls 
prevention in community settings with relatively few studies based in residential aged care. There are 
even fewer studies specifically focusing on the role of technology for fall prevention in RACFs. Research 
related to the adoption of smart flooring technology is minimal, only reporting on smart floor technical 
capabilities, how the product was developed as a result of design collaboration during the pilot project, 
and the role of each stakeholder within this development (Hakkarainen, 2017). Thus, this study aims to 
address this gap and to understand the utilisation of smart flooring in the RACF setting, and whether 
smart flooring is a useful strategy for falls detection and reduction in this context. 

3. Method  

The study involved a case study of an RACF that drew on ethnographic methods to combine 
observations of the care home setting with interviews conducted with key stakeholders. The 
observations were conducted over three working shifts to generate a complete 24-hour overview of 
smart flooring utilisation. Research was undertaken by shadowing a personal care assistant (PCA), rather 
than covert observation. We arranged nine interviews with PCAs, one interview with the nurse manager, 
and two interviews with management members to complement the data from observation. 

In addition, a descriptive analysis of fall statistics report was taken. The fall statistics report 
contained three months of fall cases records before and after smart flooring implementation at the 
selected residential unit. This report provides information about the number of fall cases, time of fall, 
activity during fall, and injury-related fall. The analysis was executed in an exploratory manner, by 
grouping and comparing data with similar characteristics without drawing inferences from the data. Two 
clusters were formed from the fall statistics reports: (1) number of fall cases, and (2) activities. 

4. Results 

4.1. Descriptive analysis 

4.1.1. Number of fall cases 

The comparison of fall cases within three months pre-implementation of smart flooring and three 
months post-implementation displayed a substantial difference (Figure 2). Before the implementation of 
smart flooring, there were 56 fall incidents as reported in the adverse event report. After the installation 
of smart flooring, there were 17 fall cases in three months. However, it is not possible to confirm a cause 
and effect relationship between the use of smart flooring and the reduction in falls number. 
Concurrently the RACF implemented behavioural initiatives to reduce wandering and adjusted 
medications.  
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Figure 2: Fall statistic before Elsi and after Elsi 

4.1.2. Activities 

The analysis of residents’ activity before the fall incidents pre and post the utilisation of smart floor 
show a variation in the activity involved. Figure 3 presents eight activities that were performed by 
residents before they fell. Amongst these activities, walking seems to be the most predominant activity 
before fall incidents. Sitting in the chair and lying in bed also contributed considerably as common 
activities before falls, suggesting that falls occurred when residents tried to get out of bed or up from a 
chair. After the adoption of smart flooring in the facility (Figure 4), three activities (standing, toileting, 
and sitting on the bed) no longer preceded a fall.  

 

             

Figure 3. Falls per activity before Elsi                               Figure 4: Falls per activity after Elsi 

 

4.2. The utilisation of smart floor technology 

The implementation of smart flooring provided six types of alarm as aforementioned (that is, falling; 
getting up from bed; entering the toilet; staying too long in the toilet; and entering or exiting the room). 
Each of these alarms had a separate button or buzzer. The onsite observation revealed two major types 
of use for the smart floor technology: fall detection and analysis of fall cases.  
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4.2.1. Smart floor for fall detection 

As a fall detection system, smart flooring gave notification of the six types of alarm above to a PCA 
through the wireless phone (Figure 5) and annunciator on the ceiling of the corridor (Figure 6). These 
enabled PCAs to know which resident room sent the alert and needed assistance. This capability was 
pivotal for the care team in providing responsive care since they could provide timely response to 
prevent undesirable incidents such as falls by attending when a resident starts to move. During the 
interview, PCAs pointed out that the alerting function of the smart floor enabled the staff member to 
prevent or detect falls by announcing behaviour that could lead to a fall such as getting out of bed: 

I think the smart floor is very good because it alerts the staff if the resident wants to come 
out. It’s not just because they can fall, it’s just alerting the staff if there is a potential fall 
that is going to happen. (Interviewed PCA) 

 

        

Figure 5: Wireless phone for output Figure 6: Panel annunciator on the ceiling for output 
 

However, the use of smart flooring was extended beyond a detection system. It was also used to 
monitor residents’ behaviour. With the help of wireless phone and annunciator, smart flooring provides 
information about residents’ tracked behaviours, which carers found useful. From the interview, one 
PCA gave an example of this monitoring function by narrating its application to track a resident who had 
an absconding tendency. 

Yes, so we had one particular resident who used to nap [and get up when she woke]... so 
without the activation of “out of bed” and “entry/exit”, we didn’t know when she is often 
wandering around. She would often walk without putting the shoes on, going to another 
room, get really disorientated. When we activated that [the alarm], they knew straight 
away “oh, she’s up, she’s awake”. So, that’s [going to] actually help them rather than going 
in regularly to check whether she is alright. (Interviewed PCA) 

With this monitoring capability, the utilisation of smart floor for fall detection indirectly enables fall 
prevention in the RACF since carers could be alerted and provide assistance if residents performed risky 
behaviours or were in a vulnerable situation. 

4.2.2. Analysis of fall cases 

The use of smart flooring as an analysis tool is only performed by the nurse manager.  By reviewing past 
movement in the resident’s bedroom, the nurse manager can analyse the movement that led to a 
particular incident and gain insights to make better care decisions. The nurse manager explained that an 
adverse event report, developed within a reporting application called Manad, is the trigger for 
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undertaking an analysis. Based on this report, she will analyse the movement recorded from the smart 
floor software during the incident period. In other words, the smart flooring system is utilised alongside 
the reporting application to support a better understanding of residents’ movements and adverse 
events.  

One PCA provided two examples of the use of smart floor as an analysis tool.  First, she narrated a 
fall incident that occurred to a resident who is an amputee with one leg. This resident had a fall one 
night around 7 PM. Based on the reflective analysis using smart floor software, the nurse manager was 
able to determine that this resident fell when wandering after getting out of the bed during the evening. 
The PCA with the nurse manager spoke with the family who explained the resident would normally wish 
to retire to bed later. From this knowledge, they decided to change this resident’s care routine and put 
them to bed later in the evening. 

The second example is the case of a resident with a reddened hip. To investigate this problem, the 
nurse manager conducted a retrospective analysis using smart floor software and identified that staff 
did not attend this resident to turn her in the night, resulting in a pressure sore. As described below by 
the management member: 

This is one incident where someone wasn’t turned. It was a red hip, reddened hip. I said to 
the nurse manager “you got to look back, you got to see, you see Elsi, and say what 
happened overnight”. So, in the past, you never had that information. Now, you can look 
back and say “right, if was anyone there attending to this lady”, well, for some they went 
to every residents but for some reasons they missed out residents. (Interviewed 
management) 

4.3. Impacts of smart flooring toward RAC’s practices 

PCAs felt smart flooring had eased their burden and stress level. The lower level of stress amongst staff 
was brought up during the interviews and perceived to be a result of a more efficient workflow. Before 
the existence of smart flooring, PCAs needed to walk around the facility and regularly quickly check each 
resident room at regular time intervals during the night. After the implementation of smart flooring, 
PCAs were able to give more targeted support by attending to alarms and helping with eating, personal 
hygiene, socialisation and for high-risk residents.  

Besides the attendance frequency, the implementation of smart flooring also impacted the PCAs’ 
workflow, by adding a new task when attending to residents. They need to deactivate the smart floor 
buzzer before attending to the resident and reactivate it after finishing their duty. However, this change 
was not yet fully adopted by all staff, leading to a significant number of false alarms when staff forgot to 
deactivate the buzzer. According one PCA in the interview, staff, family members, and often cleaners, 
sometimes overlooked the buzzer for alarm before entering the room which resulted in false alarms: 

Or you have other people that they just don’t know how to press them and they just walk 
in and then you think someone is on the floor which is not. (Interviewed PCA) 

This has the potential to be a significant barrier preventing the smart flooring system to be fully 
effective. Frequent false alarms are only added to staff’s exhaustion, especially for the night shift staff. 
During the night shift observation, it was noticed that these false alarms often annoyed staff. The staff 
member from the night shift complained that the alarm was too noisy so she decreased the notification 
volume and ignored the alarm. These repeated episodes could hinder the effective utilisation of smart 
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flooring since it could lead to staff becoming complacent about the sound of the alarm, resulting in 
genuine alarms being overlooked. 

4.4. Architectural challenges in providing responsive falls prevention 

From the observation, we noticed that smart flooring was only implemented in each resident’s room. 
Additionally, only some specific areas besides the bed had smart floor sensors planted. There was a 
small gap between the bed and the smart floor zone. If the resident or other objects with certain 
weight, such as a bed, enters the smart floor zone, the floor alarm will be activated. By installing smart 
flooring only in the resident’s bedroom, the RACF could only detect falls and monitor residents’ 
behaviours in their bedrooms. As a result, the nurse manager said that falls in the bedroom had 
decreased considerably. However, PCAs mentioned that falls still happened in the lounge area. 

Not in the bedroom. Falls in the bedroom [have] really gone down, I mean, I don’t know 
when is the last [time] we have falls in [the] bedroom. I can’t even remember. (Nurse 
Manager) 

But, lounge area, we are too far from that one in the morning, especially when you notice 
that, when we are in the resident’s room, if a resident who is high-risk of fall, we always 
leave him there in the lounge. We put table in front but it’s risky, we can’t do it. So, in the 
lounge area we have some falls. (Interviewed PCA) 

The distance travelled in the ward was also brought up by one PCA as a barrier in delivering 
responsive fall prevention. This PCA explained that the distance from the staff station to the residents’ 
bedrooms might inhibit them to make the best intervention. He gave an example of how the distance 
along the corridor from room 1 to room 30 was quite large and might become an issue. However, he 
added that this limitation was a minor difficulty since the case where multiple alarms originated from 
multiple distant rooms and rang near the same time did not happen often. 

It’s not happened often, of course, but if you want the downside, that’s it, you know…If 
one of the bed alarm goes off, room 1 for example, it’s going to get 30 - 40 - 50 seconds, 
room 2 goes off it’s going to get 10 seconds, you don’t know which one should be 
attended to first… If three rooms are going off that could be an issue for itself, if they are 
close together 17/18/19, that’s fine, it’s close, if it goes 1,17, 30, that’s the length of the 
[building]. (Interviewed PCA) 

5. Conclusion 

Our findings show that smart flooring was being utilised beyond a fall detection system. It has been used 
to monitor residents’ behaviours, alert possible falls, and as an investigation system to retrospectively 
analyse the cause of adverse events such as falls. This retrospective analysis included monitoring staff 
behaviour to ascertain how often they were attending to residents in the night. The utilisation of this 
technology was perceived to be positive by the staff as they felt smart flooring has resulted in a more 
efficient workflow and they were able to give more targeted support based on the received notification. 
However, the adoption of smart flooring has some challenges by requiring staff to adjust their behaviour 
to prevent false alarms since frequent false alarms might hinder effective use of smart flooring. 

The descriptive analysis of fall statistics report before and after the implementation of smart 
flooring, show there were fewer fall cases after the implementation of smart flooring. However, this 
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number does not infer that the reduction was caused by the adoption of this technology. We note that 
this data did not take into account other concurrent initiatives which became apparent during the onsite 
observation and the interviews with the staff. The RACF case study had implemented behavioural 
initiatives and adjusted medication concurrently with the installation of the smart flooring. Whether the 
reduction in fall cases was caused primarily by smart flooring could not be determined.  

The analysis of qualitative data suggests that the occurrence of falls in the observed RACF were 
reduced. However, as noted previously, the reduction was only apparent in the residents’ rooms where 
the smart floor was installed, while falls still happened in areas outside the resident bedroom. This 
suggests smart flooring to be useful in reducing falls in residents’ bedrooms. Furthermore, knowing that 
falls also happen in other areas and considering that other initiatives such as medication could also 
contribute to this reduction suggest effective fall reduction strategies need to be considered holistically 
and collaboratively. It is not useful to isolate technology from other procedures and initiatives, and the 
examination of its effectiveness should not position smart flooring as a sole option to reduce falls in 
RACF. Smart flooring needs to be implemented and assessed as an element of the holistic care system. 
As Soliman et al. (2016) suggested, the most effective fall prevention should be multifactorial and 
holistic.  

Finally, with this study, we provide empirical evidence of the utilisation of smart flooring in the RACF 
setting and an understanding of its usefulness in fall detection and reduction. Additionally, the case 
study has provided an evaluation of real-world deployment technology-based fall intervention. 
Previously, evidence was primarily within trade literature and most studies were performed in a highly 
controlled situation. Thus, this study fills a gap in our emergent knowledge of fall prevention strategies 
for our ageing society. 
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Abstract: In New Zealand, 190,000 older people are part of the core demand for social housing, with this 
number expected to rise as the population ages. To combat this, a market driven response through the 
supply of social housing for elderly is necessary. Current research indicates that there is little 
information nationally or internationally about specific requirements for social elderly care facilities, 
particularly in NZ. Working with a medium-scale, research based architectural practice, the objective of 
this paper is to survey and test a specific case study to understand conceptual design techniques for 
upcoming practice based social elderly housing development. The aim of this research is to inform 
design project work and outputs, current operations and possible design interventions in the future that 
address designing for the elderly, testing occupant preference of globally researched interventions. This 
paper uses a qualitative case study approach to examine the living experience of 10 elderly people who 
live in local-authority rental housing in New Zealand and two custodians of these occupants. The survey 
consisted of conversation-based interviews with the residents in their dwellings. The study finds that 
consideration needs to be given to elements of specific interior spaces, spatial configuration, 
accessibility, outdoor, light, privacy and safety and social aspects. 

Keywords: Social-housing, Elderly-care, Spatial Design, Occupant response. 

1. Introduction 

The term social housing has become a more relevant phrase in this era where there is more social 
equity. While at the moment there is a lot of research on housing for the elderly, understanding the 
quality and lived experience of social elderly care facilities is limited. This research aims to inform 
existing design project work, its outputs, and current operations. This research also proposes a pipeline 
of potential design interventions that, in the future, could improve designing for the elderly, by testing 
occupant preference of globally researched interventions. Its purpose is to review current thinking and 
research concerning design for the elderly and in doing so it points to the desirability of future research 
into an understudied area. Over the next 30 years, the proportion of people aged 60 or over is projected 
to increase from 15.4% in 1996 to 25.3% in 2030 (Chapman, Signal & Crane, 1999). This suggests that 
the age profile of the New Zealand population is shifting significantly towards the older end of the 
spectrum. To accommodate for this projected growth in the proportion of elderly people, there is an 
increasing need for appropriate residential housing that supports those who are able to live 
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independently and also those who require varying levels of dependent care. Over the past ten years 
house prices in New Zealand have also seen a rapid increase. This has dramatically contributed to a gap 
between those who can afford to own a home and those who cannot. There has been a resulting rise in 
the percentage of renters as well as an increased reliance on social welfare. As a consequence of rising 
pressures caused by higher house prices and more varied personal needs (such as health care) social 
housing has taken on an increasingly important role (Johnson, 2017).  

People aged 65 and over with limited and fixed incomes, and limited housing choice, will make up a 
growing market segment for future social housing (Johnson, 2017). The amount of people who are not 
financially independent or are dependent on government assistance to support them once they leave 
employment, is ever increasing (Taylor, 2016). One-person superannuation allowances are among the 
lowest incomes across all of New Zealand (Chapman, Signal & Crane, 1999). Statistics from the Social 
Policy and Parliamentary Unit at the Salvation Army states that in New Zealand 190,000 older people are 
part of the core demand for social housing, and this number may grow to 270,000 by 2030 (Johnson, 
2017). This means that in order to simply provide housing for 25% of all elderly tenants will require an 
additional 30,000 units over the next 15 years (Johnson, 2017). A market driven response that meets 
this demand for elderly social housing is therefore crucial (Taylor, 2016). This begs the question: ‘what 
could and should this look like?’ What is an adequate level of amenities? How can such amenities be 
provided by access to community, services and facilities that enable the individual to live in comfort and 
to remain as self-sufficient as they choose to be? Such a line of enquiry will result in different outcomes 
for each individual. It is therefore worthwhile to assess occupant responses to current elderly social 
housing and to try and produce a guideline for how this can be achieved. 

2. Methodology 

To systematically assess occupant responses to the design critique of their facilities an ethnographic 
case study framework has guided this research. Ethnography is an inductive analysis that guided by the 
personal views of the particular people studied. The central aim of ethnography is to provide rich 
insights into people’s views and actions, as well as the environment being studied, through observations 
and interviews (Reeves, Kuper & Hodges, 2008). The sampling for this research was strategically 
selected. The case study selected focuses on occupants residing in community housing. The residents 
must meet the specific requirements related to a ‘means-test’ to enter social housing. This means that 
the participants interviewed in this study have limited financial resources and assets. Occupants were 
selected based on their willingness to coordinate and potential to offer unbiased, useful opinions in 
relation to the topic. A range of occupants were selected including singles and couples, men and women 
and an approximate 30-year range in age to ensure diversity in the results of this study.  

For the focus of this study, the participants selected came from 10 households (of which eight were 
sole occupants, and two were couples) made up of elderly people who live in local authority senior 
rental housing complexes in the Wellington region of New Zealand. Three custodians of the occupants 
were also interviewed. Semi structured, face to face interviews were conducted by a research assistant 
and an expert architect. The interviewer’s different backgrounds diversified the observations allowing 
for architectural insights as well as non-design perspectives. Ethics approval was obtained from the 
Victoria University Human Ethics Committee. Analyzing the occupant’s transcripts involved a series of 
steps including preparation, organization and categorization, before arriving at presentation of findings. 
Emerging themes were coded on a spread-sheet in relation to themes that had also emerged from the 
literature. 
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3. User Perception and Preferences 

Key: 

1 = Front door 
2 = Living/Dining 
3 = Kitchen 

4 = Bedroom 
5 = Cupboard/storage 
6 = Laundry 

7 = Bathroom  
8 = Back door  
9 = Porch/patio 

10 = Toilet 
12 = Shed 
13 = Car parking 

                                                                 
 
Diagram 1: Layout of occupant 2, 3, 4 and                                                 Diagram 2: Layout of occupant 1’s unit.  
 5’s units.  
 

 
 
 
 
 

 

 

 

  

Diagram 3 Layout of occupant 6’s unit.                      Diagram 4 Layout of occupants 7, 8, 9 &10’s units.  

Diagrams 1, 2, 3 and 4 show the layouts of the different units observed in this study. These units have 
different spatial arrangements and internal layouts, as well as different degrees of open space and 
shared and individual gardens. While units were different, much of the discussion and comments from 
occupants were the same across all types of units.  

3.1 Specific Interior Spaces 

3.1.1 Kitchen 
60% of occupants did enjoyed cooking and did all their own cooking. Ovens were a point of controversy 
in discussions with occupants. 60% of occupants interviewed did not use the big ovens provided in the 
units. There were a variety of reasons for not using the free-standing ovens. Occupants were concerned 
with the amount of electricity a free-standing oven used, particularly when only one person was eating, 
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and also the usability and the poor-quality of the ovens. These reasons led occupants to buy their own 
smaller cooking appliances. Four occupants had bought smaller convection ovens, one used an air fryer 
and one used a microwave. The custodians supported this by stating ovens did not tend to be used and 
suggested installing more wall fitted ovens. Extractor fans were also noted as a desirable feature for 
kitchens. Seven occupants have a dining table and one had one but got rid of it as they did not use it. 
However, only four occupants used their dining tables to eat their meals at. They instead chose to eat 
their meals at a pull out table or trolley. Yet such occupants enjoyed the dining table for other purposes 
such as storage. One occupant eats at their breakfast bar, using their walker as a seat. Occupant 5, who 
did not have a breakfast bar said they would like one, so they could eat at it and they thought it would 
separate the kitchen from the living space and hide the oven, while also creating space for storage.  

3.1.2 Bathroom 
Five occupants had wet surface showers and five occupants had step in showers with a 150mm step. 
Those who had wet surface showers loved them. Occupant 4 stated they used to have a step-in shower 
but much prefer the wet surface. In saying this occupant 2 noted that the shower space was quite big 
and it could be smaller. Five occupants had step in showers and offered mixed reviews. Of those with 
step in showers, 60% stated the step was fine for them and not difficult, however one of those 
occupants had to carefully maneuver their walker to assist getting over the step. One commented that 
at the moment it was fine but as they get older they may prefer a wet floor shower. Custodian 1 said 
occupants can handle step in showers at their current height. However, wet surface showers are 
preferred. Most bathrooms were fitted with handrails next to the toilet and in the shower. 40% of 
occupants spoke about using these handrails. Occupant 7 also had a seat as well as a handle in the 
shower. Occupant 2 noted that the hand basins were plastic and may be difficult to clean for less able 
elderly, suggesting that porcelain would be better. They also suggested that a wall fitted toilet may be 
easier for those less able to clean. They also noted that tenants like a shower seat. Baths were not 
wanted. Occupant 4 stated that the size of the bathroom was ‘just perfect’ and they enjoyed how it was 
big enough to fit a clothes horse if it was raining outside. However, two occupants stated there was not 
enough storage in the bathroom. There was only a small set of drawers which proved to be particularly 
difficult if there were two people in the unit. Occupant five had to add an extra set of shelves for 
shampoo and other items. Occupant 3 avoided this issue by using the cupboard across the hall for their 
toilets, commenting it was ‘close enough’. The bathrooms were adjacent to the kitchen/living space, not 
ensuites. Occupant 7 noted they liked the location of the bathroom and did not want it adjacent to the 
bedroom because it encouraged them to walk which is important. Occupant 8 thought an extra door 
connecting the bathroom to the bedroom would be helpful. 

3.1.3 Ventilation 
All occupants had a front door and a back door. Seven occupants said they enjoy keeping one or both of 
their doors open to get ventilation, and a ‘cross breeze’. Only three of these occupants had fly screens, 
and when they had their doors open, they always had the fly screens shut.  

3.2 Spatial Configurations 

3.2.2 Storage 

80% of the occupants were happy with the amount of storage in the units. In the units of occupants 2, 3, 
4 and 5 there were several cupboards in the kitchen, a linen cupboard opposite the bathroom and a 
wardrobe, as seen in diagram 2. Occupant 3 commented there was plenty of storage for just one 
person. Occupant 4 said they had adequate storage, even after downsizing from a five bedroom house. 
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Occupants noted they did not feel the need to store much linen.  Occupants 2 and 8 thought more 
storage was needed in the units, particularly when downsizing from family homes. Occupant 2 stated 
that the hot water cupboard (HWC) is a waste of space and alternatively it could be an instant hot water 
system which would be cheaper in the long run and free up more space. Occupant 2 also thought that if 
the roofs were fake, that space could be utilised for storage. While they thought their unit lacked 
storage, they used their initiative to create storage in new ways. They are in a wheelchair friendly unit 
thus had no cupboards in the kitchen so put baskets on rollers underneath the bench. They thought this 
was very smart as it enabled them to reach everything. They also had a 2x2m shed out the front of their 
house. They converted this into a space for their hobbies, building a work bench and shelves to store 
possessions. Also noting that a neighbour uses the shed as a music room. Occupants 3, 4 and 5 also had 
2 x 2m sheds which they used for various purposes including storage. Occupants noted they liked their 
sheds as they were lockable, spacious, and useful as storage space for those with mobility scooters. 30% 
of occupants without a shed stated they would like one. Both custodians stated that powered sheds are 
ideal as they allow for more storage space. However if people do not have sheds, custodians 
commented that they make do with what they have. Custodian 1 noted that while majority of occupants 
were mobile and did not require a mobility scooter, in any new developments it would be ideal if an 
enclosed scooter storage with power adjacent to either the front or rear doors could be integrated into 
the overall design of the unit. 

Six occupants thought the storage in their units, particularly in the kitchen, was not easily accessible. 
It was noted that built in shelves should be at an appropriate height, preferably arm height to ensure 
ease of access. Custodians reiterated this, commenting they should not be higher than 1.6-1.7m.  In 
saying this, occupant 8 said that while they would prefer cupboards below the kitchen bench to be 
higher, it would result in less storage space. Occupant 9 and 10 commented that even though cupboards 
up high are difficult to use, they still use them, getting stuff with a wooden spoon or a stool. Four 
occupants thought drawers would be beneficial as opposed to deep cupboards, to ensure everything 
was accessible. Adjustable height benches were also mentioned. 

3.2.3 Traversability 
Three out of ten occupants interviewed required a walker all the time. One occupant had to use a 
walking stick and a further two occupants had walkers in their unit in case they needed them. This 
indicated that majority of the occupants were fairly able and did not tend to lean on things when they 
walked around the house. Those who had walkers also had some sort of handrail by the toilet or shower 
yet stated this was unnecessary as they used their walker for assistance. Yet occupants who had slight 
mobility impairment enjoyed handles by the toilet or shower and even by the front door if there was a 
step. Custodian one stated around 10% of all tenants use mobility scooters. Only two occupants 
commented that they find it difficult lifting their walker over the door threshold. Occupant 10 said 
because of this they tended to use the back door more which does not have such a level difference. 
Occupant 9 noted they would prefer there to be a ramp or it to be level. Occupant 7 said they did not 
find it difficult, however a ramp was being installed to avoid the level difference at the front door, and 
also a hand rail fitted outside the door. This suggests they did indeed find some difficulty in traversing 
through the door. Custodians supported this suggesting a level door, with a ramp or no steps is 
preferred. They also said people often ask for handrails outside the door, and custodian 2 suggested the 
height of these should be increased from the current height. Custodian 1 said that occupants do not 
tend to complain because they are content with what they have, especially considering the price they 
pay compared to other options of elderly housing. 
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3.2.4 Layout 
Six occupants commented on the open plan layout. Of these occupants, five out of six stated they liked 
the kitchen being separated from the living space, which was done so through a breakfast bar. Occupant 
5 who did not have a breakfast bar stated they would like one to separate the kitchen from the living 
space. This suggests open plan living space was not favorable among the occupants. 

3.3 External Features 

3.3.1 Light  
Interviewee comments suggested that the consideration of the layout to maximise natural light is 
important. 90% of occupants were satisfied with the amount of natural light in their unit, only occupant 
5 raised concern. Occupants tended to prefer afternoon sun. Both custodians commented on the 
importance of external layout of units, optimising views and sun and that units should be prevented 
from facing each other to optimise occupant’s privacy. Only 2 occupants were affected by glare on the 
TV. Occupant 4 suggested having a connection for the TV on both sides of the wall to avoid the glare on 
the TV. There were several comments about not enough artificial light in the living space. Although 
occupant 5 also stated they did not want stronger bulbs because they were too expensive and not good 
for their eyes.  

3.3.2 Outdoor 
All occupants interviewed have some access to a raised garden, however, 50% of the occupants had 
larger patio spaces than the other half, equipped with a 1.5m patio cover. Occupants were fond of this 
as it allowed them to shade from sunlight however still get enough natural light. 70% of occupants 
enjoyed gardening and had some sort of garden and only one had help maintaining the garden. Only 
two of these occupants sat outside for meals and a further two occupants commented they like to look 
onto the garden however do not like to be in the sun because of difficulties with eyes and skin cancer. 
Only 30% of occupants commented they liked or would like having a view of hills or greenery. One 
occupant stated they like their patio being at the front of the house as they are able to say hello to 
people as they pass, and it feels “more friendly”. Conversely, two other occupants stated they like the 
patio space to feel more private. The occupants that had large patio spaces had a sliding door to go 
outside. Two of the occupants who did not have a sliding door said they would not like one, particularly 
if there was no real view to look at. One occupant said they would like a sliding door. Occupant 1 used to 
be in a unit with a large patio space with lots of flower which they loved. However, they had to move 
units and now only have a small raised garden box. Yet they said not being able to sit outside all day 
encourages them to do more activities and be more social. This highlights the positivity and gratefulness 
of occupants. Custodians noted raised gardens are preferable and thought they encouraged more 
people to use the garden. They thought occupants in the complex with porch areas and pretty, grass 
filled landscape loved it. Custodians also stated that they strategically placed those who have issues 
hearing near motorways or busy roads. However, noted that no one tends to complain about the noise 
because ‘it is what it is’. 

3.3.3 Safety 
Occupants offered differing perspectives about the safety of the dwellings. In some complexes the 
public would pass through, particularly one complex which was used as shortcut between main roads. 
50% of the occupants spoken to said they were not affected by the public walking through or around the 
dwellings. The complexes were always lit up by street lights at night. Occupant 2 and 8 stated this made 
them feel especially safe. However, occupant 2 suggested the brightness was slightly excessive. 
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Occupants 1, 8 and 9 stated they felt safe and were not affected by the public walking through their 
complex, however they did things to ensure safety. For example, locking up outdoor furniture at night, 
keeping both doors locked for reassurance, or wanting security screens for safety.  

Occupants 3 and 5 were affected by the public passing through their complex and were located 
where the public passed through in close proximity, sometimes even intoxicated. Occupant thought a 
fence should be installed to increase security and stop public access. Occupant 5 had been broken into 
before, so now has a security system on all windows and doors and feels much safer now. In terms of 
increasing safety, Occupant 2 suggested CCTV cameras could be installed. Custodians commented that 
at complexes where there was a public walkway through the site, residents requested more security 
such as a lockable gate at the entrance or fly screens for safety. They noted that four people had been 
burgled. 

3.3.4 Privacy 
All occupants said they enjoy having privacy and 90% felt like their units were private enough. Occupant 
8 noted that while they look onto other units, they do not worry about it because everyone is used to 
living in a communal space. Two comments were made that if you did not feel you had enough privacy 
in the living space, you would adjust were you sat, and one occupant combated this by putting up 
beaded curtains. This indicates they make do with what they have. Custodians believed privacy was a 
concern and noted some occupants had requested screening on their windows to stop people seeing in.  

3.3.5 Vehicles 
50% of occupants interviewed had cars (one had a campervan). Four of these parked the cars outside 
their unit and one had to park on the road, but this was not an issue. Occupant 4 suggested they would 
like an extended cover between the patio/front door and the car to avoid getting wet.  

3.3.6 Social 
Nine occupants commented positively on the sound quality of units and could not hear neighbors 
through joining walls. One occupant however was concerned about this, particularly about their 
neighbor hearing the TV when they were in their bedroom. All occupants who were near the motorway 
or main roads said they could not hear the noise of the cars or if they could, it did not bother them and 
was actually comforting. 

3.3.7 Social 
The occupants spoken to have no organized activity nor any communal space in the complexes where 
they lived. Occupants 1, 2 and 4 were fond of socializing and maintaining relationships. They actively 
engaged in various kinds of social activity such as personal hobby groups. Occupant 2 commented they 
would like a communal facility in their own complex as they were new residents and would like the 
opportunity to meet more of their neighbors and a place to feel a sense of community. They suggested 
the common space could facilitate different activities such as a place to teach others a skill, like quilting 
or a hot house where people could exchange vegetables, jams etc. Occupant 1 said a communal facility 
would be beneficial for those who cannot get out by themselves, so they do not have to seek 
companionship or activities. However, they did not want this for themselves as they preferred to keep in 
touch with friends more personally, and like their home to be a place of privacy. Occupant 6 did not 
socialize very often however thought a communal facility would be a good place to meet people. 

Seven occupants did not like the idea of a communal space. Five of these occupants also did not 
participate in any social activity. Occupants 3, 4, 5 and 9 stated a communal space would not be used 
and community events in the past were not successful. However, occupant 4 also said they would like 
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more council run social gatherings with other housing complexes. Only 2 occupants thought a 
communal garden was a good idea, with one occupant commenting there used to be a communal 
garden however people stopped taking care of it. 

It was also noted that people who are able already go out and socialize, thus do not feel the need to 
attend social gatherings in the community. Those who did not socialize tended to have family visit or 
take them out on excursions such as going to the shops or a cafe. However only 4 occupants had family 
stay over and used a pull-out couch or blow up bed to accommodate them, and occupant 9 noted that 
you could always make room. Occupant 2 thought it was unnecessary to have a spare room for guests as 
it becomes wasted space and raises the rent price. Custodians stated the level of social participation 
depends on the person’s ability and preference.  

4. Discussion 

This research suggests that design consideration for various aspects of elderly social housing as 
important. Large free-standing ovens were not commonly used. Wet surface showers tend to be a more 
preferable design when accommodating for everyone’s needs. Difficulties in traversing through the 
space varied depending on the occupant’s level of impairment. Thus, ideally spaces should be designed 
for the lowest ability, including storage accessibility. Occupants tended to enjoy air flow through their 
units, a front and a back door is recommended, and fly screens are preferred, for safety as well as 
ventilation. Furthermore, greater consideration of innovative space for the HWC use and sheds was 
encouraged. The use of gardens largely depends on occupant’s ability and independence. Raised 
gardens are recommended, as well as patio covers of a reasonable extension. As 50% of occupants had 
some concerns about safety, it is definitely an important feature to consider when designing, 
particularly when the public can pass by in close proximity. In regard to social aspects, differences in the 
manner or desire for socializing with others tended to be affected by levels of impairment as well as 
personal preference.  

There were a series of implications raised through the research. One significant ramification was that 
occupants expressed an almost surprising element of contentment. Occupants tended to not complain 
or avoid saying something was an issue. Often occupants would comment that things were “fine for me” 
or “just perfect”, which was interpreted as gratefulness. Those occupants located near main roads said 
they did not mind the sound of the cars, and one occupant said they found comfort in the noise. 
Perhaps because of the occupant’s situation, having little money, they were grateful to be able to live in 
these units, and thus did not want to come across as complaining or unappreciative. Furthermore, one 
occupant commented that even though they used to have a lovely patio outside their old unit, and do 
not anymore, they do not mind this as they now do different things with their days. This comment is 
analogous of the hesitation many other occupants had in being critical of the spaces they were given. 

Reluctance to come across as unappreciative was also highlighted when observations of occupants 
actions, contradicted their statements. This was observed in conversation about safety. 50% of 
occupants said they felt safe and were not threatened by the public coming through their complex, yet 
they all had precautionary measures in place that contradicted this statement. For example, ensuring 
outdoor items were always stored in a shed, or always keeping the doors locked. Occupants interviewed 
had to meet the specific requirements to be eligible for living in the social housing.  

 

Table 1: Contradicting comments in relation to safety 
Occupants Positive Negative Precaution 

1    
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Table 1 illustrates this pattern of hesitation in being critical of the spaces they were given. The table 
shows all those that commented they felt safe or unsafe in their complex yet distinguishes those that 
had precautionary measures in place. Conversation about shower preferences also highlighted this 
tendency. Occupants and custodians both cidentified that step in showers tend to be fine for those that 
have them. However, while those that had mobility issues said they did not find using a step in shower 
difficult, they explained going through a complex procedure to traverse into the shower with the help of 
a walker. Once again, this highlighted the hesitation to come across as asking for more than what they 
already have, even if they potentially might prefer it. This was a major insight established from this 
research. Another major finding was that 70% of occupants spoken to did not warm to the idea of 
introducing a communal space in their complex. They believed it would not get used. There is a potential 
generational conditioning that could provide insight into this unexpected response. All occupants 
interviewed in this study grew up in 1950’s style housing, with large fences and largely private from 
neighbours. They may also have an aversion to social community spaces as they may not have 
experienced flatting, joint living or living in density housing that is common place for younger generation 
today. However, as elderly care facilities designed in the future will most likely accommodate younger 
generations, these preferences may change. Younger generations tend to be more familiar with living in 
close proximity, and integrated communities and (as a result) may enjoy social spaces. 

This research also identified that occupants who are capable of socialising already find their own 
ways to socialise and do not feel a need to also socialise in their housing community. This same notion 
was commented on in Rockwell (2017). Rockwell noted that there needs to be a way of establishing 
some sort of in-house connection between those that are capable of socialising. One occupant stated 
that they think a community facility would be good for those who cannot already socialise themselves, 
however not for themselves because they already did enough socialising outside of the 
community/complex. This is the exact trend the literature identified as important to avoid for which a 
solution needs to be found. Recommendations included a buddy system for new arrivals, or a workshop 
run by residents.  

5. Conclusion 

This study aimed to obtain knowledge and comprehension of a range of user occupant preferences to 
provide evidence and direction for the effective design of social housing for a sustainable society with a 
growing population. The study interviewed 10 occupants and two custodians of the occupants. The 
study has contributed some further insights to the body of knowledge concerning design for elderly 
social housing in New Zealand. Among these recommended design considerations there was a mixture 
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of spatial and physical requirements as well as aspects of the exterior environment such as privacy, 
safety and social preferences. While the findings identified some key design considerations, much of the 
insights gained did not provide answers that were expected. Residents were less than forth coming with 
constructive criticism than might have been anticipated. As a result, more qualitative research would be 
desirable to get more nuanced design recommendations for future facilities. It should be noted that this 
study is not without its limitations.  

First, in order to identify occupant preferences of usability and functionality of space, this study only 
analysed three occupants who relied on mobility aids and therefore the majority of occupants 
interviewed were mobile and relatively independent. This was a limitation as dependent occupants and 
those with mobility issues may have more specific preferences in terms of the design and usability of 
their unit. This is important as elderly care facilities should be designed for the least able. Such a small 
sample size of dependent occupants means their preferences cannot be generalised to other 
populations. However, because there was consensus among majority of the conversations, this suggests 
a reasonable sample size.  

Second, interviews with occupants only consisted of a series of conversation style questions, no 
physical design or layout alternatives were presented. As a result occupants could only speak about 
what they know and the unit that they are used to. This resulted in a lack of insight of what may work 
better in the future. The occupants seemed to be very grateful to live in these social housing units and 
they did not tend to offer much criticism or suggestions for the future. This raised an important 
question; how do you identify future improvements when comments from occupants are inclined to 
suggest they are happy with what they currently have? Furthermore, in order to test occupant 
preferences and perceptions, only occupants in five different housing typologies were observed. While 
this was a substantial selection, not looking at all housing typologies of the community housing 
inherently means that the results presented are restricted to only this housing typology.  

Third, this research only spoke to a generation whose life experience and expectations will likely 
differ from the current younger generation when they require elderly care facilities. These younger 
generations may have different expectations and social norms, and this will likely lead to different 
preferences of spatial arrangement and requirements. 
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Abstract: Human Thermal Environment is a branch of Ergonomics, concerned with human thermal 
comfort (i.e. whether a person feels too cold, hot, 'sticky' etc.), especially in their working environment. 
Thermal discomfort in educational buildings can create unsatisfactory conditions for both teachers and 
students, which will affect productivity and performance. The classrooms thermal environment 
requirements are different than residential and office environment, so it demands a separate thermal 
environment assessment study. This paper aims to investigate the thermal environment in classrooms 
as well as identifying the best and least performing spaces, concerning both environmental and personal 
variables by using IMAC (Indian Model for Adaptive thermal Comfort). This study employed subjective 
assessments through questionnaires, physical measurements, and simulation study to observe thermal 
comfort for the whole year. Architectural interventions led to the conclusions which, are the addition of 
insulating materials, designing of shading devices and enhancing night ventilation. The result shows the 
comfort hours are increasing three times than the present case by incorporating the night ventilation 
technique. Adding of insulating materials is creating a reverse effect in the indoor thermal comfort 
environment because of the high thermal mass of surface material. 

Keywords: Thermal environment assessment, Educational buildings, User’s perception, Sustainable 
design principles. 

1. Introduction 

The American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE, 2010) defines 
thermal comfort as that condition of mind which expresses satisfaction with the thermal environment. A 
comfortable thermal environment makes people healthy, both physically and psychologically. India is 
having 14.6 million students enrolled in its 544 universities (or equivalent institutes) for their higher 
education purposes. Further, data shows that both the number of institutions and enrolments in them 
are growing at more than 5% annually. In India, 26, 384 students are studying architecture education in 
463 architectural colleges in which 78 colleges are in TamilNadu. According to the survey, which was 
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done by the students of Indiana University, the US in 2016, says, “Architecture majors spend and works 
the hardest in colleges.” Based on the curriculum, the architecture students are spending a maximum of 
40 hours per week in classrooms. Thermal comfort assessments of classrooms are critical because 
extreme discomfort conditions may affect the learning ability of students. Institutions which are in the 
process of upgrading and refurbishing naturally ventilated classrooms to meet the current and future 
learning requirements consider providing air-conditioned environments, which has potentially severe 
implications for energy consumption. Considering the importance of comfort requirements in 
classrooms and the fast-growing number of institutes for higher education in India, classroom thermal 
comfort environment needs serious attention. 

Clements-Croome D et al.2001 have pointed out that the healthy and comfortable microclimate 
conditions are essential for any environment, but schools are a category of buildings in which a high 
level of environmental quality may considerably improve occupant’s attention, concentration, learning, 
hearing and performances. The first scientific studies about the effects of the thermal environment 
quality in classrooms on the student’s performances began around the middle of 1950. Brager GS et 
al.1998 have mentioned that the growing interest in the last years about the adaptive theory of thermal 
comfort has again stimulated researches by field studies aimed at qualifying the thermal environment 
both objectively (by measurements) and subjectively (by occupant’s judgments).  

This paper aims to study the factors that are influencing more to classrooms thermal environment 
and analysing the effect of physical and building aspects such as orientation, construction materials and 
shading devices concerning the thermal environment in the institutional building through software 
simulation. The area of study is narrowed down to naturally ventilated institutional buildings at warm 
and humid climatic regions. 

2. Methodology: 

2.1. Research structure: 

This research is evaluative and has employed the live case study and simulation study as a method of 
data collection. The approach is the analysis of climate, selection of case study buildings, and a field 
study using both objective and subjective data collection and simulation tools. Using IESVE (Integrated 
Environmental solutions virtual Environment) as the simulation tool, the effect of building factors such 
as orientation, form, etc., on the thermal environment has been evaluated based on analysis of both 
environmental and personal parameters. This analysis has been done to determine the effect of physical 
and building factors such as building geometry, orientation, Window to Wall Ratio (WWR), room depth, 
height, and building materials on indoor thermal comfort environment of classrooms. This approach has 
identified the best and least performing spaces regarding the indoor comfort towards the thermal 
environment by using subjective preference and software simulation and proposed the appropriate 
architectural design interventions to obtain better indoor thermal environment in the architectural 
school classrooms of warm and humid climate. 

2.2. Materials and methods: 

2.2.1. Building data, as shown in Table 1: 

The architecture block (Figure 1) is a G+2 structure consists of Administration areas such as offices, 
Director room, and CEO chamber, one Computer Lab (Air-Conditioned Ventilation), one Art court, 
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Exhibition areas, one large Seminar hall (Air-Conditioned ventilation), five studio classrooms and three 
lecture halls. All studio classrooms and lecture halls are naturally ventilation spaces. This building is a 
framed structure, with RCC columns and beams.  The walls are 230 mm thick made up of bricks and 
plastered on both the sides with 12 mm cement plaster. Table 2 shows the spatial and physical 
characteristics of the classrooms. 

Table 1: Information about case study building 

                                                                            Building data 

Region Tiruchirappalli, TamilNadu, India 

Climate Warm and Humid 
Building location MAM School of Architecture, Siruganur, Tiruchirappalli 
Building selection criteria This architectural school is the conventional built form of the 

region which provides opportunities to explore and analyse the 
performance of physical and spatial characteristics of the building 

 

 

Figure 1: Layout of case study building and typical floor plan of Studio classroom (Source: Author) 

Table 2: Spatial and physical characteristics of classrooms  

CLASSROOM F PF O VT D (M) A (M2) V (M3) WD (M) 

G.F STUDIO 1 G Rectangle  E-W NV 9.5 x 16 x 4.2 152 638.4 1.5 x 1.8 
F.F STUDIO 1 G+1 Rectangle  E-W NV 9.5 x 16 x 4.2 152 638.4 1.5 x 1.8 
S.F STUDIO 1 G+2 Rectangle  E-W NV 9.5 x 16 x 4.2 152 638.4 1.5 x 1.8 
F.F STUDIO 2 G+1 Rectangle  N-S NV 9.5 x 16 x 4.2 152 638.4 1.5 x 1.8 
S.F STUDIO 2 G+2 Rectangle  N-S NV 9.5 x 16 x 4.2 152 638.4 1.5 x 1.8 
F.F LECTURE 1 G+1 Square E-W wing NV 9.5 x 16 x 4.2 76 319.2 1.5 x 1.8 
S.F LECTURE 1 G+2 Square E- W wing NV 9.5 x 16 x 4.2 76 319.2 1.5 x 1.8 

Notes: F= Name of the floor, VT= Type of Ventilation, O= Orientation of Longer axis, PF= Plan Form, D= 
Classroom Dimensions, A= Floor Area, V= Volume of classroom, WD= Window Dimensions, NV= 
Naturally Ventilated, N-S= North-South, E-W= East-West 

2.2.2. Objective and Subjective measurements: 

Typically, class sessions scheduled for the morning hours, from 8.45 a.m. to 12. 25 p.m. with a 20 
minutes break from 10.25 a.m. to 10.45 a.m. Each session lasts 50 minutes. Lunch break starts from 
12.30 p.m. till 1.30 p.m. Noon sessions are from 1.30 to 4.50 p.m. In the afternoon, there are a few 
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lectures, but most sessions are for design studios. The surveys were administered during class hours for 
a period of 3 days during each of the two seasons- summer (March month) and winter (December 
month). The surveys were accompanied by simultaneous measurement of the indoor climatic 
parameters such as air temperature (Indoor and Outdoor), Relative humidity (Indoor and Outdoor), 
Wind speed. (Table 3) shows the list of instruments used for thermal environmental measurements. 
The parameters measured are at the height of 1.1m above the floor, meaning that each set of 
measurements was spatially and temporally coincident with the occupant’s location.  

Table 3: Instruments used for thermal environment measurement 

Measured 
parameters 

 Trade name  Range  Accuracy  

R90 G series data logger for measuring temperature and relative humidity with the following sensors: 
 
Air 
temperature 
& Relative 
humidity 

 HTC-2 
Temperature 
hygrometer 
sensor 
 

 Temperature range: 

Indoor: 0C- 50C (-32F- 122F) 

Outdoor: -50C- 70C (-58F- 158F) 
Humidity range: 
10%- 99%  

Temperature: 1C (0.1F) 
Humidity: 

5% RH (40%- 80%) 

Airspeed  LTT- Lutron 
AM- 4201 

 0.4- 30.0 m/s  (2% + 0.2m/s) 

“Right-here-right-now” thermal comfort surveys were administered to occupants to gather 
responses relating to thermal preference, thermal sensation, thermal acceptability, air movement 
preference, humidity preference, clothing insulation level and metabolic activity are taken from ASHRAE 
7- point scale (ASHRAE, 2010).  

The first part of the questionnaire deals with general issues (demographics), and the second part 
requires 179 students to ascertain how comfortable their classrooms are.  

Clothing factor affects the rate of heat dissipation from the body. This study considers the kind of 
student’s clothing as light summer clothing (tropics), referred from the research paper of Szokolay et 
al.2004. The questionnaire includes the questions related to metabolic rate as well. 

3. Observations and Findings: 

3.1. Field measurements: 

Table 4 shows the statistical weather data of Tiruchirappalli region obtained from Energy plus weather 
data website. The objective and subjective surveys monitored environmental parameters. The indoor 

mean air temperature in the occupied zones are prevailing between 30C to 32C with indoor mean RH 
(Relative Humidity) value of 70% to 72% during winter whereas the indoor mean air temperature in the 

occupied zones are prevailing between 34C to 36.5C with indoor mean RH value of 61% to 65% during 
summer. Table 5 shows the statistical summary of indoor measurements for each classroom. The 
minimum and maximum indoor wind speed were recorded as 0.04 m/s and 0.15 m/s respectively. 
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Table 4: Statistical weather data of Tiruchirappalli. (Source: Energy plus weather data) 

Environmental variables JAN FEB MAR APR MAY JUNE JULY  AUG SEPT OCT NOV DEC 

Maximum. Air temp (C) 31 34 36 38 39 38 37 37 36 34 31 30 

Minimum. Air temp (C) 21 21 23 26 26 26 27 26 25 24 23 22 

Mean Air temp (C) 26 27 30 32 33 32 32 31 31 29 27 26 

Relative Humidity (%) 72 65 62 61 60 57 57 52 64 73 79 79 
Wind Speed (m/s) 3 3 3 2 4 5 6 5 4 3 3 3 

Table 5: Statistical summary of indoor measurements for each classroom 

Classroom 

 

Air Temperature ( C) Relative Humidity (%) Wind Speed (m/s) 

Summer 
(March) 

Winter 
(December) 

Summer 
(March) 

Winter 
(December) 

Summer 
(March) 

Winter 
(December) 

G.F STUDIO 1 34.5 30.2 63 70 0.06 0.04 
F.F STUDIO 1 35.2 30.7 64 71 0.04 0.05 
S.F STUDIO 1 36.3 31.2 62 70 0.1 0.15 
F.F STUDIO 2 35.2 30.1 64 70 0.05 0.05 
S.F STUDIO 2 36.6 31 63 71 0.1 0.09 
F.F LECTURE 1 35.1 30.4 61 70 0.06 0.05 
S.F LECTURE 1 36.3 30.9 62 70 0.1 0.1 

3.2. Questionnaire survey:  

Of the 179 responses, 107 are male respondents, and 72 are female respondents. The responses from 
“thermal sensation vote” showed that 55% of respondents voted for “neutral” during winter, and 62% 
of the respondents voted for “hot” during summer. The results from “thermal preference vote” showed 
that 71% of the respondents voted for “prefer cooler” during summer. The results prove that occupants 
are expecting for the comfort environment than the existing condition and improvements in their 
current thermal environment.  

Humidity assessment uses the subjective scale of “too dry”, “slightly dry”, “just right”, “slightly 
humid” and “too humid”. The subjective responses on humidity show that 70% to 80% of the 
respondents voted within the central categories. Hence the relative humidity is comfortable for most of 
the respondents. This conclusion demonstrates that occupants are not too sensitive to humidity 
variation and perceived their condition to be contented, independent of the humidity level. Arens E et 
al.2002; Olesen B.W et al.2004 have pointed out the same in their studies.  

Air movement uses the subjective scale of “highly acceptable”, “just acceptable”, “just 
unacceptable” and “highly unacceptable”. The results of the subjective response on air movement 
indicate that the 73% respondents voted for “just acceptable”. This study proves the positive impacts of 
a high window to wall ratios and installations of fans.  

3.3. Simulation study: 

Dates took for the simulation study, objective, and subjective surveys are the same. From Sun Cast 
analysis shows that West and South facing walls are experiencing more solar insolation in most of the 
occupied hours, especially from 12 pm to 5 pm. The result shows that there is a lack of proper shading 
devices and the need for improvement in the existing building condition. The comfort index analysis is 
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concluding that the comfort index values for all the classrooms are in ‘warm and acceptable’ range 
during December whereas the comfort index values are in ‘hot and very uncomfortable’ range during 
March. The simulation software, Integrated Environmental Solutions (IES) was used to find the indoor 
operative temperature. The software took variables such as Air temperature, Wind speed, Mean Radiant 
Temperature from the weather data file (.epw) obtained from Energy Plus. The clothing value, as 0.64 
CLO and metabolic rate as 1.1 MET (for seating, reading, writing, standing) was interpolated as comfort 
settings. This study uses Indian Adaptive Comfort Model (IMAC), which used operative temperature as a 
variable to find thermal comfort in buildings. The formula to find indoor operative temperature from 
ASHRAE 55- 2010 is as follows:  

top = A ta + (1 - A) tr 

where top = operative temperature, ta = air temperature, and tr = mean radiant temperature. The 

value of A can be found from Table 6 as a function of the relative airspeed, vr. 

Table 6: The value of A as a function of the relative airspeed, vr  

vr 
 

<0.2 m/s  
(<40 fpm) 

0.2 to 0.6 m/s  
(40 to 120 fpm) 

0.6 to 1.0 m/s  
(120 to 200 fpm) 

A 0.5 0.6 0.7 

 

3.3. Problem identification: 

3.3.1. Problem 1: The indoor operative temperature range specified by Indian Adaptive Comfort Model 

(IMAC) should be from 24.54C to 29.3C in December and from 26.35C to 31.11C in March for 
Tiruchirappalli region. But the indoor operative temperatures of all the classrooms are exceeding the 
adaptive comfort temperature ranges in all the classroom, as shown in Figure 2.  

 

Figure 2: Indoor operative temperatures of classrooms and IMAC Indoor operative temperature range 
for all the months. (Source: Author) 
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3.3.2. Problem 2: The number of comfort hours is very less (19%) as compared with several working 
hours in all the classrooms, as shown in Figure 3. 

  

 

Figure 3: Comfort hours, discomfort hours and no. of occupied hours values of all the classrooms. 
(Source: Author) 

4. Results & Discussion: 

The observations from the field survey and simulation study have shown the way to identify the 
problems in the existing thermal environment in the classrooms. Following are the interventions to 
improve the thermal comfort in the existing building, by using the software's which are Google SketchUp 
and IES-VE (Integrated Environmental Solutions- Virtual Environment): 

 Addition of insulating materials 
 Shading device design for West and South wall 
 Enhancing the Night Ventilation 

4.1. Addition of insulating materials:  

 Table 7 and Table 8 shows the templates of thermal comfort settings and insulating materials. This 
intervention is the addition of insulating materials on the existing building walls, floors, and roofs. 

Table 7: Thermal template and comfort settings 

Factors Values 

Number of occupied hours 1841 
Occupant’s density 3.81/m2 
Occupant’s schedule 09.00 AM- 05.00 PM (including break time) 
Ventilation type NATURAL VENTILATION  
Comfort model INDIAN ADAPTIVE COMFORT MODEL 
Clothing value 0.64 CLO 
People’s activity- (sitting, writing, standing) 1.1 met 
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Table 8: Insulating materials Assembly 

S.no Material list Thermal conductivity  
(W/ mK) 

Density (kg/ m3) Specific heat 
capacity (J/ kgK) 

1.  Expanded polystyrene 0.035 25 1400 
2. Glass wool 0.040 200 670 
3.  Polyurethane board 0.025 30 1400 
4.  Sheep wool 0.038 23 1300 
5. Roof insulating material 0.031 15 1250 

 

 

Figure 4: Comfort hours calculation with insulating materials. (Source: Author) 
Figure 4 shows that the addition of insulating materials is creating a reverse effect in the indoor thermal 
comfort environment because of the high thermal mass of the surface material. The comfort hours are 
lesser than the existing building setup after adding the insulating materials. 

4.2. Design of shading device: 

 

 

Figure 5: Building model showing shading device options and comfort hours with shading devices 
options. (Source: Author) 

The design of shading devices for highly exposed wall surfaces on the west, and the south side uses the 
solar chart of Tiruchirappalli region as a consideration. The west shading device has two options. Option 
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1 is with HSA= -25 , VSA= 30  for achieving maximum shade during April to September and option 2 is 

with HSA= 40 , VSA= 30  for achieving maximum shading from October to March. (HSA- Horizontal 

Shadow Angle, VSA- Vertical Shadow Angle). Shading device option 1 is performing better than the 
existing case to provide shade during April to September. Ground floor Studio 1 is experiencing 200 
hours of comfort than the existing comfort hours annually. 

4.3. Night ventilation: 

Night cooling refers to the operation of natural ventilation at nighttime to purge excess heat and cool 
the building fabric. A building with enough thermal mass, exposed to nighttime ventilation, can reduce 
peak daytime temperatures by 2°C to 3°C using this strategy. The interventions have done by opening 
the windows all over the night. Figure 6 shows that comfort hours are increasing three times than the 
present case by incorporating the night ventilation technique.  The night ventilation technique is well 
suited for this region for enhancing the indoor thermal environment is the conclusion. Table 9 shows the 
macro flow settings for night ventilation.   

Table 9: Macro flow settings 

Air exchange type Natural ventilation (allowing external air 
through windows and doors) 

 
Windows openings schedule 

 

With Night Ventilation ON Continuously 

Without night ventilation 9 AM- 5 PM  

 

 

Figure 6: Comfort hours calculation with night ventilation. (Source: Author) 

 

5. Conclusion: 

The conclusions which are derived from various combinations of design interventions as follows: 
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BEFORE INTERVENTION: 
 The comfort hours are very less in all the classrooms during working hours. 
 The indoor operative temperature is exceeding in most of the classrooms during both morning 

and afternoon timings.  
AFTER INTERVENTION: 

 Out of all the interventions, Night ventilation plays a significant role in changing the thermal 
environment in the classrooms.  

 Night ventilation is enhancing three times more comfort hours than the present case in the first-
floor lecture hall, which is the highest of all the classrooms. 

 Addition of insulating materials is creating a reverse effect in the indoor thermal comfort 
environment because of the high thermal mass of the surface material. The comfort hours are 
lesser than the existing building setup after adding insulating materials. 

 Shading device option 1 is performing better than the existing case to provide shade during April 
to September. Ground floor studio classroom is experiencing two hundred more comfort hours 
than the existing comfort hours annually. 

 The classrooms which are on the first floor are getting more comfort hours than other floors. 
 The classrooms which are in East-West orientation having one side exposed wall and other sides 

are semi-exposed walls are performing better than the other orientation.  
 The classrooms are in North-South orientation at Second floor, are performing worse than other 

classrooms because it is having two sides exposed walls on west and southern direction.  

The combination of design interventions and their impacts will be considered as the future scope of 
this study.  
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Abstract: Anidolic Daylighting System (ADS) is a light guide system that can distribute daylight into a 
room, using a horizontal duct or pipe. In designing such a system, computational modelling and 
simulation are a powerful tool to predict its performance. In that case, it is important to ensure that all 
relevant simulation parameters have been defined appropriately so that the results can be held reliable. 
This study, therefore, aims to investigate the impact of ambient parameters on the performance of ADS, 
using modelling and simulation. In this study, an isolated room with no windows is modelled and 
rectangular ADS is modelled in the room. The inlet of the ADS is set with 60° angle, placed in the east 
facade. The whole model is simulated in DAYSIM and Radiance, under the CIE overcast and Perez sky 
model with climate data of Bandung, Indonesia. The Radiance simulation parameter of ambient bounce 
(ab) is varied from 2 until 8. Daylight metric which is Daylight Factor (DF) is observed to determine the 
sensitivity of ab parameter. The results suggest that ab parameter of 5 yields the best performance 
regarding DF.  

Keywords: Anidolic Daylighting System; Daylight; Radiance; DAYSIM. 

1. Introduction 

The availability of daylight in the tropics is abundant because of the radiation intensity of the sun is high 
and long in the tropical climate with long irradiation of an average of six to eight hours per day, because 
the sun continues to exist throughout the year. Global illumination in clear skies can reach around 
120,000 lx. Researchers show that daylight in the tropics has not been used optimally (Yeh, et al., 2011; 
Ahmad, 1996). 

There are several daylighting systems those can be used to transmit and redirect the intensity and 
daylighting capabilities during the day in a building, called a light pipe, anidolic type daylight supplier, a 
small grid, a holographic lattice, laser cut panel and prismatic glass (Littlefair, 1990). 

This study focuses on anidolic daylighting systems (ADS). This system is very effective for transferring 
daylight during the day to the deepest parts of a room (Scartezzini & Courret, 2002). Daylight can be 
used effectively by using an anidolic type light transferring system because this type has several 
advantages compared to light pipe types, daylight can penetrate evenly throughout the room because 
just using a type of light pipe will be more difficult to apply to the floor bottom of the building. 
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There are parameters that must be optimized so that these aspects are met properly. For optimal 
lighting conditions, it is necessary to consider the enumeration of weather data based on solar 
irradiance values, reflector material values and diffuse so that the optimal anidolic type light channel 
system design is obtained. 

Before optimization, there is something more important in carrying out a simulation, namely 
determining the Radiance parameters such as the ambient bounce (ab) value. Want to see how 
influential the ab value is for ADS performance. The value obtained will then be used for further 
research. 

2. Anidolic daylighting systems in deep-plan office 

Anidolic is a horizontal daylighting distributor type used to collect light at the collector and transfer it 
through a horizontal pipe to the deepest part of the room. The word Anidolic is derived from ancient 
Greek which is divided into two syllables, "an" which means "without" and "eidolon" which means 
"image" (Scartezzini & Courret, 2002).  

2.1.  Component of ADS 

Anidolic daylighting system has three main components, there are collectors, light pipes, and 
distributors.  

 Collector: A Collector is an anidolic input (inlet) can be a dome or a curved surface with a certain 
angle as a collector of sunlight. This part is made of special material that can collect sunlight to 
be forwarded to the next part. The geometry of a collector varies. Generally, it has a diameter of 
0.5 m and 60 ° for the curved shape.  

 Light pipe or duct: The light pipe or duct is located between the collector's hole and the 
distributor. This component serves to transmit daylight from outside (inlet) into a room that 
requires more lighting (outlet). There are several types of light suppliers, including the cylindrical 
pipe and rectangle duct. Modification of shape, size and material can affect how much daylight 
can be missed.  

 Distributor: Outlets or commonly called distributors located indoors that need more daylight. 
Anidolic output as much as possible can spread for diffuse material (diffusor). Output 
configuration can be in various forms according to the needs or design of the room. 

2.2.  ADS model 

In this study, a geometry model which refers to the previous research is used in the form of buildings 
measuring 9 × 5 × 2.7 m3 according to the models from Roshan & Barau (2016). This model is used 
because Roshan and Barau have validated by comparing the simulation results between models and 
measurements experimentally. The anidolic geometry is designed to be fixed at 3 × 9 × 0.5 m3 with a 
collector angle of 60 ° placed in the eastern part of the building façade.  
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Figure 1 Isometric view of ADS model. 

 

 

Figure 2 Front view of ADS model. 

3. ADS simulation result 

Building models that have been created are then simulated in DAYSIM and Radiance software. The 
simulation results will be compared and analysed the sensitivity of the ambient bounce value to the 
value of daylight factor.  

3.1. Sky modelling 

The sky model used is under the cloudy sky of CIE (CIE overcast) standards and the Perez sky model with 
Bandung, Indonesia weather data. CIE standard cloudy sky is used during simulation calculations for one 
time only while Perez's sky is calculated for one year (annual). Calculation of one time is relevant to do 
when you want to get a value DF, while the one-year calculation is to obtain other lighting metrics such 
as DA300lx and UDI100~2000lx. 

3.2. Location of the sensor points 

The sensor point is used as a measure of illuminance value during the simulation. The sensor is placed 
just below the anidolic outlet so that the illuminance value is more accurate with facing up on the work 
area (height 0.75 m). The cross-section of the sensor on the building model can be seen in the picture 
below.  

 

Figure 3 Location of the sensor points. 
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3.3. Material modelling 

Before the simulation is carried out, the material from each part of the model is determined first. The 
part of the model that will be described in the material is the inside of the building and in the ADS. For 
the inside of the building consists of three parts, there are floors, walls and ceilings with the definition of 
plastic material with reflectance values in a row of 20%, 50%, 80%.  

 

 

Figure 4 Reflectance values of plastic materials. 

 

Then the material is also determined on the components of ADS, the collector defined as glass 
material and its value can be seen in Figure 5. 

 

 

Figure 5 Material definition of glass material. 

 

The next component is ducting with the definition of metal material.  

 

 

Figure 6 Material definition of metal material. 
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The third component is a distributor with the definition of translucent material. 

 

 

Figure 7 Material definition of trans material. 

3.4. Simulation parameters 

When simulating using Radiance the illuminance values will be calculated in the work plane. Simulation 
parameters need to be defined in the form of environmental parameters (ambient parameters) so that 
the simulation results can be close to the actual value. The value of environmental parameters used for 
daylighting simulations can be seen in the following table.  

Table 1 Environmental parameters for Radiance. (Source: Jacobs, 2012) 

Parameter Description Min Fast Accurate Very Accurate Max 

-ab ambient bounces 0 0 2 5 8 
-aa ambient accuracy 0.5 0.2 0.15 0.08 0 
-ar ambient resolution 8 32 128 512 0 
-ad ambient divisions 0 32 512 2048 4096 
-as ambient super-samples 0 32 256 512 1024 

 

Description: very accurate for accurate rendering or daylighting. 

This research will vary the ambient bounce value from 2 to 8, while to know its sensitivity, a 
sensitivity analysis will be conducted.  

3.5. Sensitivity analysis of ambient bounce 

The comparison of the simulation result using Radiance and DAYSIM can be seen in table below.  

Table 2 The comparison table of DF values of the ab variation uses Radiance and DAYSIM 

 Radiance DAYSIM 

ab Illuminance [lux] DF [%] DF average [%] 

2 28.41 0.28 0.17 
3 37.77 0.38 0.16 
4 41.63 0.42 0.19 
5 42.97 0.43 0.19 
6 42.90 0.43 0.19 
7 42.47 0.42 0.19 
8 42.53 0.43 0.19 
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Simulation with Radiance shows that there is saturation when ab is 5 as in Figure 8. Thus, Figure 9 
states that start from ab 6 to 8 the error of DF value is zero but ab 5 has a very insignificant value of DF 
error.  

 

Figure 8 Radiance simulation result: daylight factor to ambient bounce 

 

 

Figure 9 Error graphic of DF to ambient bounce in Radiance simulation 

 

The simulation results used DAYSIM can be seen in Figure 10. These results are rather different from 
Radiance because in DAYSIM there are some differences in the algorithm such as shading algorithm, also 
DAYSIM is software that depends on climate and weather, so the calculations are annual.  
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Figure 10 DAYSIM simulation result: daylight factor to ambient bounce 

 

In Figure 11, error values of DF give the very fluctuating graphic. This fluctuating result can be caused 
of DF calculation in DAYSIM gives result of average values. But overall, we can see the saturation is on 
the ab 5 and the error values are insignificant.  

 

 

Figure 11 Error graphic of DF to ambient bounce in DAYSIM simulation 

 

If the results of the simulation are spelt out the distance from the collector, results will be obtained 
as in Figure 12. The distribution of DF values in the graph is a spread when the ab value changes at the 
same sensor point. On the sensor closest to the inlet, which is at 3.7 m, the distribution is quite wide 
compared to when the sensor with further distance. Following the principle of reduced energy to 
distance, the farther the distance that light passes through will decrease the energy from the light.  
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Figure 12 The distribution of DF values when ab changes with distance from the colector 

4. Conclusions 

The results suggest that ab parameter of 5 yields the best performance regarding the daylight metric, DF 
0.43%. Other values of ab parameter tend to yield a fluctuating value of the observed DF. In general, the 
findings of this study can give architects, engineers and built environment scientists some insights into 
the opportunities of using ADS to improve indoor daylighting quality as well as energy-saving designs.  
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Abstract: The worldwide demographic trend of an ageing society has important design implications for 
the built environment. Older people’s individual differences and intrinsic capacities are very wide and 
undifferentiated consideration of this population is problematic, from both comfort and concomitant 
wellbeing perspectives. With respect to thermal comfort in dwellings, the traditional approach may 
result in a significant proportion of older occupants experiencing thermal discomfort, and subsequent 
health issues. This study reports on the development of an alternative to the generalized static thermal 
comfort models. The approach utilises occupant-centric and data-driven models with deep learning 
algorithms. Better focussed models will facilitate design guidelines for older people’s built environment 
that respond more directly to their needs, helping to decrease thermally-related vulnerability, enhance 
well-being, as well as minimizing reliance on heating and cooling and reducing energy use. 

Keywords: Thermal comfort, personal comfort model, machine learning, older people. 

1. Introduction 

The world’s population is ageing at a fast rate. As stated by the United Nations Department of Economic 
and Social Affairs, Population Division, the number of older people (aged 60 years old or over1) is 
considerably growing as a proportion of the world’s population (United Nations 2017). By 2050, this 
number will reach 20%, also exceeding the number of younger people aged 10-24 years old for the first 
time. Like the rest of the world, Australia is going through the same demographic changes. By 2061, it is 
expected that over 22% of Australia’s population will be aged 65 or over (Australian Bureau of Statistics 
2013). This ageing phenomenon has already been acknowledged by the Australian Department of 
Treasury as having important effects on public policies, especially in areas such as health and housing 
(Australian Government - Department of Treasury 2010). 

                                                            
1 Although the United Nations define older people as aged 60 years old or over, in Australia the term is used to 
define people aged 65 years old or over. 
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People can have great diversity when it comes to health, quality of life and overall needs and 
preferences; however, this heterogeneity tends to be greater for older adults. An explanation of this is 
that, throughout the ageing process, older adults have been subjects to a greater range of cumulative 
social, economic and environmental factors and trajectories across their individual life courses (World 
Health Organization 2015). Consequently, while some elderly will have high levels of frailty and there 
will be a high demand for care institutions, there will also be many older adults who will be active and 
continue as resources for their families and communities (Olshansky et al. 2011). 

In a study for the Australian Housing and Urban Research Institution, Judd et al. (2010) confirmed 
the desire of older Australian homeowners to ‘age-in-place’ or remain in their own homes and 
neighbourhoods for as long as possible. This study also showed that the older population greatly 
recognises the importance of the design of the dwelling in order to remain independent and participate 
in the community throughout their ageing course. Furthermore, from a public health perspective, poor 
thermal conditions may result in adverse health effects, perhaps triggering institutional care. 

Therefore, as the majority of the increasing number of older people prefers to age-in-place, 
accommodating diverse needs and preferences in appropriate, affordable and, most of all, comfortable 
housing is essential to guarantee their health and wellbeing (Howden-Chapman, Signal & Crane 1999; 
Miller, Vine & Amin 2017). 

International standards such as ASHRAE 55 adopt the PMV model (Fanger 1972) and the adaptive 
model (de Dear & Brager 1998; Nicol & Humphreys 1973) as the bases for the thermal requirements for 
human occupancy in the built environment. Both are aggregate models, designed to predict the average 
thermal comfort of large populations. As a result, the current practice for managing thermal comfort is 
focused at the population level. This implies that assessing design options is often based on complying 
with an averaged thermal comfort zone, disregarding the occupants whose comfort perception deviates 
from the population mean (Schweiker et al. 2018).  

Since older people’s individual differences are excessively wide, as mentioned above, considering 
them as a single population in terms of thermal perception could result in leaving a significant number 
of older occupants in thermal discomfort. Depriving older people of living environments that meet their 
thermal comfort preferences could, in turn, affect their health and wellbeing to different extents, 
depending on both their physiological capacity for acclimatization during long exposures to low or high 
temperatures and their capacity to bear the costs of constant reliance on heating and cooling (Soebarto, 
Zhang & Schiavon 2019). Consequently, this paper argues that adopting personal comfort models could 
be the best pathway towards the effective prediction of older people’s thermal preferences, which, in 
turn, is essential to provide environments that meet their requirements and improve their wellbeing. 

2. Current comfort models 

There are two common approaches for predicting thermal comfort in indoor environments: the 
PMV/PPD-model and the adaptive models. The PMV/PPD-model (Predicted Mean Vote, Predicted 
Percentage of Dissatisfied) is an index that predicts the mean value of the thermal sensation votes of a 
large group of people on a sensation scale from -3 (cold) to 3 (hot) (Fanger 1972). It considers the heat 
transfer between the human body and its enclosing environments as the main explanation for people’s 
thermal sensations. This commonly used model, adopted by standards such as ISO7730 and 
ANSI/ASHRAE 55, defines the optimum condition (or the thermal neutral condition) as the condition 
wherein a person does not prefer either a colder or warmer environment (van Hoof, J et al. 2017). 
Aiming to determine the conditions that provide comfort to all healthy adults, the use of this model 
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result in the maintenance of an optimal constant indoor temperature without any variations throughout 
an entire day. 

However, numerous research studies on thermal comfort have considered it unreasonable to expect 
everyone to be satisfied within a centrally controlled environment. According to these studies, non-
neutral thermal preferences are experimentally common, questioning the thermal neutrality proposed 
as the only optimal thermal condition for people. In addition, very low and very high PMV values do not 
always represent a state of discomfort for a relevant number of people (van Hoof, J et al. 2017). 

The adaptive comfort approach, developed by Nicol and Humphreys (1973) and de Dear and Brager 
(1998), on the other hand, analysed field-study data from naturally-ventilated buildings in order to 
establish an empirical model that correlates the comfort temperature to the contextual variables in 
which each person inhabits. These studies demonstrated that the indoor temperatures considered 
comfortable increase significantly in warmer climate zones and decrease in colder contexts. This 
indicated that people have an intrinsic ability to adapt themselves or their environments to seasonal 
variations in thermal conditions, thus revealing that satisfaction towards the thermal environment does 
not necessarily result in an environment restrained at a specific indoor temperature.  

Despite both models being successfully adopted in international standards (e.g. ANSI/ASHRAE 
Standard 55), these two different methods have several and significant limitations (Kim, Schiavon & 
Brager 2018; Kim et al. 2018). According to the pivotal work of Kim, Schiavon and Brager (2018), these 
limitations include (1) the difficult and costly attainment of input variables, (2) the models’ poor 
predictive performance when applied to individuals, (3) the inability of the models to be calibrated, 
adapting to feedback and re-learning, and (4) the inability of the models to incorporate new relevant 
input variables (such as age, health status, body mass index) other than their pre-defined factors. In 
addition, the standard models have been developed based on data from mainly office buildings and 
considerably fewer studies have focused on residential environments. This can also be limiting when 
considering the diversity of thermal conditions houses generally provide in comparison with more 
controlled office environments. Likewise, while in offices the activity level and clothing are rather 
constant throughout the year, these may be more diverse in non-office occupied spaces (Daum, Haldi & 
Morel 2011). 

When considering older people’s heterogeneous characteristics and thermal preferences, these 
models’ disadvantages become even more critical. Hence, the need to better investigate thermal 
comfort for older people on the individual level, enhancing the models’ predictive performance and 
incorporating older people’s diverse individual differences. This could be one more step towards 
decreasing thermally related vulnerability, enhancing well-being and promoting energy efficiency 
through indoor comfort management for older people’s dwellings. 

3. Personal comfort models 

Personal comfort models were created to overcome most of the restrictions that the PMV and adaptive 
models present. Instead of an average response from a large population, these personalized models are 
designed to predict individuals’ thermal comfort responses. Besides taking the individual person as the 
unit of analysis, the personal comfort model uses direct feedback from inhabitants and their personal 
characteristics to calibrate, adapt and train itself. Moreover, according to the key study by Kim et al. 
(2018), the model is designed to give priority to easy-obtainable data and, since it employs a data-driven 
approach, is usefully flexible when testing different modelling methods and variables. 
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Recent years have shown an increasing number of studies aimed at the development of different 
forms of personal comfort models as a response to the traditional approach to thermal comfort 
research. Most of them make use of environmental measurements and their correlation with occupant 
feedback obtained via survey in order to attempt better predictions of people’s individual thermal 
comfort preferences. Many of them have also used the monitoring of personal–owned thermal control 
devices (e.g. fans, AC, heated and cooled chairs), being able to trace the associated behaviour back to 
individuals, affording a straight association with personal comfort (Kim et al. 2018). Studies such as Kim 
et al. (2018) and Shetty et al. (2019), for instance, have applied emerging new concepts such as the 
Internet of Things and Machine Learning Algorithms not only to collect data from personal devices in an 
efficient way but also to evaluate and calibrate each model in order to enhance their reliability. 

Therefore, an important paradigm shift is observed in the field today, from centralized and fixed-set-
point management, to individualized, occupant-centric and data-driven thermal conditioning 
management in the built environment. Addressing the issue of individual differences in an innovative 
way, empowered by the rapid technology development, this approach provides relevant comfort and 
energy related benefits (Wang et al. 2018). Static and homogeneous environments are giving way to 
dynamic and flexible possibilities, transforming personalized conditioning systems in a relevant option to 
increase user acceptability and absorb individual diversity (Rupp, Vásquez & Lamberts 2015). 

Although being the subject of many recent studies, personal comfort models have so far mainly used 
data from office environments and healthy younger adult populations (Kim, Schiavon & Brager 2018). 
Studies on personal comfort models that focus solely on older people populations are still absent in the 
literature. Nonetheless, considering the personal comfort models’ ability to absorb people’s diversity 
and susceptivity to environmental conditions, they are likely to be very appropriate for effective 
prediction of older people’s diverse thermal preferences. 

4. Methods 

4.1. Study design and participants 

As part of an Australian Research Council Discovery Project (ARC DP180102019), this study is currently 
collecting data from 70 participants from 56 households located in South Australia. The participants 
were recruited via focus groups and telephone surveys (Soebarto et al. 2019; van Hoof, J. et al. 2019) – 
and through flyers and press release on various media formats. The inclusion criteria for the participants 
were aged 65 years or above, living independently (i.e. not in aged care facilities) and able to 
communicate in English. 

The geographical area analysed was chosen to include three different climate zones in South 
Australia: hot dry (Bsk), warm temperate (Csa) and cool temperate (Csb) according to the Köppen–
Geiger climate classification system. Bsk climate is found in the Iron Triangle area (Port Pirie, Port 
Augusta and Whyalla), Csa is found in the Greater Metropolitan Adelaide and Csb is found in the 
Adelaide Hills and the Fleurieu Peninsula. 

The data were collected during a period of 9 months (from January 2019 to September 2019) in 
order to cover both hot and cold seasons. This provided the range of variations in environmental 
conditions necessary for a comprehensive analysis. 
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4.2. Data collection and tools 

The data collection process involves visiting each house to apply a short questionnaire, conduct an 
open-ended interview (guided by a checklist) about the house details and install indoor environment 
data loggers inside the house’s main living room and main bedroom. A thermal comfort survey tablet is 
also installed to be used by the participants to answer a survey about their thermal environment and 
their preferences and sensations each day. Figure 1 shows the equipment used. 

 

   

Figure 1: Indoor environment data logger and thermal comfort survey tablet 

 

The questionnaire, interview, checklist, measurements and survey were designed to collect a wide 
range of variables and factors known in the architecture science, medicine and public health fields of 
study to influence and affect thermal comfort, sensation and preference. The questionnaire covers 
participant’s personal data and their general behaviour towards thermal comfort. It is conducted once 
and it is applied manually, using a paper form and pen, taking from 10 to 40 minutes. The open-ended 
interview and checklist are used to gather information about the participant’s house. It is conducted 
once, manually on paper, and it also takes from 10 to 40 minutes depending on the size of the house, 
complexity of systems and level of details shared by the participants. 

The indoor environment data logger consists of sensors, which assess air temperature, globe 
temperature, air speed, relative humidity, CO2 and VOCs. The logger coordinates measurements from 
the sensors, undertaken at 30-minute intervals and when a participant completes a comfort survey. The 
logger is self-contained and does not require connection to the house’s electricity or internet systems. 
The data are automatically sent to a web-based server and can be accessed remotely. The thermal 
comfort survey tablet is intended to allow participants to complete comfort surveys electronically once a 
day if possible, or at least twice a week, about their clothing layers and activity, thermal sensations and 
preferences, window and door operations, as well as heating/cooling/fan operations. The survey also 
includes questions about perceptions about indoor environment quality as well as their self-reported 
wellbeing status. The survey takes no more than a few minutes to be completed. The tablet is also self-
contained and does not require connection to the house’s electricity and internet systems. 

4.3. Modelling process 

The conceptual framework that guides this project is based on the work of Kim, Schiavon and Brager 
(2018). By correlating daily environmental measurements and a series of thermal sensation, behavioural 
and wellbeing related survey answers, the study applies machine learning algorithms to develop 
individual occupant centric models for each participant. Each model will be able to predict not only the 
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participant’s thermal comfort sensation, but also their wellbeing for each combination of environmental 
conditions. 

The modelling process involves the following stages: (1) data collection; (2) data preparation, 
processing the raw data into a suitable format for modelling; (3) model development; (4) and model 
evaluation, validating the predictive performance of each individual model and comparing it to the 
results expected from conventional models (PMV and adaptive). 

As the data are still being analyzed, this paper presents preliminary results of simplified individual 
models for the data collected from four of the participant dwellings. With the use of simplified Deep 
Feedforward Networks, also called Feedforward Neural Networks or Multilayer Perceptrons (MLPs) 
(Goodfellow, Bengio & Courville 2016), the models were developed to solve a multiclass classification 
problem of the occupants’ thermal sensation on a 7-point-scale (‘cold’, ‘cool’, ‘slightly cool’, ‘neutral’, 
slightly warm’, ‘warm’, ‘hot’) according to 6 environmental and behavioural conditions (dry bulb 
temperature, radiant temperature, relative humidity, air speed, activity level and clothing insulation 
level). The survey’s thermal sensation vote was used as the ground truth to verify the predicted thermal 
sensation of the occupants individually. Anaconda version 2019.3 (Anaconda 2019) was used as the 
platform to run all models using Python version 3.7 and PyTorch tensor library (Paszke et al. 2017). 

5. Sample results 

A sample of the sociodemographic data collected can be seen in Table 1. The data already reveal 
relevant diversity in terms of weather preference, with 30.4% of the participants stating a preference for 
hot weather and 30.4% of the participants preferring the opposite, cold weather. Until the end of May 
2019, a total of 4755 thermal comfort votes and corresponding thermal measurements were collected 
from the main living room of the participant’s houses. The participants engaged in the surveys regularly, 
with most of them inputting their perceptions every day. By the end of the data collection period, in 
more than 10000 entries were available to be analysed. 

Table 1: Sample of sociodemographic data collected 

Gender N % 

           Male 23 32.86% 
           Female 47 67.14% 
          Total 70 100.00% 

Age   

           65-69 years 7 10.00% 
           70-74 years 19 27.14% 
           75-79 years 24 34.29% 
           80-84 years 13 18.57% 
           85 years or over 7 10.00% 
           Total 70 100.00% 

Living Arrangement 

           alone 30 42.86% 
           with spouse 36 51.43% 
           other 4 5.71% 
           Total 70 100.00% 

Weather preference 

           Hot weather 21 30.00% 
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           Cold weather 21 30.00% 
           Neither hot nor cold  12 17.14% 
           No preference 12 17.14% 
           Other 4 5.71% 
           Total 70 100.00% 

 

Figure 2 presents the correlation between the measured indoor operative temperature and thermal 
sensation votes (TSV, on a 7-point scale from -3, representing ‘cold’ sensation, to 3, representing ‘hot’ 
sensation) collected until the end of May 2019. The graph shows that neutral sensation (TSV = 0) was 
experienced at indoor temperatures ranging widely from 14 to 36°C and that the same wide ranges of 
temperatures can be seen for each sensation experienced. Although a statistical approximation can 
predict an optimal temperature for the whole cohort, it is still relevant to analyse each person from an 
individualized in-depth level. 

 

 

Figure 2: Indoor Operative Temperature vs Thermal Sensation Vote 

 

Participants were also asked whether they preferred to change the way they felt thermally, on a 3-
point scale from ‘preferring to feel warmer’ to ‘preferring to feel cooler’ (Thermal Preference Vote). As 
can be seen in Figure 3, a considerable proportion of participants reported other than neutral sensation 
(‘cool’, ‘slightly cool’, ‘slightly warm’) without, however, the preference for a change in that condition. 
This emphasizes that thermal neutrality and thermal preference for ‘no change’ are not the same for all 
individuals, and that experiencing non-neutral sensations, although not thermally ideal according to 
traditional comfort models, can still be acceptable depending on the individual’s characteristics. 

 

 

Figure 3: Cross-tabulation between number of Thermal Sensation Votes and Thermal Preference Votes 
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Applying the PMV model to the data utilized so far results in poor prediction accuracy when 
analysing each participant and their individual TSV responses. Figure 4 shows the calculated percentage 
of correct predictions (when TSV = PMV) for each of the 70 participants. On average, the PMV model 
correctly predicts the participants’ sensation 41% of the time, which is only 27% better than the random 
prediction probability. This indicates that using this model for these participants would result in leaving 
a significant number of them in thermal discomfort, which again reaffirms the idea that a different 
approach would be advisable to better manage their environments and meet their personal 
requirements. 

 

 
Figure 4: Percentage of correct predictions of PMV Model for each participant (TSV = PMV) 

 

Table 2 summarizes the predictive performance of the simplified Feedforward Neural Network, or 
Multilayer Perceptrons (MLP), used to develop individual models for four of the participants who had 
the largest individual data samples. The prediction accuracy is calculated as the percentage of correct 
predictions for each participant and it is compared to the PMV accuracy for the same participants. On 
average, the individualized models for the 4 participants improved the prediction by 48% compared to 
the PMV models. This, as discussed before, was expected as PMV models are developed for the analysis 
of large and aggregated populations. In addition, PMV relies on estimates for the self-reported activity 
and clothing levels, which can affect its accuracy as well. 

Table 2: Predictive performance of PMV and MLN models across four participants. 

Participant 
ID 

PMV 
Correct % 

MLP 
Correct % 

5 39.5 42.4 

21 37.3 55.6 

23 30.2 52.9 

46 28.3 45.1 
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6. Lessons learned 

Although the individualized models based on machine learning algorithms proved to have a higher 
predictive performance when compared to the conventional PMV model for the 4 older people selected 
for this paper, this prediction accuracy is still far from the optimal results expected from these 
algorithms. This is because there are multiple limitations in the approach used so far in this preliminary 
analysis. Firstly, the data from each individual were randomly split into training and testing sets to 
enable evaluating the models’ predicted performance using data unseen by the model while training. 
For this preliminary study, a single and simplified random train/test split was used. However, this 
method can cause great variability in prediction accuracy if the data train/test splits are not large or 
diverse enough to be statistically representative of the broader dataset. A k-fold cross validation would 
be a better solution to perform this split. Secondly, as the data analysis for this study is still in progress, 
the size of the individual data set could be a great limitation to the model’s predictive performance. 
Thirdly, the analysis was conducted using a simplified approach with the use of Feedforward Neural 
Network techniques, which could still be greatly improved with a more complex and better tuned 
algorithm. 

7. Next steps 

This is a work in progress. Once all the raw data are processed and formatted, a model that best suits 
the data and the intended final application goals will be selected. The model evaluation will take place 
following its development, validating the predictive performance of each model individually, as the 
preliminary results of this paper have shown. 

Finally, the models’ application will be studied to enable more adequate design guidelines and 
thermal conditioning management for older people’s built environment, targeting possible 
health/wellbeing and energy-efficiency related improvements. 
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Abstract: The facade of a building is the starting point of ‘attention leading to formation of ‘perception’ 
resulting in the sum total nature of anticipated experiences. To answer the question why some buildings 
are perceived as more “liked” than others, a framework to capture perceptions of shopping mall facades 
by adopting a psychology theory -SOR (Stimulus – Object- Response) is attempted in this paper. Based 
on shopping experience, responses of nearly 200 participants on features of shopping mall buildings 
were obtained through a questionnaire designed to rate facades and their constituent design elements, 
grouped together under constructs such as Aesthetics, Affect and Utility. Professional architects on 
Gestalt parameters also rated these Shopping malls. Combining Architects’ Gestalt indices with 
Birkhoff’s measures of aesthetics, a perceptual index for shopping malls is proposed. Such a metric 
would facilitate comparisons of two or more facades from the user’s perception point of view and 
predict the degree of ‘likability ‘of the designs at the concept rendering stage itself. Such an index is 
intended to be useful in architectural practice. This paper reports the methodology and results of the 
development process of the likeability perception index. 

Keywords: Facade, Perceptual constructs, Metrics, Index 

1. Introduction 

The facade of a building is the starting point of ‘attention’ leading up to ‘perception’ resulting in the sum 
total nature of anticipated experiences. If the first visual view is not satisfactory, it is likely to have a 
negative connotation on the sum total experience that follows. Research questions that prompted this 
study are as follows: (a) Why some buildings are more “liked” than others?  (b)  What physical and visual 
characteristics of the buildings contribute to formation of positive, neutral, and negative perceptions – 
resulting in some buildings being more liked than others given similar function? (c) Is it possible to 
formulate a perception-based metrics for indexing the ‘likeability’ of a building’s design?  Such a metrics 
if developed can aid Architects in predicting designs that are in consonance with user’s perceptions of 
likeability.  
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In Tier-2 cites and urban towns of India competition from online e-commerce websites has resulted in 
shopping buildings transforming themselves into a combination of leisure, entertainment, and 
commerce centres.  Often existing buildings are re-modelled by refurbishing their frontage. Architects 
are often engaged in transforming existing buildings or new ones into shopping destinations on a street 
that changes its character in a matter of months. Architects constrained with both, budgets as well as 
time, need to take risky decisions on the aesthetics of the façade using expensive materials. A decision 
tool or heuristics would be immensely useful to lower the risk of unwittingly creating a perceptual 
barrier for the user due to mismatched aesthetics. 

2. Literature Review 

Building façade as a semantic and semiotic interface is mostly a matter of meaning making and 
interpretation of symbolic patterns by visitors.  In urban designer Lynch’s (1964) definition of image as 
“a picture especially in the mind”, meaning making is a result of sentimental combination between 
objective city image and subjective human thoughts.  Some building features create a positive attitude 
and perception in the user while some others leave a negative impact. Several research studies in India 
have reported on Facade designs. However, they have rarely focused on the phenomena of perception 
formation in the human user. 

Researchers like Passini (1996) [9] have dealt on the effect of consumer’s choices on store layout, 
ambience and Syntax- wayfinding. Several researchers [Houston and Nevin (1980); Sinha & Banerjee 
(2004); Baker and Haytko, (2000); Gosh, Nag and Roy, (2015); have investigated the image aspects of 
shopping malls. Researchers like Doyel and Fenwick (1997) have reported how store image plays an 
important role for customers selecting between competitive shopping choices. The role of façade and 
interior perception of the design elements finds no mention. Since perceptions are a result of 
experience, cognation and the individual’s mental model, there is bound to be difference of tastes 
between Architect and the common user of the building. Nasar (1989) used black and white 
photographs of six residential buildings with different kind of architectural styles, and showed it to 220 
people from the public. He also enlisted 65 architects to do a preference measurement. Nasar’s study 
showed that the architects and the public's preference for these two styles of buildings are not the 
same. If so who is then the final arbiter of Aesthetics – the User for whom the building is built or the 
Architect who conceptualizes an ideal building according to his/her tastes? 

To a large extent this debate favours the user especially in the case of commercial building like 
shopping malls which want increased footfalls in their shopping premise to drive commerce. The 
perception that creates this image needs better understanding from Architecture point of view. 

3. Perception and Aesthetics 

The word Aesthetics originates from the Greek "aisthetike" meaning, “to perceive”. From being confined 
to vison sensing, the definition and understanding of the phenomena of perception has evolved due to 
advances in Cognitive and Neuro sciences. Perception, according to Brain Roggers (2017) is the 
experience of seeing, hearing, touching, tasting, smelling objects in the environment and processing this 
information to extract patterns of energy (that impinge on the senses) and derive meaning which 
further results in action. According to Gibson (1977, 1979) objects and environments have “affordances” 
that communicate action cues for the user. Facades too fall into the category of built environment. 
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In Psychology human reactions start with a Stimulus (senses) triggered by qualities in Objects as is 
explained by the S-O-R model. (Mehrabin A & Russel J.A, 1974). The basic paradigm of S-O-R – (Stimulus 
- Organism – Response) in Psychology (Figure 1) maps stimulus (Façade) with the behaviour invoked in 
the organism (user). 

 
Figure 1: S-O-R Model.  Source: Mehrabin and Russel (1974) 

Perception is part of cognitive system involving both sensing, extraction of perceptual information, 
making meaning out of it and controlling action that results.  In the SOR model (Figure 1) the facade 
features are the Stimulus, the underlying patterns trigger emotions (affect) in the building’s user 
(Object) which after cognation result in the Response resulting in ‘Approach ‘or ‘Avoid’ behaviour. 

Arnheim (1954) explains how we derive meaning (cognate) from our sensory perceptions using 
Gestalt psychology to form constructs. Gestalt school of Psychology (Koffka 1910, 2013) propagated 
theories that describe how we perceive whole shapes by grouping individual sensory elements.  Gestalt 
theorists explain its cognitive basis using a set of 5 principles, namely- proximity, similarity, continuance, 
closure and figure- ground. According to Gestalt Psychologists, it is not just the summation of all the 
parts that give a meaning to the whole, but how the parts are combined together, in other words the 
relationship between the parts themselves, that result into synergy.  Design elements in the façade such 
as line, voids, patterns, order, symmetry, repetition can be evaluated for their adherence to the five 
gestalt principles.  We make sense of art by perceiving forms and patterns from pictorial elements that 
coexist in a hierarchy of visual levels. According to Arnheim, complexity of the underlying pattern 
increases interest but only up to a certain level after which chaos sets in.  In this paper Gestalt 
psychology principles are proposed to be used to analyse shopping mall façades for their underlying 
aesthetic properties and hierarchy of elements leading up to patterns embedded in the features of 
façade. 

In the SOR model (Figure 1) facade features are the Stimulus, the underlying patterns trigger 
emotions (Affect) in the building’s user result in the ‘Approach ‘or ‘Avoid’ behaviour (action). In this 
paper the interrelationship of the design elements, their effect on perception formation, and the 
resultant cognitive experience within the user are intended to be measured so as to yield a better 
understanding of the metrics as well as explore an index that may be useful to compare two different 
designs of a façade for their' likability’ quality. In this paper Gestalt psychology principles are proposed 
to be used to analyse features of shopping mall façades as these principles are widely used metrics for 
aesthetics in Design. By considering design elements such as geometry, scale, proportion, etc. as basis of 
aesthetic measure it is hoped to formulate a perception index that could be validated. The Gestalt Index 
is defined in this paper as the extent to which the building's design complies with the Gestalt principles. 
Such a metrics would not only help determine a perceptual index value to each of the building designs 
based on which the Approach – Avoid behaviour of the user can be addressed by the Architect.   

Another Aesthetic measure found in literature was proposed by Birkhoff (1933). Originally Birkhoff’s 
Aesthetic measure was intended as a numerical means of measuring and stating beauty in two 
dimensional geometric well defined forms. Birkhoff denoted the Aesthetic measure with the 
relationship M = f (O, C). Birkhoff’s aesthetic measure was a numerical means of measuring beauty in 



608 A. Yammiyavar & M. Roy 

structured geometric form such as in geometric patterns. It is the relationship between the order and 
the complexity of any form, denoted by the letter M.  He initially was inspired by music and later applied 
the measure to polygons. Birkhoff suggested three successive stages of perception namely: 

i. A preliminary effort of attention, which is necessary for the act of perception and increases 
proportionally to the complexity (C) of the object up to a certain level. 

ii. The feeling of value or aesthetic measure (M) which comes from this effort. 

iii. The verification that the object is characterized by certain harmony, symmetry or order (O), which 
seems to be necessary for the aesthetic effect. 

In his book ‘Aesthetic Measure’, Birkhoff defined the measure in relation to the effort which the 
object (complexity) demands of the perceiver and the pleasing or displeasing features which can be 
recognised in the object (order). It also needs to be noted that Birkhoff did not define f except that the 
measure is a relationship of the two quantities namely order and complexity in a general setting. Several 
researchers have attempted to apply or prove Birkhoff's measure using variety of geometric figures such 
as polygon (Veronika Douchova 2015). Some have applied it to architecture building’s 2D shape (Das & 
Chitra 2015). In all these cases the researchers have defined their own O & C and the approach is purely 
mathematical or structural with intention to quantify exact values. Birkhoff on the other hand intended 
it as an index of beauty. It needs to be noted that Birkhoff’s above three stages of perception mirrors 
the S-O-R model (Fig 1) and can be configured accordingly. 

3.1. A proposal for perception based metrics of building facade aesthetics 

In this paper, a metrics using both Birkhoffs and Gestalt indices is proposed. It intends to understand 
whether there is a relationship between the ‘likeability ‘of the facade and the degree of adherence of its 
constituent design elements to Gestalt laws. Gestalt Law, also known as law of good configuration is 
proposed to be used to determine sum total Order O and Complexity C. Both, metrics resulting from 
Gestalt principles (Gestalt Index) and Birkhoff’s aesthetic measure M have potential to come up with a 
perception index for building facades. Birkhoffs function f in M=f (Order, Complexity) can then be 
determined using M= O-C to yield a perceptual index. In our proposed metrics, the following is adopted. 
O = Gestalt Index = Sum of Degrees of Gestalt adherence of the constituent facade elements. 
    =   Looks + Proportions+ Order+ Balance + Rhythm+ Symmetry + Simplicity.  
C =   Sum of degrees of Gestalt adherence of constituent elements that contribute to Negative Affect. 
     =   Chaos + Imbalance + Asymmetry +Disorder+ Discontinuity + Odd proportions 
 Both O and C are to be measured as judged by the human eye instrument, which in our case are 
practicing Architects. 

4. Methodology   

Commercial buildings housing shopping activities have been chosen as the focus in this paper. The 
Research question under investigation is reiterated as follows –  
RQ1:  In the formation of the perception of the user, which of the two factors weigh more – the exterior 
(facade) or the interior (Ambience) of a shopping mall? 
In other words, which physical and visual characteristics in terms of designed elements of the building’s 
exterior façade, interior ambience, setback space, as well as entry space - contribute to formation of 
positive, neutral, and negative perceptions?   
RQ2: Can a metric be developed to estimate or predict a façade's capacity to be liked or disliked? 
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To investigate RQ1 a Hypothesis is formulated as follows: 
H1:  Users give more importance to interiors elements of a shopping mall in comparison to its external 
façade.  

To answer RQ2 an experiment was conducted in which professional Architects were asked to rate 
aesthetics of facades. 

4.1. Experiment 

Data was collected in two stages. Stage 1 gathered perceptual construct data from 206 respondents 
using a 62-item Likert type questionnaire seeking experiences and perceptions of shopping malls visits in 
India. Cronbach’s Alpha from the statistical analysis of 62 items resulted in a value of 0.8, which 
indicates reliability, and high level of internal consistency of the data collected. 

Stage 2 of the survey given to the same 206 respondents had two steps. First step asked 
respondents to pick five of the most liked buildings facades and five least liked building facades from a 
set of 20 shopping mall facade pictures. Second step asked them to rank the chosen facades in order of 
their liking and disliking. These ten facades became the experimental stimuli for conducting Gestalt 
analysis by 15 practicing Architects in the third step. These 15 Architects were briefed on the Gestalt 
principles included as items of a bipolar Semantic rating scale. The bipolar scale items were derived from 
Gestalt principles such as for example Order, Symmetry and Proportion, all as judged by the eye. The 
evaluation by expert Architects was for rating the degree of aesthetic adherence to Gestalt principles by 
design elements in the five liked and five disliked buildings. 

4.2. Stage 1 Perceptual Construct Experiment based on experience 

Based initially on the authors’ judgement and published literature of similar surveys, four constructs 
were postulated by categorising 62 items. Some of these 62 questions were picked up from earlier 
published surveys and some were reworded to suit the stimulus namely shopping mall facades. In 
exploratory research, one aims at being more right than wrong (60%-40%). If care is taken that there are 
sufficient chances of being more right than wrong (60%-40%), low value of p =0.6 is deemed as being 
acceptable. (Beri G.C-1993). With the value of n=206, e=0.05 and p as 0.6, the confidence level as 
determined by Z statistic was calculated to be 86 %.  This means that with a sample size of 206, one can 
say with 86% confidence level that the sample proportion can be projected on to the population 
proportion within an error interval of +0.05 and – 0.05. Since this is an exploratory investigation 
involving qualitative data the level of 86% confidence is acceptable to this researcher in lieu of the 
normally 90% to 95% level which researchers set in the case of very rigorous estimation but such high 
values are uncommon in exploratory qualitative Design research involving subjective human judgement. 
Also Cronbach’s Alpha from the statistical analysis of 62 item questionnaire resulted in a value of 0.81 
which indicates reliability and high level of internal consistency of the data collected using this 
questionnaire which included the task of categorization of the pictures and their ranking by 206 
respondents. 

To find out if categorisation of the constructs was valid, each of the four constructs was analysed 
for internal variance as shown in Table 1. This paper does not cover details of the questions themselves 
due to space constraints but groups them under their respective constructs as shown in Table 1.  The 
four constructs were as follows: (1) External Facade Aesthetics (ii) Internal aesthetics and ambiance (iii) 
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Affect construct capturing feelings and (iv) Utility constructs covering functional, circulation, way 
finding, and syntax- line of sight factors. 

 

Table 1. Constructs and their internal coefficient of variance 

 
Type of 

Construct 
Description Coefficient of 

Variance (%) 
Coefficient 

Construct 
I 

Aesthetics construct - External  
 (semantic & Semiotic) 

14.08 
 

0.14 

Construct 
II 

Aesthetics  constructs - Interior of the  
entrance point and Interior ambience 
(Semantic & Semiotic) 

15.44 
 

0.15 

Construct 
III 

Affect constructs- (Emotions/ Feelings) 
(Social & Experiential) 

16.86 
 

0.17 

Construct 
IV 

Utility Constructs   (Syntax) 11.29 
 

0.11 

 

A construct with lower Coefficient of variance (CV) indicates higher consistency of respondents 
regarding a particular set of questions.  Construct IV has the lowest CV, which means that the 
respondents have similar perceptions regarding questions within this construct. However, it can be 
observed that the other three constructs too exhibit good internal CV similar to Construct IV and are 
close to CV of Construct IV in value as seen from the table. Hence, it is inferred that in all the four 
constructs, the respondents have similar construct perceptions within respective constructs. This 
indicates that the questionnaire was reliable and measured what it was supposed to measure (construct 
validity). Also the Kruskal Wallis Test, with a value of 0.637 which is >0.05, rejected the null hypothesis 
of ‘all constructs are not the same’ meaning each construct measures a different aspect. This also 
indicates that all the four constructs are equally important in the formation of the overall perception in 
the user. 

4.3. Hypothesis testing of Construct I & II 

Since Shapiro Wilk test with a calculated value of <0.05, indicated that the data is non parametric. Hence 
a Mann Whitney U test was conducted to compare sets of 2 constructs. This was to answer research 
question RQ1 namely - In the formation of the perception of the user which of the two factors 
influences more – the exterior (facade) or the interior (Ambience) of a shopping mall? 
 Mann Whitney U test (Table 2) was conducted to know whether significant differences existed between 
the constructs. The Null hypothesis was that ‘construct I & Construct II are not the same’ which means 
that there is a significant difference between the two constructs namely External façade and Interior 
ambience in the formation of perception. 

Table 2: Mann Whitney Test between Constructs – U Values 

 
U test between 
groups 

U Values Inference 

Construct I & II U Statistical        175 
U Critical              77 

U stat> U critical which means that difference is 
not significant between group I & II 
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U values (Table2) between the first two constructs I & II in accepting H1, indicate that null hypothesis 
is rejected.  It therefore can be argued that both ‘Internal Aesthetic’ constructs and ‘External aesthetic 
‘constructs have almost equal role in the formation of perception of the mall in the user. This means 
Architects cannot afford to emphasise or deemphasise one over the other. The facade of a shopping 
mall and its interiors, both are to be given equal importance.  Ideally, the Facade needs to form a 
perceptual impression, which raises the anticipation of what lies inside. Both cannot have dissimilar or 
disconnected designs in terms of the visual elements.  Hence, an external facade element needs to find 
continuity and congruence with the design elements and language that go into the interior design of the 
shopping mall. Hypothesis testing concerning other constructs are not dealt with in this paper. 

 

5. Development of a Perceptual Index 
In the second stage, an experiment was conducted to develop a Perceptual Index. 15 practicing 
Architects with practice experience ranging from 5 to 20 years, were approached and requested to 
qualitatively extract and quantify aesthetics of the facades using a bipolar semantic differential scale 
(Figure 2) made up of items representing Gestalt attributes such as Proportion, Balance Symmetry etc. 
The Architects did Gestalt analysis on five most liked ranked and five most disliked ranked facades as 
ranked by 206 respondents. Statistical analysis was carried out to measure each of the Gestalt attributes 
to finally result in a Gestalt Index for the facades.  Birkhoff’s measure was also calculated. Inferences 
were drawn to observe the range of values of the Gestalt and Birkhoffs Indices. 

.  

Figure 2: Semantic Differential scale to rate Gestalt properties 

  5.1 Sampling procedure for choosing facades in the form of picture stimuli 

To start with, pictures were chosen from a random sample set of 50 current Indian shopping mall 
pictures sourced from  the Net as well as print media. Shopping malls from metros and medium sized 
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urban towns, classified as Tier 1, 2 & 3, were picked from all regions of India. From these 50, 20 
representative cases were distilled. The criteria of choosing 20 representative cases were (a) 
independent building meant and built only for shopping purpose (b) Front unobstructed view from 
street and distance from street.  Care was taken to include a diverse variety of architectural styles and 
forms, typical to towns and cities. Later as a check, these 20 malls were individually compared to each 
other by the authors so as to eliminate similar looking cases if any. These 20 shopping mall pictures 
formed the stimuli from which the respondents finally chose and ranked 10 pictures – five most liked 
and five least liked. (Figure 3) 

 

 
Figure 3 Ranks 1 to 5 Most Liked: P10, P13, P18, P03, P17; Ranks 1to5 Least Liked: P9, P16, P01, P04, P06 

 

The ratings of 15 Architects on the bipolar sematic scales were weighted and summated using which the 
Gestalt index for each of the facade was derived using the following relationship. 
O = Gestalt Index = Sum of weighted means of Gestalt adherence of the constituent façade elements. 
    = Looks + Proportions+ Order+ Balance + Rhythm+ Symmetry + Simplicity. 
C = Complexity index = Sum of degrees (weighted means) of Gestalt adherence of the constituent façade 
       Elements that were rated negatively on the bipolar semantic differential scale 
    = Chaos + Imbalance + Asymmetry +Disorder+ Discontinuity + Odd proportions 
 Using these ratings of expert Architects, the Indices obtained are shown in Table 4. 

5.2 Gestalt index Inferences 

Mapping liked & disliked perceptions using Gestalt Index, it can be seen from the Table 4 that with a 
Gestalt Index more than 0.5 & above, a shopping mall façade has a high probability of being liked. (P10, 
P13, P18, P3, P17) 

5.3 Gestalt & Birkhoff’s Index inferred together for the facades being liked 
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Mapping liked & disliked shopping facades’, the calculated Gestalt Index & Birkhoff's measure, as can 
be seen from the table 4, indicate that when a facade’s Gestalt Index > = 0.6 and its Birkhoff’s measure 
is >= 0.3, a façade has a high probability of being categorised as ‘liked’. 

 

Table 4: Calculated Gestalt & Birkhoff’s indices along with their Graph. 

 
5.4. Gestalt & Birkhoff’s Index inferred together for the facades being disliked. 

Mapping liked & disliked shopping facades’, the calculated Gestalt Index & Birkhoff's measure, as can be 
seen from the table 4, indicate that when a facade’s Gestalt Index > = 0.6 and its Birkhoff’s measure is  

>= 0.3, a façade has a high probability of being categorised as ‘liked’. 

 

6. Conclusions and Recommendations 
From the perception studies, it was inferred that the aesthetics of external façade plays equal role along 
with the Interior elements, to form overall user perception. A metric was evolved using perception 
rankings of public population’s responses. These were further analysed by fifteen practicing Architects 
resulting in a perceptual index range that can estimate the probability of a façade either being liked or 
disliked.  This index is intended to be a useful aid in evaluating and comparing designs at the concepts 
stage. For a Shopping mall façade to be liked the Gestalt Index needs to be more than 0.5 and at the 
same   time its Birkhoff’s measure needs to be greater than 0.3. If the Gestalt Index is > 0.5 but 
Birkhoff’s measure is < 0.3 the façade is more likely to be disliked.  A complexity in design that increases 
beyond 15 % is likely to contribute to the malls’ dislike. Further research to find out which set of 
features in the facade contribute to raise in complexity or which feature contributes to a low Gestalt 
index, is proposed.   
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Abstract: Architects are encouraged to follow rating methods and codes to design energy-efficient 
buildings. However, to work with these codes, additional skills are required, and codes offer a variety of 
design options rather than thumb rules. In India, climate design guidelines for hot and dry region 
recommend north-south orientation for building and no windows on west façade to reduce solar heat 
gain, whereas plots with longer west side require windows on west façade for daylight, air and view. 
Therefore, it is important to find out optimum window to wall ratio (WWR) that can provide adequate 
daylight as well as low energy consumption. This paper attempt to analyse WWR with respect to room 
depth, lighting power density (LPD) and glazing material to arrive at a simple thumb rule for architects. 
The study is performed via Ladybug and Honeybee tools which depends on Radiance and Openstudio for 
simulation, considering essential factors of daylight and energy, i.e., useful daylight illuminance (UDI), 
heating, cooling, and lighting load. Results showed that at 5 W/m2 LPD, 20-25% WWR gives the 
minimum energy consumption as well as adequate daylight till 9m room depth. Further studies are 
required to explore the effect of WWR for different climate and orientation. 

Keywords: Energy-efficient buildings; daylight utilization; Useful daylight illuminance; Window to wall 
ratio 

1. Introduction 

Elements of building envelope such as wall, roof, door, window, and shading device have a greater 
impact on thermal comfort, and energy use. The design of these building elements influences heat gain 
or loss and daylighting, that determines the demand for energy. Orientation plays a significant role in 
the energy efficiency of the building. Climatic design guidelines for hot and dry climate suggest north-
south orientation for the buildings with appropriate shading design (Nayak and Prajapati, 2006). 
However, shading of east and west walls is complex considering the need for shading as well as daylight. 
But plots with longer west side require windows on west façade for daylight, air and view. Therefore, it 
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is essential to find out optimum window parameters for west façade that can provide adequate daylight 
as well as low energy consumption. 

2. Literature review 

In the history of modern architecture, the major structural changes in buildings reflected the goal of 
increasing the amount of daylight pointed out by Lechner (2015). Omari (2013) discussed daylighting has 
been associated with improved mood, enhanced morale, lower fatigue, and reduced eyestrain. Baker 
(2010) found that the size of the window determines the total energy consumption of a building directly 
through the availability of direct solar radiation but also indirectly through the availability of daylight. 
The amount of electric lighting indirectly affects the total energy demand for heating and cooling due to 
heat production by the electrical lighting fixture. As researchers (Caldas and Norford 2002; Kim et al. 
2016; Marino et al. 2017; Bhandari and Sundaram 2019) discussed Cooling load increases as WWR 
increases; on the other hand, artificial lighting energy decreases with increasing WWR. Thus, the overall 
impact of WWR on total energy consumption gives a U-shape curve with a minimum value of energy 
consumption for a WWR value. Marino et al. (2017) also conclude that the minimum amount of total 
energy consumption which includes cooling load, heating load, and lighting load and optimized WWR 
varies with the functionality of the building, the orientation of opening and climate condition of the 
place.  

Many rating methods, i.e. Green Rating for Integrated Habitat Assessment (GRIHA), Indian Green 
Building Council (IGBC), Green and Eco-friendly Movement (GEM) which follows Energy Conservation 
Building Code (ECBC) guidelines, are available in India to guide architects to deliver low-energy buildings. 
A broad range of WWR is recommended by codes, i.e. ECBC 2017 recommends up to 40% WWR while 
National Building Code (NBC) 2016 recommends up to 60% WWR, which results as an imperceptible 
design guideline. In the early design stage, architects take decisions about room depth, WWR and 
shading device. But window material and internal lighting loads also affect total energy consumption 
and availability of daylight. 

This study aims to identify the effect of WWR in different room depth and optimum WWR in the 
range of 10% to 40% with respect to room depth, lighting power density (LPD) and glazing material to 
arrive at a simple thumb rule for architects. 

3. Methodology 

3.1. Location and climate description 

The example building model was evaluated for the climate of Jaipur, Rajasthan, India (26.91°N, 75.78°E). 
Jaipur comes in Hot and Dry Climate zone of India. The summer in Jaipur is very hot while winters are 
extremely cold. The maximum temperature in the summers ranges between 40°C to 47°C in May, June 
when in the winter minimum temperatures remain about 4°C to 9°C. Simulation has been done using 
the weather file (.epw format) of Jaipur.  

3.2. Model description  

The study has been done on a hypothetical open-plan office model. Average floor height for an office 
building in a high rise is taken as 3.9 m according to the case studies done by the Council on Tall 
Buildings and Urban Habitat (CTBUH, 2018). The room was simulated as a single unit of a larger office 
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space without false ceiling and any obstruction in the field of view and ground reflectance. The model is 
oriented with its main façade to the west. The west façade has two types of windows. Window type 1 
has a high-performance window without any shading system, and window type 2 has unrated windows 
with shading systems on it. 

Figure 1 shows the dimensions and illustration of the room. The variable design parameters of the 
model, i.e. the Window wall ratio, window type and the depth of room are described in Table 1. 

 

Figure 1 Test room description summary (Source: Author) 

Table 1 Simulation – variable design parameters 

Parameters  Input value Standard / Notes 

Building geometry  

Room Height: 3.9m,  CTBUH 

Room Length: 6m,   

Room Depth: 6m, 9m, 12m, 15m, 18m  

Window Height: 2.5m, Sill Level: 0.8m  
Windows are evenly 
distributed 

WWR  10%, 15%, 20%, 25%, 30%, 35%, 40% 

Typical WWRs suggested in 
ECBC 2017 (WWR is 
calculated using gross wall 
area in this study) 

Window Type 

Type 1 

U Value: 3.0 W/m2K 

ECBC 2017 compliant high-
performance glass 

SHGC Value: 0.27 

VLT Value: 0.6 

Shading Device: None 

Type 2 

U Value: 5.1 W/m2K  

SHGC Value: 0.68  

VLT Value: 0.66  

Shading Device: Egg-crate type (HAS 45, VSA 45) Projection Factor: 1  

Electric lighting power 
density (LPD) 

 5 W/m2 Super ECBC 2017compliant 

9.5 W/m2 ECBC 2017compliant 

Solar Heat Gain Coefficient (SHGC) 
Visible Light Transmission (VLT)  
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3.3. Evaluation criteria for identifying optimum WWR 

Useful Daylight Illuminance (UDI) and Total energy consumption are considered for visual and energy 
performance assessments in this study. The UDI model is climate-based analyses of daylight illuminance 
levels that are calculated by hourly meteorological data for a full year. UDI is the percentage of occupied 
hours of the year when illuminance level falls within one of the three illumination ranges: 0-100 lux, 
100-2000 lux, and over 2000 lux. It also provides information on excessive illuminance levels that could 
be the cause of glare. The threshold for indoor daylight level is considered according to ECBC 2017, 
which prescribed that at least 40% of the room area should have a minimum 90% of UDI100-2000lux. For 
artificial light schedule, a threshold set to 300 lux on a horizontal plane at the height of 80 cm above the 
floor. Energy consumption evaluation benchmarks included minimal heating, cooling, and artificial 
lighting load. 

3.4. Simulation Process 

Due to the number of the parameters and objectives understudy, different simulation engines are 
combined under the same platform. Radiance as daylight simulation engine and open studio which uses 
Energy Plus as thermal simulation engine are selected for this study. Ladybug, Honeybee and Honeybee 
[+] tools were chosen because it is an opensource tool, and it can visualize geometries and results as 
well as combines daylight and thermal simulation engines. These tools are plug-in of Grasshopper tool, 
which is a graphical algorithm editor integrated with Rhinoceros software. To conduct the analysis, a 
simplified BIM model is created in Grasshopper with predefined building model data shown in Table 1. 

Table 2 Simulation – non variable design parameters 

Input Data  Standard / Notes 

Office working hours 9 a.m. to 6 p.m. (Mon-Sat) Typical daytime office 

Construction for energy simulation   
Heat transfer coefficient of wall (U-value) 0.365 W/m2K (Table 3) ECBC 2017 
Heat transfer coefficient of roof (U-value) Adiabatic  
Heat transfer coefficient of floor (U-value) Adiabatic  

Material for daylight simulation   
Wall, ceiling and floor reflectivity 50%, 20%, 70% ECBC 2017 
Shading reflectivity 50%  

Infiltration  0.000542 m3/s.m2 ASHRAE 2009 

Occupancy 0.10 people/m2 NBC 2016 
Occupancy schedule As shown in Table 4 ECBC 2017 
Metabolic rate 120 W/person ASHRAE 55 

Equipment load 10.8 W/m2 ASHRAE 2009 
Equipment schedule As shown in Table 4 ECBC 2017 
Electric lighting power density (LPD) As per Table 1  

Lighting schedule From daylight analysis Threshold value = 300 lux 
Lighting control On/Off Artificial Lights Off: When daylight 

level > 300 lux 
Artificial Lights On: When daylight 
level < 300 lux 

Radiance parameter for daylight analysis Table 5  

Mechanical ventilation   
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Ventilation per area 0.0003 m3/s.m2 NBC 2016 
Ventilation per person 0.0025 m3/s.person NBC 2016 

Heating and Cooling Schedule On from 9 a.m. to 6 p.m.  
Heating and Cooling temperature setpoint 24°C to 27°C IMAC Model  

ASHRAE: The American Society of Heating, Refrigerating and Air-Conditioning Engineers 
IMAC: India Model for Adaptive (thermal) Comfort 

The room was simulated as a small unit of a larger office building located in Jaipur, and only one 
facade was exposed to the external climate conditions. Roof, floor, and walls except west oriented wall 
were assumed to face the same thermal environment as the room investigated. The study has been 
done to identify the optimum value of WWR for west orientation. An ideal air load system was used to 
control temperatures in the room zones; the heating setpoint was 24°C, and the cooling setpoint was 
27°C. The zone has artificial lighting controls with a 300lux illuminance setpoint facing the ceiling. The 
sensor point is located at 0.8m height and at 1m grid. After parametric modelling, Inputs for computing 
the model has been assigned, which described in Table 2. The occupancy and equipment schedule used 
for energy modelling is described in Table 4. 

Table 3 Material properties of the wall 

Layer Thickness Density 
(kg/m3) 

Thermal Conductivity 
(W/m.K) 

Specific Heat 
(J/kg.K) 

Cement Plaster 15 mm 278 1.208 349.6 

Autoclaved Aerated Concrete Block (AAC) 200 mm 642 0.183 1236.7 

Cement Plaster 10 mm 278 1.208 349.6 

Extruded Polystyrene XPS 50 mm 30 0.032 1246.6 

Gypsum Board 18 mm 623 0.252 968.4 

Table 4 Occupancy Schedule & Equipment Schedule 

Schedule 
(Hr.) 

00:00 
to 
07:00 

07:00 
to 
08:00 

08:00 
to 
09:00 

09:00 
to 
13:00 

13:00 
to 
14:00 

14:00 
to 
18:00 

18:00 
to 
19:00 

19:00 
to 
21:00 

21:00 
to 
22:00 

22:00 
to 
24:00 

Occupancy 0 0.1 0.2 0.95 0.5 0.95 0.3 0.1 0.1 0 

Equipment 0 0 0.1 0.9 0.8 0.9 0.5 0.1 0 0 

Table 5 Radiance Parameter for Daylight Analysis 

c  lw  dc  ar  ss  dp  dr  dt  ab  as  ds  aa  lr  ad  dj  st  

1  2e-06  0.25  16  0  64  0  0.5  4  128  0.5  0.25  4  5000  0  0.85  

4. Result and discussions 

Results that were obtained from an integrated approach of daylight and energy analysis is presented 
and discussed in this section, concerning the dataset of the design variable addressed in Table 1. The 
results are divided into three sections. The first section refers to the effect of room depth on total 
energy consumption, which includes heating, cooling and lighting load at different lighting power 
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density and window type. The second section refers to the effect of WWR on total energy consumption 
as well as daylighting in terms of percentage of room area, which is having more than 90% UDI 100-2000lux. 
The third section includes the effect of room depth on UDI 100-2000lux in office space. 

4.1. Effect of room depth on total energy consumption with respect to LPD and window type 

Figure 2 shows the effect of WWR on total energy consumption for different room depths. Results 
indicate that WWR is the influential design parameter on the total energy consumption of building till 
6m room depth when lighting power density is low as 5W/m2 and 12m room depth when lighting power 
density is high as 9.5W/m2.  

 

Figure 2 Scatter plot of normalized total load in different room depth for a window type, lighting power 
density and WWR 

For window type 1 in the case of 6m room depth for both LPD value, the difference between the 
minimum and the maximum energy consumption is 12.5 to 13.7, which indicates that optimum WWR 
can save energy up to 12.5-13.7 Kwh/m2.Year. In the case of high lighting power density 9.5 W/m2, 
WWR has a significant impact in both the window type which indicates that WWR has some effect on 
total energy consumption till 12m room depth and an optimum WWR can save energy up to 7.7 – 17.3 
Kwh/m2.Year depending on room depth and window type. 

After 12m room depth, WWR has minimum effect on total energy consumption in all the selected 
cases which indicates that change in WWR will not influence the total energy consumption much so that 
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optimization of WWR after 12m can be done based on daylight availability rather than total energy 
consumption in office space. 

4.2. Effect of WWR on total energy consumption 

4.2.1. Impact of window type 1 

Figure 3 shows the influence of WWR for window type 1 on total energy consumption as well as daylight 
availability inside the space according to the ECBC 2017 daylight threshold. As shown in Figure 3, it is 
found that when LPD is 5 W/m2 and room depth is 6m, as WWR increases because of daylight utilization 
total energy consumption decreases and 20% WWR gives the minimum energy consumption, further 
increment in WWR led to more solar gain which increases energy consumption, but for room depth 9m 
and 12m, 25% WWR gives the minimum energy consumption.  

When LPD is 9.5 W/m2, and room depth is 6m, 20% WWR gives the minimum energy consumption, 
but for room depth 9m and 12m, total energy consumption decreases as WWR increases because of 
change in artificial light load and 40% WWR gives the minimum energy consumption.  

 

 

Figure 3 Trend between normalized total load, artificial light load and percentage of room area which is 
getting more than 90% UDI100-2000 (%) for window type 1 based on different WWR, room depth and 

lighting power density 
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4.2.1. Impact of window type 2 

Figure 4 shows the effect of change in WWR for window type 2 on total energy consumption as well as 
daylight availability inside the space according to ECBC 2017 daylight threshold. As shown in Figure 4, it 
is found that when LPD is 5 W/m2, and room depth is 6m, total energy consumption increases as WWR 
increases, 15% WWR gives the minimum energy consumption with satisfactory daylight conditions. 
WWR has minimum effect on total energy consumption when room depths are 9m and 12m, and 
optimum WWR need to identify according to daylight availability, and 25% WWR gives minimum energy 
consumption while satisfying the daylight threshold. 

When LPD is 9.5 W/m2 in all the selected cases, total energy consumption decreases as WWR 
increase and 40% WWR gives the minimum energy consumption.  

 

 

Figure 4 Trend between normalized total load, artificial light load and percentage of room area which is 
getting more than 90% UDI100-2000 (%) for window type 2 based on different WWR, room depth and 

lighting power density 

4.3. Effect of room depth on UDI 100-2000lux in office space 

For this study, the benchmark of UDI100-2000lux is considered as 90% to achieve 100% floor area meeting 
the UDI100-2000lux requirement. Figure 5 shows the effect of room depth on average UDI100-2000lux. Result 
shows that in window type 1 as distance from the window increases, the value of UDI100-2000lux also 
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increase, after 3m to 4m it achieves the maximum value and after 5m for 10% WWR, 8m for 20% WWR, 
9m for 30% WWR and 10m for 40% WWR it starts to decrease and could not satisfy the average 90% 
value of UDI100-2000lux. In the window type 2, UDI100-2000lux value lies in the range of 80-100% and after 5m 
for 20% WWR, 7m for 30% WWR and 8m for 40% WWR it starts to decrease and could not satisfy the 
average 90% value of UDI100-2000lux. In window type 2, 10% WWR could not meet the threshold daylight 
requirement. 

 

Figure 5 Average useful daylight illuminance in the working plane (0.8 m above the floor) in relation to 
the distance from the window depicted by window type and WWR 

5. Conclusion 

In this paper, the influence of WWR on total energy consumption in different room depth has been 
investigated, and an optimum WWR has been identified for different cases. 

The conclusions which are derived from the study as follows: 

 Till 12m room depth, optimum WWR can be analyzed based on the total energy consumption, 
but after 12m room depth analysis needs to be done based on daylight availability in office 
space.  

 For lighting power density 5W/m2 (super ECBC) optimum WWR is 20-25%, but when lighting 
power density is 9.5W/m2 (ECBC), optimum WWR is 40% in both the window type except few 
cases when enough daylight is coming inside the office space.  
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 After 12m of room depth, bilateral or multilateral windows are required.  

It can also be concluded that indoor daylight quantity and energy consumption are controlled by a 
combination of building envelope parameters. The optimum parameters could have different 
characteristics for a different climate condition, building typology and indoor conditions. 

References 
Baker, N., & Steemers, K. (2000). Energy and Environment in Architecture A Technical Design Guide. London: Taylor 

& Francis. 
Caldas, L. G., & Norford, L. K. (2002). A design optimization tool based on a genetic algorithm. Automation in 

Construction , 11(2), 173–184. 
Kima, S., Zadehb, P. A., Staub-Frenchc, S., Froese, T., & Cavka, B. T. (2016). Assessment of the Impact of Window 

Size, Position and Orientation on Building Energy Load Using BIM . Procedia Engineering, 145(2016), 1424-1431 . 
Lechner, N. (2015). Heating,Cooling,Lighting Sustainable Design Methods for Architects. Hoboken, New Jersey: John 

Wiley & Sons, Inc. 
Marino, C., Nucara, A., & Pietrafesa, M. (2017). Does window-to-wall ratio have a significant effect on the energy 

consumption of buildings? A parametric analysis in Italian climate conditions. Journal of Building Engineering, 
13, 169-183. 

Omari, D. K. (2013). The impact of daylight on occupant's satisfaction: In the Residential apartments of Amman, 
Jordan. IJAES, 11(2), 551-557. 

Bhandari, N., & Sundaram, A. (2019). Optimization of Windows for Daylighting and Energy Consumption for South 
Facade in Office Building in Hot and Dry Climate of India. In A. Chakrabarti, Smart Innovation, Systems and 
Technologies (pp. 307-320). Singapore: Springer, Singapore. 

Bureau of Energy Efficiency. (2017). Energy Conservation Building Code. New Delhi: Bureau of Energy Efficiency. 
Bureau of Indian Standards. (2016). National Building Code of India. New Delhi: Bureau of Indian Standards. 
Indian Green Building Council (2019), IGBC Green New Buildings Rating System. Available from: 

<https://igbc.in/igbc/html_pdfs/abridged/IGBC_Green_New_Buildings_Rating_System_(Version_3.0_with_Fifth
_Addendum).pdf> (accessed 15 July 2019). 

Assocham (2019), ASSOCHAM GEM Sustainability Certification Program Guide. Available from: <http://green-
assocham.com/property/ckfinder_img/files/ASSOCHAM%20GEM%20Sustainability%20Certification%20Program
%20Guide.pdf> (accessed 15 July 2019). 

Green Rating for Integrated Habitat Assessment (2019), GRIHA manuals. Available from: <grihaindia: 
https://www.grihaindia.org/sites/default/files/pdf/Manuals/GRIHA_V2015_May2016.pdf> (accessed 15 July 
2019). 

 
   
 

 
There is a section break below, please do not delete it. 
 
There is a section break above, please do not delete it.
 



 

Revisiting the Role of Architecture for 'Surviving’ Development. 53rd International Conference of the 
Architectural Science Association 2019, Avlokita Agrawal and Rajat Gupta (eds), pp. 625–634. © 2019 and 
published by the Architectural Science Association (ANZAScA). 

 

Adaptation of Double Skin Facade for warm climate from a wind 
harvesting perspective in tall buildings 

Soha Matour, Veronica Garcia Hansen, Robin Drogemuller and Sara Omrani 
Queensland University of Technology, Brisbane, Australia 

{s.matour, v.garciahansen, robin.drogemuller, s.omrani} @qut.edu.au  
  

Abstract: Different opening configurations for a double skin façade (DSF) integrated in a tall building are 
investigated in terms of flow characteristics within the cavity of the DSF using CFD simulations. The main issue 
of naturally ventilated DSF in warm climates is cavity overheating risk which can be alleviated by means of 
airflow enhancement in the system's cavity. Previous research has demonstrated the effectiveness of lateral 
openings in DSF. This research goes a step further, by addressing the impact of front openings number on 
external skin of DSF. Four case studies are assessed; lateral openings only, one, three and five front openings. 
The results show that applying openings on external skin could double the average air velocity along the cavity 
compared to the case with lateral openings. In perpendicular wind direction, increasing the front openings 
number could be effective just in low wind condition while in different wind speeds, one central opening 
outperforms other cases in terms of cavity airflow uniformity and velocity. Therefore, by optimizing DSF 
openings for different building heights and wind directions, DSF with front openings can be introduced as an 
adapted classification for DSF in warm climates which is capable of improving cavity natural ventilation. 

Keywords: Double Skin Facade (DSF); Wind-driven airflow; Cavity openings; CFD. 

1. Introduction 
Globally about 40% of energy consumption is related to the building sector. HVAC (Heating, Ventilation and 
Air-Conditioning) and lighting systems consume about 40% and 15% of that amount respectively (Chan et al., 
2009; Sun et al., 2013). The building envelope, as highlighted  by (Zelenay et al., 2011), has the potential of 
reducing energy consumption through the use of daylighting, solar heat gain control strategies, natural 
ventilation strategies, and integration with HVAC and lighting systems. These considerations can contribute to 
up to 55% reduction in cooling load (Haase et al., 2009) in subtropical climate. On the other hand, a large 
glazed façade as a modern commercial building envelope need mechanical cooling and ventilation systems as 
a consequence of high thermal loads. In this context, designing a responsive façade with external shading 
devices which allow natural light and airflow to enter the room could be the optimum solution for the façade 
total heat gain reduction (Da Graça et al., 2016). 

The idea of applying Double Skin Façade (DSF) instead of Single Skin Facade (SSF) has been discussed in 
recent years in order to overcome glass façade challenges in hot climates (Haase, et al., 2009; Radhi et al., 
2013). By adding an external glass skin to the normal façade at a specific distance an intermediate space is 
created between two skins which is called cavity space. This is an ideal space for locating a shading device 
since it is a protected external shading device and can block and absorb solar radiation before it enters into an 
indoor space of buildings (Kim et al., 2018). This integration of glazed facade and shading device can 
potentially reduce transmitted solar radiation while improving both visual (Kim et al., 2015) and thermal 
comfort (Barbosa et al., 2015) in the warm climate buildings. 

However, longwave radiation can be more notable in the DSF buildings than the SSF buildings. It is due to 
the high temperature of the shading device surface or inner glass pane in DSF buildings (Olena Kalyanova, 
2008) which is more problematic in warm climates rather than temperate and cold climate. Generally the 
internal convective heat transfer depends on the temperature difference (Hazem et al., 2015) and can be 
affected by flow rate and flow regime in a naturally ventilated cavity (Olena Kalyanova, 2008). It has been 
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proven that increasing the airflow rate in the cavity can result in reduced long-wave radiation and convective 
heat flux (Hazem, et al., 2015) and finally dissipation of heat from the air gap (Kuznik et al., 2011; Luo et al., 
2018). Therefore, DSF building compared to SSF is capable of reducing direct solar radiation taking advantages 
of external glass skin and shading device in the cavity space (Flores Larsen et al., 2015; Radhi, et al., 2013). 
However, to improve the overall performance of DSF in warm climate and reduce the risk of cavity 
overheating, more consideration and careful design is required for cavity ventilation.  

With regard to the significance of cavity ventilation in warm climate, it can be claimed that DSF concepts in 
this climates should not just rely on stack effect as airflow driven force (Poirazis, 2004). For this purpose and to 
avoid the use of  mechanical systems for cavity ventilation, the strategy is the enhancement of wind-driven 
airflow (Pomponi et al., 2017) as a potential alternative for reducing overheating risk of DSF in tall buildings. 
However, the concept of conventional DSFs is based on increasing the stack effect for more airflow rate in the 
cavity (Amaireh, 2017) while controlling the buffer zone for less building heat loss during the cold period in the 
heating dominant climates. Therefore, cavity ventilation strategy in conventional DSFs is not compatible with 
what is required for DSF thermal performance improvement in the warm climate. 

In order to highlight the research gap in DSF literature, simulation-based studies of DSF thermal 
performance assessments have been reviewed in Table 1. In these studies DSF types are based on Oesterle ( 
2001)  classification which are named as Box windows, Corridor, Shaft box, and Multi-story representing 
conventional type of DSF. The  locations of the studied DSFs are in warm climates referring to the Köppen 
climate classification system (Peel et al., 2007) . Reviewing the DSF literature in warm climate, it can be 
concluded that although DSF is capable of reducing cooling load of buildings in warm climate, overheating 
issue still is a challenge influencing DSF performance. It is notable that almost all the research focused on the 
conventional type of DSF (Figure 1(a)) in which wind is less responsible for cavity ventilation. Therefore, less 
attention has been payed to the wind driven DSF configurations as a potential solution in warm climates. 

Table 1: Research on DSF thermal performance in warm climates 

Reference Location and 
climate 

DSF type Ventilation 
mode 

DSF compare to SSF  Research findings 

(Baharvand et 
al., 2014) 

Malaysia  
Wet equatorial 
climate (Af)  
 

Box 
window 
facade 

Cross-
ventilation 

DSF increases natural 
air velocity in the 
room. 

Overheating in the cavity can 
increase indoor temperature. 
Opening location and configuration 
can prevent entering the hot air 
into the room. 

(Wong et al., 
2008) 

Singapore 
Wet equatorial 
climate (Af) 

Multi-
story 
facade 

Cross-
ventilation 

 

----- DSF thermal performance is closely 
related to cavity ventilation 
strategy. 

(Alberto et al., 
2017) 

Porto, Portugal 
Mediterranean 
climate, warm 
summer (Csb) 
 

Four DSF 
types 

Five air flow 
types defined 
by (Haase, et 
al., 2009) 

DSF lead to more HVAC 
energy consumption 
compare to SSF. DSF 
can decrease about 
70% of solar gain 
compare to SSF. 
 

Multi-story façade and ventilated 
cavity type showed more airflow 
rate and less temperature in the 
cavity.  
Overheating problems is an issue in 
DSF buildings.  

(Kim, et al., 
2018) 

Daejeon, South 
Korea 
Humid 
continental 
climate (Dfa) 
 

Box 
window 
facade 

Naturally 
Ventilated 
cavity 
 

Ventilated DSF 
outperform SSF with 
external shading and 
can result in 43% 
cooling load reduction. 

In cooling dominate climates, a 
proper ventilation strategy is 
required not to increase building 
cooling load. 

(Chan, et al., 
2009) 

Hong Kong 
Humid 
subtropical 
climate (Cfa) 
 

Box 
window 
facade 

Naturally 
Ventilated 
cavity 
 

26% reduction in 
annual cooling energy 
consumption compare 
to SSF and absorptive 
glazing. 

Combination of single clear glass as 
an inner pane and a double 
reflective glazing as the outer pane 
can provide acceptable thermal 
performance for DSF. 

(Sun et al., 
2008) 

Shanghai, China 
Humid 
subtropical 

Box 
window 
facade 

Closed cavity, 
Cavity and 
indoor airflow 

All DSF airflow types 
outperformed SSF in 
terms of cooling and 
heating loads. 

Naturally ventilated cavity 
outperformed mechanically 
ventilated mode in terms of cooling 
load reduction. 

https://www.britannica.com/science/humid-subtropical-climate
https://www.britannica.com/science/humid-subtropical-climate
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climate (Cfa) 
 

path, 
Mechanical 
ventilation 

  

(Haase, et al., 
2009) 
 

Hong Kong 
(Cfa) 
 

Box 
window 
facade 

Naturally 
Ventilated 
cavity 
 

26% reduction in 
annual cooling energy 
consumption compare 
to SSF was reported. 

DSF thermal performance with 91% 
window to wall ratio (WWR) is 
similar to SSF case with 32% WWR. 

(Papadaki et 
al., 2014) 

Crete, Greece 
Mediterranean 
climate, hot 
summer (Csa) 
 

Corridor 
type 

Naturally 
Ventilated 
cavity 
 

External slat blind and 
naturally ventilated 
cavity resulted in 32% 
cooling load efficiency. 

DSF with external shading device 
and cavity ventilation 
outperformed SSF façade with 
external shading device about 12%. 
Low ventilation rate of cavity 
causes overheating phenomena. 

(Radhi, et al., 
2013) 

UAE 
Tropical desert 
climate (Bwh) 

Multi-
story 
Type 

Naturally- 
Ventilated 
cavity 
 

17% to 20% reduction 
of cooling load by 
using addition of 
glazed skin to SSF. 
 

Addition of external glazing could 
result in heat transmission and 
solar gain reduction. Optimization 
of externa skin openings is useful 
for avoiding green-house effect in 
the cavity. 
 

(Zomorodian 
& Tahsildoost, 
2018) 

Tehran 
(Csa) 
 

Four DSF 
types 

Mix mode Box window type and 
mix mode in the cavity 
with external louvers 
could result in 12% 
more thermal comfort 
condition. 

DSF in warm climate is subject to 
overheating problems. 

 

In contrast with conventional DSF with limited openings on top and bottom of façade, two other kinds of 
DSF configuration have been introduced in the literature which work based on wind-driven airflow; 1- DSF with 
lateral openings and 2- DSF with lateral and front openings (Figure 1(b)). An experimental study on DSF with 
lateral openings(Flores Larsen, et al., 2015) proved that horizontal ventilation mode (wind-driven airflow) 
outperforms vertical ventilation (buoyancy-driven airflow) which is a governing flow regime in conventional 
types of DSF. Another type of wind-induced DSF was assessed in terms of wind energy harvesting potential 
(Hassanli et al., 2017) and wind-induced responses of tall buildings (Hu et al., 2017). The results of the study 
conducted by Hassanli et al. (2017) indicates the effectiveness of one front opening for airflow enhancement 
in the DSF cavity.  

According to the significance of cavity ventilation and the lack of research on the wind-induced 
configuration of DSF in this regard, this study is aimed to evaluate and compare the airflow characteristics 
along the cavity of DSF with lateral (as base-case) and DSF with additional front openings. For this purpose, 
CFD simulations were conducted on four cases to investigate the effectiveness of front openings for facilitating 
cavity natural ventilation in three levels of the building height. Simulation set up, results and implication of this 
study are presented in following sections of this paper. 

 

 Figure 1: DSF classification based on dominant airflow concepts; (a) Buoyancy-driven and (b) 
wind-driven airflow 

Front view 

Cavity horizontal section 

Outlet 

Inlet 

Conventional DSF DSF with lateral 
openings 

DSF with lateral and front openings 

(a
) 

(b
) 
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3. CFD SIMULATION 
Computational Fluid Dynamic (CFD) technique as a microscopic three-dimensional approach can provide 
detailed description of the airflow by solving the Navier–Stokes equations (Omrani et al., 2017; Tian et al., 
2018). CFD has been successfully applied in several studies to predict detailed information of the airflow 
through the DSF cavity and openings (Hassanli, et al., 2017; Kim et al., 2017). This analysis method was chosen 
for this study as an approved tool for conceptual and parametric studies in the field of airflow mechanism 
around and inside of tall buildings (Omrani, et al., 2017). 

3.1. Numerical method and Model geometry 

A series of simulation have been carried out on a small scale (1/150) CAARC (Commonwealth Advisory 
Aeronautical Research Council) standard tall building with lateral and front openings.  The dimension of the 
building model and configuration of openings are given in Table 2. Four different configurations for external 
skin openings were considered. In the first case (M0) cavity can be ventilated just through lateral and top 
openings while in M1, M3 and M5, one, three and five openings were considered on external skin of DSF 
respectively (Figure 1). 

Table 2: Building dimensions 

 Scaled building prototype 

Height (mm) 1200 180 (m) 

Width (mm) 200 30 (m) 

Length (mm) 300 45 (m) 

cavity (mm) 6.6 1 (m) 

openings width (mm) 6.6 1 (m) 

 

The commercial code ANSYS FLUENT 19.0 was used for the CFD analysis. K - SST as turbulence model in 
Fluent solver, was applied for the steady state solution which showed a good agreement in previous studies 
against wind tunnel test data (Hassanli, et al., 2017). The SIMPLE scheme was considered for pressure-velocity 
coupling with second order discretization for pressure and momentum.  

3.2. Computational domain and grid resolution 

The CFD simulation was employed to replicate the condition in the wind tunnel test which was conducted by 
(Hassanli, et al., 2017). Therefore, the vertical cross-section of the computational domain considered the same 
as wind tunnel condition (2     .  For inlet and outlet distance, 3H and 11H were considered respectively, 
where H refers to the building height. A fully structured mesh was constructed and tested for grid 
independency with three interval of grid refinements. 5, 10 and 30 million cells were constructed and the 
result of air velocity in the cavity were compared. Less than 1% change was occurred by increasing cell 
numbers from 10 to 30 million while it was about 4% in case of 5 million cells.   Therefore, the whole domain 
was divided by 10 106 cells for more accuracy and less computational time using ICEM meshing package. The 
minimum cell size of 7e-4 m and the growth rate of 1.1 was applied to the areas of interest (i.e. walls and 
openings). This meshing properties resulted in y+ value under 50 on all walls. Figure 2 shows the dimension of 
domain for CFD simulation in this study. 
 

Figure 2: (a) Mesh resolution and (b) top view of DSF cavity and openings strategies  

M0 

M1 

M3 

M5 

(a) (b) 
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3.3. Boundary conditions 
At the inlet boundary, the wind profile was imposed in ANSYS Fluent solver. The mean wind speed at the inlet 
section was calculated by the equation which applied and validated against wind tunnel data in the study 
conducted by  (Hassanli, et al., 2017).  

                
 

  
                                                                                                                                                  (1) 

Where: 

z0 
    

   
 

Where U(z) and z0 refer to wind speed at height z and roughness length respectively. Turbulence intensity 
and turbulent viscosity ratio were set to 5% and 10 respectively. For all simulations, the outlet boundary 
condition was set to outflow and top and lateral boundaries to symmetry while ground and building's surfaces 
were set to no-slip wall. Convergence criteria was set to 10-6 for all equations. 

 

  

 

 

 

 

 

 

4. Results and discussion 

4.1. Effects of opening numbers on the cavity airflow  

In this section the behavior of airflow in the cavity of each case is evaluated at the middle of the building 
height. By applying the front openings on the external skin of DSF the trend of air flow distribution along the 
cavity changed considerably. In general, at this height, M0 with lateral opening could result in the minimum air 
velocity in the cavity (1.16 m/s) compared to the other cases with front openings. At the same condition, 
maximum air velocity (6.22 m/s) was observed in the case with more front openings (M5). 

However, the high air velocity in the cases with more openings is not consistent across the cavity.  In the 
M3 and M5 cases, just the openings closer to the cavity outlets (lateral sides) are capable of inducing more 
wind in the cavity (Figure 4&6(b)). Therefore, by increasing the openings number between outlet and central 
opening, the level of air velocity around central opening tends to decrease (M5).  

On the other hand, the case with one front opening (M1) could result in a higher level of air velocity at the 
middle length of cavity among all cases. After M0 case, M1 can make the most uniform airflow distribution in 
both sides of opening. Despite the velocity decrease from the opening to the outlet in M1, the difference 
between minimum and maximum velocity is quite lower that two other cases with three and five openings. 
This trend represents the uniformity of air velocity along the cavity in the case with only one front opening. As 
can be seen in Figure 6(b) cavity air velocity in M3 is between M1 and M5. In this case maximum air velocity is 
close to the maximum in M5 but the minimum is higher than that case with more openings.  
 

Figure 3: Computational domain 

Wind direction 

11H 

3H 

H 

3m 

2m 
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4.2. Effect of wind speed on openings function 

In order to understand the behavior of different DSF configurations regarding the incident wind velocity, four 
cases were compared in three building levels. For this purpose, building height was divided into three parts 
and middle of each part was considered as; Top, Middle and bottom level (Figure 5).  As can be seen in figures 
6, airflow behavior in the cavity of DSF is not just affected by openings number, but also, wind velocity is 
another influential factor that can change the way airflow distributes along the cavity. 

In M0 with just lateral openings, there is an approximately constant air velocity along the cavity on all 
building levels. Due to decrease in the wind velocity in lower building height, average airflow in the cavity is 
reduced from 1.68 m/s to 1.26 m/s and then 0.58 m/s.  This trend is different for M5. In this configuration 
(M5), by decreasing the wind velocity at lower levels, minimum air flow at the middle of the cavity length 
tends to increase which implies functionality improvement in lower wind condition. However, on top level of 
building and with five openings on DSF external skin, the air velocity in the middle of the cavity length is less 
than all other configurations even M0 with just lateral openings. This poor function of central opening can be 
due to high resistance of two other openings in the both sides when building is facing higher wind velocity 
which is alleviated in the lower wind velocity conditions. The same trend with less intensity was observed for 
M3. In the case of one front opening (M1) both minimum and maximum velocity in the cavity decreased 
slightly from top to bottom level. Although this configuration could result in higher minimum air velocity 
among all cases, even in low wind condition (Figure 6). 
 
 
 
 
 
 
 
 
 
 
 
 
 

(M0) 

(M3) 

 

(M1) 

(M5) 

 

Figure 4: Contour of mean velocity in the cavity of four configurations at the middle height of building. 
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Figure 5: (a) Induced wind profile and (b) Three evaluated building levels. 
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Figure 4: (a) Mean velocity along the cavity at the (a) Top, (b) Middle and (c) Bottom of 
building height 
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4.3. Effects of DSF front openings on cavity ventilation 

In accordance with (Pasquay, 2004) and  (Flores Larsen, et al., 2015) average Air Change per Hour (ACH) is an 
appropriate criteria for evaluation of cavity natural ventilation in DSF with dominant wind-driven airflow. In 
this regard, an experimental study on DSF with lateral opening in warm climate (Flores Larsen, et al., 2015) 
was considered as a reference for ACH assessment of the DSF configurations.  

However, in the mentioned study, natural ventilation of the cavity in DSF was effective to partially disperse 
the heat accumulation of the cavity, it was claimed that additional ventilation is required for cavity 
overheating reduction. ACH of cavity for the monitored building was reported about 120 (h-1). In present 
study, ACH was calculated for three levels of the prototype building taking in to account the average cavity air 
velocity for each case. ACH more than 120 (h-1) was considered as efficient cavity natural ventilation.  
 ACH is calculated as follow: 

ACH=3600×Vc × (A/V)                                                                                                                                                     (2) 

Where: 

 Vc = Average air velocity in the cavity (m/s); A= flow area (m2) and V= volume of cavity (m3). 

 

 

Figure 7 indicates that by applying front openings on external skin of DSF, ACH can increase considerably. 
In all cases with front openings, ACH is more than 120 (h-1) even in lower levels of wind velocity. In addition, in 
these cases (M1, M3 and M5) the ACH is less affected by building height compared to M0 and shows the 
effectiveness of these configuration for all levels of a tall building. 

 However, in case of M0 without vertical openings just in top level of building this minimum ACH can be 
provided. Therefore, using DSF with vertical openings on external skin can be an efficient strategy in warm 
climates which can increase airflow in the cavity as an effective alternative for improving the DSF thermal 
performance and building cooling load reduction. 

5. Conclusion 

A Double Skin Facade (DSF) building with four different openings configuration was investigated in terms of 
flow characteristics within the cavity of the DSF integrated with a CAARC tall building by using CFD simulations. 
Wind direction was perpendicular to the façade in all cases. Since cavity overheating is the issue affecting the 
façade thermal performance and also increasing the airflow rate in the cavity tend to be a promising solution, 
wind harvesting configuration of DSF were tested and compared in this study. Based on the results, the 
following conclusions can be made: 

 Addition of openings on external skin of DSF showed the improvement of air velocity in the cavity which 
is critical for dispersing the heated air from cavity. In this study, it was found that the DSF with the 
strategic openings could effectively use the wind and enhance the flow within the cavity. Therefore, this 
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strategy could be considered as one of the possible techniques in climate with less concern about 
heating load of building. 

 Increasing the number of openings on external skin of DSF cannot make an efficient ventilation for all 
parts of cavity length. The level of air velocity at the middle of cavity length in configurations with more 
openings (M3 and M5) was reduced remarkably. This poor function can cause an uneven ventilation of 
the cavity despite the high velocity in regions close to lateral outlets. 

 Airflow in the cavity of M1 shows the optimum condition in terms of uniformity and minimum level of 
velocity which is higher than other configurations. 

 Increasing the openings number on external skin can have a better performance in lower levels of 
building with low wind velocity rather than the top levels. 

6. Limitations and future work 

This study has been focused on investigation of flow characteristic regarding different openings numbers and 
locations on DSF external skin. In order to asses each configuration potential in terms of cavity overheating 
reduction, a benchmarking research is planed considering the façade temperature and airflow enhancement 
effectiveness in the cavity. In addition, this study needs to be validated against the wind tunnel data for more 
accurate results. Since in this study just perpendicular wind direction and also a fixed opening aspect ratio 
were assumed, further research needs to be conducted considering more wind incident angles and finding the 
optimum aspect ratio for openings on external skin of this system. 
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Abstract: Climate change and the built environment’s ecological impact necessitate that we embed 
sustainability in architectural education. However, this often takes the form of an addition (satellite) to 
the prevailing core programme. In 2018 and 2019 elective courses at the School of Architecture at 
Unitec, New Zealand, prompted students to focus on two distinct topics: the issue of waste in New 
Zealand’s building industry and building with low carbon materials. The experience of these 
‘sustainability electives’ cemented the belief that the established architecture curriculum needs to 
evolve so that sustainability becomes the core of the programme. This paper discusses the reasons why 
this evolution is necessary and proposes strategies informed by a holistic view of sustainability. It 
suggests a reconsideration of what sustainable thinking is and challenges the dominance of quantitative 
and technological solutions to environmental problems. It opens up the discussion beyond the human 
realm and the western educational model and offers acupunctural interventions that have the potential 
to reimagine sustainability as the core of architectural education and thus equip students with a sense 
of agency to face the global ecological challenge ahead. 

Keywords: Sustainability; education; indigenous; curriculum. 

1. Introduction 

The built environment’s ecological impact and climate change demand that we embed sustainability in 
architectural education. However, this often arises in the form of an addition (satellite) to the prevailing 
model.   

Architectural education often relies on the expertise of the old masters. Much has been written and 
taught about those prodigies and their works have passed the test of time. As a consequence, the 
thought that using their guidance and work as examples should result in what is considered ‘good’ 
architecture is reasonable. But what is good architecture? And what does it relate to? In the context of 
global environmental crisis, is it still appropriate and relevant to dedicate the architectural teaching 
curriculum to teach/learn about these old masters whose environmental, economic and political 
contexts were entirely different? Educators must explore new strategies to respond to the current 
ecological crises and equip students to deal with the environment in different ways from those that 
have led us to the brink of ecological disaster (Oxford & Lin, 2012). What if the core of architectural 
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teaching was to provide students with tools to respond to today’s needs and parameters? What would 
this look like? 

In 2018 and 2019 elective courses within the School of Architecture programme at Unitec prompted 
students to focus on two distinct topics: the issue of waste in New Zealand’s building industry (2018) 
and building with low carbon materials (2019). Both courses lead to creative physical installations at 
BuildNZ, New Zealand’s leading building and construction trade event, with the aim to raise awareness 
and inspire a more responsible approach to designing and building. The experience of teaching these 
electives cemented the belief that the established architecture curriculum needs to adapt so that 
sustainability is the core of the programme.  

Rather than describing the development and findings of these electives, this paper discusses the 
reasons why the learning outcomes of these sustainability-focused ‘satellite electives’ need to move 
from an addition to the core of the programme. It also proposes strategies towards this shift informed 
by a holistic view of sustainability suggesting a reconsideration of what sustainable thinking is and 
challenging the dominance of quantitative and technological solutions to environmental problems. It 
opens up the discussion beyond the human realm and the western educational model and finally offers 
acupunctural interventions that have the potential to reimagine sustainability as the core of 
architectural education. 

2. The problem-solving impasse 

2.1. Base ground: Information dump 

Data and facts are the closest things we have at hand to create collective and personal understandings 
of the effects of climate change on our ecosystems and by extension on all living things. Those realities 
are typically communicated to us as either raw material (data interpreted by scientists often describing 
the situation in quantitative form) or as opinions (written by researchers, reporters or climate activists). 
And while it might seem difficult to emotionally relate to or even to understand raw data about the 
implications of the outbreaks of crown-of-thorns starfish in the Great Barrier Reef (Morton, 2019), or to 
the fact that most of the Netherlands is expected to be underwater in the near future (The Guardian 
view on the climate emergency, 2019), the sharing of personal experiences, on the other hand, seem to 
lead to anxiety and consequently paralysis and inaction (Harman, 2014).  

The evidence of disastrous consequences of climate change is increasingly present in mainstream 
media, social media and governmental reports. In New Zealand, the city councils of Auckland, 
Wellington and Nelson have announced a climate emergency in mid-2019. Scientists are unanimous: the 
crisis is not a matter of point of view, it’s simply a reality (Watts, 2019). This context sets the scene for 
today’s students who are investing in their own uncertain future through higher education. In addition 
to the intense nature of studying architecture and the common anxiety and stress associated with 
higher education studies, students have now to also face the reality of this current ecological crisis.  

This reality also sets the context for teaching sustainability. Most architecture programmes around 
the (western) world are committed to “embed” sustainability in the curriculum (Gucyeter, 2016) and 
educators must rely on the data, its interpretation and news reports and opinions to set a base for this 
learning. Author and academic Timothy Morton (2019) calls this mode of communication the “ecological 
information dump” and insists on the negative emotions they cause on individuals. According to the 
author, the facts “are out of date by the time they drop on you. Slapping you upside the head to make 
you feel bad. Shaking your lapels while yelling disturbing facts. Handwringing in agony about ‘What are 
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we going to do?’”. He mentions the authoritative effect of this delivery mode which “seems to be about 
dumping massive platefuls of facts on to us” and the uncertainty and anxiety it produces. Morton (2019) 
suggests that this dumping “is a symptom of something much bigger than feelings about stuff you read 
in the newspaper”.  

As educators, we must be conscious of the ways we deliver the contextual information that will 
inform the base for teaching sustainability. The issue is simply too important to allow anxiety, 
hopelessness and despair be the ground of sustainable education. Despite the importance of the facts, 
this way of defining (delivering) the context creates a problem-focused foundation for teaching which 
naturally leads to a search for solutions. 

2.2. Tech-dominance 

At the beginning of the sustainability-focused elective courses taught at Unitec Institute of Technology 
in 2018 and 2019, lecturers engaged students with the topic of sustainable architecture starting with 
what sustainable architecture is not. The internet is partially to blame for sustainable architecture 
miseducation. A simple task they got them to do was to type the words sustainable + architecture into 
Google Images Search and critically evaluate the results. Invariably, those results appeared in the form 
of a flock of images of high-rise buildings, multimillion-urban-skyscrapers designed by famous 
architecture firms, made of steel and glass with some green (in the form of plant species) somehow 
attached to facades or peeking out from between the floors. This seemingly simple search should not be 
underestimated. Students constantly complement what they learn in the classroom with what they find 
online. This seductive visual-only ‘research’ has the effect of skewing students’ perception and reducing 
complex concepts of sustainability to high-tech green towers.  

In fact, this search is also a result of a limited, yet dominant, aspect of sustainability in the industry. 
Sustainable buildings are analysed, measured, accredited points, stars and certifications. LEED, LBC, 
GreenStar, CASBEE, EDGE are only a handful of the current existing certifications worldwide that assess 
the sustainable performance of a building against a set of criteria such as energy efficiency, water use, 
materials, waste management, interior air quality or innovation. In order to achieve good scores, 
architects often rely on other professions such as engineering and building science to add-on 
technological (magical) solutions that will help their designs become examples of sustainability. In her 
paper The Place of Sustainability in Architectural Education: Discussion and Suggestions, Basak Gucyeter 
(2016) expands on this topic and adds that “the design of buildings becomes partly in control of 
architects and partly in control of engineers, who are prepared to introduce the latest technology / 
service in selection of materials, environmental systems etc.” The author also points to the issue of this 
quantitative approach: “the supremacy of sustainable technologies over concepts such as locality, 
minimal use of resources, environmental design approaches might result in stereotype sustainability 
measures within the built environment, which aren’t incorporated in the aesthetics of design, and are 
solely technological fixes.” Illustrating further this idea, Røstvik (2018) adds: 

The road toward more sustainable architecture and town planning encompasses cultural, 
social and environmental factors. Instead of this leading to radical alternative solutions, 
the main result has been to improve the current established technologies. Buildings are 
getting more and more technologically complicated. Architects seem to go along with that 
and hence passively strengthen a development that many feel is going in the wrong 
direction. 
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Education is where those risks can be mitigated. In the MSc programme in Sustainable Architecture 
at NTNU in Norway, architecture and engineering students collaborate in multidisciplinary projects 
where they constantly engage with qualitative and quantitative aspects of architecture, digital and 
analogue worlds and both the left and right side of their brains. Coordinator of this programme Luca 
Finocchiaro (2018) explains that “sustainability in architectural education cannot be limited to making 
students aware of environmental challenges and ready-made solutions, nor to make them able to limit 
environmental impact of the built environment on a pure numerical basis”. 

The tech-focused approach to sustainable architecture has led to a weakening of the deeper 
meaning of sustainability. Although finding a balance between technology and concept (or intuition and 
science) as suggested by Finocchiaro resonates as a sensible teaching strategy, this dichotomy may have 
the effect of equalising the levels of importance of the contrasting aspects. Instead, it may be insightful 
to take a step back to note the existence of connections and relationships between built form and 
nature, technology and human, human and nature with the intention of relinking to the deeper meaning 
of sustainability and its importance. 

3. Beyond anthropocenic isolation 

3.1. Interconnectedness 

In current architectural education (and profession) sustainability seems to have become a 
(technological) solution to a problem (climate change) with a practical emphasis on knowing rather than 
feeling. But to quote Timothy Morton (2018) “it seems to be not enough just to know stuff. In fact, it 
seems like ‘just knowing stuff’ is never just knowing stuff […]. ‘Just knowing stuff’ is a way of living things 
too. And knowing that there is a way of living things implies there could be other ways too”. The author 
makes a clear distinction between the collection of facts about ecology (the ‘information dump’) and 
ecological thinking (feeling and living).  

The anthropocenic view that shapes western architectural education has disconnected humans from 
seeing their buildings as parts of larger systems. This disconnection may very well have been intentional 
and in fact, at the core of civilizational progress. Architecture as an instrument of this progress has 
always intended to become independent from time, weather, typology, resources (Wang, 2009), but 
also from other beings, cultures, and living things. Although it is impossible to argue that buildings are 
made by the human species for the human species, they do not belong to an exclusively human world. 
The world is not exclusively human. The human species is not self-sufficient and in fact a technologically 
driven strive to resolve issues of sustainability with innovation might actually enable the continuation of 
the current unsustainable western lifestyle (Wang, 2009). As Wilfried Wang (2009) expands on John 
Donne’s 1624 prose “no man is an island”, “no species is an island”. 

A building is not ‘connected’ to the ground by its foundations. It is essentially made of the same 
atoms that the soil it sits on. Regardless of how much manufacturing processing it has undergone, 
nature has in a way or another made the very materials of a building. It is a part of endless complex 
systems that span physical, social, political, economic, behavioural, emotional, natural, supernatural and 
perhaps spiritual and celestial realms. Interconnected in visible and invisible ways, with no beginning 
and no end. 

The human species is no exception. Not only we are made of those same atoms, it also appears that 
there are more non-human cells than human cells on our bodies. We are largely made of fungi, bacteria 
and other viruses which are in turn connected to rest of our species and to non-human species too 
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(Thackara, 2015). In the book chapter Systems Thinking and Systems Feeling in architectural education, 
Massimo Santanicchia (2018) writes that systems thinking and feeling “brings us together, not only to 
see the world and its components, but also to feel that we are part of it; we are part of the same 
system, we are together”. This is essentially the foundation of regenerative design, a whole system 
approach where “the sustainability of a living system is tied directly to its beneficial integration into a 
larger system. The smaller system contributes to the larger system’s development and, in turn, receives 
nourishment for its own.” (Mang & Haggard, 2016). 

These approaches of viewing our species and its habitat as integral part of interconnected systems 
have significant implications in a redefinition of sustainability in the architectural education context. 
They are not new or unique, they are found in most indigenous views of the world. 

3.2. ‘Pākehācentric’ thinking and indigenous paradigm 

It is important to note here that the observations discussed so far when referring to sustainable 
architecture are those from within a western (white, male, heterosexual, capitalist) vision of 
architectural education; in other words, the prevailing model. Adopting an indigenous perspective to the 
same topic would entirely redefine the premises of these discussions.  

In Aotearoa (New Zealand), indigenous perspective and knowledge are carried by tangata whenua – 
Māori people, ‘the people of the land’. In Te Ao Māori (Māori worldview), people have a deep 
connection to their ancestors, human and non-human entities through their whakapapa (translated as 
genealogy, lineage or descent although it can be argued that English translations of Māori words 
generally do not convey the depth and multi-layered characteristics of te reo Māori, Māori language). 
This connection is carried by Māori throughout their physical and spiritual lives and beyond. It is a 
matter of reciprocity where hierarchy has very little relevance. Where European ontology is linear and 
hierarchical, Māori ontology is circular and reciprocal (Warne, 2019). Communication and relationship 
between humans, earth, sky and spirits shape Māori approach to life, mahi (work, activity) and 
relationships with other livings and the land. 

In a contribution to the book Listening to the people of the land edited by Susan Healy, Kennedy 
Warne (2019) quotes Tamati Kruger of Ngāi Tūhoe “We are this land and we are the face of the land. 
Wherever those mountains come from, that’s where we come from. Wherever the mist emerges from 
and disappears to, that’s where we come from.” The author develops on the fundamental differences 
between European settler and Māori viewpoints, especially pointing to the ease with which Māori 
navigate between the physical and the more-than-physical realms, natural and supernatural whereas 
this interpermeation as defined by Warne is marginal in the Western world view. Another major 
difference can be observed in the western focus on self and ego as identified by Descartes’ cogito. The 
evidence of existence acknowledged by self-thinking. On this point, Warne (2019) adds: “If the 
Enlightenment view is epitomised in “I think therefore I am,” the Māori understanding is “I relate 
therefore I am.” 

In the midst of these differences, there is hope for reconciliation. Reconciliation not employed here 
as a result of compromises agreed upon by two opposing parties but rather as a common 
understanding, a will to deeply connect, to respect and to agree to act collectively for the benefit of all 
human and non-human, whether identifying as descendants of Papatūānuku and Ranginui (the earth 
mother and the sky father, considered in Te Ao Māori as parents of all physical and non-physical beings) 
or not. New Zealand was the first country to grant natural resources legal personhood (equal rights to 
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human beings). In 2014, Te Urewera Bill was passed giving legal rights to Te Urewera forest followed in 
2017 by Te Awa Tupua Bill which made Te Awa Tupua (Whanganui river) the first river to receive legal 
personhood. This legally binding recognition by the Crown of the existing relationship between the land 
and its people can be considered as a unique step in this path of reconciliation. 

Ko au te awa, ko te awa ko au – I am the river, the river is me 

Focusing back on teaching sustainability in architectural education, the very first engagement 
required in any type of project is the defining of the context and understanding of place. As argued in 
the previous part, this vital engagement commonly comes in the form of data, information about 
climate, noise, demographics, typography, etc. and forms the parameter set the project will need to 
respond to. Cultural and historical layers are not ignored but often represented as another set of 
information analysed and considered from a human perspective. Taking a Māori approach to this first 
engagement with context and site could have the potential to expand the parameters set to include a 
living matrix of encounters and relationships, past and present, natural and spiritual (Warne, 2019).  

Unlocking our ability to use our indigenous mind-set could be a necessary shift to structurally embed 
sustainability in architectural education. 

4. Acupunctural interventions in the curriculum 

What this paper suggests is that a radical change in the way sustainability is taught in architectural 
education does not necessarily imply a radical transformation of the current curriculum. Instead, it 
proposes acupunctural interventions which are specific, tangible and easily implemented but that have 
the potential to impact the whole system. They are here divided into two categories: the framework and 
the approach. The framework refers to interventions in the environment, the curriculum and educators’ 
mind-set while the approach discusses direct strategies in class.   

4.1. The framework 

The very first change that would allow this shift to occur is a commitment to teach sustainability in 
all courses rather than focusing on elective courses or specialisations. Those could continue to exist to 
deepen specific aspects (such as waste in the building industry or straw bale prefabricated construction 
as in the elective projects discussed further in this paper) but should not be seen as having the ability to 
take on the whole load (and complexity) of the subject. In fact, as argued by Basak Gucyeter (2016), “the 
idea of specialization is essentially contrary to the nature of sustainable architecture” and a holistic view 
needs to be implemented in the programmes. This view is reinforced by Stewart (2012) who supports 
the idea of an environmental literacy graduation requirement but argue that single courses on the 
subject are not enough to “expect students to understand complex relationships between the 
environment, society, and the economy”. The author suggests that multidisciplinarity is an essential 
component of transformative eco-education and that the linking between curriculum and place and the 
integration across disciplines have the ability to reinforce students’ critical thinking and therefore 
prepare them to face complex 21st-century problems. 

A common restraint that prevents architecture educators to integrate sustainability into all their 
existing courses is the lack of alignment and direction in teaching priorities. At a time when the IPCC 
suggests we have about 12 years to make radical changes in order to limit the climate disasters ahead 
(Watts, 2019), it seems a logical response to challenge architectural education’s status quo. Offering 
workshops to educators run by experts and facilitate staff group discussions around place-based 
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sustainability teaching might be the first steps towards a more holistic approach in teaching 
sustainability. So, to create a transformative teaching, this needs to happen at different levels (not only 
in the learning outcomes of the teaching curriculum). It needs to be reflected during orientation days, 
start in the first year of studies, link to other disciplines, be held in a campus that models sustainability 
(physically and in essence) and demonstrated in academic qualifications. By adopting these simple 
strategies, Stewart (2012) offers a vision where “students are part of an academic environment where 
they see connections between disciplines and work collaboratively to find interdisciplinary solutions to 
real-world problems. They experience living in a low-carbon, resource-smart community and can 
therefore look at society through new lenses. They are inspired to find new and creative ways of further 
greening their campuses and to actively seek opportunities to share what they are learning with 
communities beyond their institutions”. 

Having this base framework within the institution would ease the path to a deeper way of teaching 
sustainability in the context of architectural education. 

4.2. The approach 

In order to begin learning and teaching sustainability, it is first worth looking at some common 
definitions. The word sustainability has become a buzzword used and misused so often that it has lost 
focused meaning. First of all, we need a definition for this term (in the context of architecture) as it has 
become more of a marketing tool rather than a value (such as the words regeneration or resilience have 
in the past years). Sustainability according to Brundtland (1987) is “development that meets the needs 
of the present without compromising the ability of future generations to meet their own needs.” This 
accepted definition is largely human-centred and focuses on the fulfilment of human needs – mostly 
subjective considering the difference in ‘needs’ whether you live in L.A. or Kinshasa, capital of Congo 
considered one of the poorest country in the world.  

Coined by Leon Jakobovits in the sixties, semantic satiation is the psychological phenomenon of the 
loss of meaning of a word due to repetition (Wikipedia Contributors, 2019). If you repeat the word table 
a hundred times, it loses its meaning and becomes merely a sound. To bring back the meaning of that 
word, it is a good exercise to use different words to explain what it actually is: a flat surface generally 
elevated on 4 legs allowing humans to perform a wide range of activities while sitting.  Trying new ways 
of expressing commonalities may have the effect of reviving them and reminding of their use and true 
meaning. So instead of talking about climate change (which sounds rather weak given the 
circumstances) we could shift to mass extinction or the “likely upcoming sixth great extinction caused by 
human activities-induced change in the global climate” (Morton, 2018). In the same way, the task of 
redefining terms such as sustainability, ecology, green architecture, etc. could be a strategy to get 
students engaged on a deeper level. 

Another approach when setting the context is to step away from ‘information dumping’. In both 
electives mentioned in this paper, the context was set with a series of lectures and presentations largely 
composed of gloomy facts about climate change and the state of the planet. It seemed to be the logical 
(and only) necessary step to initiate learning. This approach equips students with information that they 
can share further but also causes a certain degree of fear, helplessness that might not be relieved by the 
content of the course. Although there is a need to use facts and data to a certain extent to support 
academic learning and teaching, a strategy more focused on the possibilities and potential of 
sustainable architecture rather than on where and how it usually fails might be more empowering. By 
learning about the consequences of doing things in a sustainable way rather the consequences of not 
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doing them sustainably, the course outcome has better chances to move to a higher level of learning. 
This higher-level-driven approach needs to be complemented by experience and place-based 
multidisciplinary learning in order for learners to feel connected and empowered to activate change in 
the industry.  

This positive approach has the potential to enhance students’ power of agency. Away from the 
paralysis caused by the constant information blast about climate facts, students might experience a 
stronger will to collaborate and act creatively. This energy was experienced in the project Straw Into 
Gold run at Unitec School of Architecture in 2019. Following a series of lectures and workshops on 
climate change and the role of low carbon materials, students were investigating the use of 
prefabricated timber and straw wall panels for mainstream house construction. The experiment resulted 
in a one third scale model of a small habitable structure showcased at a major construction event. 
Students engagement was high throughout the course and many students devoted much more time 
than what was required. This level of engagement was likely due to the positive nature of the outcome 
and to the clarity of intention.       

The previous project From the Waste up, although more creatively challenging, failed in keeping 
students constantly engaged possibly because of its intention being too partial. Indeed, the project’s 
initial aim was to address the issue of waste in the building industry through a series of workshops 
resulting in a physical installation at a show. Set among key players in New Zealand’s building industry, 
the display showcased symbolic objects made of discarded building materials. The process of 
transforming unwanted materials into crafted objects demonstrated the faculty of generating a shift in 
perception where new potential can emerge and waste becomes a valuable resource. A possible flaw of 
this project might have been the fact that it didn’t offer the possibility to engage with it once the course 
was over.  

The main difference between the way these two projects were tackled created the basis for the 
reflections shared in this paper. While From the Waste Up emerged from the study of a major problem 
in New Zealand’s building industry (waste), Straw Into Gold explored the potential of using a widely 
available by-product of agriculture (straw). This difference of approach in starting a project looking at a 
problem or a potential seems to influence the whole development of the course and beyond.  

5. Conclusion 

The reflections presented in this paper are not new or radical. They are mere observations of what is 
currently experienced in learning and teaching sustainability in and outside the classroom. What this 
research offers are strategies to adapt current architecture curricula to respond to today’s parameters 
based on a holistic view of sustainability. This view recalibrates the way facts and data are shared, the 
place of technology, the extent of the field to non-human experiences and multidisciplinary realms and 
suggests strategies to enhance learning.   

To face the current ecological situation, we need a generation of students and architects armed with 
knowledge about the true state of the planet but also with a sense of agency in sustainable design and 
thinking. It is also crucial to accept that teachers are no longer holders of knowledge that has to be 
passed on but rather active learners that are able to facilitate collaborative learning – including their 
own learning. This shift is essential as no one holds today’s parameters as knowledge, but everyone is 
experiencing them and therefore can bring a valuable contribution to a collective intelligence, a 
collective understanding of today’s world and its priorities.  
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These observations do not intend to disregard the growing amount of efforts being made worldwide 
to truly build better (eco-architecture, earth buildings, off-the grid projects, tiny houses with lower 
carbon footprints, etc). But no matter how many they are, they remain exceptions. Recurring 
exceptions. Not mainstream. And so is teaching sustainability. It is present but still considered a satellite 
orbiting around the globe of the old masters. 

Perhaps one day graduates will leave schools of architecture knowing how to rebuild the soil to 
sequester more carbon and improve ecosystems while creating resilient communities all of this with an 
architecture full of elegance and intrinsic beauty. And only those who would have done a ‘satellite 
elective’ will know about the work of Le Corbusier. Shocking thought today… but would it make a better 
world? 
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Abstract: Over the last decades Flexible Learning Environments (FLEs) arose as an enabler of a student-
centric approach to teaching and learning. Despite its penetration in the Australian public school sector, 
the interior design of FLEs hasn’t been sufficiently investigated when it comes to Indoor Environmental 
Quality (IEQ) conditions provided within its open-plan configuration. FLEs’ design typology creates the 
challenge of providing IEQ conditions that work for different zones used simultaneously by the mobile 
student population. In addition, current guidelines used in Australia are based on the traditional 
classroom with little, if at all, adaptations to FLEs’ open-plan configuration and activity-based way of 
learning. By looking into the physical configuration of ten primary classrooms, this paper aims to identify 
potential shortcomings of the interior design FLEs along with a critical review of existing literature and 
existing NSW-state government guidelines. Results indicate that for a mobile cohort of occupying FLEs, 
there is a mismatch between IEQ conditions provided and the guidelines in use, as it tends to overlook 
students’ non-stationary state and variety of activities, they are involved in. The adaptability of existing 
guidelines is therefore needed to better guide the design of Australian FLEs.  

Keywords: Flexible Learning environments, Indoor environmental quality (IEQ), Interior design 

1. Introduction 

During the 21st century, significant modifications to the educational practices and technological 
advances have prompted educational leaders to adopt student-centric pedagogical model (OECD, 2006; 
DoE, 2016; Oberdörster and Tiesler, 2006: Tiesler and Oberdorster, 2008: Kuhlthau et al., 2015). The 
student-centric model aims to optimize learning for each individual student (INacol, 2016), by making 
learning “personalized” (where students are active, participatory and engage in different ways and in 
different places), “competency-based” (where students move ahead based on milestones rather than 
age), “anytime” (without being restricted to the classroom or school day) and “autonomous” (where 
students take ownership of their learning)(NMEF, 2013). Under this new framework, Flexible Learning 
Environments (FLEs) are accepted as to enable a student-centric approach to teaching and learning by 
allowing students to move freely in order to find the best location that suits their activity, and options 
for interacting with teachers, peers and technology (Mackey et al., 2018; Saltmarsh et al., 2015). The 
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global uptake of FLEs has started since the year 1998, in 23 OECD member countries and also in Asia, 
Russia and South Africa. In Australia the future growth projections suggest the need for around 200 
extra schools by 2026, in each of the states of New South Wales (NSW), Victoria and Queensland and 
the proposed strategy is to introduce FLEs in all these new-build as well as refurbishment projects by the 
Departments of Education (DoE) in every state. 

Traditional classroom layouts with rows of desks facing a blackboard are being replaced by FLEs where 
the interior of design presents a general sense of openness capable of being flexible and adaptable to 
enable individualized learning (Campbell, 2019) (Kariippanon et al., 2018) (Reh et al., 2011, Saltmarsh et 
al., 2015, Sigurðardóttir and Hjartarson, 2016). Initially, the idea of introducing flexibility in classrooms 
was done in a blurred manner, largely restricted to the introduction of moveable and reconfigurable 
seating. Ideally, for a learning environment to be considered as being “flexible”, it should contain the 
features described under the following five domains; technology, learner, pedagogy, space and learning 
modalities, as shown in Figure 1. Typically, FLEs incorporate a combination of one or more of these 
features, depending on the available budget, and the school’s preferred pedagogical model. 

In terms of physical configuration, FLEs are assemblages of different spaces grouped in clusters, in a 
myriad of new arrangements, to create spaces within spaces (Dovey and Fisher, 2014; Reh et al., 2011). 
These smaller spaces, which could be considered as “micro-environments” within the larger FLE, are 
typically characterized by transparent or moveable boundaries. FLEs also consist of open spaces that 
allow for manifold interactions in flexible learner groups (Sigurðardóttir and Hjartarson, 2016). In terms 
of infrastructure, FLEs are likely to consist of a combination of mobile touch-sensitive screens, Wi-Fi 
connectivity to all devices in the room, writeable surfaces and light-weight flexible furniture to enable 
team and individual works. In a holistic sense, FLEs possess the spatial characteristics and design 
features that are listed in Table 1. Indoor Environmental Quality (IEQ) conditions within FLEs’ open-plan 
configuration are far more challenging than traditional classrooms because students are mobile and 
multiple activities that may clash take place simultaneously – concentration versus collaboration for 
example. That being said, current design guidelines have not adapted IEQ requirements from traditional 
classroom to FLEs.  

 

  

Figure 1 Characteristics of FLEs. Table 1 Summary of key spatial-design features. 

This paper reports the outcomes of a review of the architectural design of ten FLEs, located in the state 
of NSW in order to understand and map similarities, if any, in the physical configuration of the spaces 
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over the last decade. In addition, this study also aimed to identify shortcomings of the interior design of 
these open-plan FLEs along with a critical review of existing guidelines recommended by the NSW 
Department of Education. NSW has been chosen as the location for this study, because of having the 
largest portfolio of public schools in Australia (ACARA, 2016), and the NSW Government has committed 
to transform the primary classrooms to suit 21st century learning needs. A time-frame of past ten years 
has been chosen for this review, because it is during this period that there has been an increasing 
momentum in dissolving the boundaries that divide educational spaces (OECD, 2006; Reh et al., 2011). 
The standard IEQ recommendations for the selected FLEs were identified from the guidelines developed 
by the NSW Department of Education (DoE) and the Government Architect NSW (GANSW), that were 
intended to guide the design and delivery both new and refurbishment school projects.   

 

2. Methodology 

Firstly, a literature review has been conducted to identify the key findings from existing research 
conducted in FLEs. The search was conducted using the Scopus database and was aimed at identifying 
literature at the classroom scale, covering research related to Indoor Environmental Quality conducted 
in FLEs. The search was limited to the last twenty years (i.e. 1999 – 2019), as the deviation from the 
traditional classroom typology has been on the rise since the turn of the 21st century. Studies were 
included if they: (1) were conducted in primary school classroom environment, (2) measured a specific 
outcome related to spatial flexibility and IEQ within the learning space, and (3) had full-text articles 
available in English.    

 

Following the literature review, a selection of 10 FLE designs were identified from within NSW Public 
schools, and their interior-design has been analysed, to map similarities in their physical configuration 
and infrastructure provisions. The 10 selected FLE designs are representative of the wide-range of 
configurations that are present in the current primary schools in NSW, and include a combination of 
new and refurbished projects, built between 2009-2019. The architectural drawings and visual imagery 
that provided the basis for the study were obtained from publicly available sources and are presented in 
a de-identified manner, in Table-3. The 10 selected FLE designs were then analysed, to identify potential 
mismatches, if any, between their designs and the standard IEQ guidelines recommended by the NSW 
Department of Education. The following design/performance guidelines have been used, to conduct the 
review, as they have been developed by the NSW DoE and the Government Architect NSW (GANSW), to 
guide the design and delivery of educational facilities, for both new and refurbishment projects:  (1) 
GANSW: Environmental Design in Schools (EDS) (2018), (2) GANSW: Design Guide for Schools (DGS) 
(2018), (3) NSW DOE’s Education Facilities Standards and Guidelines (EFSG) (2019) and (4) DoE Schools 
Infrastructure NSW (SINSW)_ Draft Thermal Comfort and Indoor air quality Interim Performance Brief 
(2018). 

 

Guidelines contained recommendations pertaining to thermal, visual and acoustic comfort and air-
quality, in order to optimise the IEQ within learning spaces. A snapshot of the key IEQ recommendations 
from the above guidelines, is provided in Table-2, presented as “assessment criteria” and have been 
used when evaluating the floor plans. The analysis was conducted using a two-staged review process. 
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Firstly, an initial analysis was conducted of the entire FLE, to review their physical and infrastructure 
characteristics against those outlined in Table-1. The next step of analysis involved analysis of each zone 
(or micro-environment) within the larger FLE. For this, the designs have been reviewed against the 
criteria in Table-2 and a percentage score has been provided for the IEQ factors, to indicate their IEQ 
shortcomings, and the need for further improvements. (NOTE: A score of 50% for “Thermal” would 
indicate that this FLE design satisfies two out of four criteria, listed in Table-2, under the Thermal 
category). This assessment is summarized in Table-4. 

 

Table 2 IEQ Assessment Framework 

 

Assessment Criteria 

INDOOR AIR QUALITY: 

 Ventilation strategy must meet the Australian National Construction Code (NCC) requirements 

 Classrooms should be designed for cross-ventilation via operable windows only or in combination with 
mechanically fan-assistance 

 For air-conditioned spaces: Outdoor air ventilation rates are in accordance with AS 1668.2 Mechanical ventilation 
systems shall be linked to sensors to provide demand-controlled ventilation within each space to ensure that CO2 
levels are maintained below NCC recommended thresholds. 

THERMAL COMFORT: 

 Climate responsive design strategies should be adopted 

 Air-conditioning should be installed in all permanent learning spaces for locations with a long term average mean 
maximum January temperature of below 33°C 

 All teaching spaces should maintain an in room ambient temperature between 19 °C and 22 °C 

 Air-conditioned spaces should maintain set-points for 18 °C in winter and 25 °C in summer. Thermal modelling 
should be undertaken to demonstrate compliance with a predicted mean vote (PMV) of +/- 0.5 for 95% of 
occupied hours, in accordance with ASHRAE Standard 55.  

ACOUSTICS: 

 Acoustic treatment should be provided to maintain low internal noise levels by controlling impact of steady-state 
and intermittent noise sources? This includes noise from both external and internal sources such as includes road 
and air-transport, mechanical, air-conditioning and hydraulic services 

 Classroom should contain soft furnishings or surfaces to change the acoustic environment.  Spatial zoning is 
required to assist separating relatively noisy or quiet activity 

 Indoor learning areas should be designed for acoustic privacy from adjacent spaces 

VISUAL COMFORT: 

 Spaces must have access to natural light  

 A brown-out function should be provided to learning spaces with audio-visual learning aids  

 Risk of glare or of direct light on desk level should be effectively restricted?  

 Illuminance levels for each space determined in accordance with AS 1680. 

 Electric luminaire layouts in regular and symmetrical pattern 

 Luminaire layout aligned with the furniture layout 

 Lighting design strategy consider the use of space, including high screen-based tasks and projectors/white-boards 

 Indoor learning areas designed for visual privacy, from adjacent spaces 
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3. Results 

3.1. Key shortcomings of existing literature from the view point of IEQ in FLEs 

From the existing literature related to classroom design, it has been identified that, the role of the 
classroom’s interior design has not been sufficiently investigated from an IEQ perspective, specially 
when it comes to FLEs. According to the literature review, the overall trend of IEQ-related research 
during the years 1999-2019 shows that much of the research has been conducted in traditional cellular 
classrooms (Figure-2). Out of  89 papers found, the most popular topic of investigation was Indoor Air 
Quality (IAQ), followed by thermal comfort, acoustics and visual comfort.  

 

Figure 2 Distribution of papers investigating IEQ-related topics from 1999 to 2019 (n = 89) 

 

IAQ was assessed in fifteen studies, of which fourteen were in traditional settings, to evaluate the 

impact on either (1) learning performance; (2) health (Almeida et al., 2011, Annesi-Maesano et al., 2012, 

Norbäck et al., 2000, Madureira et al., 2015, Van Dijken et al., 2006); (3) identification of suitable 

ventilation rates; (4) correlation  between indoor-outdoor pollutants; (5) correlation between classroom 

activities and ultrafine particle concentrations(Morawska et al., 2009, Diapouli et al., 2007); or (6) 

allergen levels. The impact of poor IAQ on children is of high relevance for public health, as exposure 

rate is high due to primary schooling being compulsory (Annesi-Maesano et al., 2012). Low ventilation 

rates are found to significantly reduce pupils' attention, memory and concentration (Bakó-Biró et al., 

2012). Poor IAQ (with CO2 as an indicator) may be attributed in part to overcrowding of classrooms, and 

to the constant resuspension of particles from room surfaces due to students’ in-class mobility (Almeida 

et al., 2011). Each individual's personal exposure to IAQ must be determined by a combination of the 

local outdoor pollutant levels and the different indoor micro-environments to which he/she is exposed 

to, and his/her residence time in each (Stranger et al., 2008). The vast majority of these studies have 

been conducted in traditional settings, and therefore outcomes may be inadequate for providing design 

guidance to an FLE context.   

 

Most studies looking into thermal comfort were conducted within traditional settings, and their findings 

indicate that children prefer lower temperatures than predicted by the current thermal comfort 

methods that are based on adult subjects, due to factors such as metabolic rate, type of clothing, and 

the limited available adaptive opportunities in classrooms (De Dear et al., 2015) (Montazami et al., 
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2017) (Mors et al., 2011) (Teli et al., 2012). Furthermore, the daily school schedule of children includes a 

lot of outdoor playing. This variation of activity levels and the strong relationship with the outdoor 

climate may also influence children’s thermal perception (Teli et al., 2012). Despite the lower than 

normal neutrality, children demonstrated considerable adaptability to indoor temperature variations 

(De Dear et al., 2015) (Trebilcock et al., 2017). While these studies have established key findings in terms 

of children’s thermal preferences and adaptability, they do have major drawbacks, if we were to seek 

design guidance for FLEs. Firstly, the occupants have been considered to be non-mobile and sedentary 

for the entire duration of classroom instruction. Secondly, the interior design of the space where these 

studies were conducted remains unknown.  

 

Classroom noise is dominated by childrens’ speech and activities, with approximately 20dB(A) difference 

between the quietest and noisiest activity. Subjectively, external noise appeared to have little effect on 

the internal noise environment (Shield and Dockrell, 2008), whereas internal layout of the classrooms is 

considered as an important factor (Shield and Dockrell, 2008). Since most of the noise from the students 

will arrive as direct sound or early reflections, adding sound absorbing material is not effective for 

reducing student activity noise, as they can only be controlled at the source (Sato and Bradley, 2008). An 

assessment of different sized open plan and enclosed classrooms listening environments was conducted 

in Australia (Mealings et al., 2015b), and it found that if open plan classrooms are desired, they must 

have operable walls that can stay open for group work and other activities that benefit from an open 

plan space, but can be closed for critical listening activities (Mealings et al., 2015a), and have at least 

6.5m between class bases where there is an open wall (Shield et al., 2010). While considerable findings 

have been made within FLE context, further research is required for taking into account the mobility of 

occupants, together with the frequency of their movement.  

 

In terms of lighting, the study by (Narayanasamy et al., 2016) indicated that, to perform efficiently in the 

modern Australian primary classroom, students require higher than expected levels of optometric-

ability (i.e. in terms of visual acuity and contrast demands), and their visual demands are likely to differ 

as compared to traditional settings. In addition, modern classroom technologies were found to present 

a variety of visual demands, that significantly differ from traditional printed-material, in terms of 

working distances, viewing angle and the font-sizes (Rosenfield, 2011). Similarly, investigations by 

(Fotios and Ramasoot, 2010) revealed that disturbing reflections on glossy display screens are the 

primary complaints, and simple solutions such as dimming the lighting across a classroom are no longer 

appropriate. These studies have established that the FLE occupants will be subject to significantly 

different visual demands and concerns, as compared to traditional classrooms. However, findings may 

be inadequate for FLEs in terms of optimum spatial configuration, required illumination levels for each 

activity zone and the likelihood of visual distractions due to the movement of students and the 

proximity of multiple activities, combined with permeable boundaries between adjacent rooms.  
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3.2. Key shortcomings of current design and IEQ guidelines:   

A review of the ten FLE designs has indicated that a lot of commonalities exist between these spaces, as 
they are all designed to support multiple learning activities simultaneously. To enable this process, it has 
been identified that all the ten FLE designs possess a combination of the physical and infrastructure 
characteristics noted in Table-1 (which includes spaces for individual and collaborative learning, fitted 
with permeable boundaries, reconfigurable light-weight furniture, and by heavily embracing technology, 
such as writeable surfaces, Interactive Smart boards, Wi-Fi, and hand-held personal devices). Despite 
the similarities, the FLEs designs can be considered to be wide-ranging, due to the significant differences 
in their spatial configuration. As depicted in Table-4, recommendations from IEQ guidelines have been 
addressed adequately by all the FLE designs, except for acoustics. The designs have not addressed the 
following acoustic criteria: (1) spatial zoning to assist in separating relatively noisy or quiet activities, 
with some form of separation between them; and (2) indoor learning areas designed for acoustic 
privacy, from adjacent spaces. 

Table 3 Design Layouts of FLEs 

Spatial 
configuration 
of FLEs 

 

Instrumental 
dimensions 

(1) Vertical sub-divisions enable changes in layout for multifunctional purposes. (2) Floors are mostly covered 
with dark colored carpet for maintenance and acoustic reasons. (3) Ceilings are high and constructed by good 
sound absorbing panels. (4) The lighting system is designed as fixed luminaires. (5) Lightweight, modular 
furniture includes a variety of seating and desk types, mostly of circular profiles, that can be easily organized 
for collaborative and individual studies. and moveable storage units and smartboards.  (6) Tables at different 
height allow diversity in activities such as standing, sitting on a chair, sitting on floor. (7) Abundant amount of 
space per student. Both students and teachers do not have a dedicated fixed workspace. (8) Writable surfaces 
such as tables and walls, and moveable smartboards. 

Aesthetic 
dimensions 

(1) Smooth surfaces (i.e curved or round shapes) and soft textures (i.e. textile, fabric, carpet) used for 
comfort, sense of safety and calm. (2) Bright colors (i.e. green, orange, purple) are used to improve users’ 
mood and heighten the attention span. (3) The spaces are designed to get more daylight and be more 
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spacious and provide students with connections to the outdoor environment.   

Symbolic 
dimensions 

The spatial design and furniture arrangement increase collaborative work and encourage interaction of 
students with peers, teachers and technology. Spaciousness, transparency, and a cozy home environment 
with soft and smooth surfaces are the main characteristics of FLEs.  

Designs A and G have all the learning activities happening within a largely open-plan space, with the 
least amount of physical separation between noisy and quiet activities, except for the enclosed 
withdrawal spaces. However, Design-G also has an “enclosed” presentation area, as opposed to the 
“open” presentation area incorporated in Design-A. In comparison, Design-A is likely to attract a higher 
rate of noise issues, whilst also having the likelihood of visual distractions and variations in temperature 
preferences. To alleviate the acoustic problems in future designs, the design guidelines should be 
updated to address the need for providing flexible acoustical features within FLEs, to be able to enclose 
noisy activities within large open-plan FLEs, and solutions for tackling direct early reflections from 
speech need to be addressed. For visual and temperature preferences, evidence-based guidelines must 
be developed, by taking into account the flexible nature of the space, learning activity and the highly-
mobile occupants.  

Table 4 IEQ Assessment Summary (of the FLEs against the standard recommendations) 

 
 

Designs B and C have a very similar spatial configuration, in which the main learning area caters for 
individualized, collaborative and teacher-led activities. However, they connect to a common “shared 
space” that would be utilised by multiple classrooms, for learning commons and Practical activities. 
These shared spaces are separated from the learning space by operable glazed doors. By this way, the 
acoustic issues arising from the high-noisy activities have been sealed off the main learning areas, but 
visual distractions do exist. To minimise visual distractions, guidelines must provide suggestions for 
optimising the arrangement of opaque and transparent elements, within internal walls. Designs D, E, F, 
H, I and J seem to have very similar spatial layout, as they have an enclosed and shared “practical 
activities area” (PAA), but most of the other learning activities happen within the large open-plan space. 
This arrangement is likely to have slightly reduced acoustic issues, as the noise from the PAA is isolated. 
However, issues of temperature preferences, as well as noise and visual distractions. The 
recommendations provided for Designs A and G would hold good for this batch of designs as well.   

4. Conclusion 
This study was aimed at identifying potential mismatches between existing IEQ guidelines and the 
design of FLEs. While there have been several studies of IEQ in enclosed classrooms, published over the 
past 20 years, there appears to be a paucity of data relating to the more recent FLE designs. The 
literature indicates that problems concerning all IEQ factors and the consideration of mobile occupants 
within flexible learning environments have hardly been addressed in existing literature and guidelines. 
This knowledge gap is resulting in insufficient information in addressing the students’ IEQ preferences 
and needs in classrooms. One of the key challenges (and knowledge gaps) of implementing different 
learning activities side-by-side is to design several zones within the same classroom that do not clash, 
especially when it comes to potential temperature variations and acoustic-related issues arising from 
the open-plan configuration adopted by FLEs. In addition, the assessment of classroom interior design 
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suggests that IEQ issues arising out of FLE configuration are not adequately addressed in current design 
guidelines. The study confirms that for this highly mobile cohort of occupants, there is a mismatch 
between IEQ guidelines recommended to classrooms, as it tends to overlook students’ non-stationary 
state and variety of activities they are involved in within an open-plan environment. The key IEQ issues 
associated with the FLEs include high indoor noise levels due to students’ collaborative discussions, 
visual distractions due to proximity and direct connections between different activity-settings, and the 
likelihood of varied IEQ demands and preferences due to multiple simultaneous learning activities, 
combined with the autonomy to move.   

The adaptability of existing guidelines is therefore needed to better match the design of contemporary 
primary classrooms. Evidence-based guidelines must be developed by conducting field-studies within 
primary school learning environments, of both traditional and flexible arrangement. The field studies 
must focus on capturing the differences, if any, arising from the changes in the overall interior design of 
the classroom. Updating the guidelines should be based on a holistic approach to understanding IEQ 
conditions within open-plan classrooms, considering the dynamic interactions between the physical 
configuration of the space and students’ mobility. Field studies will be conducted in selected schools, to 
reinforce the above findings with in-situ observations.   
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Abstract: Characterised by warm and humid climate, the outdoor activities of Guwahati are often 
disrupted by thermal discomfort conditions in summer months. The city is witnessing rapid urban 
growth due to ever-increasing human population sacrificing existing green pockets. This constant 
decrease of green spaces is ultimately contributing to environmental imbalances and microclimate 
changes, resulting in a rise of surface air temperature and the formation of urban heat island in and 
around Guwahati city. Although the development pattern of Guwahati is controlled by prevailing GMDA 
building bye-laws, these building parameters are unable to control the organic growth of the city since 
there is no climate-sensitive approach available in bye-laws. This paper aims to study the impact of 
climatic behaviour in existing urban spatial arrangements and analyse to improve the outdoor thermal 
comfort level of urban public spaces. A climate-sensitive approach is initiated through Envi-met 4.0 
simulations to analyse the value of PMV, air temperature, wind velocity, relative humidity and surface 
temperature of the study area. The study area considers the configuration of distance between 
buildings, average height, orientation of the building, width of the road and central public spaces. 
 
Keywords: Urban microclimate; H/W ratio; Outdoor thermal comfort; warm and humid climate. 

1. Introduction 

Guwahati is the largest riverine port city in Northeast India with a unique urban fabric of uneven 
plains, urban wetlands, and panoramic hilly terrains. Over the decade, the city is developed along the 
river Brahmaputra out of the incremental actions, witnessing multi-layered transformations due to 
socio-economic, political and technological issues. The outdoor space utilisation of the city is often 
disrupted by inadequate thermal conditions. Rapid urban growth and less attention to provide user 
sensitive climatic public spaces have impacted on urban microclimate of the city. With increasing 
population pressure, the city is experiencing constant demands to accommodate quantum of built 
forms, sacrificing existing green spaces, water bodies in a real crude manner. This is triggering 
microclimate changes by a steady increase of surface air temperature. Rise of surface air temperature 
can affect the thermal comfort that initiate inconvenience of outdoor conditions in the surrounding 
public areas.  At present, GMDA Building bye-laws 2014 are the only instruments to control the urban 
development patterns of Guwahati city. But the scope of application of these building parameters is 
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limited to individual plots only. Very few regulatory frameworks are available in India when any 
intervention requires for urban area or neighbourhood development. All the structures, paved areas and 
gradually vanishing green pockets are contributing rapid formation of urban heat pockets around 
Guwahati city. Today, the urban heat island effect is a worldwide phenomenon affecting human health 
and environmental sustainability. Modeling the relationship between buildings and the surrounding 
urban public spaces is very important for urban microclimate and outdoor thermal comfort. Because of 
the negative impacts of the urban heat island effect, particularly on energy use, air quality, human 
health and its significant influence on urban comfort, an approach is initiated to study the impacts of 
climatic behaviour in existing urban spatial arrangements of local level of urban neighbourhood climate 
within GMDA jurisdiction. This paper aims to assess the impact of climatic behavior in urban spatial 
arrangements to improve the adaptability and usability of urban public spaces in Guwahati. This 
research is carried out by studying an existing residential neighbourhood through Climate Sensitive 
Urban Design approach in warm and humid climate and analyzing the adaptability of outdoor thermal 
condition of build environment and public spaces by Envi-met 4.0 software simulations.     

2.  Urban microclimate and outdoor thermal comfort  

 

2.1 Urban climate on different scales : 
According to Oke (2004), three climate scales (Fig. 2.1) apply in urban areas:  

 Mesoscale - represents an entire city.  

 Local-scale - represents urban neighbourhoods, and  

 Microscale - includes buildings, streets, squares, gardens, trees, etc.  

 
Fig. 2.1.1: Climatic scales in urban areas: meso, local and micro-scale.( Source : Oke 2004) 

 
The area between the ground and the rooftops is called the urban canopy layer (UCL). Within the 

UCL, the microclimate is site-specific and varies greatly within short distances.  
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2.2 Factors influencing the urban microclimate :  
The following factors are greatly influencing the urban micro climate of Guwahati: 

 Urban Geometry (Fig.2.2.1): The variation in heights and in-between distances of buildings  

 Regional Climate: Seasonal air temperatures, Relative humidity and prevailing wind 
directions as per meteorological data of the city ( Table.2.2.1) 
 

Table.2.2.1: Meteorological data of Guwahati from Sept. 2018 to August 2019 (Source: Weatheronline.com) 

Month Rainfall 
(mm) 

Air Temperature( Wind Speed 
Avg (Km/h) 

Wind 
Direction 

Relative Humidity 
(%) Max. Min. 

Sept. 2018 179.72 31 24 4.2 W,SW 81% 

Oct. 2018 148.70 30 21 5.1 E,SE,NE 74% 

Nov. 2018 16.20 27 18 5.4 E,SE,NE 71% 

Dec. 2018 62.6 24 15 5.4 E,SE,NE 70% 

Jan. 2019 3.90 25 15 5.8 E,SE,NE 57% 

Feb. 2019 48.90 27 16 6.9 E,SE,NW 59% 

Mar. 2019 22.70 31 19 7.9 E,SE,SW 46% 

April 2019 224.20 34 23 7.4 E,SE,SW 57% 

May 2019 639.60 34 24 8.6 E,SE,SW 73% 

June 2019 536.80 35 26 5.2 W,SW 74% 

July 2019 1172.60 32 25 6.3 W,SW 85% 

August 2019 694.00 34 27 6.0 W,SW 78% 

 

 Orientation and overshadowing (Fig.2.2.2): tall buildings concerning South exposure to 
direct Sunlight and overshadowing over the low rise buildings within the cluster. 

 
                  Fig.2.2.1 : Urban geometry                       Fig.2.2.2 :Orientation and overshadowing (Source : Pandya, 2011) 

 

 Solar access, solar radiation and Albedo (Fig.2.2.3): The amount of absorbed solar radiation 
in an urban area depends both on the reflectivity (Albedo) of the urban surfaces and on the 
canyon geometry.  

 Urban Canyons (Fig.2.2.4): The urban street canyon consists of a street aligned with 
buildings on both sides. Here, (θ = the line running North-South and angle between Canyon 
axis which determines the orientation of urban canyon; W = Width of street;  H = Average 
Height of buildings on both sides; L = Length of canyon; α = Angle between building top 
edge and street plane; SVF = Sky View Factor= cosθ) 
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Fig.2.2.3: Solar Radiation and Albedo         Fig.2.2.4: Urban Canyon (Source: Pandya, 2011) 
        

 Urban Heat Island:  Urban Landscape: 

 Urban Air Flow (Fig.2.2.5): The complex geometrical forms of urban areas comprising of 
buildings with sharp edges, strongly affect the regional winds blowing through and over a 
city.  Local wind speeds in urban areas can exceed those of the rural surroundings, 
especially in the presence of high-rise buildings (Oke 1987).                              

 
Fig. 2.2.5: Air flow in street canyons with different 
H/W ratios. The closer the buildings, the more the air 
flow tends to skim over them. (After Oke 1987)  

 

2.3 Outdoor thermal comfort : 
Outdoor conditions show large temporal 

and spatial variations. The thermal balance of 
the body is seldom in a steady state. Mental 
and physical performance of people 
deteriorates when it is too warm and at very 
high temperatures, heat stress may lead to 
heat-related illness (McIntyre 1980).     

It is very complicated to determine the 
outdoor mean radiant temperature (MRT) due to the 
extensive variation in radiation from different sources 
(Fig. 2.3.1). Outdoor Thermal comfort depends on   
how People adapt physically to an environment by 
adjusting their dresses and movement.  Psychological 
factors are greater in outdoors where the 
environment is much more complex and dynamic. 
The outdoor thermal comfort expressed by the PMV 
index. 
Fig. 2.3.1: A person in a street canyon exposed to direct (S), 
diffuse (D)  and reflected (R) short-wave  radiation as well 
as long-wave  radiation from the sky (L ↓ ) and  the urban 
surfaces (walls, Lw and  street, Lst). (Johansson 2006)            
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3. Bio climatic factors and development control rules of Guwahati  

Guwahati is located at latitude of 26°1445′N, longitude of 91°7263′E and altitude of 54 m above sea 
level. This city has an annual average temperature of 24.21°C and relative humidity remains above 70% 
most of the time throughout the year. Prevailing wind direction is from SW to NE in summer with an 
average velocity of 6.9 m/s and from NE to SW in winter with an average velocity of 5.47 m/s 
(Table:2.2.1). The bio-climatic data of Guwahati projects that Comfort condition exists for about 14.17% 
time of the year, that too in the winter and early summer months. Conventional air-conditioning is 
required for 53.75% of the time of year. The potential use of natural ventilation is about 16.7% time of 
the year. These figures represent the potential energy usage and potential energy savings depending 
upon the building design, orientation, and surroundings. 
3.1  Urban design regulations in Guwahati: 

Urban design in Guwahati is governed by GMDA Building bye-laws and Guwahati Master Plan 
Zoning for the year 2025. The land-use zones contain residential areas, commercial areas, industrial 
areas, and Public/Semi-public areas. The regulations contain rules on the maximum number of floors, 
maximum building heights, road widths, building percentage (plot/ground coverage), floor area ratio 
(FAR), setbacks, etc. 

3.1.1 Residential Buildings: 
Table 3.1.1: GMDA bye law provisions for residential use A, B, C and D (Source: GMDA bye laws, 2014) 

Residential 
plot type 

Road 
Width(m) 

Max. plot 
coverage 

Max. no. of 
floors 

Max 
FAR 

Max. 
height(m) 

Setback (m) 

Front Back Sides 

A 

(up to 670 
Sqm) 

3.6 to 4.5 60% G+2 1.00 9.6 3.6  1.8 1.8 

4.5 to 6.6 60% G+3 1.25 12.6 4.5  2.4 2.4 

6.6 to 8.0 55% G+4 1.50 15.6 6.0 3.6 3.6 

8.0 to 15.0 50% G+4 1.50 15.6 6.0 3.6 3.6 

Above 15.0 50% G+5 1.75 18.6 9.0 4.2 4.2 

B  

(above 670 
to 1338 
sqm) 

3.6 to 4.5 50% G+2 1.00 9.6 3.6  1.8 1.8 

4.5 to 6.6 50% G+4 1.25 15.6 4.5  3.6 3.6 

6.6 to 8.0 50% G+4 1.60 18.6 9.0 4.2 4.2 

8.0 to 15.0 45% G+8 1.75 27.6 9.0 6.0 6.0 

Above 15.0 40% G+8 1.75 27.6 =9.0< 6.0 6.0 

C 

(above 
1338 to 
6690 sqm) 

3.6 to 4.5 50% G+2 1.25 9.6 3.6  1.8 1.8 

4.5 to 6.6 50% G+5 1.25 18.6 9.0 4.2 4.2 

6.6 to 8.0 45% G+7 1.75 24.6 9.0 5.5 5.5 

8.0 to 15.0 40% No Limit 2.25 No Limit 9.0 =7.0< =7.0< 

Above 15.0 40% No Limit 2.25 No Limit =9.0< =7.0< =7.0< 

D 

(above 
6690 sqm) 

3.6 to 4.5 45% G+3 1.25 12.6 4.5  2.4 2.4 

4.5 to 6.6 45% G+5 1.50 18.6 9.0 4.2 4.2 

6.6 to 8.0 40% G+7 1.75 24.6 9.0 5.5 5.5 

8.0 to 15.0 40% No Limit 2.25 No Limit 9.0 =7.0< =7.0< 

Above 15.0 40% No Limit 2.50 No Limit =9.0< =7.0< =7.0< 
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 The areas designated for residential use in urban areas are divided into four distinguished plot 
typology of A, B, C, and D, see Table 3.1.1. The minimum plot sizes for different residential sectors vary 
between below 670 m² (sector A) to above 6670 m² (sector D). The provisions regarding plot coverage, 
number of floors, building height, setbacks and the maximum FAR for each sector are shown in Table 
3.1.1. There is a provision of recreational public open space of size of 20% of the total plot area. 

The limits for objects projecting out from the building periphery are as follows: 

 Partial unenclosed balcony projections of 25% of the building length/breadth in upper 
floors will be allowed subject to a maximum width of 1.5 m.  

 Concrete, fabric & metal protection shadings should not have a depth of more than 2.5 m. 

 Architectural projections or solar shading should not be more than 0.75 m deep. 

 100% of the exterior elevations are allowed to be painted with colours. 
 

4. Microclimate simulations: 

The software ENVI-met, version 4.0, which is designed to analyse the relationship between urban 
design and microclimate, is used for the simulations. This model combines the calculation of fluid 
dynamics parameters such as wind flow and turbulence with the thermodynamic processes taking place 
on the ground surfaces, walls, roofs and in the vegetation. 

 

4.1 Modeling base Case study area: National Games Village, Borsajai, Guwahati 

Based on the GMDA building bye-laws and development regulations regarding building heights, 
street widths and setbacks, an existing model urban area of a residential neighbourhood of National 
Games Village (Fig. 4.1.1) at Borsajai, Guwahati is selected for Microclimate simulations. The campus 
was developed by GMDA as a group housing scheme in the year 2007. 560 apartments were sold to 
individual middle-income group families. Present population is approximately 2800 with a density of 120 
apartments/hectare. The entire development is based on Type D residential sector. The base case study 
area is a simplified cluster of typical geometric patterns, material properties, facade colours and ground 
elements.    

          

  
Fig. 4.1.1: satellite map of case study area (left) and Model Plan of Residential neighbourhood (right) of National 
games Village, Borsajai, Guwahati. The H/W ratio of the street is 0.54 in E-W direction and 0.92, 1.56, 2.70 in N-S 
direction. 
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Table 4.1.1: Input data for the summer and winter base case simulations 

Variables/Description Summer Winter 

Building height, H (m) 21.6 21.6 

Distance between buildings, W (m) 40,23.5,13.8, 8 40,23.5,13.8,8 

H/W ratio 0.54,0.92,1.56,2.7 0.54,0.92,1.56,2.7 

Wind speed (at 10 m height) (m/s) 3.00 2.22 

Indoor temperature (°C) 33 28 

U-value, walls (W/m²°C) 0.35 0.35 

U-value, roof (W/m²°C) 0.41 0.41 

Reflectivity, facades 0.35 0.35 

Reflectivity, roofs 0.35 0.35 

Reflectivity, street, surface 0.26 0.26 

Clothing value (for PMV calculation) 0.9 1.5 

The southern part of the model cluster consists of two rows of plots with six plots on each side 
of a 6.6 wide road with a 40m wide right of way (Fig. 6.4.3) in E-W direction. The buildings are 21.6 m 
high (G+6 floors). The road width is 6.6 m within the stipulated minimum width of 6.6 m to 8.0m. The 
setbacks are in accordance with the development regulations (front = 9.0 rear setbacks = 6.0 m, side 
setbacks = 4.0 m). This results in the street height-to-width ratio (H/W) of 0.54, 0.92, 1.56 and 2.70. The 
base model has no vegetation. 

Guwahati has a warm and humid summer and a dry cold winter, whereas both spring and 
autumn are quite comfortable. Two base cases are created, one for the summer and one for the winter. 
The summer is represented by 21 June and the winter by 22 December. The input data of the base cases 
are shown in Table 4.1.1. 

 
Fig. 4.1.2:  section of the model area of the base case with H/W ratio of 0.92, 1.56, 2.70 in N-S direction. 

 
Fig. 4.1.3:  section of the model area of the base case with H/W ratio of 0.54 in E-W direction. 
 

4.2 Parametric study: 
The simulations are performed as a parametric study with different characteristics of urban 

canyons. The effects of the following design parameters on microclimate and thermal comfort are 
studied: 

o H/W ratio (varying the street width and front setback) 
o Street orientation 
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o Reflectivity’s of the ground (dark and less dark colours) 
o Shading for car parking and vegetation 

The design parameters of the simulation cases are described in Table 4.2.1. Street orientation for 
all simulations is east-west. However, the north-south orientation is also studied in three cases. 
Reflectivity values represent realistic ranges of painted facades (medium-dark to light) and dark to 
medium-dark grey streets. The effect of car parking shading is simulated using a street with car parking 
on both sides of the street (Fig. 4.1.3).  

Table 4.2.1 : The design parameters for the simulation cases 

Variables Base case Changed Parameters 

H/W ratio 0.54 0.92 1.56 2.70 

Ground reflectivity 0.2 0.26 0.26 0.26 

orientation E-W N-S N-S N-S 

Car parking shading yes No No No 

Shading trees No Yes yes Yes 

 

5. Results 
5.1 Air temperature: 

The simulated air temperatures are shown in Fig. 5.1.1 (left, summer) and (right, winter). In 
general, the air temperature does not vary much between the cases. However the increase of the H/W 
ratio leads to a decrease in maximum air temperature (at around 1.00 pm), but this decrease is small (< 
1°C in summer and < 0.5°C in winter). In the summer, the biggest decrease is achieved by using trees 
and higher reflectivity of the pavements and roads. 

                
Fig. 5.1.1: Simulation results of air temperature (left) at 1.00pm the summer day (21 June) and (right) at 1.00pm the 
winter day (22 December) at a height of 900mm from GL. 

5.2 Street surface temperature: 
The simulated street surface temperatures for the middle of the street are shown in Fig. 5.2.1 

(left, summer) and Fig. 5.2.1 (right, winter). In the summer, the surface temperature decreases when 
the street is in the shade between 8.30 am and 1.00 pm for the case with car parking shades and no 
front setback. In the summer, the case with lighter street colour is considerably cooler than the base 
case (up to 7°C cooler). In the winter, this case is also cooler but only by up to 1.5°C. The most significant 
decrease in temperature is from the use of trees as shading in summer (up to 18°C cooler). In the 
winter, however, when the deciduous trees are assumed to have no leaves, it is not cooler than the 
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other cases. In the winter, the case with north-south orientation has a peak temperature at around 
noon when the solar radiation enters the canyon. 

             
Fig. 5.2.1: Simulation results of street surface temperature (left) at 1.00 pm the summer day (21 June) and (right) at 
1.00 pm the winter day (22 December) at a height of 900mm from GL. 

5.3 Outdoor thermal comfort: 
The outdoor thermal comfort expressed as the PMV index is shown for some of the cases in both 

(left) summer and (right) winter (Fig. 5.3.1). The PMV is calculated on the basis of Fangers (1972) model 
extended for outdoor conditions, summarising the effects of air temperature, MRT, humidity, and wind 
velocity on the energy balance of the human body to the personal feeling of people exposed to the 
corresponding climates. The results are shown for 1 pm in both summer and winter when the solar 
radiation is significant. In the summer, the height of building shades creates some shading which 
improves the thermal comfort for pedestrians on the street up to certain extent (Fig. 5.3.1) although the 
discomfort level of the area is quite high. In winter, PMV remains within +1.11 and -1.11, the 
neighbourhood remains comfortable.              

                
Fig. 5.3.1 Thermal comfort expressed as PMV at 1:00pm in summer for the Base case (left),  PMV at 1:00pm in 
winter for the Base case(right) at a height of 900mm from GL. 

6.  Analysis and Discussion  
6.1 Effect of urban design on the microclimate: 

The variation of the H/W ratio has a minor effect on the air temperature but it has a significant 
effect on the surface temperature.  A narrower street with more shading results in a lower street 
temperature. This is a positive scenario for the thermal comfort as the thermal radiation from the street 
decreases (lower PMV) during the day. At night although thermal radiation is more, PMV remains within 
-0.6 to +0.24. The residential complex is RCC share wall construction covered by RCC roof slab. 
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Asphalted streets are connected by precast concrete block linkage with building blocks. Building blocks 
are painted with light colour.  Few deciduous trees are planted in the central open spaces for shading 
but a well-planned landscape design is necessary for the complex. The simulated effect of orientation of 
buildings and streets on air temperature is found to be limited. However, the effect on surface 
temperatures and PMV is significant. North-south oriented streets are less exposed to solar radiation in 
summer. Shading by car parking and deciduous trees on the street plays a significant role in lowering 
PMV in the summer. The deciduous trees do not lower PMV in winter because trees are without leaves 
during this period. The reflectivity of the building façade, roof (0.35), street (0.26), and central open 
spaces (0.26) proves to reduce the surface temperature and the PMV. This is an advantage in the 
summer, but a disadvantage in the winter. However, the positive effect in the summer is more 
appreciable than the negative effect in winter. 

6.2 The role of urban codes: 
The GMDA Building Regulations and Zoning in Guwahati have a major impact on urban design 

since they include regulations on building heights, street widths, setbacks. In this residential complex, 
the height of the buildings is 21.6m (G+6), the distance between buildings is 6.0m with an FAR of 144. 
Instead of promoting shades suitable for thermal comfort in warm and humid climate, these codes 
stipulate large distances between buildings. In residential areas under GMDA, low building heights of 
9.6m, fairly wide roads and front setbacks of 3.6 – 4.5 m lead to a dispersed urban form with low H/W 
ratios which vary between 0.375 and 1.07. Projections from buildings which could act as shading devices 
are restricted. Undoubtedly the urban codes of Guwahati need to have more such micro-level 
interventions surrounding the ground realities to be better adapted and executed to the local warm and 
humid climatic conditions. 

7.  Conclusions  
Public spaces of Guwahati are not properly designed and are inadequately spread. High air 

temperature and high humidity makes it difficult to use the outdoor spaces during summer. A climate-
conscious design approach can make the outdoor public spaces more moderate and comfortable. Urban 
codes of Guwahati need to be changed and to be made more flexible to introduce climate-conscious 
approach.  A compact urban pattern with higher height-to-width ratios and shading for pedestrians at 
street level / public spaces should preferably be promoted by the urban codes of Guwahati. 
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Abstract: With industrial and economic development, urban sprawl resulted in the conversion of natural 
forests and vegetation to urbanized regions with highly built-up areas and infrastructure. The relation of 
urban expansion and temperature patterns of cities varies spatially and temporally. UHI (Urban Heat Island) 
effect on cities can be determined in the horizontal extremities of cities. UGS (Urban Green Space) concept 
helps in the study of LST (Land Surface Temperature) relation to expansion of cities with effect of Building 
heights and other related important parameters like density of buildings or greenery and nearness to patches 
of buildings and greenery. The distribution pattern of cities in the horizontal dimension is continuously 
studied through open-source coding (traditional SLEUTH or its modified versions) and different Neural 
Networks coupled with Cellular Automat-Markov Chain (CA-MC) over different cities in India. Changes of non-
builtup pixels to built-up pixels causes a considerable change in temperature characteristics of city due to 
change in UGS. Individual building level extraction of parameters such as access to Greenery, LST or pollution 
can be attempted for studies. It can help in planning cities for reducing the effect of UHI and also in better 
health conditions of city dwellers. 

Keywords: Urban Sprawl; UGS; UHI; LST. 

1. Introduction 

Geoinformatics is today used extensively for managing the rapidly growing urbanization of our cities and 
villages. Growing urban areas increasingly encroach on the surrounding rural areas putting enormous 
pressure on the meager infrastructure, very often leading to unplanned and unsustainable development. The 
dispersed growth can be quantified through the mapping of impervious urban surfaces in and around the city. 
The process of urban sprawl is studied in many developing countries as it leads to drastic changes in the 
landscape. For mapping and monitoring the landscape changes using traditional mapping techniques with 
increased coat and time, it has led to a larger interest in research and advancements in modern mapping and 
modeling techniques through GIS and remote sensing (Herold et al., 2001). Remote sensing technique has 
advantages over traditional ways of mapping as it is cost-effective and time-saving since the images from the 
remotely sensed satellite data have a wide coverage of the earth's surface, are multi-temporal and are of high 
spatial and spectral resolutions. Urban sprawl is characterized based on various indicators such as growth, 
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social, aesthetic, decentralization, accessibility, density, open space, dynamics, costs, benefits, etc. (Silva et 
al., 2005). 

The concentration of population in urban areas and accompanying rapid urban growth is a global 
phenomenon. One would imagine, therefore, that these problems have less magnitude where population 
growth is stable, or even in decline. Urbanization refers to lateral and vertical growth of urban pockets as a 
result of population growth, industrialization, political, cultural and other socio-economic factors. The process 
of urbanization is dynamic and leads to the centralization of humankind’s civilization and wealth, large scale 
land-use pattern changes over time which also degrades the environment and natural resources. Lack of 
planning and uncontrolled urbanization would lead to unstable, uncontrolled and dispersed development and 
would also lead to a process called urban sprawl (Batty et al., 2001). The process of urban sprawl is very 
common among the developing countries and in particular the large cities. 
      Currently, there is no universally accepted definition of urban green space, with regard to its health and 
wellbeing impacts. Urban green spaces may include places with natural surfaces or natural settings, but may 
also include specific types of urban greenery, such as street trees, and may also include blue space which 
represents water elements ranging from ponds to coastal zones (WHO, 2016). Improving access to green 
spaces in cities is also included in the United Nations Sustainable Development Goal, which aims to achieve 
the following: By 2030, provide universal access to safe, inclusive and accessible, green and public spaces, in 
particular for women and children, older persons and persons with disabilities (WHO, 2016). 

The positive temperature difference between an urban area and its hinterland is known as the urban heat 
island (UHI) effect, and it is one of the most well-known consequences of urbanization on local climate. The 
effect of UHI is a must for urban planners as its effect sometimes can be farther than buffer of city as vast as 
twice and sometimes even thrice (Chakraborty et al., 2019). The urban heat island (UHI) is a phenomenon 
whereby urban pockets experience warmer temperatures than their immediate rural surroundings (Shastri et 
al., 2017). An increase in paved land covers and surface area covered by artificial material having high heat 
capacity causes an increase in land surface temperature (LST) (Ramchandra et al., 2009). 

2. Urban Dynamics 

Population density and the built-up environment is an important factor for human footprints around the 
world and have constantly been quoted the main factors for human pressure on the environment and its 
degrading over the years. The use of GIS in measuring human pressure by these human footprints is being 
vital day by day. Concept of urban green space, urban blue space, urban heat island, urban pollution island 
and urban growth measurement techniques (Chaudhuri et al., 2013) are the products of these such studies 
which help in defining various parameters and then help in measuring the pressure by these factors over the 
area.  

There is a direct relation between the urban population and the physical expansion of the urban areas and 
in relation to it study over Bombay Metropolitan Region (BMR) was carried out using population data and 
urban extent RS data of year 1968, 1975, 1985 and 1989 for projections of 2001 (Pathan et al., 1993). In order 
to identify the additional area that could be developed for the year 2001, suitability analysis for urban 
development was considered. 

The concentration of population in urban areas and accompanying rapid urban growth is a global 
phenomenon. One would imagine, therefore, that these problems have less magnitude where population 
growth is stable, or even in decline. Urbanization refers to lateral and vertical growth of urban pockets as a 
result of population growth, industrialization, political, cultural and other socio-economic factors. The process 
of urbanization is dynamic and leads to the centralization of humankind’s civilization and wealth, large scale 
land-use pattern changes over time which also degrades the environment and natural resources. Lack of 
planning and uncontrolled urbanization would lead to unstable, uncontrolled and dispersed development and 
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would also lead to a process called urban sprawl (Batty et al., 2001). The process of urban sprawl is very 
common among the developing countries and in particular the large cities. 

The area along the Udupi-Mangalore corridor was studied for urban sprawl mechanism using GIS only. In 
order to explore the probable relationship of percentage built-up (dependent variable) with causal factors of 
sprawl (population, α- and β-population densities, etc.), regression analysis was undertaken where α-
population density (POPADEN) is the proportion of the population in every village to the built-up area of that 
village and β- population density (POPBDEN) is the proportion of population in every village to the total area 
of that village. Linear, quadratic and logarithmic regression analyses were tried and in results, linear 
regression analyses revealed that the population has a significant influence, which is evident from the x 
coefficient. The quadratic regression analyses for the second-order revealed that the α-population density 
and distance from the urban centre (Mangalore) have a considerable role in the sprawl phenomenon. Results 
showed that the sprawl declines with increase in distance from urban centres. The logarithmic regression 
analyses revealed that the α-population density has influenced the sprawl phenomenon and positive value of 
the exponent inferred that built-up area increases exponentially with increase in POPADEN (Sudhira et al., 
2004). 

In any urban area, a state of 100% urbanization can be achieved under unconstrained conditions and 
characterized by a completely built-up landscape, to evaluate this phenomenon, the urban built-up land 
density over a period of time has been worked out with respect to all four zones of Indore city (Kumar et al., 
2007). To monitor the urban growth dynamics, the urban built-up density was plotted on the concentric 
circles created using GIS. It was found that the measurement of urban built-up density shows its importance 
in the monitoring of urban growth expansion over different periods. This approach is quite helpful in 
monitoring urban dynamics. The zone approach is not sufficient to notice the urban sprawl, while the 
concentric circle approach is more appropriate for identifying the growth as well as its dispersion. 

Each different zone has a different level of compactness leading to different patterns of growth. 
Therefore, a single policy for the entire city never works with equal degrees of effectiveness for all zones in 
the city (Bhatta et al., 2009). Keeping the fact in mind that the percentage of an area covered by impervious 
surfaces such as asphalt and concrete is a straightforward measure of development and population growth 
forces the built-up area to expand, the proportion of population and proportion of built-up area were 
calculated by dividing the population and built-up area of the respective zone by the total population and 
total area of Kolkata city and it was found that cities in developing countries do not always become more 
compact with the declining rate of population growth wherein compactness is measured using Shannon’s 
Entropy. 

The urban layer of year 2011, road layer of year 2011, slope and hill shade layers of year 2009 have been 
used as seed layers to predict the urbanization by 2030 in city of Pune in India and it was found that SLEUTH 
model is an appropriate model for coarse resolution data modelling in India and only minor changes to the 
SLEUTH model are required to improve performance in the Indian context on large scale (Kanta Kumar et al., 
2011). In fact, this study has shown that it can be useful in gauging the potential of rural areas to become new 
urban centres of rapidly expanding cities like Pune. 

The city of Jaipur was studied for Urban Growth by the use of remote sensing, GIS, and the Markov model. 
In this study, it is assumed that the land use data are compatible with the Markov process, the land-use 
changes as a stochastic process and the different categories of land use are the chain states. The two-step 
transition probability defined as a generalization of the Chapman–Kolmogorov equation used for conditional 
probability distribution of the process. For the statistical Test of Independence, the hypothesis of statistical 
independence was tested by comparing the actual values of land use categories with the expected values. If 
the computed value x2 is lower than the value at the critical region 0.05 with (degree of freedom – 1)2, then 
the data are compatible with the hypothesis of independence where degree of freedom is land use categories 
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in the study. Implementation of the Markov model provided information on the nature of urban change as 
the future change depends on the past land development plan of the city. The study also showed that urban 
land areas converted from cropland have maximum transition probabilities for low-density urban and 
suburban land areas on the outskirts of the city caused by urban expansion (Dadhich et al., 2011). 

The calibration of Hyderabad city for Urban Sprawl has been carried out based on the SLEUTH version 3.0 
beta program (Gandhi et al., 2012). Results showed that the urban sprawl in Hyderabad city is not only in 
radial direction from the core of the city but also in linear along roadsides taking place due to the growth of 
the Information Technology (IT), Business Process Outsourcing (BPO) and other software services, which are 
increasingly concentrating in the outer areas that are designated for them by the State Government. 

Pune administrative area with 10 km buffer was studied for urban sprawl using different indicators 
Number of Built-up patches (NP), Patch Density (PD), Normalised landscape shape Index (NLSI), Total edge, 
Edge Density, Clumpiness Index (Clumpy), Percentage of Land adjacencies (PLADJ) and Cohesion Index in 
concentric rings of 1 km in 4 zones (Ramchandra et al., 2014a). Total edges and edge density basically are an 
indicator of fragmentation in the landscape. Edge density represents the denseness of the patches/edges in 
the landscape. The cohesion index implies the physical connectedness of the focal class. CLUMPY metric 
directly measure aggregation and disaggregation of the class in the landscape. PLADJ is dependent on 
adjacent characteristics of the focal class in the landscape. 

To evaluate and monitor urban dynamics for rapidly urbanizing Greater Bangalore, “Density Gradient 
metrics” with the time series spatial data analysis are used. To understand the pattern of growth agents 
(sprawl density gradient, Shannon’s entropy, alpha and beta population densities), the region has been 
divided into 4 zones based on directions – Northwest (NW), Northeast (NE), Southwest (SW) and Southeast 
(SE), respectively based on the central pixel of city. Further, each zone was divided into concentric circles of 
incrementing radius of 1 km from the centre of the city totalling a radius of 17 km. Shannon’s entropy values 
confirmed dispersed haphazard urban growth in the city, particularly in city outskirts which is attributed to 
Aggregation index, one of indices used in the study other being Clumpiness index, Interspersion and 
Juxtaposition Index (Ramchandra et al., 2012). The same method was used for Kolkata (Ramchandra et al., 
2014b), Mumbai (Ramchandra et al., 2014c) and also Delhi (Ramchandra et al., 2015). 

A plug-in was developed in QGIS software (open source) based on the Markov Chain model algorithm for 
predicting probable urban growth for the future year 2021 Based on available data set of Landsat TM and 
ETM+ satellite images of 1991, 2001 and 2010 around Pune region between the year 1991 and 2010. 
(Sivakumar et al., 2014). The land-use transition matrix was obtained by the Molusce tool to understand the 
changes. 

Patterns of urban growth of Pune were again measured by land use analyses of the period 1992 to 2013 
and predicts for 2016, 2019, 2022 and 2025 using Fuzzy –AHP calibrated MC-CA. Analytical Hierarchal process 
(AHP) is then used to assign weights to these spatial units thus based on various inputs and used to simulate 
the growth of Pune for 2025 using two scenarios of development – implementation of City Development Plan 
(CDP) and without CDP. Results showed that the main contribution of change in land use would occur in the 
form of other category conversion and even new urban nuclei might emerge in the next decade. In case if it is 
not implemented, the restrictions hold only on existing built-up area, water bodies and slope only, the 
defence, recreation areas, drainages would be outgrown by the urbanization process, hence the core getting 
clumpy and saturated, rather than peripheries (Aithal et al., 2014). 

The transition potential maps for each sub-model were produced on the basis of LULC transitions as well 
as dynamic and static variables with the help of a multi-layer perceptron neural network (MLPNN) integrated 
in land change modeler (LCM) for the district of Patna. Six major transitions were considered that were 
supposed to be possible factors driving LULC change in Patna district. The following transitions were 
considered: agricultural land to fallow land, fallow land to agricultural land, agricultural land to built-up, 
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vegetation to built up, water bodies to riverbed, and riverbed to water bodies. A total of four static and 
dynamic variables are considered. Static variables for this study were elevation, slope, and aspect, while 
distance to major roads was considered a dynamic variable. Static variables are essential aptness for the 
transition under consideration and do not change over time. Dynamic variables change and are calculated 
over time throughout the course of a prediction. The factor “distance from major roads” was chosen because 
of the fact that most of the development and construction is supposed to occur along the roads. The spatial 
trend analysis tool was used to map the trends of transitions from all LULC classes to the built-up area. The 
transition probability matrix was calculated using Markov chain analysis (MCA) for the time period of 1988–
2001 for the prediction of LULC for 2013 and then used for prediction of built-up for the year 2038 and 2050. 
The integration of MLP and MCA with better accuracy provides interchange of classes n study area (Mishra et 
al., 2016). 

Study Area corresponding to 9 districts in the state of West Bengal in India was used for urban growth 
application in SLEUTH with 2 modifications. First, the road layer was modified to represent a relative level of 
connectivity to assign primary, secondary, and tertiary road weighting and secondly, an urban attractiveness 
layer was developed and used as the modified slope layer. Although the new model was underpredicting as 
observed increase in urban area in 2011 is more than in simulated image but still model captures, the location 
of no change very well of the accuracy of 95% (Chaudhuri, 2017). 

Urban Growth prediction comparison was done by Cellular Automata (CA) models namely Traditional CA 
(TCA) model, Agents based Cellular Automata (ACA) Model and Neural Network coupled Agents- based 
Cellular Automata (NNACA) model was done for Sriperumbudur Taluk, Tamil Nadu, India. Agents responsible 
for urban growth in Sriperumbudur Taluk were identified namely Road Networks, Road Junctions, Industries, 
Elevation, Built-Up Neighbours and Existing Built-Up. For each of these agents, proximity maps were derived 
and were reclassified into 5 classes. Preparation of suitability map was done using the Analytical Hierarchical 
Process (AHP) for ACA and NNACA model made use of the Multi-Layer Perceptron (MLP) neural network of 
LCM (Land Change Modeler). The efficiency of the NNACA model was found higher than those of TCA and ACA 
models (Aarthi et al., 2018). 

Study of urban growth prediction comparing three different models: Multicriteria Cellular Automata-
Markov Chain (MCCA-MC), Multi-Layer Perception Markov Chain (MLP-MC), and the Slope, Land use, 
Exclusion, Urban Extent, Transportation and Hillshade (SLEUTH) was done for Udaipur city, Rajasthan, India 
using multi-temporal Landsat images (1977, 1992, 2000, 2008 and 2016). Distance-based driving variables 
were used for MCCA-MC and MLP-MC model predictions. In the context of smart city mission, MLP-MC must 
be considered for future factor response growth, SLEUTH for different location-specific patterns of growth, 
and MCCAMC for the zonal-controlled land allocation system (Mondal et al., 2018). 

Indian megacities Delhi, Mumbai, Pune, Chennai and Coimbatore were visualised for future urban growth 
through Cellular Automata Markov model using Integration of Fuzzy Logic, Analytical Hierarchical Process 
(AHP) and Multicriteria Evaluation (MCE) with normalized agents of urbanisation (roads, industries, 
educational institutions, bus stands, railway stations, metro, population, etc.). Water bodies were considered 
as constraints as they are identified as conservation regions. Model suggested that post-2010 the growth 
would be more likely infilling, suggesting a complete concretization of core area and further spreading beyond 
its boundaries (Bharath et al., 2018). 

Study attempting to correlate the dynamic land-use change, land cover, land surface temperature and 
future urban growth scenario for one of the most systematically planned city of India, Chandigarh was 
performed using open-source coding (SLEUTH) and software platforms such as GRASS, QGIS, and shell 
scripting. The study found that due to augmented migration and increased urban agglomeration, the city is 
facing environmental degradation and the issue of thermal discomfort due to rising trend of surface 
temperature (Chandan et al., 2019). 
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A study of the Chennai Metropolitan Area, Tamil Nadu, India, was done using comparing Deep Belief and 
Neural Network-Based Cellular Automata Model for urban growth modelling based on potential regions for 
development based on the City Master Plan known as “Hotspots”. Proximity Map of Existing Built-Up, Urban 
Neighbourhood Map and map of Constraints were prepared. DB-CA model was run using different 
neighborhood configurations (Rectangular: 3 × 3, 5 × 5, 7 × 7 and Circular: 3 × 3) to identify the most 
appropriate cell neighborhood. The accuracy of the predicted output of DB-CA was found to be higher than 
that of the NN-CA model (Aarthi et al., 2019). 

In the same area of study, a different approach is used for urban growth modelling adopting urban 
attraction as exclusion instead of slope (Chaudhuri, 2017) and the result of urban growth shown by altered 
SLEUTH versions is much different than original SLEUTH version. It helped to conclude that however more 
influence of spread coefficient is in the input historical data, but in the future (rather than at present) the 
edge growth is only limited to the surroundings of the major urban centres and it is not spatially uniform 
(Chaudhuri et al., 2019). In the study, the use of urban attraction as the slope layer generated relatively 
better-predicted maps than using urban attraction as the excluded layer. 

3. Urban Green Space (UGS) and Land Surface Temperature (LST) 

      The Green Urban Areas as defined by Urban Atlas code 14100 include public green areas used 
predominantly for recreation such as gardens, zoos, parks, and suburban natural areas and forests, or green 
areas bordered by urban areas that are managed or used for recreational purposes (WHO, 2016). Urban 
green spaces (UGS) may include places with ‘natural surfaces’ or ‘natural settings’, but may also include 
specific types of urban greenery, such as street trees, and may also include ‘blue space’ which represents 
water elements ranging from ponds to coastal zones. Typical green spaces in urban areas are public parks; 
other definitions may also include private gardens, woodlands, children’s play areas, non-amenity areas (such 
as roadside verges), riverside footpaths, beaches, and so on. 

A study over Greater Bangalore area showed the role of increased urbanization through spatial change 
analysis on LST, which proved to be positively correlated to urban growth and negatively correlated to 
greenery (Ramchandra et al., 2009). LULC classification was done with Linear Unmixing Method for solving 
mixed pixel problem in result of which dense urban or mixed urban and vegetation abundance pixels were 
considered for analyzing relation with LST. 
      Urban Neighbourhood Green Index (UNGI) was introduced as a measure of green spaces in urban areas at 
neighbourhood level using Indian Remote Sensing satellite data IRS P6 LISS IV (May 10, 2006) data with spatial 
resolution of 5.8m nadir and operating in three spectral bands 0.52-0.59m, 0.62-0.68m and 0.76-0.86m and 
Cartosat-2 data (April 23, 2008) was done and used for deriving the neighbourhood types and height of 
buildings as well as reference data. The UNGI shows the distribution of green areas in specific neighborhoods 
and environments better than merely measuring the overall percentage of green (Gupta et al., 2012). 

Development of a Weighted Urban Green Space Index for Assessment of Urban Green Spaces at City Level 
was carried out again by Gupta (Thiloi et al., 2015). WUGSI map is generated based on the parameters from 
the weighted percentage of green, weighted type of green and weighted proximity to green. WUGSI reflects 
the importance of the distribution of green areas in specific areas and environments for a particular grid size. 

84 cities of India having a megacity characteristic are studied simultaneously for surface urban heat island 
intensity (SUHII) (Shastri et al., 2017). The finding observed that during pre-monsoon summer day time, when 
temperature is at its annual maximum, the SUHII is negative, for more than half of urban regions of the 
country. This leads to an important decision that the majority of urban regions in India face a lower intensity 
of heatwaves compared to nearby non-urban regions. This finding shows no agreement with the general 
urban climate and SUHII characteristics of tropical cities around the world. 
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To examine the control of vegetation on the spatial and temporal variability of Urban Heat Intensity in 

cities all over the globe, the global map of the mean surface UHI for daytime and nighttime derived from 
MODIS satellite measurements was prepared (Chakraborty et al., 2019). It was found that Daytime UHI is 
influenced by more factors like the difference in evaporative cooling and surface roughness between urban 
and rural areas, anthropogenic heat flux, and thermal inertia of built-up structures. In contrast, nighttime UHI 
is primarily influenced by heat storage from the daytime and anthropogenic heat flux. It explains why the 
temperature differential is higher during the day than at night. In the study, when the dataset is divided into 
increasing ΔEVI quartiles, the daytime surface UHI intensity decreases. This is particularly true for global, 
equatorial, arid, and warm temperate cases. For the snow urban clusters, daytime surface UHI increases 
slightly for the highest ΔEVI bin. This is because these cities are primarily in the northern latitudes, where 
vegetation control is less effective. Similarly, there is no consistent association between nighttime UHI and 
ΔEVI as the impact of vegetation on surface temperature is dominant during the daytime. 

Cities in India are expanding not only in a horizontal extent but also in vertical also. Multistory skyscrapers 
in metropolitan cities are the best recipients of pollutants surrounding the atmosphere of cities. Several 
remote sensing data is useful in finding the height of these buildings at different resolution level. Although 
submeter resolution is still hard to get and process one near meter resolution data is available at free of cost 
and sometimes with some money to spare for better resolution data. Floor to floor data for buildings at 
submeter resolution data will still be hard to work on but 3D visualization and several projection technique, 
processing of several indices for buildings at different floor levels can be attempted with respect to Pollution, 
Land Surface Temperature or access to greenery. 

The cities above are studied for Urban Sprawl relation with LST for the effect of UHI. 

 
Figure 1: Cities of Study for Urban Sprawl in India 

4. Methods Adopted for Urban Sprawl with UHI 

The land use prediction model provides an opportunity for planners to plan the area with better 
management, precision, and accuracy (Fig: 2). The impact of cellular Automata models in prediction has been 
the greatest in the past (Chaudhuri et al., 2013). The cellular automata (CA), family of models is a simple 
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vehicle to capture and simulate the complexity inherent in dynamic systems. Cellular automata can be seen as 
discrete models of spatio-temporal dynamics where local and regional behaviour are interrelated. Cellular 
automata simulating artificial life, self-modification is equivalent to adaptation or evolution, and used 
calibration method allows the model to ‘‘learn’’ its local setting over time (Silva et al., 2002). This learning is 
quantified by the variation during calibration of the five control parameters. 

Since, standalone CA models lack the ability to account for the actual amount of change as it cannot 
account for specific transitions of change in the region hence, the coupling of Markov chains (MC) and CA is 
suggested (Silva et al., 2007). This coupling helps in quantifying future likely changes based on current and 
past changes which essentially addresses the shortcoming of CA such as spatial allocation and the location of 
change. Fuzzy-AHP technique is used for obtaining accurate calibrations. First, fuzzy clustering is used to 
group the spatial units into clusters. Clustering is based on certain attribute data. With fuzzy clustering, each 
spatial unit will be assigned a factor of evolution and urbanism.  

The Markov Chain Analysis (MCA) is based on the Markovian stochastic process for the prediction of one 
status being changed to another status by a number of transition probability metrics of LULC changes over a 
specified time period. These transition probability metrics can be further used to predict and find out the 
probable situation of future LULC change and urban growth patterns. Since MCA is incapable to model and 
simulate the spatially distributed changes, the integration of Neural Networks is a robust approach for 
quantifying as well as modelling the spatial and temporal changes in LULC because remote sensing data and 
GIS can be incorporated efficiently. 

Numerical Approaches for the prediction of Urban Sprawl using various indices related to population 
density and zonal characteristics can be adopted but these mainly on local properties of area can differ over a 
regional scale of area. LST can be calculated for any city using remote sensing temporal data for studying UHI 
and SUHI, which can be further related to Urban Growth characteristics of area. 

 

 

Figure 2: Flow chart for studying Urban Sprawl with LST for UHI 
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 5. Conclusions 

Urban clusters of megacities are in danger of increasing the effect of heat in form of Urban Heat Island (UHI). 
Expansion and intensification of Indian cities like Pune (Ramchandra et al., 2014a , Aithal et al., 2014, 
Sivakumar et al., 2014 and Kanta Kumar et al., 2011), Indore (Kumar et al., 2007), Kolkata (Bhatta et al., 2009, 
Chaudhuri, 2017, Chaudhuri et al., 2019 and Ramchandra et al., 2014b), Mumbai (Pathan et al., 1993 and 
Ramchandra et al., 2014c and ), Delhi (Ramchandra et al., 2015), Patna (Mishra et al., 2016), Jaipur (Dadhich 
et al., 2011), Udaipur (Mondal et al., 2018), Bangalore (Ramchandra et al., 2012) and Hyderabad (Gandhi et 
al., 2012) have been studied for Urban Sprawl by researchers using SLEUTH and its advanced or modified 
versions (Chaudhuri et al., 2013) incorporating inclusive characteristics of Cellular automata (CA) coupled with 
Markov chains (CA-MC). Cellular automata (CA) coupled with Markov chains (CA-MC) is best method to adopt 
for calibration of cities (Silva et al., 2005). Urban Sprawl studies over Indian cities have shown a general trend 
as global cities as in outer boundaries are getting constricted for more residential population of urban class 
but UHI studies have not been in as same trend of global cities as SUHII tends to be negative for more than 
half of urban regions of the India during pre-monsoon summer day time. Urban Green Space study over LST  
has shown a significant reduction in its effects which can be extended to studies of various cities of India 
extending the focus of study to inclusion of population of cities and more weightage to the height of buildings 
in cities. In this context, a Green Index (GI) which incorporates the average height of each building as a factor 
in generating index, can be modelled. Incorporation of Surface Urban Heat Island (SUHI) or Atmospheric 
Urban Heat Island (AUHI) for Urban Pollution Island (UPI) also can be done same as of GI, which in turn will 
demand the data of pollution and temperature. For carrying out building level study of UGS with LST or other 
parameter related indices, higher resolution (<1m) data will be needed otherwise block or sector level study 
can be done using available medium resolution (30-100m) data. In addition to study the present effect of 
horizontal and vertical growth of cities on access to greenery futuristic statistics can also be presented to 
account its effect on city and other related factors. 
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Abstract: In Australia, the National Construction Code recently included the first performance 
requirements relating to condensation risk mitigation in Australian Buildings. Furthermore, it’s expected 
that further enhancements to these regulations will occur in 2022, 2025 and 2028. Hence, hygrothermal 
performance assessment, which is the method by which water vapour pressure is simulated becomes an 
important part of the statutory process. To undertake a hygrothermal simulation relies upon building 
materials database, which includes water vapour resistivity, conductivity and water absorptivity 
properties. At this stage, whilst many materials used in Australian construction may have published 
values for conductivity and absorptivity, very few products have published values for water vapour 
resistivity. Additionally, manufacturers of building materials used in the external envelope of buildings 
will be seeking guidance about the water vapour resistivity properties of their products. This paper 
discusses the research which has been completed to establish Australia’s first laboratory to test the 
water vapour resistivity of building materials. The methods proposed include the use of a conditioned 
test room and an environmental chamber. This paper focuses on the establishment of an 
environmentally controlled test room for quantifying materials’ water vapour resistivity through 
gravimetric method. The establishment and operation of the environmental chamber will be reported 
later. 

Keywords: Water vapour resistivity, gravimetric method, hygrothermal simulation, Condensation, 
Material properties 

1 Introduction  

In Australia, water vapour and moisture related problems have become apparent in many new 
buildings. This has been identified as a lack of appropriate knowledge or understanding about water 
vapour pressure and water vapour transport through building materials (Dewsbury, 2016; Dewsbury, 
2018). These unprecedented issues have been most noticeable in new homes and apartments, as recent 
research in Australia suggests that up to 50% of National Construction Code Class 1 and Class 2 buildings 
constructed in the last 15 years have a visible internal formation of condensation (M. Dewsbury et al., 
2016). Research about Tasmanian homes also indicates concerning levels of moisture and mould (M. 
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Dewsbury & Law, 2016; M. Dewsbury et al., 2018; T. Law & Dewsbury, 2018). The uncontrolled presence 
of condensation and mould in buildings does not abide by the minimum safe building expectations of 
the World Health Organisation (WHO, 2009a; WHO Regional Office for Europe, 2009).  

This evolving situation is posing significant challenges to design and construction professionals, from 
both design and remediation perspectives. In new buildings, they are often one of the first professions 
contacted to provide remediation advice to address mould growth and excessive moisture on walls, in 
walls and in roof spaces (Dewsbury and Law, 2017; Dewsbury, 2017). The pathological impact to 
buildings includes water vapour accumulation which can lead to the formation of mould and moisture. 
As moisture accumulates materials can expand, corrode and decay leading to structural failure (Aktas, 
D’Ayala, Blades, & Calnan, 2017; M.  Dewsbury, Law, & Henderson, 2016; Harriman et al., 2016; Hokoi, 
2017; Leicester, Goldfinch, Paevere, & Foliente, 2003; Paevere, Nguyen, Syme, & Leicester, 2008; 
Umeno & Hokoi, 2011). Additionally, moisture accumulation can cause insulation properties (R-Value) of 
materials to decrease significantly, affecting envelope thermal performance and can change the 
dewpoint location within internal and external wall systems. 

 

   

Figure 1: Three examples of sodden wall insulation and decaying timber frame behind impermeable 
membrane 

Prior to the 2019 edition of the National Construction Code, there were no performance 
requirements within the Australian building regulations to consider moisture accumulation, mould 
growth or condensation risk within new buildings. (ABCB, 2016a, 2016b, 2019a, 2019b). By comparison, 
many other nations have experienced similar issues regarding the uncontrolled moisture accumulation 
in buildings since the 1930’s (Babbitt, 1939; Croome & Sherratt, 1972; Moll & van Raamsdonk, 2011; 
Perreault, 1986; Rogers, 1938; Teesdale, 1937). This has been attributed to the differences between 
internal and external water vapour pressure, which results from differing internal and external dry bulb 
air temperature and relative humidity. In an effort to address this issue, these nations have included the 
development of, and regular enhancements to, their technical guidelines and building regulations (Ali, 
Oladokun, Osman, Samsuddin, & Hamzah, 2016; British Standards, 2002; Ministry of Business, 2014). 
The driving reasons for the development and implementation of these requirements within building 
regulations has been due to the extensive international research with regard correlations between 
moisture accumulation, building durability and human health. As mentioned above, the World Health 
Organisation WHO (2009b) recommends that no building interiors should include the presence of 
condensation and mould. This is due to conclusive cross-disciplinary evidence documenting that 
exposure to excessive indoor dampness and/or mould can result in various negative human health 
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conditions (IOM, 2004; S. Nath, M. Dewsbury, & K. Orr, 2018; WHO, 2009b; Wong et al., 2004; Yang, 
Chiu, Cheng, & Lin, 1997).  

Based on an awareness of moisture accumulation and condensation risk in buildings in Australia, the 
Commonwealth Scientific Industrial Research Organisation (CSIRO) issued a technical notes NSB61: 
Condensation in dwellings (revised in June 1970), and NSB78: Some condensation problems (1964). 
Given the growing concerns within the design and construction industries, the Australian Building Codes 
Board issued the non-regulatory Condensation Handbook (ABCB, 2014). The guidelines in this handbook 
were based on limited experiences and rules of thumb, that were unlikely to stand the test of time in 
Australia’s diverse climate types. The performance requirements that have been introduced in the 2019 
National Construction Code only apply to three of Australia’s eight climate types. The justification for 
this limited regulatory requirement is due to Australia’s diverse climate types and the complex 
education, technical skills, industry preparedness and market knowledge in the field of hygrothermics in 
Australia (ABCB, 2016a). This limited application of new regulation is in stark contrast to the nationwide 
survey (M. Dewsbury et al., 2016) and the direct feedback provided at training seminars in Darwin, 
Brisbane, Sydney, Melbourne, Hobart and Perth, which has revealed a national problem in Class 1 and 
Class 2 buildings and other non-residential buildings.   

The most accepted method to assess moisture accumulation within the external envelope, is the 
completion of hygrothermal calculations as a component of the building design process (British 
Standards, 2011; Harriman et al., 2016; International Organization for Standardization, 2012). However, 
to enable hygrothermal calculations to be completed, material vapour resistivity properties must be 
known.  Furthermore, calculation methods for the last two decades have moved from a limited focus 
about condensation risk to a greater understanding about moisture accumulation and the drying 
capacity of simulated envelopes (Chang & Kim, 2015; JPA TL Ltd, 2016, 2017; Ramos, Delgado, Barreira, 
& de Freitas, 2009). Over the same period of time, the calculation methods have evolved from steady 
state to transient calculation methods. 

Water vapour resistivity properties are an intrinsic material characteristic that describes the capacity 
of a material to allow or resist water vapour diffusion, and is obtained through laboratory measurement 
(Bomberg & Pazera, 2010; Olaoye & Dewsbury, 2018; Richter & Staněk, 2016). Previous research has 
identified that many physical properties of Australian construction materials may be outdated or not 
exist (M Dewsbury, 2015). More specifically, and with respect to hygrothermal research, the vapour 
resistivity values are not available for most Australian construction materials (M Dewsbury, Fay, & 
Nolan, 2008; Mark Dewsbury et al., 2018; T. O. Law, 2012; Olaoye & Dewsbury, 2018). To complete a 
hygrothermal calculation, the conductivity, absorptivity and water vapour diffusion properties of a 
construction material must be known. As the 2019 National Construction Code now expects 
hygrothermal calculations (ABCB, 2019a, 2019b), a distinct knowledge gap has become evident, namely; 
what is the vapour diffusion properties of Australian construction materials.  

Practically, air and many building materials contain water vapour and moisture. Relative humidity 
and air temperature is used to quantify the amount of water vapour within the air, and these are key 
factors for quantifying water vapour resistivity of construction materials. Within building materials 
water vapour and moisture are contained within the tiny pores of building materials (You et al, 2017; 
Xishan Sun, 2011; Kaynakli, 2018). A natural physical vapour pressure process causes water vapour to be 
absorbed by the air or building materials subject to dry bulb air temperature and the existing relative 
humidity. In contrast to some published international practices, the environment created around the 
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internal and external surfaces of the building materials should include a dynamic mix of air temperature 
and relative humidity.  

This paper discusses the methodology involved in the design and installation of environmental 
control equipment and methods to control the interior temperature and relative humidity of a test 
room. The temperature and relative humidity conditions will be maintained to support the laboratory 
testing of water vapour resistivity properties for Australian construction materials. The temperature and 
relative humidity conditions established will reflect measured values within new Australian homes and 
internationally accepted interior environment expectations. 

2 Testing water vapour resistivity properties of building materials 

Generally, four classifications of laboratory-based test methods are internationally recognized for the 
quantification water vapour resistivity properties of materials. These methods include electron-
analytical, sweating guarded hot plate, dynamic moisture permeation cell test method, and gravimetric 
method (ASTM, 2010; Borjesson, 2013; Elizabeth A McCullough, Kwon, & Shim, 2003; Gibson, Rivin, 
Berezin, & Nadezhdinskii, 1999; Huang & Qian, 2007; Jianhua & Xiaoming, 2007; Nilsson, Nilsson, & 
Jacobs, 2018; Richter & Staněk, 2016). Increasingly, within world leading laboratories, the preferred 
method for establishing the water vapour resistivity of most construction materials is the gravimetric 
technique (Bomberg & Pazera, 2010; Borjesson, 2013; ISO, 2016; Janz, 1997; Kuishan, Xu, & Jun, 2009; 
Olaoye & Dewsbury, 2018). The gravimetric method involves the measurement of mass. As water 
vapour leaves a test dish, the mass of the dish changes. Measurements are completed at regular 
intervals of time until no change in mass occurs. When there is no change in the mass , equilibrium is 
achieved (ASTM, 2010; International Organization for Standardization, 2012).   

To establish water vapour resistivity through gravimetric method, the building material sample is 
appropriately attached to a test dish containing distilled water or an aqueous desiccant solution, which 
is usually refer to as wet cup gravimetric testing method, as shown in Error! Reference source not 
ound.2. A very similar method can be completed using dry desiccant, which is referred to as the dry cup 
gravimetric testing method, as shown in Error! Reference source not found.. Different desiccant salts 
ither in solutions or anhydrous state are used to establish different relative humidity conditions within 
the test dish. The type of salts that are used is based on the desired type of relative humidity condition 
that is desired on the interior surface of the material being tested.  The test dish is placed inside an 
environmental controlled chamber or room, in which a constant temperature and relative humidity is 
maintained for a pre-determined period of time. The general principle is to create two environments 
with different vapour pressures, by establishing different relative humidities inside and outside the cup, 
whilst the temperature remain constant. During the test period, the dish is weighed at regular intervals 
until the mass does not change, indicating the vapour pressure of the test dish and the room have 
reached equilibrium. For wet cup gravimetric testing, the vapour flux is expected to go from the cup 
with higher RH through the material being tested to the environment with a lower RH. The reverse is the 
case for dry cup gravimetric testing, as the vapour flux is expected to go from the room with higher RH 
through the material being tested to the cup with a lower RH, as shown in Error! Reference source not 
ound.. The process is discontinued after a minimum of four weighing’s are completed which show no 
change in mass. An iterative calculation is then completed which quantifies the vapour resistivity or 
permeance value of the tested material. Both ISO 12572 and ASTM E96M describe the iterative 
calculations with appropriate formulas for extrapolating the water vapour resistivity value of 
construction materials (ISO 12572 /ASTME96). The conditions created within the test room or test 
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chamber are designed to replicate the conditions the material is expected to experience as a component 
within the built fabric. 

 

   
Figure 2: Diagram of wet cup 

test method 
Figure 3: Diagram of dry cup 

test method  
Figure 4: Diagram of water 

vapour diffusion 

Most of the vapour resistivity quantification that has been completed in the last four decades has used 
an environmental chamber (Busser, 2018; Jianhua, 2008; Wu, 2007). Some world leading research in 
Germany, Canada and Japan have used a conditioned test room (Künzel, 2003; Wu, 2007). One of the 
recognized gaps in the research is that no research has been conducted which has simultaneously 
compared results from a test chamber or a test room. Considering that data from both methods is 
classed as adequate, the international research community has raised concern that the data may differ 
subject to the method used. The merits of the measurements within conditioned test room might 
include the possibility to avoid intrinsic error that the test assembly can incur from opening, closing and 
transporting test dishes from the environmental chamber to the weighing location. Furthermore, 
several leading researchers have raised concern that the current single point method (ASTM, 2010; ISO, 
2016)) adopted by several nations is too simplistic. They have identified a need to introduce variability 
of temperature and relative humidity conditions, which may better reflect non-conditioned and 
conditioned patterns within contemporary buildings (Baker et al, 2009; Bomberg & Pazera, 2010).  

3 Methodology 

To establish a test room for vapour resistivity testing, the methodology involved the design and 
installation of environmental equipment that could control the interior temperature and relative 
humidity within the conditioned room. The accurate control of temperature and relative humidity 
conditions within prescribed bandwidths was critical to enable gravimetric based testing of building 
material water vapour resistivity properties. For this research, a test building located at the Newnham 
campus of the University of Tasmania, was reconfigured to enable the conditioned room to be 
dynamically controlled. The controls included heating, cooling, humidification and dehumidification. The 
focus of this paper is the method taken to control the environment within a conditioned test room, 
which has been identified as the most appropriate testing methodology for Australia.  

3.1 Design and description of the thermal test building 

The University of Tasmania has three thermal test buildings at the Newnham campus near Launceston. 
They include an unenclosed-perimeter platform-floored buildings, an enclosed-perimeter platform-
floored building and a concrete slab-on-ground floored building. Previous research had established in 
conditioned and unconditioned modes of operation, that the well-insulated concrete slab-on-ground 
floored test building demonstrated the most stable, least fluctuating, interior temperatures (M 
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Dewsbury, 2015; M. Dewsbury, Soriano, Nolan, & Fay, 2009). The concrete slab-on-ground floored test 
building has an internal floor area of 30.03m2 (5.48m by 5.48m), a ceiling height of 2.44m and total 
volume of 73.3m3, as shown in Figure 2 and Figure 3. The building, constructed in 2006, applied 
Australian best practice wall and ceiling insulation and air-tightness methods. The combination of the 
ground keyed concrete slab, external walls with R2.5 in-frame wall insulation, R4.2 ceiling insulation and 
a well installed air barrier system establish a high-quality test building with minimal internal 
temperature variability. 

3.2 Monitoring and controlling environmental conditions 

The control of test room air temperature and relative humidity are critical to the success of this 
research.   To enable accurate control of the test room interior environment required the installation of 
multiple sensors for temperature and relative humidity. The primary sensor location is on a pole located 
in the centre of the room, as shown in Error! Reference source not found. and Error! Reference source 
t found.. The need for at least three sensors in each location was based on previous research, which 
queried the reliability of single sensors or when two sensors had varied measured values (M. Dewsbury, 
Geard, & Fay, 2013). The sensors and other apparatus used to control the room are described in Table 1 
below.  

Table 1: Sensors and environmental control equipment 
Sensor/ 
Equipment 

Type Location Function 

Dry bulb air 
temperature (V1) 

Platinum RTD Version 1 – Centre of room, 3 sensors at 
each reference height of 600mm, 
1200mm & 1800mm  

To measure test room air temperature 
and to inform the control of the air 
conditioner  

Dry bulb air 
temperature (V2) 

Platinum RTD Version 2 – same as Stage 1 plus air-
conditioner supply air  

Same as above 

Mean radiant 
temperature  

Platinum RTD within 
150mm dia copper globes 

Centre of room, 3 sensors at 1200mm Information only 

Relative Humidity Vaisala HMW40U Centre of room, 3 sensors at 1200mm To measure test room relative humidity 
and to inform the control of the 
humidifier and de-humidifier  

Air-conditioner Daikin split system  South east corner To heat or cool the room 

Humidifier Fish tank with water heater South east corner To provide additional water vapour to 
the test room air 

De-humidifier  South east corner To remove water vapour from the test 
room air 

Data Acquisition  DataTaker DT500 with 
Channel expansion module 

  To continuously collect measured room 
temperature and relative humidity to 
control heating cooling humidifier and 
de-humidifier operation   

 

The DataTaker data acquisition equipment enabled both the collection of data from the 
temperature and relative humidity sensors and the use of alarms combined with relay switches 
to control the operation of the heating, cooling, humidification and de-humidification needs of 
the room. During the room set-up, the sensors were calibrated as per below.    
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Figure 2: South West view of test building Figure 3: Floor plan of test building 

 

 

 

Figure 4: Interior of the controlled room 
with installed controlled equipment  

               Figure 5: Architectural section of test building 

3.3 Calibration of the environmental instrument  

Calibration of the temperature and relative humidity sensors was completed to avoid intrinsic error that 
may have existed in the devices or data logging equipment. In the first instance, all sensors were 
carefully chosen for their level of accuracy and long-term reliability. A diagnostic procedure was 
established to ensure that wiring from the data logger to each sensor did not cause errors in 
measurements. The on-site calibration utilized pre-calibrated NATA certified temperature and relative 
humidity sensors provided by Industrial Technik. The calibration of the temperature sensors included 
zero degrees, room temperature and near boiling temperature. This was to ensure that there were no 
linear or non-linear errors. Any sensor that had erroneous outputs was replaced. The output from the 
relative humidity sensors was compared to the pre-calibrated sensor, whilst the relative humidity was 
increased and decreased.  

4 Discussion 

Much of the set-up and configuration of the test room followed many practices common for the 
establishment of environmentally controlled spaces. The particular points of interest were the challenges in 
controlling the room temperature and the configuration and operation of the humidifier and de-humidifier. 
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The ability to keep the temperature and relative humidity within specific bandwidths is critical. The 
temperature needs to be kept within +/-1.5oC and the relative humidity needs to be kept within +/- 2.5 RH.  

Table 1 above makes note of Version 1 and Version 2 for the measurement of dry bulb air temperature. 
The data logger combined with relay switches demonstrated a simple mechanism to control room 
temperature. However, there was a recognised time lag and regular over-heating of the test room. After 
several iterations of data logger programming and the co-location of additional sensors to inform air 
temperature stratification within the room, it was established that the difference was being caused by the 
differences in the PT100 temperature sensors which established the data-logger controlled power supply to 
the air conditioner and the inbuilt controls within the air-conditioner. An additional PT100 temperature 
sensor was installed close to the air-conditioner thermostat to establish the step difference that was 
occurring. This extra data allowed for a more informed approach to the data-logger alarm bandwidths, which 
controlled the air-conditioner power supply.  

The installation of the humidifier followed very simple practises from other world leading laboratories. 
The first concept was to use a fish pond with a water heater. Advice from world leading researchers from the 
Fraunhofer Institute of Building Physics, raised concern about the vapour lag in this method and a simple 
electric urn with a much faster response rate was adopted. The electric urn, which was controlled by the data-
logger provided extra water vapour to the room. A conventional household de-humidifier was installed and is 
also controlled via a relay switch and the data logger alarms. In practical terms, when the relative humidity is 
too high or too low, the data logger alarm switches the relay, thus providing power to the urn (humidifier) or 
dehumidifier. At the time of writing this paper, due to the time lag of some processes, this aspect of the room 
control programming is still developing.  

5 Conclusion and recommendations 

Essentially, the equipment in the test cells, comprised of an all-embracing range of temperature and relative 
humidity sensors and integrated data acquisition systems, which enable flexible monitoring and stabilization 
of temperature and relative humidity which are key parameters for the quantification. Water vapour pressure 
is driven into the test material through the humidifier apparatus, while the temperature is kept constant 
throughout the measurement. The integrated system helps in the stabilization of the temperature and the 
relative humidity through programming code registered to the datalogger. The current set up and operation 
of the temperature equipment indicates that the temperature profile required for the vapour resistivity 
quantification is obtainable as current data shows that the test room has consistently being stable since 
version 2 temperature sensors were installed. Furthermore, obtaining precise relative humidity bandwidths 
will be possible through the operation of humidifier and de-humidifier, as current humidity data indicates 
reasonably stable relative humidity profile in the interior of the test room. To date, these actions and their 
subtle improvements, will establish a test room which can maintain specific temperatures and relative 
humidity’s between 13oC and 28oC, and 35%RH and 95%RH.   

In synopsis, this paper reports the establishment of Australia’s first precisely conditioned room to test the 
water vapour resistivity of building materials via the use of a conditioned test room. As a key component of 
this research is to provide national guidance and methods for the establishment of vapour resistivity 
properties of Australian Construction materials, this is a positive outcome. The use of this environmentally 
controlled test room for measuring water vapour resistivity of building material is considered more 
appropriate than other methods due to the possibility of intrinsic errors resulting from weighing test dishes 
when the procedure requires measurement away from the temperature and relative humidity conditioned 
space.  
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Abstract: The advent of digital methodologies in architecture has signalled the promise for the re-
association of architecture and construction; the return to the architect as a master builder. 
Concurrently, the advent of design-fabrication-assembly digital continuums provides excellent 
opportunities for new architectural methodologies. These new architectural methodologies are, in turn, 
pushing the limits of existing digital-based concept within the digital continuum. Learning from the 
shortfalls of mass-customisation, mass-tailorisation is an example of such development, allowing the 
controlled tailorisation of the outputs provided by a mass-customisation system, to achieve the 
qualitative benefits of mass-production with the flexibility of choice – bound by limits. This research aims 
to create and evaluate how mass-tailorised systems can develop a digital methodology for the 
advancement of efficient and effectively bespoke architecture that responds to specific design contexts. 
To ground the research in an evaluative context, the research begins with the aim of developing mass-
tailorisable six-piece Burr puzzles. Through the use of the digital continuum, the research studies the 
relationship between the Burr puzzles and mass-customisation and its limitations, followed by a design-
led development that shifts the research to a mass-tailorisation system. This paper reports and reflects 
upon this ongoing research towards mass-tailorisation through the digital continuum. 

Keywords: Mass-tailorisation; mass-customisation; mass-production; artificial intelligence. 

1. Introduction 

The concepts of mass-production (MP) and mass-customisation (MC) provide significant influences on 
the processes and products behind today’s architecture and construction industry. In this paper, the 
concept of mass-tailorisation is introduced to provide an intermediate layer of controlled development 
in our current architecture environment – one that attempts to balance the qualitative standards of MP 
with the overwhelming flexibility of choice of MC. The paper begins by exploring the inter-relationship 
and differences between MP, MC, and proceeds to define mass-tailorisation as well as discussing the 
decision-making process underlying each system. The decision-making process is evaluated and applied 
to the design-fabrication-assembly (D-F-A) digital continuum, which in turn establishes a necessary 
relationship between mass-tailorisation and the digital continuum. The paper also introduces the six-
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piece Burr puzzle as a quantitative study and an analogy to the complexities of buildings to evaluate the 
implications of mass-tailorisation. Current research findings, limitations and barriers are addressed, and 
possible avenues for future research are proposed. The paper concludes with a discussion of the inter-
relationship between the Burr puzzle and architecture as they relate to mass-tailorisation. 

2. Mass-production, mass-customistaion, and mass-tailorisation 

2.1. The Ford Model T 

The Fordist paradigm of MP is an economic concept birthed by the progressive development of 
standardisation, mechanisation, and automation that spanned the 19th and the 20th-century industrial 
revolution (Smith. 2019). The concept revolves around the idea of economies of scale – a cyclical 
process of greater production of standardised, mechanised, and automated units increasing repetition 
of manufacture, thus increasing the efficiency of the manufacturing system and reducing the cost per 
unit, which in turn encourages higher consumption that drives greater production yet again. 

An example of MP in its full envisioned potential was the Ford Model T – the first affordable car to 
be produced. Henry Ford – considered to be a pioneer in MP - has explained the car as: “You can have it 
in any colour, as long as it’s black” (1923, p.73) (Figure 1). Ford’s explanation is an iconic statement that 
describes the essence of MP. By continually focusing on the repetition of the same output (black paint), 
the efficiency of the manufacturing system increases, enabling the decrease in the unit prices to an 
affordable level. 

MC aims to increase the number of viable outputs while maintaining the efficiency established in the 
MP system. First delineated by Tuffler (1970) and coined by Davis (1996), the economic concept of MC 
began its emergence in the late 20th century as an advanced technological progression to MP. Pine 
described MC as “the new frontier in business competition for both manufacturing and service 
industries. At its core is a tremendous increase in variety and customisation without a corresponding 
increase in costs.” (1993, pg.xiii). If MP is achieved through economies of scale, MC is achieved through 
economies of scope – “the application of a single process to produce a greater variety of products or 
services more cheaply and more quickly” (Pine, 1993, p.48). The focus shifts from the output to the 
manufacturing process. 

Applying the concept of MC to the Ford Model T, MC relieves the condition that Ford has put on the 
user. Unlike MP, MC explains to the user that “You can have it in any colour” (Figure 1). In MC, this 
statement is viable because MC at its best can increase the variety of outputs while retaining the 
efficiency of MP to keep unit costs down. 

While MC allows the increase in options for the output, the very concept of MC can also bring about 
a duality of opportunity and a problem. In the example of the Ford Model T, due to the potentially 
infinite possibilities of colour combinations, the user is faced with the ‘Paradox of Choice’ - too many 
options leading to the difficulty of making a single choice (Schwartz, 2016). Schwartz explains this 
phenomenon as: 

“learning to choose is hard. Learning to choose well is harder. And learning to choose well 
in a world of unlimited possibilities is harder still, perhaps too hard” (Schwartz, 2016, 
p.148). 

Mass-tailorisation aims to resolve this Paradox of Choice. If MC enlarged the output of a mass-
produced system to allow numerous varieties, mass-tailorisation narrows the output of the mass-
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customised system to a select few that best represent the user’s needs or desires. In the context of the 
Ford Model T, mass-tailorisation explains to the user that “You can have it in any colour – but as you are 
after a family car [a user’s need or desire], a blue, green, or red car will be the best [a selection of MC 
outputs]. So which one would you like to choose?” (Figure 1). Like MC, mass-tailorisation can create a 
potentially near-infinite number of outputs, however, by incorporating a specific design context – a 
family car for example – mass-tailorisation narrows the outputs to a select few that best meets the 
specified design context. The user is still able to make a choice, even outside the tailorised outputs. 
However, mass-tailorisation allows the user to have more control over their own decisions while 
ensuring that those decisions are beneficial to the design context in question. 

 

Figure 1: The MP, MC, and mass-tailorisation of a Ford Model T. (Source: Adapted from amazon.com) 
 

2.1. The decision-making process in MP, MC, and mass-tailorisation 

The decision of the user and the control over the decision is an essential factor that needs to be taken 
into consideration. In MP systems, due to the nature of the limited variety of outputs in exchange for 
low-cost prices, the user essentially has to meet the characteristics of the output to satisfy their design 
context (needs). The user can either decide not to acquire the product deeming that its predetermined 
characteristics do not sufficiently meet their needs, or, acquire the output even if it does not fully meet 
their requirements, potentially compromising some of their needs. This notion of compromise – labelled 
as ‘customer sacrifice’ – can determine the efficiency and effectiveness of a mass-produced output 
(Pine, 2019). 
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Figure 2: The decision making process in MP, MC, and mass-tailorisation. (Source: Author’s own image) 

 

MC can significantly reduce this customer sacrifice because theoretically, the output of the system 
can meet all of the needs of the user. This means should the user be engaged in their design brief and 
know what they are after; the mass-customised system can provide to those exact requirements. 
However, there is also the potential that the user might become ‘disengaged’ due to the numerous 
outputs that are available. More specifically, the user may become disengaged in two distinct ways: first, 
by losing rational control over the decision due to the numerous ‘distractions’ – that is the available 
outputs – and hence resulting with a perceived engaged output. Secondly, by being overwhelmed by the 
possibilities of the output that one does not know how to make the decision – the Paradox of Choice. 

In mass-tailorisation, there is less potential for the forms of disengagement explained above as the 
variety of outputs are reduced and tailorised specific for the user and their design context. The user can 
still decide to decline the outputs of mass-tailorisation and revert to the outputs of MC. However, as the 
user began with a mass-tailorised output, they will always have a reference point to refer back to and 
return to if needed. If mass-production focuses on the specific output, and mass-customisation focuses 
on the process leading to the outputs, mass-tailorisation primarily aims to focus on the user’s decisions. 

3. The digital continuum and its relation to mass-tailorisation 

In the beginning of the 21st century, as the digital environment started to develop to a level that was 
accessible to the mass public, a new notion of architectural methodology was proposed. The notion of 

“a new digital continuum, a direct link from design through to construction, [that] is 
established through digital technologies” 

was implied (Kolarevic, 2003, pg.3). Kolarevic later coins this idea as the “Information Master Builder” 
(2003). In its essence, the Information Master Builder aims to create a digital continuum from design to 
fabrication and then to assembly, with the information of the creation transferred and used in the 
digital environment throughout the whole process. 

The incorporation of the D-F-A digital continuum proves to be an important factor in the 
development of architectural mass-tailorisation systems. As more of the information of human-made 
environments transition into the digital, in the field of architecture: 

“the ultimate goal becomes to construct a four-dimensional model encoded with all 
qualitative and quantitative dimensional information necessary for design, analysis, 
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fabrication, and construction, plus time-based information necessary for assembly 
sequencing.” (Kolarevic, 2003, pg.8) 

Consequently, the act of designing, fabricating, and assembling is becoming more unified. The close 
relationship between design, fabrication and assembly, and the possibility of complete unification 
results in every architectural decision becoming more extensive in its influence within the digital 
continuum. More than ever before, decisions for design will have to consider fabrication and assembly, 
decisions for fabrication will have to consider design and assembly, and decisions for assembly will have 
to consider design and fabrication. In this context, mass-tailorisation will play an important role in 
providing more controlled decisions for the designer and the client. 

4. A case study – MP, MC, and mass-tailorisation of the six-piece burr 
puzzle 

4.1. Background 

The six-piece Burr puzzle was chosen as a case study for developing a mass-tailorised system through a 
D-F-A digital continuum. This is because the puzzle provides complexity in all three stages of its own D-F-
A to act as an analogy to the complexities of buildings within a manageable scope for the research. The 
analogy of the Burr puzzle is discussed further in Section 6. 

The six-piece Burr puzzle is regarded as the most familiar three-dimensional puzzle, consisting of six 
interlocking assemblies of notched pieces arranged symmetrically in three mutually perpendicular 
intersecting pairs (Coffin, 1991) (Figure 3). Each piece of the puzzle must be of equal length and must 
not be less than three times its width. The complexity of the Burr puzzle gained significant interest 
among mathematicians and computer scientists in the late 20th century, resulting in significant findings 
in regards to the puzzle (Coffin, 1991). 

 

        

Figure 3: An assembled Burr puzzle (left), and a single iteration of the six pieces that form the Burr. 
(Source: Author’s own image) 

 

In the six-piece Burr puzzle, every piece of the puzzle can consist of up to 24 cuboids. Of the 24 
cuboids, every piece will always consist of 12 cuboids, six on each end of the piece forming an ‘L’ shape. 
The remaining central 12 cuboids become the variables; each piece may have none to all of the 12 
cuboids, or any permutation in between (Figure 4). 
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Figure 4: The construction of Burr puzzle pieces. (Source: Author's own image) 

 

Using Grasshopper – a visual scripting software based in the 3D modelling software Rhinoceros 3D – 
the permutation logic was applied to result in 4096 various pieces. However, to ensure that the puzzle 
consists of only six pieces, any piece that was split into two or more parts were eliminated to reduce the 
number of valid pieces to 2225. Eliminating symmetrical pieces further reduces the pool to 837 (Coffin, 
1991). 

4.2. The design-fabrication-assembly digital continuum of the six-piece Burr puzzle. 

4.2.1 Design 

Working with the remaining pieces, an algorithm selects six pieces to determine whether the selected 
pieces in their defined sequential order and location can form the Burr. Once the algorithm has found 
six pieces in a specific order and location that can form the Burr, it has designed an iteration of the Burr 
puzzle. Many studies have been conducted to calculate how many iterations of the Burr puzzle are 
possible. While the exact number of solutions is yet to be calculated, it has been estimated that there 
are up to 71.3 billion iterations of Burr Puzzles (35.65 billion if mirrored puzzles are disregarded) (Cutler, 
1994). The aim of this research is not to design all the possible iterations of the puzzle, instead, develop 
a mass-tailorisation system that reduces the possible outcomes through weighted biases related to the 
digital continuum. 

4.2.2 Fabrication 

Once the algorithm has designed an iteration of the Burr puzzle, this digital information can be used for 
digital fabrication using CNC milling machines or industrial robots. Digital fabrication allows for greater 
freedom in the fabrication of Burr puzzles. Traditionally, only a pool of 59 pieces labelled as ‘notched 
pieces’ were preferred as these were the only pieces that could be easily notched using a saw or a dado 
blade. Other pieces that included blind corners and edges required additional labour such as chiselling 
or joining several sections together to form a single piece (Coffin, 1991). This process required greater 
intricacy in the craft as functional and aesthetical deficiencies were more likely, hence these pieces were 
less preferred. However, the use of digital fabrication technologies provide more control and hence 
removes these fabrication limitations, allowing more pieces to be considered of equal preference and 
produced with more efficiency. 
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4.2.3 Assembly 

Once the Burr puzzle pieces have been digitally fabricated, the same digital information that fabricated 
the pieces can be used for digital assembly. While the purpose of puzzles is to challenge the users in the 
assembly of the pieces, the goal in this research is to allow for quick and easy assembly, simulating the 
complexities of architectural assembly and construction on a small scale, and testing whether digital 
assembly is able to efficiently and effectively aid in its process. The Microsoft Hololens, an augmented 
reality headset, along with Fologram, an augmented reality plugin for Grasshopper, is used for the 
assembly section of the digital continuum. Using the Hololens, the user is able to see a step-by-step 
interactive holographic demonstration alongside the physical puzzle pieces. Without the aid of digital 
assembly, the assembly of an unfamiliar iteration of the Burr puzzle could take several hours or even 
longer. However, through the use of augmented reality, the assembly time reduces to under ten 
minutes. 

4.3. MP, MC, and mass-tailorisation of the six-piece Burr puzzle. 

When the digital continuum is able to repeatedly generate one iteration of the Burr puzzle, a MP system 
is established. Likewise, when the continuum is able to generate variations of the Burr puzzle using the 
pool of pieces, a MC system is established. One can design, fabricate, and assemble different variations 
of the Burr puzzle without compromising the efficiency and effectiveness of the process because every 
variation satisfies the requirements for the Burr puzzle. However, it is at this point that the shortfall of 
MC can be seen within this context, explained through an illustration below: 

Should the algorithm work with only a pool of 6 arbitrary pieces, there are 720 various sequential 
combinations for the assembly of those six pieces. (For this illustration, positional variables are 
disregarded. Refer to Section 5.1 for detailed analysis). If 100 of the 720 various combinations create an 
assembled Burr puzzle, there is no clear and logical method for the user to select one output over 
another. This is because the puzzle pieces did not have specific design contexts beyond its role as a burr 
puzzle piece. Due to the context-less nature of the pieces, the designed puzzles become context-less 
beyond its Burr design. Thus, no puzzle can become more ‘valuable’ than the other as all designed 
puzzles are only Burr puzzles. This leaves the selection of a single Burr puzzle to a near-random selection 
based on inefficient, ineffective, and illogical probability of chance. In other words, the user has no 
control over the selected output. 

To help address this problem, mass-tailorisation aims to add additional layers of specific design 
context to the Burr puzzles. Through this process, the outputs are able to be ranked in their ‘value’ 
against its response to the given design context. For example, a mass-tailorised algorithm will be able to 
apply specific design contexts such as ‘the easiest to assemble’, or, ‘the easiest to fabricate’. Through 
these additional layers, the outputs can be evaluated in its relativity and response to the specified 
design contexts. The designer and the client become more engaged and gain an added understanding of 
the properties of each output, helping them gain greater control over their decisions to best respond to 
the design context. 
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5. Current research findings and future research 

5.1. Limitations in large data computation and management 

The management of large volumes of data has been identified to be a key factor that needs to be 
addressed and carefully maintained throughout the research process. The Burr puzzle is essentially a 
complex permutation of several layers that can quickly populate to significant volumes of data. 

Currently, for the algorithm to solve the puzzle using a pool of pieces, ‘cuboid0’ (red cuboid in Figure 
4) of each piece is assigned as the origin, and all other cuboids of the piece – referred to as the piece 
cuboids - are referenced on their vector relationship to the origin. This reference system creates a 
unique relationship identifier for each piece. 

The assembled Burr puzzle consists of 104 cuboids – these are referred to as the puzzle cuboids. As 
the assembled Burr puzzle has a specific form, each puzzle cuboid is also location-specific. This means 
that while each of the six pieces may consist of up to 24 cuboids, the sum of the six pieces’ cuboids must 
equal to 104 and each piece cuboid must only match with one puzzle cuboid. 

The algorithm aims to place each piece within the boundaries of the assembled puzzle. Iteratively, 
each puzzle cuboid is assigned to host the origin of a selected piece to identify whether the remaining 
piece cuboids will fit within the boundaries of the remaining puzzle cuboids. Depending on whether the 
rest of the piece fits, the algorithm either retains (does fit) or discards (does not fit) the specific 
iteration. This exercise is conducted for each piece on every puzzle cuboid available in order to 
determine all the possible locations that the piece can fit within the puzzle. For example, the first piece 
– regardless of what piece it may be – will be tested 104 times; each of the 104 puzzle cuboids assigned 
to host the origin of the piece. 

Once this exercise has been done for the first piece, the same process is repeated for the next piece, 
albeit the list for the remaining puzzle cuboids will be retrieved from the specific iteration that includes 
the first piece within the boundaries of the puzzle. Again, the iterations that successfully fit both the first 
and the second pieces are retained to be used for the calculations of the third piece and so on. This 
results in great volumes of data that each contains unique positions for each puzzle piece. Combining 
this logic, with the permutation logic for the selection and assembly order of the six pieces quickly 
results in an exponential increase in data that has to be carefully managed. 

This exponential growth of data can be explained through a permutation factorial logic that is: 

n! / (n - r)! 

Where: n = the total number of puzzle cuboids; r = the total number of pieces. 

Applying this equation to the Burr puzzle algorithm that only uses six pieces as its pool, there are a 
minimum of 1.09 x 1012 various origin locations that the pieces can be tested from. 

5.2. Future research – the need for artificial intelligence? 

Due to the magnitude described above, the sheer volume of data that has to be processed is hindering 
the performance of scripting software such as Grasshopper and has proven to be a significant barrier to 
the progression of the research. Therefore, the possibilities of incorporating artificial intelligence – 
specifically, machine learning through evolutionary computation are beginning to be explored at the 
current stage of the research. As evolutionary computation deals with the processes of selection (pieces) 
and reproduction (variations on piece combinations and positions) based on performances defined by a 
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specific environment (an assembled Burr puzzle), this method of computation may be able to calculate 
the designs more efficiently (Spears et al., 1993). 

An interesting point to note is the concept of ‘fitness’ in evolutionary computation. Each 
evolutionary algorithm is based upon performances defined by a specific environment. Therefore, the 
better an individual data ‘fit’ to the performance criteria of the environment, the higher it’s ‘fitness’ 
becomes. This process holds very similar characteristics to that of the ‘specific design context’ that is 
applied in mass-tailorisation. The ‘specific design context’ that is being applied in mass-tailorisation is 
essentially a performance criterion given to the environment that is the Burr puzzle. Therefore, it could 
be speculated that the development of mass-tailorisation is highly dependent on artificial intelligence. 
Furthermore, it may be that the transition towards artificial intelligence has already initiated the 
continual development of mass-tailorisation. 

6. Discussion – the relationship between Burr puzzles and architecture 

The works of architecture create complex fields of possibilities and variations to any given design 
context upon which every decision-making process occurs. In this context, the Burr puzzle plays an 
important role in the pursuit of efficient and effective bespoke architecture through a digital continuum 
of mass-tailorisation. The puzzle provides a balance between the need for the fair representation of the 
complexities in architecture and the need for a manageable research scope. Unlike the possibly infinite 
variations in the D-F-A of buildings, the Burr puzzle has finite solutions. However, the scope of the 
solutions is too large to allow for effective and efficient decision-making process. Hence, the finite 
‘solutions’ are in-fact only ‘possibilities’ to the user. The development of mass-tailorisation allows for an 
effective and efficient decision-making process that will transform the mass ‘possibilities’ of the puzzle 
to a select, intentionally bias ‘solutions’ that consequently become the responsive outputs to specific 
design contexts. Therefore, through the investigation of mass-tailorisation of Burr puzzles, the ideas of 
mass-tailorisation can be tested within a controlled environment while maintaining its connection to the 
original intent that is the D-F-A digital continuum of bespoke architectural works and processes.  

The research revealed that efficient data computation and management is integral to the 
development of mass-tailorisation. Consequently, an off-the-shelf visual scripting software did not 
provide an efficient and effective development environment for the mass-tailorisation of Burr puzzles. 
Therefore, the need to create a tailored development environment through the programming of 
artificial intelligence has been identified by the research. This shift to a more flexible development 
environment provides greater potential for adaptability in subsequent research, allowing for easier 
transitions to architectural contexts in future. 

As an analogy for the complexities of architecture, future research using Burr puzzles will provide an 
important and essential first step towards the application of better-controlled outputs in the context of 
architecture. The research into Burr puzzles acts as a basis for the potential of integrating the concept of 
mass-tailorisation within the complexities of architecture. 

7. Conclusions 

This research aims to create and evaluate how mass-tailorised systems can develop a digital 
methodology for the advancement of efficient and effectively bespoke architecture that responds to 
specific design contexts. Firstly, the paper established the inter-relationship between MP, MC, and 
mass-tailorisation through an analogy of the iconic Ford Model T. In summary, mass-tailorisation aims to 
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provide tailorised outputs of a mass-customised system by achieving the benefits of MP with the 
flexibility of choice that is bound within the limits of a responsive design context. Moreover, this paper 
outlined that the processes of architecture from design to assembly are becoming more unified than 
ever before.  Therefore, a close relationship between mass-tailorisation within the D-F-A digital 
continuum is essential to ensure mass-tailorisation’s efficient and effective response to specific design 
contexts. 

The initial stage of this research focused on the six-piece Burr puzzle as a case study for the ideas 
presented in this paper. The Burr puzzle was identified due to its capability as a research analogy to the 
complexities of buildings through its complex but finite scope. This initial stage of the research revealed 
data computation and management as key attributes in the research process. An off-the-shelf visual 
scripting means did not satisfy the requirements for the development of mass-tailorisation. Hence, the 
need for artificial intelligence – specifically machine learning and evolutionary computation – has been 
proposed as the next step in the progression of the research. Through the mass-tailorisation of Burr 
puzzles, the research aims to establish a basis for future developments of mass-tailorisation in 
architectural design contexts. 
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Abstract: Australian education departments use relocatable prefabricated classrooms extensively to 
respond rapidly and economically to fluctuating student numbers and as emergency accommodation. 
Prefabrication has not been widely used for permanent school infrastructure, but this recently changed 
in response to unprecedented increases in student numbers. Permanent prefabrication is currently 
being commissioned by Australia’s two largest state education departments to quickly roll-out quality 
infrastructure. These multi-billion-dollar government school programs represent a major opportunity for 
step changes in the nation’s construction industry with the potential for a shift from off-site 
conventional construction towards off-site manufacturing and mass customisation. The scale of the 
program has the potential to catalyse investment for cutting edge design performance, mass 
customisation ability and the adoption of digital engineering including building information modelling 
across the life-cycle. The programs could also leverage recent research into learning environments for 
changing pedagogies. This paper provides contextual data on prefabrication in Australia and argues a 
case for prefabrication being conceptualised and evaluated not only in terms of construction innovation 
but also as a design conversation with users. This approach requires breaking down of interdisciplinary 
boundaries given siloed structures not only within government education departments but also more 
broadly within university research and industry practice. 

Keywords: Flexible school design; permanent prefabricated schools; post-occupancy evaluation; 
interdisciplinary research. 

1. Introduction 

School populations across Australia are predicted to increase to around 650,000 in the decades to 2026 
or the equivalent of around seven new classrooms every day for a decade costing an estimated $6-11 
billion (Goss, 2016). Given this unprecedented expansion in student numbers, some Australian states 
are choosing to commission permanent prefabricated building infrastructure which, for simplicity, we 
will describe in this paper as APPLEs or Australian permanent prefabricated learning environments.   

The rapid deployment by state education departments has meant that the impacts of APPLEs on 
design quality, construction processes, costs, building performance, the environment and teaching 
practices are not yet known. There has been little opportunity for either researching the APPLE 
initiatives or for providing evidence-based research input into processes.  
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Our team’s research focus has been to establish a framework for incorporating multiple disciplinary 
perspectives into the design and construction process as well as operations issues over the life-cycle. To 
date, we have gathered benchmark data on prefabrication for learning environments in Australia based 
on a scoping literature review, key interviews, four international study tours and related post-occupancy 
evaluation (POE) research providing proof of concept. The work builds upon a decade of research 
collaboration with industry on school design. 

The potential of permanent prefabrication is cross-sectoral industry transformation to achieve cost-
effective and resilient school infrastructure suitable for current and future learning and learners. We 
argue that research perspectives are needed beyond expertise in prefabrication processes to include 
expertise in optimum user experiences and value for money across the lifecycle of education 
infrastructure. Accordingly, the objectives of this paper are to: 

 Briefly contextualise the current capabilities and opportunities of the Australian prefabricated 
construction industry;  

 Identify the challenges and opportunities for taking a product design approach to construction 
and delivery of prefab schools;  

 Consider evaluative approaches for the design and construction of apples as well as their 
performance as learning environments; and 

 Highlight the inherent difficulties of combining research focusing on prefabrication design, 
supply and manufacturing with user experience data as well as the complexities of 
interdisciplinary research funding in this area. 

We propose that Australian built environment industries are falling behind industries which position 
user experience (UX) as an integral part of a more holistic research, design and manufacturing process; 
industries such as product and industrial design, manufacturing and information technology design. We 
also suggest there are challenges in conceptualising and funding complex research proposals. The 
transformative potential of prefabrication for Australian school infrastructure in terms of delivery, value 
for money, lifecycle costing and user experience rather than just being “better, faster, cheaper” needs 
to integrate aspects from multiple disciplines. 

This paper is organised into four sections. First, we present the background to prefabrication for 
schools in Australia. Second, we describe the methodology. Third, we argue for holistic research while 
highlighting the challenges of complex interdisciplinary research within the siloed structures of both 
industry and academia.  We conclude by proposing research parameters focused on transformational 
change as well as future directions for practice and research. 

2. Background 

2.1. Context – Australian prefabrication  

Prefabrication is often described as architecture’s oldest new idea and, to date, has not been a large 
part of the Australian construction industry. Only 3—4% of new buildings are prefabricated in Australia 
while the market share in Sweden for housing is more than 80% (Navaratnam et al., 2019). In Japan, 
Germany and northern Europe, prefabrication outperforms on-site construction in many ways including 
reduced on-site disruption and greater control in quality and speed [Harrison, 2018]. The first peak body 
for prefabrication, PrefabAUS was established as an outcome from a 2012 roundtable with industry at 
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the end of a three-year Australia Research Council research into relocatable learning environments 
(PrefabAUS, 2019). Since then Australia’s prefabrication industry has been evolving with new products, 
processes and factories [(Navaratnam et al., 2019). Albeit with these exceptions, Australian 
prefabrication is still primarily conventional construction within a factory environment and so 
efficiencies which might be possible through economies of scale have not yet been adopted. In contrast, 
Japanese manufacturers such as Sekisui House, Sekisui Heim and Misawa Homes utilise robotics and 
factory lines of the type used within manufacturing. The Australian market share is increasing along with 
a shift in consumer understanding of prefabrication as a high performing product (Yokota and Aye, 
2016).  

2.2. Context – prefabrication for schools  

While prefabrication is widely used within the Australian school sector, it is primarily as utilitarian 
relocatable school buildings which are often considered to be second-rate in terms of performance and 
appearance when compared to permanent school buildings constructed in-situ. However, relocatables 
are an important planned response to the provision of both government and privately funded schools, 
with them accommodating up to 30% of students in some states. These relocatable school buildings are 
variously known as relocatables, transportables, demountables, mod 5s and terrapins. Historically, 
relocatables were built using low tech and conventional construction within simple design parameters.  

In 2017 the Victorian and NSW departments of education made two important decisions. The 
Victorian School Building Authority (VSBA), a division of the Department of Education and Training 
(Victoria) committed to prefabricating 100 buildings as part of its Permanent Modular School Building 
Program. Concurrently the NSW Department of Education (NSWDE) initiated a program called 
Permanent Building through a Modular Prefabrication Approach. In both states, the permanent 
prefabricated buildings were required to match or exceed the performance, amenity and aesthetics of 
the in-situ school designs.  

Consequently, Australia’s relatively nascent prefabrication industry needs to rapidly respond at scale. 
As major infrastructure clients, the Australian education sector could act as a catalyst for holistic, 
industry transformation.  

2.3. Context – design for changing pedagogies 

In the last decade, learning space design within Australia has been changing to accommodate the 
learning needs of students in a digital rich world. Student-centred constructivist approaches to schooling 
have roots in 20th century educational theorists (Dewey, 1966; Freire, 1970; Vygotsky, 1986) which are 
further enabled by student access to digital information. Shifts to student-centred learning has spatial 
impacts as designs need to accommodate collaboration and independent research rather than just 
teacher-led ‘chalk and talk’ from the front of the classroom (Newton and Backhouse, 2013). With easy 
access to information and learning tools in digital environments, education has been transforming from 
teacher-led learning in discrete classrooms to more student-centred learning and team-teaching within 
more fluid yet purposeful open plan environments.  

Within this context, prefabrication has the potential to achieve more than quicker, better, cheaper. 
Adopting a mass customisation approach to design and construction could enable the users to be co-
designers of spaces to match their pedagogical approaches.  
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3. Methodology and novelty/innovation 

3.1. Methodological framework 

The overarching research aim of our team is to determine the transformative potential of APPLEs in 
terms of delivery, life cycle performance and user experience rather than just better, faster and cheaper. 

APPLEs are in their infancy in Australia; their impact for school systems, school users and Australian 
prefabrication more broadly is still to be evaluated. The method for evaluating the impact of APPLEs is 
two-fold; [1] address knowledge gaps in a holistic cross-disciplinary way by drawing together expertise, 
and [2] apply research methods in school design and evaluation, prefabrication, sustainability and life-
cycle asset management. 

In the longer term, the three iterative research objectives are to: 

 holistically evaluate early generation APPLEs; 

 identify the gaps and opportunities in the delivery APPLEs; and 

 develop policy, process and professional development recommendations based on research 
findings. 

This research is clustered into two key research focus areas: A: The User and B: The Building (Figure 
1). In addition to evaluating building performance outcomes, the research approach also focuses on 
educational and societal consequences. 
 

 

Figure 1: Research framework (source: Authors) 

 

The methodology involves research experts in user evaluation and building systems. The holistic 
approach is adopted to avoid developing excellent manufacturing and delivery processes at the risk of 

 

 

Figures 2 & 3: Altona Primary School Library 
(source: Arkit) 
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insufficiently responding to and accommodating user needs or vice versa. Therefore, in addition to 
engineering, cost management and digital engineering (including BIM) expertise, our team includes 
experts in architectural design, indoor environmental quality (IEQ), education and post-occupancy 
evaluation (POE). Broadly speaking, the research adopts the design science research (DSR) thinking 
(Hevner, 2004).  Leiringer and Dainty (2017) have criticised research in architecture, engineering and 
construction for lacking relevance to the real world. DSR will maximise research impact because it can 
better connect academic research with the needs of the AEC industry. We adopt Peffers et al (2007) DSR 
process: [1] problem identification and motivation (hypothesised and validated problem) [2] definition 
of the objectives for a solution (validated value proposition) [3] design, and development, [4] 
demonstration, [5] evaluation, and [6] communication. Stages 1-3 are not sequential but iterative. In 
applying DSR, the research, at all stages, involves all relevant stakeholders in the prefabrication design 
and construction supply chain, the Australian school education system and policy makers.   

3.2. Methodological innovation 

The innovation in this approach is to bring together normally disparate disciplines borrowing from the 
related fields of industrial design, interaction design and experience design as defined by Don Norman 
(2013) who is best known for coining the term UX for user experience.  Industrial design is particularly 
relevant as it optimises products and systems to benefit both user and manufacturer. Interaction design 
considers how people interact with technology. This is relevant for considering how users and designers 
interact with prefabrication processes. Experience design is also relevant for its focus on the quality and 
enjoyment of the total experience of using a product, process or service.  Given the complexity of the 
built environment, this approach is best achieved using a team approach across a range of disciplines.   

While UX design is not commonly considered by architects and developers there is a five-decade 
long history of post-occupancy evaluations (POEs) within the built environment (Preiser et al., 2015). 
Preiser defines POEs as structured and systematic analyses of building performance measured against 
clearly specified objectives. Commonly they are undertaken by specialised consultants appointed by 
either the designers or public or private sector clients. POEs consider both the building quality and the 
building process. Arguably the most extensive Australian POE into education buildings was by a 
taskforce appointed by government to evaluate value for money from a $16.2 million funding program 
called Building the Education Revolution. Value for money was considered in terms of meeting the 
budget, the timelines and the brief. 

The BER Implementation Taskforce was established by the federal government to review 
the process, assess value for money and address complaints. Given that the economic 
initiative is called Building the Education Revolution, it is curious that the final report did 
not attempt to assess the new learning environments in terms of educational fit. The risk 
with assessing “value for money” is that there can be a tendency to focus on what is 
easiest to measure rather than what is most important. The concept of “value for money” 
in the provision of school infrastructure is complex and multi-layered, and the projects 
have often benefited from the support of excellent architecture communities and 
innovation in ways that are often overlooked by post-occupancy evaluations. (Gan and 
Newton, 2012) 

User-centred theory (UCT) of the built environment has contributed to the discussion of POEs by 
considering three forms of comfort; functional, physical and psychological (Vischer, 2008). Physical 
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comfort encompasses factors that are commonly mandated through regulatory frameworks such as 
safety, hygiene and access. Functional comfort considers how the built environment supports user tasks 
and activities. Psychological comfort includes feelings of connection, choice and control.  

3.3. User experience evaluation 

Research topics 1 to 3 (Figure 1) focus on the role of built infrastructure for enhancing the occupation by 
both staff and students. We propose research is needed that combines traditional POE strategies with 
UX approaches drawing on human-centred design strategies more commonly found in technology and 
product design fields (Norman, 2013). Woolner and Hall (2010) note that:  

Solutions to noise problems will not be produced by viewing noise in isolation, or even as 
part of the physical environment, but through participatory approaches to understanding 
and adapting the structure, organisation and use of learning spaces in schools (p. 3255). 

Likewise, our decade of POE research into learning spaces has found new spaces on their own are 
insufficient to result in pedagogical change. Rather more holistic approaches are required and for this 
reason, our approach to POE includes more traditional IEQ quantitative measurements alongside mixed-
method approaches to consider the alignment of space and pedagogy. We begin with a description of 
IEQ measurements followed by our approach to POE for alignment of people, place and process. 

The impact of IEQ of school environments is commonly measured in terms of air quality, thermal 
performance, acoustics and lighting. One of the research team has developed a relational method that 
scores IEQ against best practice to help users understand performance (Figure 4).  

 

Figure 4: IEQ measurement example (source: Soccio) 

Here measurements of thermal comfort, acoustics, air quality and lighting are communicated as 
relative to best practice. Many research studies link student outcomes with aspects of IEQ such as 
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ventilation (Fisk, 2017), lighting design (Heschong et al., 2002) and acoustics (Woolner and Hall, 2010). 
Therefore, is it important for data to be collected for recently constructed permanent prefabricated 
buildings and compared with comparable in situ buildings. The mature prefabrication systems within 
Germany, northern Europe and Japan are recognised for higher performance than in situ construction 
through controlled and automated factory processes (Navaratnam et al., 2019). Australian research is 
needed to determine if recent Australian school prefabrication is meeting or exceeding the performance 
of in situ buildings. 

Our parallel POE approach on alignment of people, place, pedagogy and processes focuses on user-
voices beginning with strategic interviews with school leadership and facilities managers and 
consultants involved in a project. These interviews explore the vision and values. Students and staff are 
invited to respond to a user survey that includes multiple-choice questions. An observational 
walkthrough is undertaken by a small interdisciplinary team who evaluate and discuss what they 
observe. Findings from the interviews, survey and walkthrough are collated and presented to 
participating staff, and leadership, facility managers and consultants as focus group discussions around 
targeted questions. Based on this study an integrated report is developed that is compared with our 
database of findings from our related studies including a major study of 38 schools and interviews with 
300 teachers and nearly 4000 students.  

3.4. Prefabricated building evaluation 

Research topics 4 to 6 (Figure 1) focus on digital engineering, design and manufacturing processes, and 
performance. Prefabrication manufacturers have systems and need volume to achieve economies of 
scale to pay for larger overheads. Egan (1998) suggests that prefabrication should not be compared with 
a car production line but rather a whole process for planning the production of a new car. Architects 
need to design in ways that take advantage of prefabrication systems by engaging with suppliers early in 
the design process. The design profession needs to embrace a level of product or industry design 
thinking with prefabrication central to the design and construction concept from the outset if maximum 
benefit is to be achieved. Numerous postgraduate architectural, construction and engineering programs 
are developing training in advanced manufacturing technologies such as those of the Technical 
University, München and The University of Melbourne. Our POE approach captures data on: [1] enablers 
and inhibitors in the use of BIM; [2] the integration of design with prefabrication manufacturing 
processes, and [3] the performance of APPLEs in terms of time, cost and life cycle assessment. 

4. Discussion 

These multi-billion-dollar government school programs may provide a proof-of concept catalysing a step 
change in Australia’s construction industry leading to a more extensive takeup of prefabrication. 

4.1. Evaluation as an interdisciplinary process 

Holistically evaluating these early generation APPLEs through the dual lenses of a) The User and b) The 
Building will generate multiple data sets to consider not just the construction innovation but also the 
designs, the users and the processes in place.  It will inform both clients and industry about the gaps and 
opportunities for transformation. 
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4.2. The potential and risks of prefabrication for school learning environments 

Prefabrication has potential to be more than quicker, better and potentially cheaper than traditional 
construction; shifting from one-off design to manufacturing and mass customisation can provide 
advantages in management efficiencies and flexibility across the life of the building as needs of users 
change. Unless carefully managed, prefabrication may result in cookie-cutter outcomes delivered to 
school users who are disconnected from the design process. Design mistakes risk being multiplied, 
potentially impacting thousands of users over time. Australian relocatable school infrastructure has 
largely focused on the delivery of standardised modules. Borrowing manufacturing strategies from the 
care and computer industries can enable mass customisation and personalisation which invites users to 
co-design to suit their particular needs (Kieran and Timberlake, 2015; Holzer, 2014). Customisation 
within a design range could allow educators to adapt the physical environment to suit new technologies 
and new generations of learners.  

 4.3. The roles of digital engineering (including Building Information Management BIM) 

A digital engineering (DE) approach to procurement can facilitate the integration of the project team 
with the design, construction and operation of a building. Mass customisation leveraging digital data 
over the lifecycle can make it possible to provide high performance and higher quality schools at lower 
prices. The opportunity is that the delivery of mass customised modular systems using DE and BIM 
approach can permit flexibility in choice and adaptability to meet individual school preferences and 
needs (Aibinu et al, 2017). At the same time, DE and BIM can allow the supply chains a large degree of 
production control, quality performance and cost. Virtual prototyping using BIM can increase 
interoperability for the collaboration between different actors in the prefab school delivery and the 
information systems they use as well as facilitate collaboration in such multi-user environment where 
conflict identification and resolution can become transparent (Bosch, 2014). DE and BIM can ensure 
reliable project planning by allowing reliable projections in time, including identification of conflicts in 
processing and assembling of components. The supply chain behind each module of the system can 
reduce decision and production sequences and times, thereby increasing reliability and reducing 
uncertainties. The involvement of the supply chain can be extended to the operation stage, making 
maintenance transparent, effective and efficient (Bosch, 2014).  

The use of DE and BIM enables opportunities to link structural datasets within and beyond the 
construction sector. Portfolio information models allow performative data to be tracked in ways that 
assist in addressing major societal issues such as sustainability and comfort. This has been referred to as 
Level 3 BIM maturity where performance becomes the primary objective, enabling the assets delivered 
to support end users in achieving business outcomes (HM Government, 2015).  

4.4. The potential of Plug n Play components for adaptability over time 

Change is an integral issue that buildings need to respond to.  A modular, product design approach to 
prefabricated components could support the adaptability of APPLEs over time.  As an example, plug n 
play wall panels could allow for easy upgrade of learning resources such as interactive whiteboards with 
the next generation of interactive technology.  The potential for future-proofing with such approaches 
could lead to significant cost and time savings over the life of an APPLE. 
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4.5. Getting more from prefabrication 

As summarised in the Table 1, inter-disciplinary research, and deeper awareness of the user experience, 
can begin to identify opportunities. 

Table 1: Opportunities for users and buildings: getting more from prefabrication. 

Opportunity Detail 

Systems-focused Efficiencies in procurement chains through product life cycle management   
Environmental performance Reduced resource demand and waste with high operational performance 
Economic sustainability Including whole of life costing thinking 
Building Information Management Options for click and connect upgrades 
Building agility Cradle to cradle thinking and adaptability to match pedagogy 
Hybrid manufacturing Efficiencies and specialisations 
Mass customisation In preference to mass production 
Site specific Considering context and character 
User selection Interactive virtual and physical prototypes for co-design 
Speed of construction Higher speed of construction and less time on site compared with in situ 
Quality and speed Higher quality possible in factory compared with in situ 
Industrial design strategies User experience (UX) focus and client to design interfaces 
Occupant comfort Combined impact of design solutions optimised for IEQ  
Buildings as 3D textbooks Innovative design and delivery processes as part of school STEM curriculum 
Nurture industry Increased demand for prefabrication across education sector 
Catalyse industry Client performance specifications seeking step-change in industry offer 

5. Conclusion 

Drawing on overseas precedents we argue prefabricated learning environments can offer more than of 
current school infrastructure but achieving such a step change requires shifts in processes and attitudes. 
Part of our contribution has been to map the interdisciplinary parameters that need to be considered 
holistically if the user experience is to be optimised alongside manufacturing of prefabrication. We 
challenge the architectural science profession to consider whether such integrated research is possible 
given current disciplinary constraints within our research cultures, our universities and funding regimes. 
Is it time to challenge disciplinary blind spots by requiring research to include interdisciplinary views? 
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Abstract: Whenever any policies are made for the eradication of the slums, it is always observed that it takes a 
substantial amount of time in understanding the same. Thereafter when the actual implementation starts at ground, 
because of many valid reasons, nil initiatives/attempts are taken by the authorities in exploring the alternative 
materials/technologies into these projects. As a result, the projects are executed using conventional materials 
without considering environmental hazards. Government of India has taken an initiative in which affordable housing 
will be provided to the slum dwellers with a target of building 20 million affordable houses by March 2022. The 
increasing demand for material supply in construction industry has become a concern and on the other hand 
construction wastes and debris is another headache. Both the activities are considered as major contributors of 
environmental pollution. Keeping this in mind, it is advisable to go for the concept of 3Rs i.e. Reducing, Recycling & 
Reusing the waste generated from construction and demolition activities for the purpose of new construction. This 
study will assess the quantum of construction waste generation in a slum redevelopment site which can be reused, 
recycled for implementing the Affordable Housing schemes for the slum dwellers. 
 
Keywords: Slum; C&D waste; Recycle; Construction. 

 

1. Introduction 

Food, clothes and shelter are the three basic needs non fulfilling of which tall claims of progress by any government 
projects a fake reality.  India, which is one of the fastest growing economy in the world and one of the fastest 
developing countries of the world, yet ground realities suggests there are millions homeless, especially in the urban 
areas.  
In Guwahati alone, in the year 2010-11, around Rs. 10 crore was spent for the upgradation of the existing slums 
through BSUP project but the condition and the number of slums still remains the same. As per Rajiv Awas Yojana 
(RAY) draft Slum Free City Plan of Action, a total of around 170 slums have been identified in the city of Guwahati, 
covering an area of approximately 1.28 sq. km with a total slum population of 90500. The slum population amounts 
up to 9 percent of the total population of city of Guwahati.  37 percent of the slums in Guwahati came up in the past 
45 years. On an average there is an increase of 12 new slums per decade in Guwahati. The oldest slum in Guwahati is 
about 130 years old and three slums are more than 100 years old.  
More than 20 slums are 21 - 30 years old and most of the slums are in core areas of the city. In many cases, in 
Guwahati alone, the slums have come up in the hills which has resulted in the unauthorized cutting of the hills 
resulting in serious threat of landslides and artificial floods.  
As per Census of India, the definition of Slum has evolved based on the present condition of the urban poor. 
Presently the definition of slum adopted is as “Residential areas where dwellings are unfit for human habitation by 
reasons of dilapidation, overcrowding, faulty arrangements and design of such buildings, narrowness or faulty 
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arrangement of street, lack of ventilation, light, or sanitation facilities or any combination of these factors which are 
detrimental to the safety and health.”  
 
The rate of increase of the urban population in India is higher than the normal overall population. With over 575 
million urban populations, India will have 41% of its population living in cities and towns by 2030 from the present 
28% of the population totaling 286 million. Due to rapid urbanization, the number of slum dwellers is rising in Indian 
cities. The slum population has increased from 27.9 million in 1981 to over 40 million in 2001 to a whopping 65 
million in 2011.  
60% of India’s GDP comes from cities and the bulk of city services is provided by the informal sector, and yet it is to 
be noted that in most of the development projects, a quarter of the urban population is excluded. Another important 
aspect is that, in most of the cities of India, where slum dwellers constitute 25%-40% of the city population, they 
rarely occupy more than 3%-5% of the city space. Also, in India, it has been observed that most of the slum up-
gradation policies the architectural and the planning guidelines are not followed to the point. In most cases, the 
schemes are made on a holistic approach in which the entire country has a uniform guideline. India being   very vast 
county, the problems in all the states are different, each possessing a unique characteristic. Due to this, most of the 
schemes have failed to address the real problems in slum eradication in a particular state or territory. Also all the 
states have different architectural styles. In most of the schemes, there is no proper justification for the allotment of 
the sizes of the dwelling units or the basic services that are to be provided in the houses.  

1.1 Novelty/Innovation and methodology 

Providing affordable shelter to the people living in slums has been always an ambitious target by the Government. 
Whenever any policies and program are proposed by the government, it is observed that in most of the times a 
substantial amount of time is taken in understanding the same. Thereafter when the implementation starts at 
ground because of many valid reasons, no initiatives are taken by the implementing agencies in exploring the 
alternative materials and technologies into these projects. As a result, the projects are done using conventional 
materials in most of the cases causing environmental hazards.  
Government of India has taken an initiative in which affordable housing will be provided to the slum dwellers with a 
target of building 20 million affordable houses by  March 2022. On one hand, the increasing demand for raw material 
supply in construction industry has become a  major concern and on the other hand - handling Construction & 
Demolition waste is a serious botheration. Both the activities are considered as major contributors of environmental 
pollution. Keeping this in mind, both government and designers/engineers are aiming to go for the concept of 3 R’s 
i.e. Reducing, Recycling & Reusing the waste generated from construction and demolition activities for the purpose 
of new construction. This study will assess the quantum of waste generation in a slum pocket which can be reused, 
recycled for implementing the Affordable Housing schemes for the slum dwellers. 
Traditionally, waste reduction in design and built environment settings was a response to legislation and rising 
landfill costs. As a result, although materials are diverted from landfill, their value is often degraded, preventing them 
from re-entering the system (for example, downcycling materials to aggregates for construction fill or recovery as 
refuse derived fuels (RDF). With resource scarcity becoming a clear threat to current operating systems, preventing 
waste at source through design is a priority. As many construction materials are considered to be of low value, any 
actions aimed at recovery are seen as an added cost. Therefore, the idea of circular economy design should be 
applied from the inception of any project. 

1.2 Circular economy design  

The circular economy is one that’s sustainable and eliminates waste to the maximum possible extent. It’s about 
developing new business models, designing smart products, remanufacturing and reprocessing to create new 
products from old, and repairing what we can – all to keep products and materials within the economy for as long as 
possible. Designing out of waste is one of the key codes of the circular economy – a concept inspired by observing 
the flow of resources in nature. In the living world, there is no landfill for waste materials and resources flow in a 
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cyclical way. Many sectors, including construction, operate largely within a linear economy model, which assumes 
resources are abundant and we can make, use and dispose them without consequences. Policy makers are now 
looking at more sustainable and restorative models, which will allow resources to flow in a circular way, eliminating 
waste wherever possible.  
There are several fundamental principles that underpin circular economy thinking. Table 1 demonstrates how these 
concepts can be applied to the construction and built environment sector, and emerge as opportunities for designing 
out waste. 

Table 1. Circular economy principles and related designing out waste opportunities 
Circular economy principles Example designing out waste opportunities 

Prevention  Design for sequential access to relevant services to prevent material damage during 
maintenance and repair 

Share  Allow flexibility within design to acquire unconventional items if necessary and to allow for 
the potential for material exchange 

Life extension  Design to use durable components and fixings 

Re-use  Prioritize the sourcing and use of re-used materials 

Refurbishment/ remanufacture Consider the use of temporary or reloadable structures 

Open-loop recycling Design to specify the use of recycled materials where possible 

 
There are five key principles around how to design out waste. They play their part in effective implementation of 
Circular Economy -  

i) Design for waste-efficient procurement - This is a facet of the efficient management of the overall construction 
process. It involves early and ongoing communications between clients, design teams, contractors and sub-
contractors, and a review of any specifications that may restrict waste reduction options. If departures from 
standard specifications are required to enable waste reduction, these are more readily implemented if 
identified by the design team and discussed with the client and contractor. 

ii) Design for materials optimization - This principle focuses on making the most efficient use of resources without 
compromising design or quality. Design solutions that lead to a significant reduction in waste generated and 
costs consider the minimization of excavation, simplification and standardization of materials and components, 
and dimensional coordination. 

iii) Design for off-site construction - The concept of industrialized prefabricated building, based on the principle 
that as much of the work as possible is done in a factory environment, leaving simple assembly operations to 
take place on site, is not a new one. Off-site construction can result in changes to on-site practice and may 
require different specialist skills. Therefore, it should be specified early in the design process. Off-site 
manufactured components should incorporate the principles of designing out waste in their own design. 

iv) Design for re-use and recovery - This principle focuses on the whole life cycle of the materials used, extending 
their life and preparing for recovery. Actions relating to this can involve re-using existing structures on site, 
sourcing reclaimed products such as roof slates or timber components, excavation arising (such as using 
intelligent cut-and-fill methods to minimize waste generation and the need for virgin materials) or crushed 
demolition materials. 

v) Design for deconstruction and flexibility - Design for flexibility of use and deconstruction, as well as climate 
adaptation, is a principle focusing on the whole life cycle of the building and is strongly linked to the design for 
re-use and recovery principle as it allows for materials to be re-used at the end of their life. Examples of this 
idea can include the use of partitions to allow spaces to be reconfigured or the use of bolts instead of adhesives 
for deconstruction. 

According to the World Green Building Council the construction sector accounts for up to 40% of waste in landfill 
sites worldwide. The National Waste Information Baseline Report indicates that the construction sector is 
responsible for 8% of all waste generated, although it is unclear whether this number includes the waste from 
product suppliers during production, which is significant. Importantly this statistic also excludes the ongoing 

http://alive2green.com/net-zero-waste-construction/www.worldgbc.org/
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operational waste generated in all occupied buildings, and so is understated. Construction waste is made up of 
aggregates (concrete, stones, bricks) and soils, wood, metals, glass, biodegradable waste, plastic, insulation and 
gypsum based materials, paper and cardboard, a very high percentage of which are reusable or recyclable if 
separated at source. 

 

2. Design 
Architects and engineers have a very significant opportunity to affect the waste generated through the life cycle of a 
building by determining the method of construction and the materials specified. From simple strategies like utilizing 
building rubble onsite as fill for instance, or reusing items from demolished buildings such as wooden window 
frames, by specifying materials with recycled content, and adopting strategies and building methods geared to 
dismantling and designed for deconstruction – design affects everything, and with careful planning and consideration 
given to waste and reusing materials at concept stage, much waste to landfill can be avoided. 
The construction industry  is  one  of  the  largest and  most  significant industries,  being  at  the same time the main 
consumer of natural resources  and  one of  the  largest  polluters. Current construction  practices  of dumping the 
wastes  in  landfills  allow  for  the  depletion  of  natural  resources  and  does  not  account  for  energy  and  material 
conservation. Wastes  from  the  construction,  remodeling,  and  repairing  of  individual  residences,  commercial 
buildings, and other structures are classified as construction  wastes. The generation  of  construction  waste  can be 
attributed to the different phases of construction such as design, procurement and handling of materials as well as 
operation. Construction and  demolition  waste is  considered one  of  the largest  amounts of  waste in  the solid 
waste  stream,  and  represents  a  real  threat  to  all  countries.  Its composition is  not  unique  and  depends  on  
the techniques of construction, type of building, country and many other factors. Factors of location and  design 
make it intricate to  accurately formulate  a  typical  list  of  the  components  of  construction  waste arising  for all  
construction projects worldwide. It is possible however, to identify a number of key components, which can be 
expected to occur to some extent in the waste stream in the majority of construction projects, such as:  

1. Concrete  
2. Wood  
3. Metal ferrous (Steel)  
4. Metal Non ferrous (Copper , Aluminum)  
5. Masonry (bricks and mortar)  
6. Plastic  (PVC pipes, plastic films for packaging, wall coverings )  
7. Glass  
8. Ceramic Tiles  
9. Insulation Material (mineral wool insulation, Styrofoam)  
10. Drywall/gypsum board  
11. Filling material (gravel, sand and soil)  
12. Paper and Cardboard   
13. Marble and granite  

2.1 Construction waste  

The construction industry is one of the largest and most significant industries, being at the same time the main 
consumer of natural resources and one of the largest polluters. Current construction practices of dumping the 
wastes in landfills allow for the depletion of natural resources and does not account for energy and material 
conservation. Wastes from the construction, remodeling, and repairing of individual residences, commercial 
buildings, and other structures are classified as construction wastes. The generation of construction waste can 
be attributed to the different phases of construction such as design, procurement and handling of materials as 
well as operation. Construction and demolition waste is considered one of the largest amounts of waste in the 
solid waste stream, and represents a real threat to all countries. Its composition is not unique and depends on 
the techniques of construction, type of building, country and many other factors. Factors of location and design 
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make it intricate to accurately formulate a typical list of the components of construction waste arising for all 
construction projects worldwide. It is possible however, to identify a number of key components, which can be 
expected to occur to some extent in the waste stream in the majority of construction projects, such as: 
Concrete, Wood, Metal ferrous (Steel), Metal Non ferrous (Copper , Aluminum), Masonry (bricks and mortar), 
Plastic (PVC pipes, plastic films for packaging, wall coverings), Glass, Ceramic Tiles, Insulation Material (mineral 
wool insulation, Styrofoam), Drywall/gypsum board, Filling material (gravel, sand and soil), Paper and 
Cardboard, Marble and granite. Many of the components of the waste stream have been subject to lots of 
research concerning their possible recycling techniques, as well as their reuse options in a trial to reach zero 
waste. The life cycle of a building used to be a one-way process. Building materials were extracted and used in 
construction and once the building is demolished, the materials were dumped in a landfill.  

 
Fig 1- Pie diagram showing the percentage of construction wastes generated in a standard construction site 

2.2 Learn to earn model (LEM) 

Waste management and slum formation are two major problems worldwide; they can be seen as interrelated 
problems in the conventional sense that the more slums are formed, the more wastes are accumulated which 
raises the bar for reaching a solution to urbanization and waste management problems. On the contrary, in a 
modern thinking approach and as the world is focused around the Zero waste concept, waste can be seen as a 
wealth.  
The Learn to Earn Model is considered as a human development model which helps the slum dwellers learn a 
skill by which they can generate income to sustain their daily living costs. It is designed to serve the community 
on the bigger scale by employing the slum dwellers on many activities which has positive social and economic 
impacts and promote sustainability. The main goal is to support the slum dwellers on the human development 
aspects as well as teaching them new skills. It helps in raising awareness of both men and women, providing 
training, workshops and other social activities according to their needs and condition in terms of age, physical 
ability and health condition in order to improve the slum dwellers level of education and skills to enhance their 
performance on the LEM approach.  

2.3 Zero Waste and Closed Loop Thinking in the Construction Sector 

There is a growing interest from architects in zero waste concepts. Cities and urban development are the areas 
where all concepts come together and can be embedded into practice into redesigning urban systems with zero 
waste and material flow in mind, by transforming the existing city and upgrading its recycling infrastructure in low-to-
no carbon city districts. It‘s timely to rethink prefabrication and  design for disassembly building resilience into urban 
systems. This will change the way we design, build and operate city districts in future (acknowledging that zero waste 
is much wider and complicated than expected at the first glance, and that we still have long distance from zero 
emission to zero waste in regard to the construction sector). For instance, façade systems made of composite 
materials create recycling and resource recovery problems. No debris should go to landfill, but instead, if allowable, 
may be used for leveling the site or may be as landscape elements. Concrete companies should use sustainable, 
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REUSING 

REDUCING 

RECYCLING 

recycled aggregates. Concrete was previously regarded as being difficult to be recycled, as closed-loop recycling for 
concrete structures is expensive. But concrete-related waste is now increasingly used as recycled aggregate (RA) for 
new concrete structures, and intensive research is carried out in Japan and China on new concrete recycling 
methods. The city district as a unit appears to be a good, effective scale. It means rejoining the urban with the rural 
community, therefore neighborhood and precinct planning must consider the climate crisis. For instance, planning 
better cities requires that composting facilities and recycling centers are in close proximity to avoid transporting 
materials over long distances. Reducing energy embodied in construction materials is an important strategy for 
mitigating our fossil-fuel dependency. Keeping the existing building stock is important, as the most sustainable 
building is always the one that already exists. Retrofitting existing districts is, therefore, essential. 
 

 

 

Fig. 2 – Rate of growth of population in urban & 
Rural India 

Fig. 3 – Concept of Reusing, Reducing and Recycling 

 

3. Comparative study for cost analysis for conventional construction materials vs. 
construction using waste materials 

Rajiv Awas Yojana is one of the latest schemes for the eradication of slums in which dwelling units are being 
constructed at present. As per a pilot DPR for slum housing in Guwahati, the total civil cost of one dwelling unit of 
carpet area 24.30 sqm using conventional materials is Rs 3,40,117.00. This excludes the cost of the earth-filling and 
excavation of the site, painting, electrical fixtures, plumbing fixtures, plinth protection works and periphery drains 
and anti termite treatment of the site. However, by alternative construction technology using waste materials, the 
same construction cost can be reduced to Rs 2,23,286,00 excluding the same items. Primary emphasis is given to the 
use of recyclable waste materials along with alternative construction materials.  
Instead of conventional bricks of size 75mmx112mmx230mm which was proposed in the pilot DPR, alternative bricks 
made of fly ash and plastic waste in the ratio 30% fly ash and 50-60% plastic along with admixtures can be used to 
manufacture the bricks of the same size thereby reducing the cost by approximately 40-50% as per market survey 
analysis of the local market. Another advantage of the fly-ash plastic bricks is that it reduces the dead load of the 
structure and no plastering is needed to be done. By using recycled polythene sheets of 400 micron below the P.C.C. 
layer in the floor, the thickness of the P.C.C. layer as proposed in the pilot DPR can be reduced to half, thereby 
substantially reducing the construction cost and also using one of the key waste material – plastic.  
Bamboo can be used as a reinforcing material on the slabs instead of steel. Though the stability of bamboo as 
reinforcement on the columns and beams is not recommended in the present, It can be easily done on the slabs, 
reducing the cost substantially. Old CGI sheets and bitumen drum sheets for the bitumen used in road construction 
can be used for the shuttering instead of plywood as proposed in the pilot DPR. Compressed bamboo and wood can 
be used instead of conventional wood as proposed in the pilot DPR. Although, there isn’t much of a cost difference in 
both the materials, in the long run, it will be beneficial as it would mean less cutting of the trees and also the bamboo 
used for supporting the shuttering members can be treated, compressed and made into  analysis of the materials 
with their cost analysis is given below 
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 Table 2 - The comparative analysis of the conventional materials vs. Alternate Building materials using waste 
materials with their cost analysis 

 

 
S.N
o 

Item Quantity Unit 

Total Cost 
(As per 
APWD SOR 
2013-14) in 
Rupees 

Bricks (in 
no. size 
230x115x7
5mm) 

Cement 
(Bags of 
50 kg 
each) 

Sand (in 
Cum) 

Chips 
(in 
Cum) 

Item (Alternate 
building material using 
waste materials) 

Costing in 
Rupees 

1 
Brickw
ork 

2.45 Cum 9538.29 1225 8 1.017 Nil 
Flyash plastic bricks 
(30% flyash+50-60% 
plastic + admixtures) 3815.316 

2 
Brickw
ork 

129.37 Sqm 50,872.93 7244.72 48 
6.01459

611 
Nil 

Flyash plastic bricks 
(30% flyash+50-60% 
plastic + admixtures) 20,349.17 

3 
PCC 
(1:3:6) 

0.75 Cum 3199.7 Nil 4 0.342 0.684 

400 micron recycled 
polythene sheets with 
concrete reducing the 

amount of of PCC 
thickenss by 50% 1599.85 

4 
PCC 
(1:4:8) 

1.44 Cum 5620.83 Nil 5 0.673 1.35 

400 micron recycled 
polythene sheets with 
concrete reducing the 

amount of of PCC 
thickenss by 50% 2810.415 

5 
Mortar 
(1:4) 

0.5759409
6 

Cum 
Included in 

brickwork as 
per SOR 

Nil 
4 
 

0.43195
572 

Nil 
No alternate material 

to be used 
1100 

6 

Plaster
ing  
(1:4) 
(10 
mm) 

63.6 Sqm 7431.21 Nil 8 1.0176 Nil 
No need to plaster for 

Flyash plastic bricks 

0 

7 

Plaster
ing  
(1:4) 
(15 
mm) 

337.26 Sqm 17736.05 Nil 51 6.74 Nil 
No need to plaster for 

Flyash plastic bricks 

0 

8 
Floor 
(1:2:4) 
25 mm 

15.98 Sqm 3699.36 Nil 2 
1.14142

857 
2.2828

571 
No alternate material 

to be used 
3699.36 

9 
Floor 
(1:3) 
15 mm 

5.86 Sqm 1350.9 Nil 1 
0.06592

5 
Nil 

No alternate material 
to be used 

1350.9 

10 

RCC 
(M20 
grade) 
(1:1.5:
3) 

18.83 Cum 85741.95 Nil 
99 

 
5.13545

455 
10.270

909 
No alternate material 

to be used 

85741.95 

11 
Reinfor
cemen
ts 

22.17 Qntl 89756.62 Nil Nil Nil Nil 

Bamboo Cement 
concrete flooring slabs 
to be used which will 
reduce to costing by 

60% to 75% depending 
upon the availability 

and transportation cost 
of bamboo 

44878.31 
 

12 

Plywoo
d 
Shutte
ring 

163.84 Sqm 31475.1 Nil Nil Nil Nil 
Reusable CGI sheets 

and bitmen drum 
sheets can be used. 

25000 
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13 

Plywoo
d 
Shutte
ring 

7.41 R.M 753.83 Nil Nil Nil Nil 
Reusable CGI sheets 
and bitumen drum 
sheets can be used. 

0 

14 Wood 6.68 Sqm 21882.83 Nil Nil Nil Nil 

Compressed bamboo. 
Cost is more than 

wood, but it is more 
durable and eco-

friendly and helps in 
reusing the bamboo 

which may be used in 
supporting the 
shuttering and 

scaffolding 21882.83 

15 
Glass 
(3mm 
thick) 

3.32 Sqm 1613.89 Nil Nil Nil Nil 
No alternate material 

to be used 
1613.89 

16 Tiles 14.54 Sqm 9443.42 Nil Nil Nil Nil 
No alternate material 

to be used 9443.42 

 

Total 
Costin
g 

 
3,40,116.91 

 

      
2,23,285.41  

 

 
4. Conclusion 

 

Though many ways are available for the eradication or rather up-gradation of a slum, slum development using zero 
waste concept can help in the fulfillment of a dual purpose. Slums and waste disposal are two of the burning 
problems that is being faced by almost all modern civilizations. Using zero waste technology, the problem of disposal 
of wastes, especially the construction wastes is solved to certain extent. Also, construction through wastes reduces 
the construction cost by a substantial amount which in-turn helps in the construction of more number of dwelling 
unit against the allocated amount by a particular scheme. It can strengthen the Government policies on housing and 
slum up-gradation in multiple ways: 

1) In meeting the housing supply in slums through a very low cost manner. 
2) In handling the C& D waste.  
3) In handling waste materials like plastic, which otherwise is a nightmare for waste disposal. 
3) In preserving the resources of the country which in otherwise is used in the manufacturing of the construction 
materials. 

With a proper understanding, methodology and analysis, a model can be proposed with alternate construction 
materials which shall be of recycled existing materials which are otherwise considered as wastes, and are mostly 
dumped in the dumpsites or landfill areas. Its feasibility will be tested and evaluated in order to assess its advantages 
and disadvantages and methods of viable implementation, which if successful, could be helpful to the slum 
upgradation process and also solving the problem of wastes to a great extent. 
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Abstract: India has the largest area under rice cultivation as rice being the dominant crop in the country. 
India produces 98 million tonnes of paddy with roughly 130 million tonnes of straw. To increase the crop 
yield, farmers do not keep the field idle and they try to make the  field  ready  for  the  next  crop.  Thus  
managing  the  residual  straw  for  site  clearance  is always an issue. Burning these residuals is the 
quickest solution for them. Again, Architects, engineers are in desperate search of environmentally 
responsible building material. Straw- bale  can  be  a  very  good  solution  to  meet  all  the  related  
issues  for  a  environmentally sustainable material. Straw is not a new building material in our country. 
The image of the entire rice producing rural belt area in the country has changed over the past few 
decades. The roof cover has shifted from thatch made of straw to tin or asbestos. While, the use of 
straw  bale  in  contemporary  construction  has  increased  significantly  in  recent  years  in many 
countries like  US,  UK,  Canada,  Australia  and Japan,in  India,  formally the  straw bale construction  is  
not  yet  so  popular  and  accepted  in  spite  of  a  felt  absence  of  sustainable building  materials.  The  
aim  of  this  paper  is  to  examine  the  viability  of  straw  bale  as  a material-technology  to  meet  our  
future  construction  needs  especially  in  pre-urban  and rural areas. 

Keywords: Strawbale, sustainable, embodied energy, prefab construction materials 

1. Introduction 

Agricultural production has increased a lot in India due to the new irrigation schemes, use of 
agrochemicals, advancement and mechanization of farming practices which finally leads to an  ample  
amount  of  agro-waste.  Our country needs  to  get  a  solution  for  sustainable management of 
agricultural waste due to the increasing population, production rates and economic  growth.  We  get  
the  majority  of  crop  residue  from  wheat  and  rice  crops  which needed to be managed or reused. 
Northern Indian states such as Punjab, Haryana and Uttar Pradesh are suffering from severe air 
pollution because 92 Mt of crop residue is burnt each year. 

Out of 500Mt crop residue of India majority of it is used as raw material for energy production, 
for  fodder  etc.  Due  to  the  lack  of  proper  disposal  opportunities  and  lack  of technical  awareness  
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the  small-scale  farmers  find  burning  the  best  way  to  dispose of  the crop  waste. According  to the  
National  Center  for  Biotechnology  Information  advances science and health the air quality has 
become really poor in northern India to nearly twice the  permissible  Indian standard and ten  times 
higher than  the WHO standard because of large  scale  burning  of  crops  in  that  leads  to  CO2,  CO,  
N2O  and  NOx  emission  in  the  the atmosphere  and  has  led  to  a  shocking  increase  in  air  
pollution  not  only  locally  but  in nearby cities also. 

Many campaigns were done by the Indian Government to stop crop residue burning and for 

handling  it  the  Indian  Agricultural  Research  institute  (IARI),  Indian  Ministry  of  New  and 

Renewable  Energy  are  continuously  promoting  research  and  innovative  measures.  The National   

policy   for   management International   Journal   of   Environmental   research   and Public  Health 

crop  residue  recently  formulated  by  the  Central  Government,  has  laid  out policies and 

regulations  to be  undertaken  by the  local agencies to curb  crop  burning and initiatives  towards  

sustainable  management  practices.  As  a  result,  the  National  Remote Sensing Agency and the 

Central Pollution Control board (http://www.ncbi.nlm.nih.gov) monitor   crop   burning   through   

aerial   surveillance and  penalize  farmers  who  burn  crops.  After  so  many  attempts  of  different  

government agencies   air   pollution   is   still   increasing   especially   in   the   months   of   November   

and December suggests that the above policies have no fully prevented crop burning. 

As  per  Building  Materials  and  Technology  Promotion  Council  the  demand  of  building 
materials  for  2021-2022  (http://www.kspcb.gov.in)has  been  estimated    as  cement  380 million  

tons,sand  750  million  tones  ,  steel  50  million  tone  ,  bricks  600  million  numbers, aggregates 400 

million cubic meters, timber 40 million cubic meters. Data shows there is a considerable amount  of  

shortage  of  conventional  and  traditional  building  materials  in India.  The  National  Green  Tribunal  

(iasscore.in)  issued  a  restraint  order  against all  sand mining activity being carried out across the 

country without environmental clearance. Thus obtaining EC for sand mining activities being a formal 

process, it would take a longer time which  in  turn  might  have  a  huge  impact  on  ready  availability  

of  sand  in  near  future.  According   to   a   research   by  Prof   V.   Kathuria   

(http://www.downtoearth.org.in)about Environmental Cost of using top-soil for brick making, India is 

the second largest producer of bricks in the world and manufactures nearly 200 billion bricks a year 

and 65 per cent of these bricks are produced in the Indo-Gangetic plains, which have one of the 

world’s most fertile  alluvial  plains.  This  implies  that  there will  be  gradual  decline  in  the  

production  of clay burnt bricks with the increasing awareness in future. 

On the other hand, lot of construction works is needed in rural areas because of increasing 

population. Demand for easily available building materials is always there in rural context. Designers 

and architects  are  in  search  for  sustainable,  alternative,  locally  available  building materials   for   

the   construction   works   in   rural   context.   Strawbale   construction   is   an appropriate alternative 

in order to fill up the gap. 

2. Strawbale as a building material: advantages & disadvantages 

Conventional building materials used in the construction like cement, steel, brick, wood etc all are 
dependent on natural resources and thus limited in supply. The larger demand for these  materials  for  
the  growing  population  caused  exploring  other  engineered  building materials  to  keep  the  

http://www.downtoearth.org.in)/
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resource  minimally  disturbed.  All  geographic  locations  are  striving day by day for new materials as 
a consequence of the depleting natural resources. On the contrary, the straws which are coming out 
of agro-waste are not limited, rather renewed every time a fresh crop is produced. Therefore, the 
future of building materials is lying on renewal, recycle and reuse. The future of renewed building 
materials rests largely on the materials which come out from agro waste, like straws. The use of agro-
waste based straw bale  is  directly  related  to  the  protection  of  land  cover  and  natural  resources  
which contributes  to  sustainable  development  (Figure  1).  Whereas  the  continuation  of  use  of 
conventional materials contributes to the depletion of natural resources and contributes to undesired 
consequences of population increase. Thus a vicious cycle of using conventional material  and  the  
virtuous  cycle  of  using  renewable  material,  like  straw  bale,  can  be represented in Figure 1. 

 

Figure 1: Implication of using strawbale in construction 

2.1 Straw bale and energy efficiency 

One of the reasons for claims that strawbale construction is that, it is environment-friendly and   it   is   
purported   to   have   low   embodied   energy   compared   to   other   construction techniques. Some 
sort of waste is produced in all constructions today, most of which ends up in landfills. On a straw bale 
construction site, the waste straw can either be composted or  used  for  animal  bedding.  It  can  
simply  be  biodegraded  by  exposing  it  to  the  elements promoting  biodegradation.  Insulation is  
also  an  important  issue  in  construction.   

The energy   required   for   the   heating   and   cooling   of   buildings   caused   by   air   
leakages   is approximately 40%. Additional energy can be consumed occasionally by these leakages, in 
order to maintain a constant ideal indoor temperature. This energy can be reduced by up to 30% by 
proper insulation. Straw  bales  are  natural  materials,  unlike  many  manufactured  building  
products.  Straw bales are chemically stable, as they do not contain any toxic ingredients. In case of 
fire, they will also not emit poisonous fumes. Organically grown straw must be used to avoid the use of 
pesticides in buildings. 

As   compared   to   most   of   the   traditional   constructing   materials,   straw   has   very   low 
embodied  energy  required  for  generating  it  for  extracting,  processing,  transporting  and many 
others. As the production and transport to the building site of straw bales consume little  or  no  
strength  consequently,  this  production  technique  has  minimal  effect  on  the environment. Straw 
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absolutely has lower embodied energy than wood on the grounds that, wood  calls  for  a  lot  greater  
energy  for  the  manufacturing  and  processing,  and  it  also produces an awful lot more carbon dioxide 
in the production and processing in comparison with straw bales. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig 2: Embodied Energy in Building materials 

The  figure  2  shows  the  embodied  energy  of  building  substances  with  the  use  of  figures from 
the sustainable energy research group (SERT) concluding that strawbale has the least embodied 
energy as compared to other isolative materials. Embodied energy is right here defined as ‘the full 
primary electricity consumed at some point of all activities from cloth extraction, manufacturing 
transport until the finished product is ready. Straw bales are one of the first-rate substances in terms 
of embodied energy. A graph of embodied electricity in extraordinary insulation substances is shown 
in Fig. 2. 

Straw   additionally,   soak   up   and   store   carbon   dioxide   during   photosynthesis, consequently it 

acts as a carbon sink 15 kg (Assessing and minimizing embodied energy by Offin Maria).of carbon 

dioxide is being absorbed by means of each 10 kg of straw, and seals it  inside  the  walls  for  the  

lifetime  of  the  constructing.  Wood  might  appear  as  a  better carbon garage in comparison to 

straw, as bushes can seize almost three times the quantity of carbon dioxide, 15 heaps of carbon 

dioxide consistent with hectare, and it may take 50 years to develop new bushes for wooden, while 

straw is produced each year with the cereal vegetation. 

3. Limitations of using strawbale 

The first and foremost limitation that hinders the fluent construction of strawbale is lack of standards 

or specifications accepted by the construction industry and problems have to be solved as they arise 

which takes more time and money than using a conventional building method. This could prove to be 

a barrier to mass builders building with straw. 
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•  Its  Inconsistent  properties  like  its  massive  size,  its  density  and  its  behaviour  with moisture 

can be problematic during construction as an agricultural co-product. 

•  Details  restricted  by  the  need  to  protect  the  straw  from  water  entry;  careful  details required 

for exposed areas. 

• Limited to relatively lightweight fixtures. 

• Requires shelter before finishing. 

• The suitability of rendered external finishes limits the application in certain areas. 

These limitations could be overcome by taking some measures as follows: 

3.1 Placing of base plate 

The  additional  width  of  the  wall  compared  to  standard  construction  and  the  size  of  the 

foundation required to support it is one of the challenges of straw bale construction that will reduce 

the economic viability of the wall. Therefore the foundation must be designed carefully considering 

the added cost of a perimeter foundation. 

3.2 Moisture 

Water   vapor   is   stored   in   strawbales   in   the   same   way   as   cellulose   insulation. For 
maintaining  the  desired  level  of  moisture  inside  the  wall  lime  plaster  must  be  used  as 
plastering material because it is porous, breathable and grips easily to the strawbale. The moisture       
content       percentage       of       bales       should       not       be       more       than 

20% (http://www.usgbc.org). The foundation must rise above the surrounding grade by at least  6”  

to  protect  the  bottom  of  the  wall  from  moisture  and  snow  does  not  pile  against them. The 

roof needs to have a large enough overhang. The plaster should be earth plaster topped  with  lime  

plaster.  Plastic  or  tar  paper  placed  along  the  top  of  walls  will  protect against  any  water  that  

may  come  through  your  roof.  Windows  and  doors  also  can  be installed with proper flashing and 

drip edges that shed water away from the walls. A lime plaster slurry can be used as the final finish of 

the wall maintaining the breathe-ability of the wall and eliminating the need for paint. 

3.3 Building Codes 

With  today’s  emphasis  on  sustainable  building  construction,  straw  bale  construction methods  
have  received  renewed  attention  in  India.  With  any  new  or  unusual  building product  or  
method,  building  codes  play  an  important  role  in  their  acceptance.  The lessons learned with this 
specific construction method can be extended to other types of non-conventional     construction.     
Several     specific     issues concerning     straw     bale construction  are  addressed  as  this  
construction  technique  is  attractive  in  developing countries where affordable housing using local 
raw materials is essential. In these areas, where building codes do not exist, experimentation with 
new techniques is often easier and product  or  method  development  can  occur  much  faster.  
There has  been  a  recent trend  to  legitimize  straw  bale  construction.  In  order  to  accomplish  
this,  building  codes are not only necessary but mandatory. As is the case for any unusual building 
technique, there  is  a  required  evaluation  period  by  the  local  code  enforcement  before  any  
permit will be issued. 
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Currently, straw bale construction is believed to be in a pivotal point in its development process.  
In  terms  of  its  cost-effectiveness,  ease  of  installation,  energy-efficiency,  and sustainability, this 
building technique is not only ready to be accepted in the industry, it may be needed in the near 
future as difficult times approach. Natural building resources are becoming scarce and the world’s the 
population is rapidly increasing, so alternative building techniques must be necessary consequences 
of these truths. 

4. Relevance of Strawbale as Pre-fab Construction material in India 

The  prefabricated  construction  has  been  proved  successful in  delivering  affordable  mass housing  

to  solve  the  housing  problems  in  many  countries.  Prefabricated  construction reduces  the  wastes  

of  materials  and  time  required  for  the  same  using  conventional  site based construction. Most of 

the manufacturing and production of building components take place in the factory and the site 

involves limited activity like assembly of the components. The technology transfers from site based 

construction to prefab construction need massive reform at the policy and planning level. In India the 

target for housing for all (HFA) is being streamlined    with    the central    government    programmed    

Pradhan    Mantry Awas Yojona (PMAY). The main objective of PMAY is to bring shelter for all by 

intervening at supply and demand side of the housing market. 
 

A Technology Sub-mission (TSM) under the PMAY has been set up to facilitate adoption of modern,  
innovative  and  green  technologies  and  building  material  for  faster  and  quality construction  of  
houses  (MoHUA,  2015).  Basically  the  TSM  aims  to  promote  faster  and greener  technology  for  
housing  construction.  Technology  Sub-Mission  will  also  facilitate preparation  and  adoption  of  
layout  designs  and  building  plans  suitable  for  various  geo- climatic   zones.   It   will   also   assist   
States/   Cities   in   deploying   disaster   resistant   and environment    friendly    technologies.    The    
Sub-mission    will    coordinate    with    various regulatory and administrative bodies for mainstreaming 
and up scaling the deployment of modern  construction  technologies  and  material  in  place  of  
conventional  construction. Technology  sub-mission  will  also  coordinate  with  other  agencies  
working  in  green  and energy efficient technologies, climate changes etc. 
 

The   Sub-Mission   will   work   on   1)   Design   &   Planning,   2)   Innovative   technologies   & materials, 
3) Green buildings using natural resources and 4) Earthquake and other disaster resistant  technologies 
and designs.  Simple  concept  of designs  ensuring adequate  sunlight and air should be adopted. Figure 
4 shows the approach for Technology Mission with its focus: 
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Figure 4: MOHUA’s Approach & focus for Technology Sub-Mission (TSM) for housing 

India  being  a  vast  country,  the  available  indigenous  technology  and  the  same  which  are 
developed in the research labs are many. However, to fulfill the objective of technology sub- mission  
some  specific  criteria  for  identity,  develop,  design  of  selected  technologies  is required.   
Government   of   India   published   a   ‘Compendium   of   Prospective   Emerging Technologies  for  
Mass  Housing’  in  continuation  of  initial  activity  under  technology  sub-mission   (Fig   5).   The   
broad   parameters   to   select   such   technologies   are,   Structural performance  against  vertical  &  
lateral  loads,  Fire  resistance,  Protection  against  rain  & moisture,  Thermal  behaviour,  Acoustic,  
Ease  of  fixing  services,  Quality  assurance  and Durability. 

 

1.  Monolithic Concrete Construction System using Plastic - Aluminium Formwork 

2.  Monolithic Concrete Construction System using Aluminium Formwork 

3.  Expanded Polystyrene Core Panel System 

4.  Industrialized 3-S System using Precast Reinforced Concrete Cement  (RCC) 
Columns,  

Beams & Cellular Light Weight Concrete Precast RCC Slabs 

5.  Speed Floor System 

6.  Glass Fibre Reinforced Gypsum (GFRG) Panel Building System 

7.  Factory Made Fast Track Modular Building System 

8.  Light Gauge Steel Framed Structures (LGSF) 

 

Figure 5: Eight emerging technologies (First phase) identified by BMTPC 

Strawbale  construction  are  clubbed  with  the  advantages  of  prefabrication  then  a  more 
efficient product with minimal the disadvantage could be made available to achieve a cost- effective  
and  socially  acceptable  housing  supply  for  economically  weaker  sections  and lower-income group 
who  resides in rural areas as well as in slums in urban areas.  
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Straw is abundantly  available  in  India,  enough  to  build  millions  of  houses  and  also  an  
answer  to solve   the   housing   demand   for   the   growing   population.   As   per   the   future   need   
the construction  material  should  be  capable  of  reducing  emissions,  storing  carbon,  reducing 
waste  and  saving  both  energy  and  non-renewable  resources  to  enter  in  the  industrial 
construction  market.  Strawbale construction  fulfils  all  these  criteria.  To  overcome  the 
disadvantages like variation in bale size, weather delays, negative perception to straw and fire risk 
during construction the development of prefabricated panels must be undertaken to  address  the  
practical  concern  for  the  delivery  of  strawbale  construction  and  for  the successful development of 
panel products to provide an opportunity for addressing much wider barriers to market acceptance 
through certification and warranty. 

The  benefits  of  strawbale  construction  are  very  clear  when  we  compare  it  with  other 

conventional prefabricating materials on the bases of their cost efficiency, energy efficient material, its 

versatility, its structural behaviour and thermal insulative properties. If cities began  using  straw  bale  

as  affordable  housing  and  growth  of  straw  bale  construction continue,  the  amount  of  money  

and  energy  that  can  be  saved  could  reach  millions,  even billions  by  reducing  the  energy  

consumption  by  60-70%.  Moreover,  the  costs  of  the building  could  be  greatly  reduced  if  we  

could  easily  implement  straw  bale  prefabricated housing for low-income  housing.  Money saved by 

using straw bale construction could be applied to other initiatives in cities. In addition to the monetary 

benefits, its time efficiency, its versatility the  environmental  advantages  are  evident.  The  use of 

straw  bale  rids  an agricultural waste that ultimately results in major pollutants. The possibilities of 

straw bale construction are endless. 

5. Use of Strawbale as prefab material in other countries 

Straw  bale  construction  could  be  a  crop  residue  recycling  sustainable  building  material 

alternative   keeping   in   view   the   present   Indian   context.   If   the   advantages   since the 

Nineteenth   century,   strawbales   have   been   used   in   the   form   of   load bearing or   non- load 

bearing external walls.  The  use  of  straw  bales  as  insulation  within  wooden  framed prefabricated  

panels  has  grown  all  over  the  world.  It  is  found  in  various  details  in  many countries  including  

Australia,  Belgium,  Canada,  France,  Italy,  Switzerland,  the  US  and  the UK. ModCell panels are one 

of the earliest examples with initial use in the UK in 2000. The panels  are  made  in  a  flying  factory  a  

temporary  panel  manufacturing  set  up  which  is generally located within close proximity to the 

construction site. Despite its many benefits, it is yet to gain popularity in the domestic market energy 

require more resources and most likely cause more waste being discharged along the production line 

affecting the environment in a negative way. The embodied energy of strawbale  wall  section  is  six  

times  less  than  that  of  the  most  common  conventional material. 
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Figure 6: Current global scenarios for straw bale construction 

6. Conclusion 

Strawbales  are  a  natural  material  unlike  many  manufactured  building  products.  They  do not 
contain any toxic ingredients that might be released into the finished building in form of off-gassing and 
are chemically stable too. Sustainable materials and sustainable building techniques  are  important  
aspects  to  how  the  building  industry  can  contribute  towards creating a sustainable society for 
generations to come. Researchers need to study more and more sustainable options for future building 
materials, their local availability, affordability, ecological impact and social context. This paper 
emphasizes on Straw bale constructionfor Indian context in the delivery of rural and urban housing. It 
aims to create a niche to bring straw-bale as mainstream construction material in India for prefabricated 
construction in TSM, PMAY and also otherwise. 
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Abstract: This paper summarizes the testing of BQEET, a python-based simulation tool that provides 
results of passive cooling strategies, for predesign and policy analysis. BQEET calculates the annual 
cooling energy reduction due to the passive strategies of comfort cooling, night flush cooling and 
evaporative cooling. Only few analytical tools that are easy to use for architects and policymakers, 
estimate the impact of passive cooling strategies on energy consumption. An earlier study showing the 
limited testing of BQEET found agreement with EnergyPlus results. This paper uses rigorous testing 
procedures, starting with the HERS BESTEST models of typical US buildings, and modifying them using 
reference building models for the Indian context of mixed mode buildings and adaptive thermal 
comfort. BQEET results for the developed cases, are compared with simulations in EnergyPlus.  The 
lighting and equipment energy of BQEET was similar to EnergyPlus, but the cooling energy was 400% 
higher than that of EnergyPlus. The sequential elimination of individual loads helped identify the 
algorithms in BQEET that need to be changed for improved accuracy.  

Keywords: Comparative testing; HERS BESTEST; simplified simulation tool; reference building models for 
India. 

1. Introduction 

India’s residential energy consumption is increasing at an average rate of 3.7% per year, and commercial 
energy consumption by 5.4% per year. The cooling energy accounts for 55% of the total building energy 
consumption in the urban sector in India (Berardi, 2017). Air conditioning contributes to about 10% of 
the global CO2 emissions (Paul and Bhattacharya, 2004). Cooling energy consumption can be reduced by 
designing buildings that use various passive cooling strategies. These passive strategies are dependent 
on the climate zone and the potential of each strategy varies in a different climate zone. 

Earlier research has established weather data-based indices for five passive cooling strategies that 
are comfort cooling, night cooling, evaporative cooling, radiant cooling and earth cooling, using Thermal 
Autonomy (TA) and Residual Cooling Degree Days (RCDD) (Bhadra, 2017). Bhadra (2017) showed that for 
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60 cities in India, minimum TA calculated by using the thermostat set point as the base, is at 12% for 
night cooling, 75% for evaporative cooling, 28% for ground cooling, and 32% for radiant cooling. 
However, the study does not quantify the amount of cooling energy reduction due to passive strategies. 
This study was expanded by Desai (2018) to develop Cooling Degree Days (CDD) values using Balance 
Point Temperature (BPT) specific to Indian buildings, for constant temperature thermostat setpoints as 
well as those using adaptive thermal comfort models. These BPT and CDD values are used in the BQEET 
tool to estimate the cooling energy using the CIBSE TM41 method (CIBSE, 2006), and the reduction due 
to the three passive cooling strategies for 59 Indian cities using the RCDD values (Desai, 2018). 

The simpler inputs and graphical results of BQEET are meant to help stakeholders like architects, 
engineers, owners, and policy makers, compare passive cooling strategies across various cities, climatic 
zones and for different thermal comfort models. However, the tool uses a steady state model and the 
results may not be appropriate at a detailed design level, whereas sophisticated simulation tools allow 
more detailed inputs to provide accurate results. The tool is not meant to be a replacement of energy 
simulation software like EnergyPlus, eQUEST, DesignBuilder, etc. It is meant to be used at an early 
design stage or for building stock and policy analysis where faster simulations with less detailed inputs 
can provide reasonably good estimates for decision making. 

Limited testing of the BQEET tool was done by Desai (2018) using the ASHRAE Guideline 14 and 
IPMVP methodology. Two fully air-conditioned cases, Business As Usual and ECBC 2017 compliant 
buildings were simulated. While the results of the testing were in the acceptable range for NMBE < 5% 
and RMSE < 15%, the Guideline 14 and IPMVP methodology are for calibrating the results of a 
simulation with an existing building (ASHRAE, 2002), and are not intended for testing simulation 
software. Hence, this study tests the BQEET tool in a robust way.  

For this research, the testing procedure of BQEET needed to include fully air-conditioned operation 
as well as mixed-mode operation with passive cooling strategies. Various industry standard testing 
procedures such as HVAC, IEA and HERS BESTEST were reviewed. Within these procedures, scope of 
testing, variation in cases to be modelled, metrics used for testing, location to be used and the error 
thresholds were compared. The HVAC BESTEST testing procedure cannot be adopted for BQEET, since it 
is meant for testing space cooling equipment. The IEA BESTEST procedure has models with multiple 
zones, whereas BQEET models a building as a single zone. The IEA BESTEST in-depth diagnostic cases are 
meant for the testing of ground-coupled heat transfer, but BQEET does not consider heat transfer 
through the floor. HERS BESTEST is a comparative test specifically designed for simplified analysis tools 
(Judkoff and Neymark, 1995) and hence, it was adopted as a starting point for the comparative testing 
of an air-conditioned building in BQEET.  

The HERS BESTEST testing procedures use the models of typical US buildings (Judkoff and Neymark, 
1995) and Indian buildings have significantly different construction specifications and operation 
procedures. Hence, reference building models for India by Bhatnagar, Mathur and Garg (2019) which 
were developed for the purpose of policy analysis were reviewed. These reference models had cases 
developed after statistical analysis of existing buildings but did not include any mixed mode building 
operation, which is required for the testing of passive cooled buildings. Also, their India specific 
reference building models and the published results were not suitable for software testing, because 
unlike the BESTEST procedures, the variations include groups of energy conservation measures which 
makes isolating the impact of any load or building system impossible. All the BESTEST approaches 
consist of cases with changes to one input parameter at a time, which gives the isolated impact of each 
change. This approach to case modelling is more appropriate for the comparative testing of a software. 
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However, some of their input data for typical buildings was useful in developing test cases for buildings 
in India. 

This paper summarizes the earlier testing done by Desai (2018), the process for developing the 
Indianised test case models, and the comparative testing for the fully air-conditioned building using test 
cases.    

Table 1: Glossary of Acronyms 

Acronym Full Form Acronym Full Form 

BQEET Building Quick Energy Estimation Tool HERS Home Energy Rating System 
HVAC Heating, Ventilation and Air-conditioning ECBC Energy Conservation Building Code 
BESTEST Building Energy Simulation Test NMBE Normalised Mean Biased Error 
CIBSE Chartered Institution of Building Services Engineers  RMSE Root Mean Squared Error 
IPMVP The International Performance Measurement and 

Verification Protocol 
IEA International Energy Agency 

 

2. Research Methodology 

2.1. Earlier testing of BQEET 

The earlier testing of BQEET involved the development of cases according to the basic inputs required in 
BQEET, as shown in Table 2. Two fully air-conditioned building versions (BAU and ECBC 2017 compliant) 
of an institutional building, were modelled for the composite climate of Amritsar. The models were 
simulated in EnergyPlus and the same characteristics were input in BQEET. The annual energy end use 
results of the EnergyPlus model were compared with the results obtained from BQEET, using NMBE and 
RMSE. The NMBE and RMSE values were compared with ASHRAE Guideline 14 and IPMVP 
recommended values for energy modelling. The purpose of this comparison was to determine the errors 
in the BQEET tool by using the EnergyPlus model results as a benchmark. 

Table 2: Inputs of BAU and ECBC 2017 compliant building for earlier testing of BQEET 

Inputs  BAU ECBC 2017 
complaint 

Inputs  BAU ECBC 2017 
complaint 

Type of building Institutional City Amritsar 
Type of climate Composite Building area (m2) 5000 
Orientation  E-W Number of floors 1 
Aspect ratio  1:2 Building height (m) 3 
WWR (%) 40 LPD (W/m2) 11.2 (ECBC) 
EPD (W/m2) 11.1 Type of HVAC system PTAC system 
COP  3.1 Thermal comfort model ASHRAE standard 55 
Window SHGC 0.82 0.25 1.772 0.44 
Roof U value (W/m2.K) 2.942 0.409 Window U value (W/m2.K) 5.8 3.3 

 
The Figure 1 below is a graphical representation of the research methodology followed for  
2.2 Development of Indianised Base Case I100A  
2.3 Comparative testing of Air-conditioned building 
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Figure 1: Research methodology for comparative testing of BQEET 

2.2. Development of Indianised Base Case I100A 

The overall method for developing the Indianised Base Case (I100A) was to start with the HERS BESTEST 
models (L100APathella) and match their published results (L100AWitte), and then make one change at a time 
to include modifications to inputs, remove US specific building characteristics, and add India specific 
building characteristics and operation. The impact of each change is observed to see if the changes in 
the results and their magnitude are defensible with building science. This approach results in final 
models that have credible results and that are appropriate for Indian buildings with mixed mode 
operation and adaptive thermal comfort setpoints. 

2.2.1. Comparison of results of L100ALWitte and L100ALPathella 

The base case L100AL of HERS BESTEST was modelled in EnergyPlus, according to the description, 
geometry, envelope, infiltration and internal loads, as described in Table 3 (Judkoff and Neymark, 1995). 
Additional inputs were required to create EnergyPlus IDF files, which were taken from L100ALWitte 
(Witte, Henninger and Glazer, 2001). The case L100ALPathella was simulated for the city of Las Vegas. The 
annual sensible cooling energy of the EnergyPlus IDF files of L100ALWitte and L100ALPathella were 
compared.  

2.2.2. Simplifying inputs for L100ALPathella 
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The HERS BESTEST models have layer-wise inputs for the building envelope.  These were modified to 
simple U-value inputs. This was done because the reference building models developed by Bhatnagar, 
Mathur and Garg (2019) provided U-value inputs for India. The detailed layer inputs are not necessary or 
relevant for predesign and policy analysis. Hence, the impact of simplified U-value inputs of exterior 
wall, floor, ceiling, end gables, roof and window were analyzed. The resulting case is L100ALPathella Simplified. 

2.2.3. Modifications to L100ALPathella Simplified 

The HERS BESTEST models have certain building elements that are not typical in Indian buildings. So the 
following modifications are made on L100ALPathella Simplified in EnergyPlus, in order to develop L100ALPathella 

Modified.  
 Attic removed: Indian buildings typically do not have attics.   
 Doors removed: The reference building models developed by Bhatnagar, Mathur and Garg 

(2019) do not have doors defined.  
 Internal walls removed: The reference building models developed by Bhatnagar, Mathur and 

Garg (2019) do not have internal walls defined.   

The annual cooling energy results were analyzed after each modification. 

2.2.4. Developing Indianised version of L100ALPathella Modified – I100A 

The inputs of HERS BESTEST (Judkoff and Neymark, 1995), reference building models developed for low 
rise buildings in India (Bhatnagar, Mathur and Garg, 2019) and ECBC 2017 were compared to develop 
the Indianised version - I100A. Modifications in the location, envelope properties, internal loads, 
geometry and HVAC system were made. The annual cooling, equipment and lighting energy results were 
analyzed after each modification. Table 3 shows the comparison and the selected inputs for I100A. 

Table 3: Inputs for I100A 

 HERS BESTEST 
L100ALWitte 
 

Reference building 
models for India 
(low rise) 

ECBC 2017 
(hot and 
dry) 

Note Indianised 
version – I100A 

WWR (%) 18 30 Max 40 Reference 
building models 
for India 

30 
Building height 
(m) 

2.89 3.05  3.05 

Number of 
floors 

1 3  Since BQEET can 
give results only 
for a single zone 
building 

1 

Area (m2) 143 3127  3127/3 = 1042 

Aspect Ratio  1 : 2.11 1 : 2.84  Reference 
building models 
for India 

1 : 2.84  
Type of building Residential Commercial Commercial Commercial 

City Las Vegas Ahmedabad  Since passive 
strategies are 
efficient in hot 
and dry climate 
and Aurangabad 
has more 
potential than 

Aurangabad  
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Ahmedabad 
(Bhadra, 2017) 

 HERS BESTEST 
L100ALWitte 
 

Reference building 
models for India 
(low rise) 

ECBC 2017 
(hot and 
dry) 

Note Indianised 
version – I100A 

Envelope 
Properties 

     

Wall U value 
(W/m2K) 

0.51  1.4 0.33 Reference 
building models 
for India 

1.4 

Roof U value 
(W/m2K) 

0.27 1.03 0.40 1.03 

Window U value 
(W/m2K) 

5.89 2.13 3 2.13 

Window SHGC 0.862 0.25 0.27 0.25 
Window VLT  0.37 0.27 0.37 

Internal loads      

LPD (W/m2) 0 7.7 9.5 Reference 
building models 
for India 

7.7 
Occupancy (m2/ 
person) 

0 14  14 

EPD 20.49 16.14  16.14 

HVAC system      

HVAC system Ideal Loads Air 
System 

VRF VRF HERS BESTEST Ideal Loads Air 
System 

COP 1 3.49 3.26 1 
Setpoint (°C) 25.55 25  Reference 

building models 
for India 

25 
Setback (°C)  30  30 
Supply-air-to-
room-air 
temperature 
difference (°C) 

 11  11 

2.3. Comparative testing of Air-conditioned building  

The Indianised base case I100A was simulated in BQEET and EnergyPlus. The results from BQEET and 
EnergyPlus were compared for the city of Aurangabad. Sequential elimination of individual loads was 
run in the following order on the base case I100A, to quantify and investigate the errors in the BQEET 
tool. 

 Wall conductive gain (U value = 0) 
 Window conductive gain (U value = 0) 
 Window radiant gain (SHGC = 0) 
 Roof conductive gain (U value = 0) 
 Infiltration (ACH = 0) 
 Occupant load (Occupant density = 0) 
 Lighting load (Lighting Power Density = 0) 
 Equipment load (Equipment Power Density = 0) 

For the sequential elimination of individual loads, modifications in the user interface of BQEET were 
made, to include the user inputs of wall U value, window U value and SHGC, and roof U value. 
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3. Results and Discussion 

3.1. Earlier testing of BQEET 

The energy end use results of cooling, lighting and equipment of a BAU and ECBC 2017 compliant 
building were compared in EnergyPlus and BQEET. The end use split in Figure 2 shows that the lighting 
and equipment energy calculated in BQEET and EnergyPlus are almost the same. But the cooling energy 
in BQEET is 5% higher than that in EnergyPlus, in case of BAU as well as in the ECBC 2017 compliant 
building version. 

 

 

Figure 2: Energy end use result comparison of BQEET and EnergyPlus 

 

The NMBE and RMSE of the CDD method in BQEET was calculated. The NMBE was 4.6% while the 
RMSE was 15%, for the BAU and ECBC 2017 compliant building. The acceptable range for the NMBE as 
per ASHRAE Guideline 14 is 5% while IPMVP allows the error upto 20%. The acceptable range for the 
RMSE as per ASHRAE Guideline 14 is 15% while as per IPMVP does not give any criteria for RMSE. Hence 
the results of the BQEET tool were within the acceptable range of NMBE and RMSE of ASHRAE Guideline 
14 as well as IPMVP (Desai, 2018). 

3.2. Development of Indianised Base Case I100A 

The maximum difference in monthly sensible cooling energy of the EnergyPlus IDF files L100ALPathella and 
L100ALWitte is 0.6%. They are in very good agreement, and hence this was a credible starting point for the 
development of the Indianised base case I100A.  

Modifications to the location, envelope properties, internal loads and their schedule, thermostat 
setpoint, COP of the cooling system and building geometry of L100ALPathella are made according to the 
Table 3, to develop the Indianised base case - I100A. The location is changed from Las Vegas to 
Aurangabad, since passive strategies are effective in the hot and dry climate of India (Bhadra, 2017). The 
annual energy results for cooling, equipment and lighting after every simplification and modification are 
shown in Figure 3. The last change of building geometry results in the final Indianised base case I100A. 
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Figure 3: Developing the Indianised version - I100A 

 

For the modifications done in the EnergyPlus models, the annual cooling energy of L100ALPathella 

Simplified is 8% lower than L100ALPathella. The cooling energy of L100ALPathella Modified increases by 2% from 
L100ALPathella Simplified. It further increases by 57%, when the location is changed from Las Vegas to 
Aurangabad. It decreases by 6% and 26% respectively, when the window U value and SHGC are 
decreased. The cooling energy increases by 7% and 20% respectively, when the wall and roof U value 
are increased. The cooling energy increases by 11% and equipment energy increases by 2% respectively, 
when the equipment load and schedule are revised. The cooling energy increases by 14% and 16% 
respectively, when occupancy and lighting are added in the room. It increases by 6% when the 
thermostat setpoint is reduced by 0.5°C. The total energy consumption increases by 6 times when the 
area of the room is changed from 143 to 1042 m2. The changes in the results are as expected for each 
change in the building parameter. 

3.3. Comparative testing of Air-conditioned building 

The annual energy end uses of I100A for EnergyPlus and BQEET are compared for the city of Aurangabad 
in Figure 4. The annual equipment energy of EnergyPlus and BQEET for I100A is 45,018 kWh and 49,999 
kWh respectively. The annual lighting energy of EnergyPlus and BQEET is 23,429 kWh and 23,419 kWh 
respectively. The annual cooling energy of EnergyPlus and BQEET for I100A is 2,04,925 kWh and 
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8,09,609 kWh respectively. Hence, the lighting and equipment energy are similar, but the cooling energy 
of BQEET is 400% that of EnergyPlus.   

 

 

Figure 4: Comparison of annual energy end use of I100A in EnergyPlus and BQEET 

 

The cooling energy is investigated further with the help of the sequential elimination of individual 
loads from I100A in EnergyPlus and BQEET for the city of Aurangabad, as shown in Figure 5. 

 

 

Figure 5: Comparison of cooling energy for the sequential elimination of individual loads on I100A 

 

The cooling energy of BQEET shows a trend similar to EnergyPlus, for the elimination of wall 
conduction (Wall U Value), window conduction (Window U Value), window radiant gain (Window SHGC) 
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and roof conduction (Roof U value) in Figure 5. However, the infiltration and occupancy load elimination 
results show a much sharper reduction in BQEET as compared to EnergyPlus. The cooling energy due to 
the elimination of the lighting and equipment loads are the same for EnergyPlus and BQEET. 

4. Conclusion 

The ASHRAE Guideline 14 and IPMVP methodology are meant for calibrated models, not for software 
testing. Hence, it was necessary to determine the appropriate procedure for testing the BQEET tool.  

This study selected the HERS BESTEST testing procedure and developed the base case model – I100A 
for India, using the HERS BESTEST L100AL  case as a starting point, and the work done by Bhatnagar, 
Mathur and Garg (2019) on reference building models developed for low rise buildings in India. These 
modifications were necessary because Indian buildings have significantly different building 
characteristics and peculiarities that differ from US buildings.  The step-by-step modelling approach on 
L100AL in EnergyPlus to reach the I100A case, provides a model case with reliable set of results to be 
used for the comparative testing of simplified tools such as BQEET. The sequential elimination of loads is 
similar to the additional test cases in HERS BESTEST, however the additional test cases defined here 
make it easier to identify simulation software issues.   

The energy end use results of the fully air-conditioned building I100A of lighting and equipment 
energy are similar, but the cooling energy of BQEET is 400% that of EnergyPlus. The stress testing with 
sequential elimination of loads on I100A showed that the loads of infiltration and occupancy need to be 
investigated further.  
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Abstract: In this study, the genetic algorithm method is adopted to optimise the ellipsoid parameters of 
faceted reflector; i.e. solid angles of θ and ϕ, semi-latus rectum (d), and eccentricity (e). There are two 
types of reflector which designed in this study, those are divergent and convergent. Both designs are 
verified through simulation with the target of illuminance (Eav) and uniformity (Ul) values, which 
conform to the national standard for highway lighting. The approach of one-to-one mapping is used in 
optimisation, thus one facet illuminates one target point precisely. From the optimisation stage, it is 
yielded the ranges of θ angles from 0° to 36° (for divergent type) and 0° to 43° (for convergent). 
Meanwhile for ϕ angles, it gave the ranges of 0° to 58° (divergent) and 0° to 85° (convergent). The d 
values are ranged between 0.52 m to 0.66 m (for divergent type) and 0.53 m to 0.65 m (for convergent), 
while the eccentricities have ranges from 0.95 to 0.98 (divergent) and 0.95 to 0.99 (convergent). From 
final simulation, the values of Eav are varied from 22.2 lx to 70.3 lx with Ul = 0.4; which fulfilled the 
standard requirements of minimal 20 lx and Ul = 0.2. 

Keywords: Faceted reflector; solid angles; semi-latus rectum; eccentricity. 

1. Introduction 

Several methods have been used in designing reflector of lighting units (luminaires), among of them are 
tailored freeform surface (Ries and Winston, 1994) and simultaneous multiple surfaces (Gimenez-
Benitez et al., 2004). Some approaches also have been adopted to optimise the reflector designs, e.g. 
numerical (Prins et al., 2013), analytical (Kloos, 2007), and differential evolution (Yang et al., 2008). 
However, those optimisation methods are not easy to carry out, because of the limited computational 
resources and highly cost to access the compatible software. Therefore, it needs to find the optimisation 
method with more adequate and affordable resources. In this study, the algorithm of genetic evolution 
is adopted to optimise the ellipsoid parameters of faceted reflector. This method ever had been used by 
Ashdown (1994) in designing general reflectors and lenses for non-imaging optics. 

In case of highway lighting, reflectors have function to spread the light (that emitted from a source), 
so it can be distributed until the farthest area between two luminaires. An optimal reflector design can 
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contribute to improve the energy efficiency; on contrary, the improper designs may lead to produce 
light pollution, beside can interfere with driving safety factor. In Indonesia, the highway lighting system 
(luminaires and its supporting construction) should meet the requirements of SNI (abbreviation of 
“Indonesian National Standard”) No. 7391 (BSN, 2008). One of the standard criteria is minimum 
illuminance (Eav) of 20 lx with longitudinal uniformity (Ul) values = 0.2. Hence, the output values which 
yielded of this study also should meet those standard criteria (through lighting simulation). 

The objective of this study is to determine the optimum design of faceted reflector; which focuses on 
parametric values of solid angles (θ and ϕ), semi-latus rectum (d) i.e. distance between focus point and 
ellipsoid surface which parallel to semi-minor axis, and eccentricity (e). The scope and assumptions 
which used in this study are as follows: 

 The light source is considered as point source with Lambertian light spreading. 
 Light losses because of scattering are ignored. 
 The configuration of luminaire follows the actual highway conditions, i.e. the stakes are placed on 

the roadside (with two main lanes) and the same distance between the stakes. 
 Luminaires become the only light sources on the highway. 

2. Methodology 

This study is conducted into three consecutive steps; i.e. identification, design optimisation, and testing. 

 In identification step; it is conducted the characterisation of reference luminaire (based on 
technical sheets), configuration of luminaires on the highway, specification of the highway, and 
simulation of initial (reference) condition. 

 The step of design and optimisation covers determination of illuminance target from each 
measuring point, structure of ellipsoid reflector, parameters of each facet ellipse, and modelling 
the reflector (including polar distribution of luminous intensity). The optimisation is carried out 
(using genetic algorithm method) in determining the parameters of facet ellipse. 

 The testing is performed to verify the optimised reflector design against the reference parametric 
values using inverse approaching. 

3. Results and discussion 

3.1. Identification 

The LED (light-emitting diode) luminaire is set as reference, with consideration of this type has widely 
used on several sections of toll road in Indonesia. The luminaire has nominal power of 124 W with 
maximum length of 102 cm. The input parameters for initial simulation are set as follows: 

 Configuration of luminaires consists the height of stake = 10 m and distance between stakes is 40 
m, with the values of boom angle and boom length are 5° and 2 m. 

 The road properties have width per section of 3.6 m with pavement type of R3. 
 The measuring grids consist of 14 points in x-axis and 6 points in y-axis. 

3.2. Design and optimisation 

3.2.1. Illuminance target of measuring points 
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The simulation is performed using Dialux evo and visualisation of polar diagram by open source software 
of IES Viewer. There are three identical luminaires are set in initial simulation, which performed in two 
scenarios. The first scenario is the three luminaires are turned on, while the second one is only the 
middle (as reference) is light on. Those scenarios are conducted to obtain the illuminance contribution 
of one luminaire on each measuring point (through calculation). Total of 84 measuring points (from grid 
multiplication of x and y axis) are set, as can be seen in Figure 1; with the blue-coloured point is the 
position of reference luminaire (x = 20 m and y = 2 m from the road axis). After contribution of reference 
luminaire was obtained (as can be seen in Figure 2), the illuminance targets (which should fulfilled by 
the luminaire) are calculated on each measuring point from differences against the standard value. 

 

 

Figure 1: The mapping of measuring points in simulation. 
 

 

Figure 2: The illuminance contribution of reference luminaire. 

3.2.2. The structure of ellipsoid reflector 

The reflector is made from aluminium material, with the assumption of reflection coefficient = 0.9. 
There are two types of reflector based on the direction of reflected light, i.e. crossing and non-crossing. 
In this study, it is decided to design the crossing reflector which also distinguished into two types, 
following the geometry of light spreading. Those are convergent type and divergent type (see Figure 3). 
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Figure 3: The types of crossing reflector design based on the geometry of light spreading. (source: 
Pustiadi and Kautsar, 2018) 

 

The structure of reflector consists of 84 facets (according to the number of measuring points), which 
designed with the approach of one-to-one mapping; i.e. one target point is exactly illuminated by one 
facet. Because of symmetrical behaviour against the y-axis of mapping, the design process can be 
simplified on half side of the reflector (only 42 facets) and then identically mirrored to the other half. 
Each facet is numbered according to its target point, which distinguished based on the values of θ and ϕ 
angles (see Figure 4). The facets are also grouped by the same value of ϕ angle and the reference facet 
is set for both types of design; i.e. facet #3 for the divergent type and #39 for the convergent (as 
displayed in Figure 5). 

 

 

Figure 4: The facets partition based on the values of θ and ϕ angles. 
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Figure 5: The numbering, grouping, and the reference facet from both types of reflector design. 

3.2.3. Optimisation of facet parameters 

The values of solid angles (θ and ϕ) are optimised by genetic algorithm method, using the feature of GA 
Optimization from Ms. Excel software. This method was developed by Holland (1992) which inspired 
from biological evolution mechanism of living creatures. It is often used to find the solution of multi-
objectives problem like optimisation (McCall, 2005). The algorithm works in a population of artificial 
chromosomes, which each of them is representing one solution. The chromosomes are taken randomly 
and selected (crossover) according to its accuracy (quality of solution); then it generates new population 
of child chromosomes from recombination of the parents. After several iterations (until certain 
convergence value), the ultimate solutions from optimisation are obtained. 

In this study, it is set 16 (24) of parent chromosomes in population and crossover probability 0.9; 
with amount of iterations = 100 and convergence value until 10-5. The first iteration is performed on 
reference facet from both types of reflector design. Thereafter, iterations on each type of reflector are 
continued to the other facets in same area of ϕ; so on to the other facet areas. Before optimisation of 
solid angles is conducted, the luminous intensity values (Iθ,ϕ in Candela) are calculated from illuminance 
target of corresponding measuring point (for each facet). 

The optimisation for parameters of semi-latus rectum (d) and eccentricity (e) is also performed with 
the same procedure. The position of d parameter is as shown in Figure 6 and the value of e is calculated 
by equation (1). The results from optimisation step are as shown in Table 1 (for divergent type) and 
Table 2 (the convergent type). In order to shorten the presented table, the data in each column are 
separated by semicolons. 
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Figure 6: Geometrical parameters of an ellipse. 
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Where: 

v  = Connecting vector between two focus points of F1 and F2. 

Table 1: The optimised values of solid angles and ellipsoid parameters from the divergent type. 

Area (ϕ) Facet No. θ Iθ,ϕ (Cd) d (m) e 

1 (13°) #3; #9 6°; 9.6° 3,734; 3,742 0.53; 0.56 0.98; 0.97 
#15; #21 12.6°; 15.6° 4,141; 4,329 0.59; 0.62 0.97; 0.96 
#27; #33 18.8°; 22.8° 4,258; 4,256 0.63; 0.64 0.96; 0.95 
#39 30.5° 4,329 0.64 0.95 

2 (22°) #4; #10 7°; 11.2° 3,808; 3,879 0.52; 0.55 0.98; 0.97 
#16; #22 15°; 19° 3,998; 3,772 0.58; 0.61 0.97; 0.96 
#28; 34 23.1°; 27.9° 3,943; 3,880 0.63 0.96; 0.95 
#40 35° 3,951 0.63 0.95 

3 (34°) #5; #11 6°; 9.6° 3,796; 3,855 0.53; 0.56 0.98; 0.97 
#17; #23 13°; 16° 3,833; 4,360 0.59; 0.62 0.97; 0.96 
#29; #35 19.1°; 23° 4,459; 3,901 0.64; 0.65 0.96; 0.95 
#41 28° 3,739 0.65 0.95 

4 (50°) #6; #12 4.1°; 7.5° 3,849; 3,879 0.53; 0.56 0.98; 0.97 
#18; #24 10.5°; 13° 3,900; 3,880 0.59; 0.62 0.96; 0.96 
#30; #36 16.2°; 19.2° 4,232; 3,983 0.64; 0.66 0.96; 0.95 
#42 22.8° 3,690 0.66 0.95 

5 (48°) #2; #8 3.2°; 4.8° 3,643; 4,475 0.53; 0.55 0.98; 0.97 
#14; #20 6.6°; 8.1° 3,763; 4,370 0.58; 0.61 0.97; 0.96 
#26; #32 10°; 11.9° 3,743; 4,521 0.63; 0.65 0.96; 0.95 
#38 17° 3,698 0.65 0.95 

6 (58°) #1; #7 7°; 10.9° 3,643; 3,789 0.52; 0.54 0.98; 0.97 
 #13; #19 14.6°; 18.3° 3,928; 3,881 0.57; 0.6 0.97; 0.96 
 #25; #31 22.1°; 26.9° 4,093; 3,811 0.62; 0.63 0.96; 0.95 
 #37 36° 3,612 0.63 0.95 
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Table 2: The optimised values of solid angles and ellipsoid parameters from the convergent type. 

Area (ϕ) Facet No. θ Iθ,ϕ (Cd) d (m) e 

1 (23°) #3; #9 23.6°; 23.2° 4,157; 4,912 0.61 0.99 
#15; #21 22.7°; 21.8° 3,987; 4,329 0.61 0.99; 0.98 
#27; #33 20.6°; 19.1° 4,325; 3,743 0.61 0.98; 0.97 
#39 16.1 3,803 0.6 0.95 

2 (45.1°) #4; #10 22°; 21.5° 3,643; 4,218 0.59 0.99 
#16; #22 20.8°; 19.8° 4,281; 4.392 0.59 0.99; 0.98 
#28; 34 18.6°; 16.6° 4,012; 3,913 0.59 0.98; 0.97 
#40 13.4° 3,812 0.58 0.95 

3 (60.9°) #5; #11 22.5°; 22° 4,689; 5,707 0.58; 0.57 0.99 
#17; #23 21.3°; 20.4° 5,718; 5,210 0.57 0.99; 0.98 
#29; #35 19°; 17° 5,209; 3,959 0.57 0.98; 0.97 
#41 12.9° 4,219 0.57 0.95 

4 (85°) #6; #12 18.4°; 17.9° 3,922; 4,262 0.54 0.99 
#18; #24 17.4°; 16.4° 4,193; 4,075 0.54 0.99; 0.98 
#30; #36 15°; 13° 4,076; 4,070 0.53 0.98; 0.97 
#42 10° 3,647 0.53 0.95 

5 (20.3°) #2; #8 28.1°; 27° 1,530; 3,261 0.63; 0.62 0.99 
#14; #20 26.2°; 25.4° 4,303; 3,699 0.62 0.99; 0.98 
#26; #32 24.1°; 22.1° 3,391; 3,692 0.62 0.98; 0.97 
#38 19° 3,538 0.61 0.95 

6 (27.9°) #1; #7 43.1°; 42.6° 5,933; 4,656 0.65 0.99 
#13; #19 41.7°; 40° 3,861; 4,233 0.65 0.98 
#25; #31 38°; 36.1° 6,086; 1,784 0.64 0.98; 0.97 
#37 25° 4,200 0.63 0.95 

3.2.4. The model of ellipsoid reflector and polar diagram 

After the objective parameters were optimised, the model of both reflector designs are built; as shown 
in Figure 7 (for divergent type), Figure 8 (the convergent type), and Figure 9 (polarity diagram of 
luminous intensity). 

 

 

Figure 7: The 2-dimensions view of ellipsoid reflector model from the divergent type. 



740 Revantino, R.A. Mangkuto, A.K. Pustiadi and B.A. Kautsar 

 

 

 

Figure 8: The 2-dimensions view of ellipsoid reflector model from the convergent type. 

 

 

Figure 9: The polar diagram of luminous intensity from both types of reflector design. 

3.3. Testing 

Final simulation is performed using the optimised values from both types of reflector design; with the 
results of Eav as shown in Table 3 and the position of measuring points is same with Figure 1. It can be 
seen that the results of both types are almost similar. It is shown that the testing results are increasing 
significantly (> 50%) on measuring points of #1 to #6, #9 to #12, and #15; with Ul value of the whole 
points = 0.42. In order to shorten the presented table, the data in each column are separated by 
semicolons. 
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Table 3: Comparison of Eav (in lx) between initial values and the testing results. 

Measuring points Initial values Divergent type Convergent type 

#1; #7; #13 12.4; 19.8; 28 22.7; 27.9; 34.8 22.7; 27.9; 34.8 
#19; #25; #31; #37 35.5; 41.3; 44.5; 49 41.5; 49; 56.2; 70.3 41.5; 49; 56.2; 70.3 

#2; #8; #14; #20 12.5; 20; 28.2; 35.5 23; 28.4; 34.3; 40.6 23; 28.5; 34.3; 40.5 
#26; #32; #38 41.5; 44.7; 46.9 47; 53.3; 58.6 47; 53.4; 58.6 

#3; #9; #15 12.2; 20; 27.6 37.1; 39.2; 41.8 37.1; 39.2; 42.3 
#21; #27; #33 35.4; 41.3; 44.4 44.8; 48; 52 44.8; 47.9; 52 
#39 49.3 50.3 50.4 

#4; #10; #16 11.8; 19.3; 27.5 30.1; 34.2; 38.3 30.1; 34.1; 38.3 
#22; #28; #34 34.9; 41.1; 44.4 42.3; 47.3; 48.6 42.3; 47.3; 48.6 
#40 48.4 49.4 49.4 

#5; #11; #17 11.4; 19.1; 26.8 25.6; 30.8; 36 25.6; 30.7; 36.2 
#23; #29; #35 34.4; 40.3; 43.7 41.6; 44.3; 46.8 41.6 44.2; 46.8 
#41 47.9 49.2 49.2 

#6; #12; #18 10.6; 18; 25.6 21.6; 28.7; 35.2 22.8; 28.7; 34.8 
#24; #30; #36 33.3; 39.3; 42.4 38.8; 42.4; 46.5 38.9; 42.5; 46.7 
#42 46.7 48.9 48.9 

3.4. Discussion 

This study is conducted by adopting genetic algorithm method in optimisation of faceted reflector 
design. The method generated detail of optimised parameters with the approach of one-to-one 
mapping, thus each facet of reflector illuminates corresponding target point precisely. As comparisons; 
the study of Gitin (2013) has designed faceted reflectors which consist of elementary plane mirrors, 
using graphical method (unfolding technique) in optimisation. Meanwhile Yang et al. (2008) have 
investigated the possibility combination of NURBS (non-uniform rational basis spline) and differential 
evolution method in optimising freeform reflector design. Nevertheless, both studies did not verify yet 
to the impact of optimised design through lighting simulation. This study also needs further verification 
in real construction of optimised reflector design. 

4. Conclusions 

This study has optimised the faceted reflector design in two types of divergent and convergent, with 
optimisation parameters i.e. solid angles (θ and ϕ), semi-latus rectum (d), and eccentricity (e). It is 
yielded the optimal values of θ angles in range of 0° to 36° for divergent type and 0° to 43° for the 
convergent. Meanwhile the ϕ angles have optimised range in 0° to 58° (for divergent type) and 0° to 85° 
(the convergent type). For the semi-latus rectum values, it gave the optimised range of 0.52 m to 0.66 m 
(divergent type) and 0.53 m to 0.65 (the convergent); with the eccentricity ranges are 0.95 to 0.98 
(divergent) and 0.95 to 0.99 (convergent). All of the optimised parameters are verified through 
simulation to the illuminance of target points. Both types of optimised design gave the similar results of 
the Eav values between 22.2 lx to 70.3 lx with Ul = 0.4, which conform to the national standard values of 
minimal 20 lx and Ul = 0.2. 
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Abstract: Keeping indoor temperature condition lower than outdoor condition is recommended in hot 
climate. Primarily ventilated buildings with low thermal mass should be employed. The indoor maximum 
can be close to the outdoor maximum and normally even higher due to internal heat gains. Heat gain 
through the walls plays a vital role in maintaining thermal comfort inside the building envelope. 
Selection of materials for wall components is very important for the achievement of good thermal 
comfort. In this paper, assessment of thermal transmittance of various building materials such as burnt 
brick, concrete, cellular concrete and timber which are widely used in the construction sector, is made 
along with some insulating materials that include expanded polystyrene, foam concrete, rockwool, 
glasswool and soft board of varying thickness. Numerical calculation of thermal transmittance of these 
materials is made based on density, thermal conductivity and specific heat capacity etc., which 
represent the rate of transfer of heat (in Watts) through one square meter of a structure divided by the 
difference in temperature across the structure. The results will be very useful for architects and 
practising engineers.  

Keywords: Thermal conductivity; Specific heat capacity; Thermal transmittance; Building wall materials. 

1. Introduction 

Ventilated buildings with low thermal mass are normally employed in hot and humid climate. 
Although examples of light weight constructions are broadly seen in vernacular architecture in hot 
humid regions, through permanent, daytime cross ventilation, it is not possible to lower the indoor 
temperature below the outdoor one. In such situations, the indoor maximum is close to the outdoor 
maximum and sometimes even higher due to internal heat gains. The heat gain through the walls plays a 
vital role in maintaining the thermal comfort inside the building envelope. Selection of materials for wall 
components is very important to ensure achievement of good thermal comfort. Finding of studies 
reported in literature on the various aspects of insulating building materials are presented in this 
section.  

Schiavoni et.al (2016) and Adithiya et.al (2017) made a thorough study of the various insulation 
materials for energy efficiency in buildings. They refer to the life cycle analysis and potential emission 
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reduction through use of appropriate insulation materials. Energy saving analysis in walls through 
thermal insulation system was studied by Subhash Mishra et al. (2012). They evaluated insulation 
thickness and energy savings using Life-cycle cost analysis over a life time of 10 years of the building. 
They also determined the optimum insulation thickness for different wall types that include brick, 
concrete and stone which are used in building construction in India. Naveen Tiwari et al. (2013) studied 
the measurements and analysis of thermal conductivity of insulating material. They carried out the 
measurement of thermal conductivity of Alumina (Porous- standard reference sample supplied by M/S 
Anter corporation, USA) and ceramic based porous insulating materials (CBPIM) in the temperature 
range of 50°C to 1100°C on M/S Anter Unitherm model 3141 apparatus(Hot Wire Thermal Conductivity 
Measuring System) as per ASTM C-1113. The effect of increasing temperature on thermal conductivity 
of Alumina and CBPIM was also analysed.  

Gesa et al. (2014) investigated the thermal insulation properties of selected ceiling materials used in 
Makurdi Metropolis (Benue State-Nigeria). In their investigation, a study of the thermal insulation 
properties of three selected materials namely: Plaster of Paris (P.O.P), Plywood and Isorel (Masonite) 
used as ceiling boards in Makurdi, Benue state-Nigeria was made. They concluded that the best 
insulation material for use in a tropical city like Makurdi was P.O.P. However, from the economic point 
of view, the choice of an insulating material with a lower thermal conductivity and more affordability to 
average number of inhabitants was considering housing construction in a densely populated city like 
Makurdi (a city in Nigeria, Africa). Hence Plywood was recommended for the lower or middleclass 
people who cannot cope up with the exorbitant cost of P.O.P since it is less expensive with better 
insulation property than Isorel (Masonite). Nikos Sakkaset.al (2015) studied non-Intrusive U value 
metering. Their objective was to introduce an easily deployable, plug and play, contact-less technology, 
with ability to provide a reasonable approximation of the building element U value and its variations 
with external air speed and as an accurate estimation of the U value change in the case of a shell (wall or 
window) retrofit. They have presented a compact and non-intrusive technology for U value metering. 

Soler et.al (2018) examined the thermal transmittance of an external building wall with the objective 
of improving the energy efficiency of the building through the integer linear programming approach. 
They felt that the thermal transmittance should abide by the current legislation with the limitations of 
budget, thickness, time limit, workforce, number of layers and the availability of materials. Optimization 
was achieved on a consideration of more than 670,000 possible combinations of materials and other 
parameters mentioned above. The study concluded that an adequate selection of materials, a small 
variation in the thickness of the wall or a small increase in the budget, among other factors, can help a 
considerable reduction in the thermal transmittance of the wall and therefore improve the energy 
efficiency of the building throughout its life. Hammed et.al (2018) performed a study directed to capture 
of a trade-off between embodied carbon U-value by presenting a mathematical model using a mixed 
integer programming approach for designing load bearing walls in commercial and residential buildings. 
The proposed model was tested on a practical case example applicable in Australia and UK involving a 
load bearing wall. Their model optimized the thickness of each layer of the wall for getting an optimum 
solution in terms of embodied carbon and U-value. 

Zach et al. (2013) took up the subject of the development of thermal insulation plasters for insulating 
and sanitation of building constructions. Their work was oriented toward the development of ultra-light 
thermal insulation plasters on a silicate base, which could be due to high porosity and good stability at 
elevated humidity used for applications with higher moisture load too. High open porosity and low 
volume weight helped the developed materials getting a significant potential, without any additional 
treatment, in the field of sanitation and thermal insulation of building structures in areas where 
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constructions had lower moisture level. Sagar kumar Shah et al. (2013) made a study of thermal 
insulating materials and costing of the economic thickness of insulation. This paper dealt “How to select 
insulation material and on what basis a decision is made concerning material selection and costs”. It 
provided a brief write-up about major insulation materials, criteria for material selection, economic 
selection, properties, applications, economic thickness of insulation, location, design life, case study and 
conclusion. The most important characteristics of any insulation material include a low thermal 
conductivity, low tendency toward absorbing water and of course, inexpensive feature of the material. 

In their paper, various building materials that are widely used in the construction sector were taken 
into account along with some insulating materials. Numerical evaluation of the thermal transmittance of 
these materials was made representing the rate of transfer of heat (in Watts) through one square metre 
of a structure divided by the difference in temperature across the structure (expressed in Watts per 
metre square Kelvin or W/m2K. 

2. Material Selection 

 
Various building and insulating materials that are widely used in construction industry sector are 

considered in the present study.Details of the standard thicknesses of the commercially available 
building wall and insulation materials are shown in the table 1 below. 

 

Table 1: Various building and insulating materials and their thickness. 

Type of materials Standard thickness of Exterior Wall materials 

Building Materials Minimum Exterior wall 

Thickness 

Maximum Exterior wall 

Thickness 

1. Burnt Brick 114.3 mm 228.6 mm 

2. Concrete  101.6 mm 203.2 mm 

3. Cellular Concrete 100.0 mm 200.0 mm 

 

Insulating Materials Minimum 

Thickness 

Around 100 

mm Thickness 

Maximum 

Thickness 

1. Expanded Polystyrene   41.0 mm 100.0 mm 100.0 mm 

2. Foam Concrete 101.6 mm 101.6 mm       - 

3. Rock Wool   50.0 mm 110.0 mm 170.0 mm 

4. Glass Wool   90.0 mm 115.0 mm 140.0 mm 

5. Soft Board   25.0 mm 100.0 mm 100.0 mm 
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The thermal properties of these building walls and the insulating materials used in the present 
work are shown in the table 2 as follows: 

 
Table 2: Thermal properties of building and insulating materials. 

Type of Materials Density 

(kg/m3) 

Thermal 

Conductivity W/mk 

Specific Heat 

Capacity kJ/kgK 

Building Materials    

1. Burnt Brick 1.82 0.81 0.88 

2. Concrete  2.41 1.74 0.88 

3. Cellular Concrete 0.70 0.18 1.05 

4. Timber  0.48 0.07 1.68 

Insulating Materials    

1.Expanded 

Polystyrene 

16 0.038 1.34 

2. Foam Concrete 320 0.070 0.92 

3. Rock Wool 92 0.047 0.84 

4. Glass Wool 69 0.043 0.92 

5. Soft Board 320 0.066 1.30 

 

3. Evaluation of Thermal Transmittance 

Thermal Transmittance values for the various materials considered in this study are calculated on 
the basis of SP 41(1987) – referred to in the Handbook on functional requirements of buildings, in 
various combinations of building and insulating materials and comparison between them have been 
made. The procedure for calculating the thermal transmittance values are as follows: 

 
Step 1: Calculate the thermal resistance R of each uniform building material which constitutes the 

building unit as shown in ………………. 
R = L/k                                (1) 

Where, 
             L - Thickness of material in meter 
             k - Thermal Conductivity in W/mK 
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Step 2: Find the total thermal resistance RT as follows: 
 
  RT = 1/fo + 1/fi + R1 + R2 +……...                                    (2) 
Where, 
 fo- Outside surface film coefficient  
 fi - Inside surface film coefficient 
 R1, R2 -Thermal resistance of different materials.  
 
Note: The following values of surface heat transfer coefficient have been taken for the 

computation of various parameters: 
 
a) Outside film coefficient at an air velocity of 8 km/h (fo) = 19.86 W/m2K 
b) Inside film coefficient at still air (fi)                                 = 9.36 W/m2K 
 
Step 3: Thermal Transmittance (U) = 1/RT     W/m2K                                (3) 

4. Results and Discussion 

The results of the thermal transmittance values by various combinations of wall and insulation 

materials have been presented. The thickness of the wall and insulation materials considered in the 

present work are based on commercial availability. Figure 1 shows the results for the minimum 

thickness of all the wall materials considered in combination with all the insulation materials of 

approximately 100 mm thickness. 

 

Figure 1: Minimum wall size with approximately 100 mm thickness of Insulation Materials 
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Fig.1 shows the burnt brick (114.3 mm) and the concrete walls (152.4 mm) as indicating almost a 

similar thermal transmittance in combination with the same insulation materials. However, the cellular 

concrete wall with 100 mm shows a decrease in thermal transmittance compared to burnt brick and 

concrete wall for all the combinations of the same insulating materials. In the case of cellular concrete 

wall with various combinations of insulation materials, the glass wool with 115 mm shows the minimum 

thermal transmittance value of 0.28 W/m2 K which is nearly 39.13% less than that of the insulated 

concrete foam. Further, rock wool and expanded polystyrene also show a considerable reduction in 

thermal transmittance compared to the insulated concrete foam and soft board. 

Figures 2 and 3 show the results for the minimum thickness of all the wall materials considered in 

combination with all the insulation materials of minimum and maximum thickness respectively using the 

available size. Both the figures shows the soft board insulation with 25 mm thickness indicating high 

thermal transmittance in particular with the minimum thickness of Burnt brick and concrete wall. The 

thermal transmittance is approximately 1.5 W/m2K. Hence, the minimum thickness soft board insulation 

with minimum wall size is to be avoided to protect a large heat entry through building walls. However, 

figure 3 shows possibility of an appreciable reduction in thermal resistance to a value less than 0.58 

W/m2K for all insulation materials for higher thickness. Insulation materials other than soft board, could 

achieve a thermal transmittance value even less than 0.30 W/m2K. Hence, it is construed that, for any 

building even with wall material of minimum thickness, it is possible to reduce the heat penetration to 

the building by increasing the thickness of the insulation material. 

 

Figure 2: Minimum wall size with minimum thickness of Insulation Materials 
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Figure 3: Minimum wall size with maximum thickness of Insulation Materials 

Figures 4 - 6, display the results of the thermal transmittance for the maximum thickness of all the 

wall materials considered in combination with all the insulation materials of approximately 100 mm, 

minimum and maximum thicknesses respectively. Figure 4 shows the results with various insulation 

materials of approximately 100 mm thickness.  The results are very similar to the values shown in Figure 

1 where the wall materials are with minimum thickness. Hence it is concluded that, the wall material 

thickness is just sufficient to withstand the structural stability, when the insulation layer is 

supplemented by wall material. Heat penetration could be controlled through selection of the 

appropriate insulation material with the required thickness. 

 

Figure 4: Maximum wall size with approximately 100 mm thickness of Insulation Materials 
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The conclusion drawn from Figure 4 is confirmed by Figure 5, which shows the thermal 

transmittance is high when the insulation thickness is minimum and even with a higher thickness of the 

wall material. Hence increasing the wall material thickness beyond the structural stability requirement is 

not recommended when the objective is to reduce heat entry to the building.   

 

Figure 5: Maximum wall size with minimum thickness of Insulation Materials 

 

Figure 6 shows the thermal transmittance for the cases with maximum thickness of wall material in 

combination with maximum thickness of the insulation material. The figure shows that the decrease in 

thermal transmittance is very minimal, compared to what is seen in Figure 3, in which the wall thickness 

considered was minimum. The conclusion from the above result is that based on the cost of the 

insulation material, a proper selection with the required thickness is to be arrived at to ensure 

achievement of energy efficient low-cost building. Achieving better insulation will not only reduce the 

operational cost for the space cooling but also environmental degradation. 
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Figure 6: Maximum wall size with maximum thickness of Insulation Materials 

 

Figure 7: Comparison of specific material-wall assemblies 
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reduction in heat entry and hence in the cooling load requirement. The reduction in capacity of the air 
conditioner reduces the energy requirement and thus contributes to environmental conservation.  
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Abstract: Evaluation of the daylight performance of buildings can be done with luminance or 
illuminance measurements. While illuminance has been used in the past for sufficiency of light, 
luminance-based metrics show the best fit to occupant responses in visual comfort surveys. Luminance 
measurements are now possible with High Dynamic Range (HDR) techniques that offer a higher spatial 
resolution at a large field of view. This research evaluates the HDR image acquisition method using 
smartphone cameras and the calibration of the HDR images using lux meters. Smartphone cameras have 
been evaluated for their ability to record luminance values in a range of brightness conditions. The error 
between the low-cost HDR approach and the conventional approach of HDR imaging is determined and 
a method for correction factors is proposed. A visual comfort survey of a daylit workshop building is 
done to evaluate the feasibility and accuracy of the low-cost HDR approach.   

Keywords: Daylighting; High Dynamic Range; smartphone camera; visual comfort survey. 

1. Introduction 

 
Daylighting has been used as the primary source of lighting in high-performance buildings. It is a 
common way to reduce the energy consumption of the building (Kurnia et al., 2017) since it has the 
potential to reduce lighting energy by 40% (Du et al., 2014). The Energy Conservation Building Code 
(2017) of India mandates a minimum of 40% of the workspaces in buildings (60% for Super ECBC level) 
to have good daylighting and controls. Office workers perform 10%-25% better when they have the best 
possible view and daylighting; students in classrooms with the best daylighting were found to have 7% -
18% higher scores than those with the least daylighting (Loisos, 1999). Hence it is important to evaluate 
the daylight performance for visual comfort for a healthy and productive environment, and to save 
energy.  
To evaluate of the daylight performance of buildings, we can measure as illuminance or luminance. The 
use of an illuminance meter (also, lux meter) is more common because a lux meter is less expensive 
than a luminance meter. However, for daylit spaces, luminance-based metrics show a better fit to 
subjective responses in visual comfort surveys than illuminance based metrics (Van Den Wymelenberg, 
2012). High Dynamic Range (HDR) images can quickly capture the luminance within a large field of view 
at a high resolution (Debevec et al., 1997; Van Den Wymelenberg, 2012). The HDR images are calibrated 
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with spot measurements of luminance values from the scene.  Past studies show that luminance values 
extracted from such calibrated HDR images are reasonably accurate compared to luminance values 
measured by luminance meters. Inanici (2006) and Garcia-Hansen et al. (2013) used Digital Single-Lens 
Reflex (DSLR) cameras, compared the HDR image pixel values with luminance meter readings, and found 
an average errors of 10% and 8%, respectively.    
 
This study evaluates smartphone cameras as a low-cost HDRI method which can be useful for building 
owners, building performance evaluators, lighting experts, and researchers to study light distribution. 
Low-cost HDRI methods can also be used for sensors towards visual comfort for lighting and blinds 
control. This approach holds the potential to replace the traditional illuminance-based photosensors to 
control the overall lighting and façade systems. This paper also looks at using lux meters to replace 
expensive luminance meters for the calibration of HDR images. A Workshop Building is evaluated using 
the visual comfort surveys and the results are used to evaluate the feasibility and accuracy of the low-
cost HDR acquisition and calibration method.  

2. Research Methodology 

In this study, seven smartphone cameras (iPhone XR, iPhone 8, iPhone 7, iPhone 6s, iPhone 5s, One plus 
6 and One plus 5) and a DSLR camera are used to capture the luminance data of a scene with a wide 
range of brightness levels. To evaluate the performance of the cameras, the luminance data of the HDR 
images are compared with the LS-100 luminance meter readings. For the calibration of the luminance 
values in the HDR image, the exitance-based luminance is measured using KM-LUX-99 Digital Lux Meter. 
Finally, visual comfort survey of a workshop building is conducted, and the results are used to assess the 
feasibility of the smartphone-based low-cost HDR approach.  

2.1. Data Collection 

To acquire HDR images of the scene using all the cameras, normal low dynamic range (LDR) images are 
acquired along with the luminance value of the calibration card. The set of LDR images for each scene 
are captured by varying the shutter speed over a range of five values while keeping other settings 
constant. These settings are ISO of 100, and white balance set to Daylight (6500 K). An app called the 
CameraPixels Lite (2018) is used for iOS phones and manual camera settings are used for Android 
phones.  

For the measurement of the calibration card, the exitance of the white card placed at the foveal 
center of the camera is recorded using KM-LUX-99 Digital Lux Meter before and after capturing the LDR 
images. The method of measuring exitance is described in Section 2.3. The exitance value recorded is 
used to calculate the luminance of the white card using Equation (2).  This luminance value is used in the 
for calibrating the HDR images in Photosphere (2009), a MacOS based software.  

 2.2. Data Processing  

The LDR images are fused to make an HDR image for each scene in Photosphere (2009). The camera 
response curve for the specific camera is also applied to the HDR image in Photosphere (2009). Each 
HDR image is calibrated as described above. The image file is saved in the (RGBE).hdr format 
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2.3.  Testing the exitance-based luminance calibration method 

To minimize the error in using KM-LUX-99 Digital lux meter for the calibration process of the HDR 
images, two exitance measurement methods are compared  

1. By placing the Lux Meter at an angle of 45° to the surface to measure illuminance. 
2. By placing the Lux Meter parallel to and 3” away from the surface to measure illuminance. 

The exitance is calculated using Equation Error! Reference source not found.). The more accurate of 
he two methods is selected for calibrating the luminance values of the HDR images.  

 

Calculated Exitance (Ex) = Measured Luminance (L) * π (1) 

Exitance-based Luminance (L) = Exitance measured (M) / π (2) 

2.4. Testing the performance of seven smartphone cameras for the HDR image with different 
brightness condition 

This step tests the performance of seven smartphone cameras to compare the luminance values from 
the HDR images and those from the luminance meter readings (Garcia-Hansen et al, 2013). The 
smartphone cameras for this research are selected based on their ability to capture images with in-built 
manual settings or by using an app. A scene with a wide range of luminance values (highest = 16,980 
cd/m² and lowest = 11 cd/m²) is selected (see Figure 1). The data collection for this step includes LDR 
image acquisition and luminance readings of the four spots identified in Figure 1. This is repeated for all 
the smartphone cameras and the DSLR. Further, these images are post-processed using Photosphere 
(2009) as mentioned in Section 2.2.  

The luminance value of the four spots is extracted from the camera HDR image in Photosphere 
(2009). These luminance values are compared with the luminance readings taken using LS-100 
Luminance meter and the DSLR luminance values.  

 

 

Figure 1 showing the position of the four spots whose luminance readings were measured using 
luminance meter.  
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2.5. Evaluating the CEPT University Workshop building for daylight performance  

The CEPT Workshop building holds studios for Woodworking, Metalworking, Ceramics & Clay, 
Weaving/Textile, and Fab Lab. The workshop has a rectangular planform with an area of 1685 sq. m. The 
workshop building has a north-facing window with high ceiling and large clear span garage doors (see 
Figure 2).  

The survey is conducted for 34 participants for all the spaces in the workshop building. A visual 
comfort survey questionnaire form is developed based on a survey conducted by Van Den Wymelenberg 
(2012) and Moeed Chaudhary (2017). LDR images of the scene for each participant (Front, Right and 
Left) are also acquired at the time the survey is administered.  

Analysis of the 34 visual comfort survey forms is carried out. The goal is to investigate the sufficiency 
of daylight, visual appearance and daylight issues in the spaces. The opinion of 34 participants in the 
survey is analyzed. The analysis is carried out based on 1) seven-point Likert scale 2) five-point semantic 
differential scale and 3) Glare condition. 

2.6. Assessing the Low-cost method of HDRI for Daylight Evaluation using the Workshop 
building 

After acquiring a good understanding of the visual comfort performance of the workshop building from 
the survey, the building is used to evaluate the feasibility and accuracy of the low-cost HDR acquisition 
and calibration method using metrics recommended by Van Den Wymelenberg (2012).  

A total of 435 LDR images for 29 participants were captured and processed to get 87 HDR images.  
Two visual comfort metrics are calculated for each HDR image 1) mean Luminance within 40° horizontal 
band of vision and 2) percent of luminance below 1000 cd/m² within a 40° horizontal band1. To do this, 
masks are created for the 40° horizontal band of vision in Photoshop (2007) and applied to all the HDR 
images and the metrics are calculated using a Windows-based software called hdrscope (2013). 

 

Figure 2 showing the workshop interior captured using the iPhone 8 with a fisheye lens, the scene with 
white card and participant’s position (left), the scene with white card and camera position (right).  

                                                            
1 These metrics were selected because they showed the highest squared correlation for any 

metric based upon space-independent mask in the study conducted by Van Den Wymelenberg (2012). 
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3. Results and Discussion 

3.1. The exitance-based luminance calibration method 

The values for the exitance measured with a lux meter held 3” away and parallel to the surface are 
consistently closer to those arrived at using the luminance meter. This method of exitance 
measurement is used for going forward in this study.   

3.2. Performance of seven smartphone cameras for HDR image with different brightness 
conditions 

The luminance values measured with a luminance meter for four surfaces are 1) Very low brightness 
surface (11-13 cd/m²) 2) Low brightness surface (105-112 cd/m²) 3) Medium brightness surface (431-576 
cd/m²) 4) High brightness surface (14410-16980 cd/m²). These luminance values are compared with the 
luminance values extracted from the calibrated HDR images. In Figure 2, it is observed that the high 
brightness surface has a very high error for all the smartphone cameras, but not for the DSLR camera.   

 

Figure 2 showing the difference between measured and HDR luminance.  

 

 The average error percentage (average over four surfaces) for the smartphone cameras is always 
more than 45%. iPhone 8 shows the lowest average error percentage of 45% and iPhone 7 shows the 
highest average error percentage of 113%. Meanwhile, DSLR camera performs well with an average 
error percentage of only 8% which confirms the findings of Inanici (2006).  

To compare the ability of the smartphone cameras to capture the luminance of high brightness 
scene (measured at 16,980 cd/m²), we calculated the ratio of the HDRI based luminance to the 
measured luminance. iPhone 6 captured a luminance of 2913 cd/m² which is 17% of the measured 



758 A.Thounaojam, P.Vaidya, P.Mundhe and M.Maskarenj 

luminance. This is the highest ratio of all smartphone cameras.  Other smartphone cameras could 
capture only 5% to 15% of the high brightness scenes. On the other hand, the DSLR camera captured 
95% of the measured luminance. It appears that the ability of the smartphone cameras to capture high 
luminance values is limited with the typical HDR calibration procedures.  

Smartphone cameras can capture an HDR image by using an app (CameraPixels Lite, 2018) or manual 
settings of the in-built camera. Such apps are easily available, and they are quick and easy to use.  The 
apps allow manual settings and bracketing function.  This makes HDR imaging easily accessible with 
smartphone cameras. However, the high errors after the standard calibration procedures can make their 
luminance values unreliable.   

As they are, the utility of these smartphone cameras would have to be limited to learning the 
concepts and the techniques of HDRI. However, this method can be used more widely beyond 
education, if the errors can be corrected. A correction could need to be done for each camera for a wide 
range of luminance values. This can be done as a laboratory calibration process for a range of luminance 
values. This would provide a set of correction factors, with individual correction factors for each 
luminance range, for each smartphone camera. These correction factors could then be applied to pixels 
in an HDR image that falls in that luminance range.   We demonstrate the proof-of-concept for doing this 
manually in section 3.4.  We found that doing this for each HDR image is a tedious process and this 
correction approach needs to be encoded in software such as hdrscope.  Hdrscope could provide an 
interface that allows the user to enter a set of correction factors for a specific camera, which is then 
applied to the image.  

 3.3. Visual comfort survey of the Workshop Building  

The visual comfort survey establishes a real context for using the smartphone camera HDR approach. 
The seven-point Likert scale (very strongly disagree to very strongly agree) is used for space-related 
questions and the participants are asked to give an opinion on the visual appearance and the amount of 
light.  

Table 1 showing the responses for the seven-point Likert scale. 

Question Agree (%) Neither agree nor 
disagree (%) 

Disagree (%) 

The environment is visually comfortable for the intended 
work. 

88 9 3 

Satisfied with the amount of light for the intended work. 85 9 6 
Satisfied with the amount of light for the paper-based work.  91 6 3 
The light is distributed well.  76 9 15 

 

Most of the participants agree that the workshop space is a visually comfortable environment for the 
intended work. They are also satisfied with the amount of light and agree that the light is distributed 
well.  The sufficiency and good distribution of light could be due to the north light provided in all the 
workshop spaces which also have vertical white surfaces with high reflectance values.  

The Five-point semantic differential scale (dim to bright) consists of scene related questions and the 
participants are asked to give an opinion on the brightness of the scene. The results of the visual 
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comfort survey for the five-point semantic differential scale are in Table 2. Most of the participants 
found the front, left and right scene to be towards the bright side.  

Table 2 showing the responses for the five-point semantic differential scale 

Question Bright (%) Just right (%) Dim (%) 

Brightness of the front scene 50 44 6 
Brightness of the left scene 32 59 9 
Brightness of the right scene 32 53 15 
The light is distributed well.  76 9 15 

 

The Workshop building has achieved visual comfort in terms of visual appearance, amount of light 
and the distribution of light. The sufficiency of light inside the space is achieved due to the north-facing 
clerestory windows and the high reflectance interior surfaces. The brightness level of the workshop 
spaces seems to be just right according to the participants. A higher number of participants reported the 
spaces towards the bright side than towards the dimmer side. There were no intolerable glare 
conditions reported. However, some perceptible and disturbing glare were reported, for glare sources 
such as brightness of the sky, brightness of the hardscape outside the window, sun patches in the space, 
and brightness from some interior vertical surfaces.  

3.4. Applicability of the low-cost HDR techniques for evaluation of the workshop space  

Once the visual comfort of the CEPT workshop building has been documented using the survey, the 
results provide a context to study the applicability of the low-cost HDR technique. The objective is to 
understand the usefulness of the smartphone camera and its limitations regarding the ability and the 
accuracy for luminance-based metrics calculation.    

These are two errors in the method that needs to be discussed in the context of calculating the 
luminance-based metrics. The iPhone 8, which is the smartphone used to capture the images of the 
Workshop has an average error (average across the tested surface luminance values) of 58%. Table 3 
shows the errors of this camera for HDR luminance for the surfaces tested. It is observed that the error 
increases for higher luminance values. The workshop space has surfaces with high reflectance values 
that have high luminance values. This can result in the inability of the smartphone camera to capture 
the high luminance scenes. This can result in errors for the visual comfort metrics that are calculated. 
The workshop, along with the context from the visual comfort survey is used to see how these errors 
would lead to erroneous conclusions.  

Table 3 showing the error percentage of the surfaces measured using the iPhone 8. 

Surfaces Measured Luminance (cd/m²) Error % 

Very low brightness surface 11.1 21% 
Low brightness surface 106.1 38% 
Medium brightness surface 450.5 82% 
High brightness surface 16980 93% 

 



760 A.Thounaojam, P.Vaidya, P.Mundhe and M.Maskarenj 

Mean luminance 40° horizontal band (M1) and Percent of luminance below 1000 cd/m² (M2) are 
calculated in hdrscope (2013) using a single region of interest. For these metrics, the borderline 
between comfort and discomfort (BCD) according to Van Den Wymelenberg (2012) is 500-700 cd/m² for 
M1, and 87%-94% for M2. It should be noted that the BCD is based on Van den Wylemenberg’s study 
carried out for south-facing office space and may not be directly applicable to a workshop space. Even 
so, the objective here is to use smartphone camera-based HDRI for calculating the metrics and analyzing 
them to reveal the usefulness of the low-cost method. 

For M1, it is observed that 91% of all the 87 scenes from the workshop are lower than the BCD 
range, 6% of all the scenes are above the BCD range and only 3% of all the scenes are within the BCD 
range. Given the errors noted in Table 3, the scenes with low mean luminance values are likely to stay 
below the BCD after corrections and are unlikely to lead to a different conclusion.  However, scenes with 
mean values between 250 cd/m² and 500 cd/m² may end up in the BCD after correction, thus changing 
the conclusion about the space.  Similarly, scenes with high mean luminance are likely to lie above the 
BCD after correction.  This clearly shows the need to correct the HDR values unless the scenes are in low 
to very low brightness conditions or very bright conditions.  

To demonstrate this point further, the raw luminance values for each pixel in two scenes were 
extracted and correction factors were applied manually to each pixel value using data from Table 3.  In 
Figure 3, it is observed that for M1, the low brightness scene stays below the BCD, but the high 
brightness scene moved from just below the BCD to above the BCD. For M2, the low brightness scene 
stayed above the BCD, but the high brightness scene moves from within the BCD to just below the BCD.  

 

   

Figure 3 showing the before and after correction of the luminance data for M1 (left) and M2 (right). 

4. Conclusion 

HDR imaging is a relatively new method for quickly capturing a large dataset of luminance levels in a 
space. In this study, low-cost methods for HDRI are evaluated for daylighting evaluation of spaces.  

Lux meter for calibration of HDRI images is found to be reasonably accurate (average error of 7%) 
when used with a white card or a colored card that has a reflectance value higher than 40%, and 
measurements are taken 3” away and parallel to the card.  

0 
200 
400 
600 
800 

1000 

Before 
correction 

After 
correction 

M
ea

n
 lu

m
in

an
ce

 (
cd

/m
²)

 

High brightness scene 

Low brightness scene 

0% 

50% 

100% 

150% 

Before 
correction 

After 
correction 

P
er

ce
n

t 
o

f 
lu

m
in

an
ce

 
b

el
o

w
 1

0
0

0
 c

d
/m

² 

High brightness scene 

Low brightness scene 

         BCD BCD 



761 

 

Evaluation of a low-cost method of HDR photography for Daylight Assessment 

The use of smartphone cameras is an inexpensive and fast method of LDR image acquisition for 
HDRI.  These instruments are more easily accessible than the conventional method of HDRI. Apps such 
as CameraPixels Lite (2018) allow manual settings and have bracketing functions to make the LDR 
acquisition easier. Photosphere (2009) also allows a quick fusing of the LDR images to convert them into 
HDR images. However, while the calibration of the HDR images in Photosphere (2009)  may be adequate 
for DSLR-sourced HDRI, it needs to be improved for smartphone camera-sourced HDRI. hdrscope (2013) 
can calculate the luminance-based metrics by applying a mask to the HDR images.   

Of the 6 smartphones studied, the maximum luminance was captured by iPhone 6 and which could 
only capture 17% of the measured luminance (16,980 cd/m2), while the DSLR could capture 95%. This 
study shows that larger errors are observed for high brightness scenes, and this may be because the 
smartphone cameras sensors are being optimized by manufacturers for low lighting conditions and 
hence tend to have problems for luminous overflow under high brightness conditions.  

This low-cost method of HDRI also allows the calculation of the luminance-based metrics using 
hdrscope (2013). However, smartphone camera-sourced HDRI gives large errors for luminance values. 
Hence these HDR luminance data need to be corrected for reliable data to evaluate a space. The DSLR 
camera in this study performs well and its average error is less than 8%.  

The low-cost method for HDRI investigated in this study holds some promise for daylighting and 
visual comfort evaluation of spaces if correction factors for each camera are established, included in 
software such as hdrscope.  We recommend this as a future research and development activity.  
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Abstract: Development of print journalism with its ‘positive and generative impact’ is central to 
dissemination of knowledge in the process of knowing and developing various theories and practices in 
architecture. Moreover, ‘the influence of other media on the transmission of architectural ideas’ can 
outweigh that of the experience of the buildings themselves. Since the way one communicates is the 
way that person thinks and speaks, language and linguistics influence print communication to a large 
extent. In a way, as language affects architectural production through expressed theories, created built 
forms affect discourseand the formation of new theories, establishing the power of print on the design in 
architecture. The paper exposes how architecture journalism, over the period of time, influenced the 
profession and architectural products. All over the globe, one can see new interpretations of 
architecture and rediscovery of traditional concepts and practices. Trends in vogue leave no culture 
anywhere uninfluenced; neither in eastern nor western. The research probes to understand the role and 
relevance of architectural journalism in facilitating the architectural expressions in all times. Further, the 
research identifies the products of journalism, and prioritizes the types of products such as dailies, 
magazines and professional journals which have influenced the designs and architectural products, and 
attempts to establish ‘how they do this’. The research critically evaluates the reporting, by way of design 
descriptions, context, position adopted by the reporter, use of graphics and images, and the readers of 
these journalistic productions. The paper also explores the strategies deployed by the publishers to get 
more readerships and to influence readers constructively, in an effort to generate a better model for 
communication. 

Keywords: Print-journalism, architecture, discourse, design-description 

 

1. Introduction 

Development of print journalism with its ‘positive and generative impact’ is central to dissemination 
of knowledge in the process of knowing and developing various theories and practices in architecture as 
we see in the world. Moreover, ‘the influence of other media on the transmission of architectural ideas’ 
can outweigh that of the experience of the buildings themselves. Since ‘the way one communicates is 
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the way that person thinks and speaks’, language and linguistics influence print communication to a 
large extent. In a way, as language affects architectural production through expressed theories 
disseminated through print and other forms of journalism, created built forms affect discourse and the 
formation of new theories, establishing the power of print on the design in architecture.  

 

It’s interesting to note that as development in philosophy and studies on human thinking developed, 
these had their ripples in communication, mostly through print. Invention and wide use of printing press 
has revolutionized the products of print and its penetration in the readers. This facilitated the spread of 
philosophical developments and thinking around the globe. Plurality of worldviews over a period of 
time, has replaced the Classic; single outlook. Post Modernism also meant the collapse of master 
narratives that were mostly the determinants of architecture and expressions. Throughout history, 
information unlimited and medium of use tends to depersonalize the theoretical and historical basis 
that have characterized the generation of architecture. The effects of the depersonalization are clearly 
visible over the period of development of architecture reaching its zenith in the Modern Architecture 
which is characterized by the slogan ‘less is more’. The relationship of ‘drawing’ to architecture is best 
described according to the traditional interpretation of this translation that ‘an architectural drawing is 
a graphic representation’ of an existing, or future building, the present modern and post-modern 
conditions of understanding. These translations states that, ‘buildings are representations of the 
drawings’ that preceded them (Hale 2000). While architectural concepts exist on a plane distinct from 
their embodiment in particular buildings that ‘built objects’ form just one component within a larger 
network of ‘architectural phenomena’; in concepts, writings, designs, digital form and the like, as in the 
case of the documentation in print of the Barcelona Pavilion, designed by Ludwig Mies van der Rohe and 
built in 1929 for the international exposition, which was later removed, but it’s write-up stands alive 
making probably better experience to the readers in later times. So is the ‘Deconstructivist Architecture’ 
which had tremendous impact on the production of architecture in late nineties, testifies to the fact that 
‘the influence of other media on the transmission of architectural ideas can outweigh that of the 
experience of the buildings themselves’. A positive appreciation of the power of print and media in the 
context of the new fluency of ideas would certainly establish that media event is also a valid component 
of reality and sometimes it assumes more validity than the real itself (Baudrillard 1995). This ‘collision’ 
between imagination and experience is a prime factor in the understanding of architecture. The role of 
theory in today’s context is quite different from a methodology as to ‘how to make better buildings’. On 
the contrary, since a ‘society gets an architecture it deserves, theory primarily in print, shall strive to 
influence society and create conditions conducive for an even more critical architecture to bloom’. In this 
respect, ‘architecture is a powerful means of communication’ over and above its space and shelter 
functions. 

 

Plurality of worldviews, has replaced the Classic; single outlook while Post Modernism also meant the 
collapse of master narratives. Designer’s thoughts, however, are influenced to a great extent by the 
communication and its efficacy; be it theory or narratives. Possibly, in the contemporary world, 
‘communication in society has fragmented’ into ‘language-games’ which also has its natural reflection in 
the ‘architectural chaos’ and plurality; having systems of rules and conventions that might apply to 
interpretation according to the particular context of enquiry (Lyotard and ois 1993). In a way, as 
language affects architectural production through expressed theories in print, created built forms affect 
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discourse and the formation of new theories, establishing the power of print on the design in 
architecture. 

 

2. Divine to ‘Learned’ 

The notion that ‘numbers hold the key to harmony and beauty’ is questioned by Prerrault through his 

book ‘Ordonnance for the Five Kinds of Columns’, (1683) in which he set out a once-and-for-all number 

system, by averaging the dimensions put forward by others. The result of which reduced the dominance 

of proportion and its basis from ‘God-given’ to ‘Learned’ standards, which has tremendous impact on 

the production of architecture which shifted from ‘arbitrary divine’ Vitruvian prescriptions to the 

‘convenient and technologically based’ architecture. This could be seen as the establishment of what 

Bacon had achieved for the growth of the sciences in England, Rene Descartes achieved in France and 

his Discourse on Method and the Meditations, published in 1637and 1641, grew out of a similar 

reforming objective which is described in his book ‘Discourse on the Method of Rightly Conducting the 

Reason and Seeking Truth in the Sciences’. Intent of both was providing ‘instruments’ for the mind, to 

assist in its quest for a clear comprehension of the world, uncompromised by tradition and received 

conventions. This process involved transcending the body and the messy ‘confusion’ of perceptual 

experience in order to avoid the ‘illusions’ of the realm of the senses and understand the reality behind 

mere appearance. His method was to start by questioning his assumptions and reconstructing all 

knowledge from a foundation of certainty1. The method of separation of the ‘reasoning mind’ from the 

uncertainties of the crude, ‘feeling’ of body provided Descartes an initiation point for the production of 

a new system of knowledge (Hale 2000). The reflection of the self-conscious, thinking mind is seen 

manifest in the world of expressions and materials.  

3. Architect: A unique creator 

The new grounding on the techniques of spatial description and the mechanistic explanation of natural 
phenomena gave rise to the dawn of new ‘sciences’ during later years. As Michel Foucault has described 
in his book ‘The Order of Things’ (Foucault, The Order of Things: An Archaeology of the Human Sciences 
1994), the eighteenth century saw an expansion in research and classification that went a long way to 
fulfilling Francis Bacon's great vision. The rebirth and renewal of a new architecture, based on rational 
principles rather than the divine, was a result of the unique search for certainty that Descartes had 
initiated and, in response to Hegel's prognosis of the ‘demise of architect as artist’, and the ‘entry of 
engineer into profession’ to take a vital part in this role. This change required to be reflected in the 
pedagogy and teaching of architecture basically expressed through print and other media of expression. 

                                                                 
1
Thus, as our senses deceive us at times, I was ready to suppose that nothing was at all the way our senses 

represented them to be...But I soon noticed that while I thus wished to think everything false, it was necessarily 
true that I who thought so, was something. Since this truth, I think therefore I am, was so firm and assured that all 
the most extravagant suppositions of the skeptics were unable to shake it; I judged that I could safely accept it as 
the first principle of the philosophy I was seeking. 
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While academics still reliant on printed matter; be it theory or practice, there is no scope to 
underestimate the importance of print in the production of architects and architecture. Architecture of 
contemporary times calls for interactive technology, building automation, sustainability, 
reinterpretation of traditional values and techniques; an array of subjects, which means the pedagogy 
and subjects shall have a definite inclusion of modern science and technology, behavioral studies, 
performance evaluation, cultural wisdom and different tools of expression like the design and 
presentation software, 2-D and 3-D modelling techniques, national and international standards, codes, 
laws of contract, and regulations. Here, as an architect resolves the issue of form making, through the 
resolution of ‘tension that exist among the considerations’ which could to some extent be solved by the 
mathematical process of determination of hierarchies, in the end architect is left with no choice but ‘to 
be a creator’ who ‘uniquely resolves’ the ‘tension that exist among various aspects and considerations’ 
and the need for being ‘unique and beautiful; both in form and performance’.  

4. Philosophical developments  

The attainment of architecture is achieved through three distinct Hegelian phases as the ‘spirit of the 
age’ (Zeitgeist) played its creative role. In the spirit's gradual movement towards self-consciousness, 
religion assumes an intermediate stage, beyond the primitive's blind struggle for physical survival and 
prior to the ‘absolute knowledge’ of philosophy and science. In this stage Hegel suggests a three-stage 
process. The first phase of ‘natural religion’ which involves the worship of landscape features such as 
mountains, trees and springs. Then is the ‘religion of art’ which belongs to a further phase of 
development, where societies like ancient Greeks that made images of gods, as well as expressing their 
theology through architecture and ritual. Third phase of religion has a ‘transcending of the physical 
world and a movement away from the expression of beliefs embodied in works of art’. In this stage spirit 
comes to understand itself in a much more abstract way, then religion is believed to be contained in the 
revelations or ‘words of the gods’. Then on as the further stage in history, science and philosophy take 
over; the spirit in Hegel's system then becomes ‘transparent’ to itself as it ceases to rely on the support 
of images to express its understanding, since the ‘tools of abstract thought’ have taken over that role. 
Evidently, the importance of art is reduced, as Hegel claims ‘it is now irrelevant’ to the course of human 
progresses. This ‘idealist’ stand is arrived by distinguishing between the form of a work of art and its 
content, or idea, and thereby ‘separating what is symbolized’ from the medium of its expression (Hale 
2000). This separation has brought importance to print over art or sculpture in dissemination of 
knowledge that contributes to progress. 
 
Hegel tried to establish a hierarchical sequence which is his version of the development of art. He argues 
that it is from architecture and sculpture, the two most ‘physical’ of media that the progressive 
development to more abstract disciplines of painting, music and poetry happened. While poetry is the 
least dependent on sensory stimulation and is capable of expressing the most complex ideas, sculpture 
is seen as rather basic and clumsy, and only ‘suitable for the notions of a more primitive culture’. Hegel's 
relentless progression required poetry in its turn to give way to science of reason, as he moves on to 
explain the world (Hegel 1953). As metaphors and allusions give way to hard facts, the process of history 
is declared complete. The proposed system assigns architecture to the realm of the distant past and 
later art historians have had to respond to this troublesome positioning. The reaction has taken two 
different forms, with the splitting of engineering. 
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In 1800s ‘the influence of other media on the transmission of architectural ideas could outweigh that of 
the experience of the buildings themselves’, in 1960 Emmanuel Viollet-le-Duc, took up Hegel's challenge 
to the foundations of architecture. As the eclecticism of the time and the debates about style 
threatened to confirm Hegel's forecast of doom, Viollet stood by in favor of the continued importance of 
‘architecture as a technical’, rather than an expressive, endeavor. It is Hegel's periodising that partly  
 
brought forth the nineteenth century revivals of historical styles. Confusion that followed had 
accelerated Viollet's search for ‘timeless’ principles, beyond the distractions of symbols and 
meanings(Viollet 1987). Most writers of his time were interested in the ‘universal history’ from the 
origins of architecture in the ‘primitive hut’.  Hegel had been interested in ‘what buildings meant’, while 
Viollet simply concentrated on ‘how they were built’. All previous architecture was presented as rational, 
with arguments which emphasized on function and economy. All throughout the history of architecture 
the fundamental principle at work is the ‘application of reason to the satisfaction of needs’. It is this 
definite stand that substantiated Viollet's case for architecture as a science and saved it from its fate as 
a ‘historical curiosity’. It was this principle which later has been applied in making use of new materials 
and advances in science and technology. Development and use of printed language facilitated the 
emergence of new thoughts from mental constructs that result from abstract letters; the vehicles of 
abstract thoughts that contributes to growth and development. 
 

5. Philosophy of History and Building as Engineering 

A powerful myth of progress that caused a rift in the culture of architecture was brought-in by the 
‘philosophy of history’ which positioned in the view that ‘science will eventually explain all natural 
phenomena with new technologies’ to do all human needs. While the fact does not conform to this view 
it brought-in the reduction of architecture; ‘design of buildings, to a sub-set of engineering’ controlled 
by economic and physical forces. The general search for certainty and respectability in the age of reason 
formed the ‘deterministic view’ in architecture which subjected design to ‘scientific methodology’. 
Further, the view propagated an understanding that ‘good buildings will happen automatically’, 
provided the requirements are systematically analyzed, appropriate technologies and materials are used 
(Hale 2000). Bauhaus school too stressed this notion that ‘good design will always be pleasing and 
efficient’. Postmodernism and history, offer an alternative position which supports the status of 
architecture as cultural not just a technical, activity. Even the ‘black box’ approach to design 
methodology corroborates the same view that ‘design is much more than technicalities involved’ in it. 
Hegel's system of ideas considered art as defunct, because it ceased to contribute to the progression of 
human knowledge production. Likewise French philosopher Auguste Comte has contributed to 
‘positivism’ physical and social sciences2. Thomas Khun in his book ‘The Structure of Scientific 
Revolutions’ (Kuhn 1970) proposes a pattern which recurs in the history of science, where experimental 
data fail to fit within an established framework or ‘paradigm’ is what controls the scope of research 
specific to a period as well as predicting the likely outcome of a series of experiments of normal science, 
involving generation of experimental data for a particular paradigm.  
 

                                                                 
2
Auguste Comte claimed that progress was a steady and linear development involving the gradual 

accumulation of experimental data that would eventually account for all phenomena within a single unified system. 
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Needless to state that the technological advancements in printing technology with sharper and speedier 
printing, image printing and color printing simply enlarged the limits of influence and trend generation 
through print. The advent of stylebooks and various products of print like magazines, pamphlets and 
brochures enhanced the influence of print over its readers. Exhibitions as a new trend brought forth the 
possibilities of the use of print to a wider section of readers and potential clients. It is needless to state 
that the rich, the powerful and the aristocracy maintained their power and influence over the built 
environments through the use of print in various forms. A noticeable shift in paradigm is brought forth 
with the arrival of marketing and advertisement to enhance the visibility and influence over potential 
buyers and clients. As the advertisement strategies changed, it also brought-in the issue of 
accountability and ethics. The more designed are the strategies, the better is the power of print over its 
readers and their choices. 
 
A specific study on a house of print ‘Malayala Manorama’ over a period of more than fifty years reveals 
the influence, growth, power to generate a trend and development potentials that lie within the printed 
communication. They have demonstrated the power of print in generating waves of new trends in low-
cost housing, preservation of heritage, use of traditional wisdom and acceptance of architecture and 
architects per se to the general public, potential clients and change makers. In order to achieve these 
great goals, Malayala Manorama; a major publishing house in Kerala, has dedicated its publications by 
way of consistent articles, special issues, discussions by experts, seminars and their reporting, conducting 
exhibitions and offering the necessary patronage to art and architecture. The net effect has culminated 
in generating a new trend in ‘low-cost housing’, ‘right attitude towards preservation of architectural and 
cultural heritage’, promoting of traditional wisdom ‘VastuVidya’ and ‘curtailing of unhealthy practices’ in 
the practice of the same through reporting of discussions with experts and also by bringing out articles 
and scientific studies to its readers.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

It is important to state that by these efforts, Government of Kerala is convinced to begin a new mission 
in low-cost housing and technology by initiating training and production centers; ‘Nirmithi Kendra’, in 
every district of Kerala state. Moreover, two architects are recognized and honored by the Nation by 

  

Figure 1: Ar. Laurie Baker Centre for 
Development studies hostel with brick jalley walls 
(Baker, Houses of Laurie Baker 2016). 

Figure 2: Laurie Baker on site with 
his workforce (Baker, Building Design 
2012). 
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conferring ‘Padmasree’ by the Government of India; namely Ar. L. W. Baker (Figure 1&2) and Ar. 
Shankar G. 
 

6. Case Study  

Detailed analysis of Malayala Manorama publications are done to understand the frequency, nature 

and the details of strategy they have employed to generate new trends in the State. It remains a fact 

that print and other media on the transmission of architectural ideas can outweigh that of the 

experience of the buildings themselves. Although one cannot neglect the power of multimedia and 

Internet in the communication of knowledge and development, such communication media are beyond 

the scope of this research. 

 7. Conclusion 

Development of print journalism with its ‘positive and generative impact’ is central to dissemination of 

knowledge in the process of knowing and developing various theories and practices in architecture as 

we see in the world. Moreover, ‘the influence of other media on the transmission of architectural ideas’ 

can outweigh that of the experience of the buildings themselves. Since ‘the way one communicates is 

the way that person thinks and speaks’, language and linguistics influence print communication to a 

large extent. As language affects architectural production through expressed theories disseminated 

through print and other forms of journalism, created built forms affect discourse and the formation of 

new theories, establishing the power of print on the learning and practice. As an architect resolves the 

issue of form making, through the resolution of ‘tension that exist among the considerations’ which 

could to some extent be solved by the mathematical process of determination of hierarchies. However, 

in the end architect is left with no choice but to be a creator who ‘uniquely resolves’ the ‘tension that 

exist among various aspects and considerations’ and the need for being ‘unique and beautiful; both in 

form and performance’. Needless to state, that the technological advancements in printing technology 

enlarged the limits of influence and trend generation through print. The advent of stylebooks and 

various products of print like Magazines, Pamphlets and brochures enhanced the influence of print over 

its readers. Exhibitions as a new trend brought forth the possibilities of the use of print to a wider 

section of readers and potential clients. It is needless to state that the rich, the powerful and the 

aristocracy maintained their power and influence over the built environments through the use of print 

in various forms. A shift in paradigm is brought forth with the arrival of marketing and advertisement to 

enhance the visibility and influence over potential buyers and clients. As the advertisement strategies 

changed, it also brought-in the issue of accountability and ethics. The more designed are the strategies, 

the better are the power of print over its readers. A specific case study on ‘Malayala Manorama’ over a 

period of more than fifty years reveals the influence, growth, power to generate a trend and 

development potentials that lie within the printed communication. They have demonstrated the power 

of print in generating waves of new trends in low-cost housing, preservation of heritage, use of 

traditional wisdom and acceptance of architecture and architects per se to the general public, potential 

clients and change makers. 
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Abstract: This paper aims to strategise a comprehensive design, establishing a link between urban and 
rural sectors through preservation and revitalisation of the craft sector of India. The intent is to unite 
the various typologies of artisan crafts, scattered throughout the country, to build a community 
cherishing the Indian heritage: a place to practise, teach, demonstrate culture. With the aim of fostering 
this heritage community, the concept of crafts village has been selected as the cornerstone of this 
design. Thus, the sub-question: How to create an artist village, providing a platform for vocational 
training and retail, a mixed-use organic development, cherishing the Art and Craft heritage of India? 
Notwithstanding Industrialization, a large population of India still depend on long-established traditional 
methods of manufacturing using traditional techniques to earn a living based on handmade products. 
These craftspeople/artisans are the backbone of the non-farm rural economy of India.  There is a crucial 
necessity for philanthropy to understand the potential to monetise the crafts sector by the financing of 
high impact scalable models that can sustainably strengthen livelihoods. By harnessing the potential of 
the craftsperson/artisan sector, the concept of artist village promotes forgotten values of art in the 
modern world and re-examines the role of architecture. An artisan village reinforces the upliftment of 
rural craftsmen/Artisans by providing them with a place to reside, practice and earn with their skills. 

Keywords: Sustainable buildings, Artisan Heritage, Incremental Architecture, India 

1. Introduction 

This paper aims to design a development of an artist village in the city of Surat, Gujarat, India. The 
research involves the in-depth study of the rural art and artisan, their living environment and indigenous 
development and the future demands to conserve their skills and techniques by providing a platform to 
educate the young generation and even housing them for their better living standards. Current analysis 
of the variety of craftsperson/artisan within the Indian sub-continent indicates the highest 
concentration of rural artisans resides within the state of Gujarat. The city has always provided a 
platform for Artistic events and traditional festivals. Taking the initiative, a step further, this research 
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paper aims to develop an artist village with a mixed activity of education, retail and recreation 
incorporating Indian architectural elements within the design. 

Case studies include Belapur Artist village, Sanskriti Kendra, Delhi, Shilpgram Artist Village, Udaipur, 
India. Followed by an in-depth analysis of the artisan spatial needs, for each sub-group of craft split into 
eleven distinctive groups; Pottery Art, Knife work, Lacquer Wood, Metal Bells Art, Block Print craft, 
Bandhani Craft & Batik, Rogan Art, Kachchhi weaving Art, Plastic Weaving, and Embroidery, will ensure a 
programme which is fit for purpose for the site.  

The design methodology incorporates the more in-depth comprehension of the type of activities and 
environment required with each art and craft, to develop typical housing model which holds the 
incremental possibilities and Indian architectural characteristics. The circulation and spatial organisation 
study are the essential elements in developing the master layout. The case-studies offer few planned 
and organically developed artist villages of India, providing the inferences to develop the best possible 
strategy to design an artist village. The design conclusion outcome safeguards cultivates and fosters the 
reconsideration of the role of architecture within the context of an artisan village, and the subsequent 
growing the economy within this region. 

2. State of Knowledge in the Field 

There is no preconceived regulation for such village design within India. Most of the unplanned villages 
are organically developed, depending on their residential requirement. The master layout design can be 
derived from the inferences of spatial organisation and circulation from case-studies. The understanding 
and functional needs of an artist village are analysed from the more profound comprehension of each 
Art and craft of India. There are many examples of artistic villages throughout the world, albeit few have 
clearly defined aims, and those organic agglomerations of artists’ studios are founded by artisan 
themselves. Planned Artist Villages can be initiated by the government, non-governmental organisation, 
education institution, philanthropist or a private enterprise. The purpose of establishing a village like 
this can be to provide space for art creation and developing the creative industry, even revitalising the 
community. The Indian craft sector is entrenched very deep into the Indian Culture. One of the 
paradoxes of India is, having innumerable craftsmen working with various techniques and materials than 
anywhere else. However, neither those craftsmen are being valued, nor they are earning a basic 
livelihood. Due to unemployment, these skilled professionals are leaving the sector and joining labour 
jobs instead. Revitalising prospects of the crafts sector can provide improvement in economic, 
environmental and social conditions of rural communities. In the process of making India and skilling 
India, many non-governmental organisations are trying hard to forefront crafts-people and provide 
them with better living standards. 

3. Context  

India may be a land of farmers, but it is equally a land of artisans. Indian art is the sheer hard work of 
thousands of unknown, undervalued artisans and craftsperson’s. This art has continuously evolved over 
thousands of years. The traditions and customs of India tend to produce so many activities and 
opportunities. 

“India is a power house of handicrafts. Each state in India not only has its distinctive ethnic 
identity - but also a varied tradition of handicrafts and art works. Some of the crafts 
traditions were born out of necessity, while others developed simply out of man’s 
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instinctive attraction towards all things beautiful. Regional history, social ambience, 
religion, culture, climate - natural resources and demography were largely responsible for 
the evolution of these diverse ethnic crafts traditions in India.” States Special: Ethnic Crafts 

3.1. Harnessing the Potential of India’s Craft Sector 

Despite the Industrialization, millions of Indians still depend on indigenous modes of 
production, traditional skills and techniques to make a living based on handmade products. 
These craftspeople are the backbone of the non-farm rural economy of India. Estimated 
around 7 million artisans are engaged in craft production to earn a livelihood. An 
estimated 63% of artisans are self-employed while 37% are wage earners.” In  Handicrafts 
for 12th Five Year Plan 

According to Jena (2010), many companies are supporting the craft-based business; most of craft 
creations remain chaotic and artisan struggles for sustenance. However, the loss of markets, fading skills 
and trouble managing to new markets, a considerable number of artisans have moved to urban centres 
in search of low, untrained employment in the industry. According to the United Nations, over the past 
30 years, the number of Indian artisans has decreased by 30%, indicating the need to re-invest in 
artisans to safeguard history, culture and an essential source of livelihood. 

3.2. Concept of An Indian Craft Village 

The roots of Indian crafts are entrenched and integral part of Indian culture. These crafts continue to 
flourish in the remote corners of the country due to their utilitarian nature, the involvement of 
indigenous materials, over and above that the demand in domestic and foreign markets. In the present, 
most of the craft practised are the legacy of the past, and this tradition has been running for centuries. 
Intending to preserve the heritage, the concept of craft village came into being. This concept brought 
most of the crafts’ specimens and craftsmen together. A platform for forgotten values enlightens the 
current generation by planting a seed in their mind. A craft village is a place where one gets to know the 
traditions of a community, their historical interests and skills of making artefacts. The atmosphere and 
the infrastructure of this village are very true to their culture, and the feel of rural life is given to the 
visitors. The material and techniques incorporated to build the huts are unique, differing by the 
communities. According to Indian Handicrafts at Present, the crafts village is a mixed-use development 
of the residential and commercial place. Thus, it serves more than one purpose from a single platform. 
This concept can help improve the living standards of craftsmen by educating them with modern 
technology. It also offers the programmes and workshops for general masses to learn Indian Crafts from 
the artisan itself. This platform also felicitates a unique edification exchange of ideas, experience and 
crafts practice at national and international level amongst the artisans and designers from diverse 
backgrounds. This concept is able to establish a link between rare crafts of India with modern 
consumers. 

4.0. Case Studies in depth  

In India, there are many concentrated craft centres. From which, very few are recognized to house 
artisans within it. One can identify the difference in vernacular architecture and spatial organization of 
the village as it varies from state to state. Three artist villages of different scale and purposes are 
selected for the extensive research for this document. 
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4.1 Belapur Artist village, India 

Charles Correa designed a Low-cost incremental housing typology for artisans. Located close to the city 
centre of New Bombay and spread across six hectares of land.  Correa has conceptualised this project on 
his beliefs about the nature of community and housing. He has developed the idea based on his 
observations of the spatial hierarchy of individual privacy to the public gathering. He has created a link 
from the private space of every individual dwelling (doorstep), to the communal courtyard, to the more 
significant public space (maidan) of the community. According to Davey (2015), the design geometry of 
the village is a direct interpretation of this syntax. According to Correa (1999 p48) concerning the Indian 
climate and even keeping the territorial privacy, ‘Open-to-the-sky space’ is essential to each family. 

Correa made a cluster of seven houses; wherein there is a central courtyard of 8 x 8m. Moreover, 
Correa amalgamated three clusters of seven houses together and made a more significant courtyard of 
12m x 12m. Incrementing this model, generates the courtyard of 20 x 20m, increasing interaction and 
participation within the user group — the repetitive model of a cluster of houses in the heart of this 
project. For an artist community where the exchange of ideas and a shared working environment is 
required, Correa has designed the model which promotes the convention spaces. 

4.2 Sanskriti Kendra, Delhi, India 

The organic development of the project in the foothills of Aravalli ranges has kept natural elements 
throughout the site. The rainwater channel is a linear cooling pond which starts from the pond and runs 
down to the stage of the amphitheatre. The existing trees become the dominant structuring element of 
the layout plan. Individual identity is given to the courtyards and the landscape terraces. 

The design focuses on the unique relationship between the closed-box and open to sky spaces, the 
whole continuum of zones with varying degrees of privacy. The unique hierarchy starts from stepping 
into the veranda – courtyard space – then under a tree - and beyond onto the semi-covered terrace with 
bamboo pergola – onto a balcony and so on. There are no formal boundaries in the site. 

The primary design focus is on the distribution of function and connection through circulation. Public 
spaces such as galleries and the governing body are situated near the entrance. Studios and dormitories 
are distant from the public spaces to avoid any distraction. The site only has 10 per cent of built mass as 
the rest 90 per cent is a judicious mix of formality and informality of hard and soft landscaping. 

4.3 Shilpgram Artist Village, Udaipur, India  

Shilpgram is the workplace of craftsmen and a potential pilgrimage place for artists. The village is an 
effort to present and preserve the tribal culture from four western states of India, which are Rajasthan, 
Gujarat, Maharashtra and Goa. 

The village also houses the rural market, performing art centre, vocational training centre and other 
aspects of tribal life. Along with it, there is a park of sculptures of Indian Gods at the hilltop, exhibiting 
the statues which have been carved by Indian and foreign artists who have visited the village. The village 
has spread across 33 hectares of land, accommodating seven huts of Rajasthan, twelve of Gujarat, seven 
of Maharashtra and five from Goa and depicting their cultural activity and living styles. These huts have 
been made by the workers themselves with their rural architectural style using the vernacular materials 
from native place. 
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In circulation, a central axis run throughout the site, connecting continuous pedestrian movement 
pattern at several intervals. All different type of hutments (see glossary) can be seen in order, as their 
retail area Is adjacent to the pedestrian path forming a street market culture in the village. The spatial 
organization of the village is designed based on communal hierarchy. 

Ishan Jain (2017) discusses that the huts depicting the culture of Rajasthan state, are called Ramaroa. 
Specially designed for extended family, these huts have a boundary wall which serves the purpose of 
safeguarding the house from the deserted dust of Rajasthan and even deliver the sense of privacy to the 
family. It has a kitchen, grain storehouse and weaver’s workshop area. The roof of the hut is made from 
the wood of Kade tree and covered with grass.  

The other hut from Rajasthan, designed for a middle-class family has stone pillars and roof made of 
wood. The well-crushed clay has been laid on walls in many layers. 

 

 

Figure 1. Left hand two images showing the huts from Rajasthan state and right-hand images showing 
hut from Gujarat state and mud-mirror work on the walls. 

Shilpgram is the best example of the self-sustained artist community. The art and craft of India, 
cherishing in the lap of rural craftsmen and exploring the possible linkages with the modern world 
today. Shilpgram is well stocked with all the functions which an artist village demands. These organically 
developed functions, lead an idea of such programme to its accomplishment. An informal settlement 
entices even an unknown visitor to be a part of it. Daily performances, workshops with artist, even the 
retail places provide a direct interaction to common masses with the dying heritage. 

4.4.  Kala Vaarso – Art Event, Surat, India 

The event brings together rural artisans and craftsmen from 24 states of India at one stage and 
highlights their art to create a demand for their products. The weeklong event attracts tens of 
thousands of visitors each day. More than 250 artisans participate in this exhibition, with a variety of 
120 art at one platform. Kala Vaarso has been spreading its identity, and through the spectacular public 
response, it has been growing over the years. The event is handled and designed by the volunteers, who 
are students of universities. All the creative student body put their best efforts to please the soul of a 
visitor. The whole environment is designed to depict the authentic Indian culture. This event covers all 
the crafts such as pottery, metal bells making, block printing, lacquered wood merchandizes, bandhani 
art, leather art, batik printing, knife work, rogan painting, recycled plastic weaving, embroidery art, 
Kachchhi weaving. These artisans are keen to teach their skills to the young generation. The workshops 
run every day long, providing a chance to learn the rare crafts. 
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5.0 Study of Arts and Crafts – Artisan needs 

The event Kala Vaarso offered an opportunity to study the work pattern of each artisan. Analysing the 
eleven typologies of crafts created a conclusion to provide combine area for some crafts as some art and 
crafts are more or less the same in functions. This study intends to derive at a conclusion for further 
designing different model based on the functional requirement of each craft. The three major divisions 
of eleven crafts are based on the shared or separate workshop and retail area requirement.  

 Pottery Art (1) 
The art of Pottery is well known culture around the globe since ancient age. Similarly, in Gujrat, potters 
acquire resources such as leaves of ‘Jaru’ plant, soft stems of Prosopis Julifera, water, clay, black stones 
etc. from surrounding nature and utilize them to produce unique piece of art. Beautiful traditional 
carvings make it unique and easily identifiable from other states of India. 

 Knife Work (2) 
Knife is one of those utilities which is used daily from household work up to commercial usage. 
Craftsmen in Kachchh add a little more imagination into it by making this piece of art completely by 
hand and by carving cultural designs on it. Only one artist can usually carry out the entire process which 
improves the quality and efficiency of production. 
For this, raw materials like aluminium, copper, brass, iron, zinc, steel etc are bought from local scrap 
dealers. While fresh metal is bought from dealers from Ahmadabad and Rajkot. 

 Lacquer Wood (3) 
Lac is a material extracted from insect resin. Whilst turning the wood with a hand lathe, coloured 
lacquer is applied to it by manoeuvring around the arrangement to create kaleidoscopic designs. This 
tradition is unique to Kachchh and has been carried on from centuries. 

 Metal Bells Art (4) 
Evolved to accomplish a need of community, an art of coated copper bells is a main occupation in 
Kachchh. Recycled metal is majorly used to shape a bell, then coated with powered brass and copper, 
and then baked in a kiln and polished. 

 Block Printing Craft (5) 
As the name suggests, block printing is form of art in which fabric is dyed and coloured using wooden 
blocks. Artists extract these colours from natural resources such as black from rusty iron solution, red 
from madder root, blue from indigo etc. India is one of the biggest makers and exporters of block 
printed texture. The prevalent outlines of block imprinting in Indian village are geometric. 

 Bandhani Craft (6) and Batik Printing (7) 
In Sanskrit literature, the word “Bandh’ in Bandhani means to bind or to tie. All colours required for this 
art are naturally extracted. Bandhani involves tugging the cloth using fingernails into tiny weavings that 
constructs a figurative art. It is a tie-dye fabrication process done completely by hands. Because of this, 
a wide and combined space is ideal to accomplish synchronised tasks. 

 Rogan Art (8) 
This is a type of fabric painting technique where castor oil is used to make bright coloured paint. Castor 
is harvested locally in Kachchh and is exported all around the globe therefore artisans directly obtain it 
from farmers. 

 Kachchhi Weaving Art (9) 
Kachchh weaving was originally done through Panja loom entirely by hand. Today’s artisans use shuttle 
looms instead. First the wrap is prepared on the loom, then stretched and rolled onto a bobbin. In the 
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ends, the fabric is created on the loom. The designs in kachchhi weaving is mainly inspired by the shape 
of musical instruments, animals and even the equipment of daily routine. 

 Plastic Weaving Art (10) 
Massive amount of plastic is dumped as industrial and domestic waste in metro cities every day in India. 
Local waste collectors are employed to collect this plastic which are then bought by these artisans. They 
sort and clean this material based on its quality & colour. This is then cleaned & cut into long stripes to 
spun them onto industrial bobbin which is later used in standing looms to produce substantial plastic 
textiles. A thick, dense weft patterned material is created out of it which is tied and wrapped with 
Nylon. Separate and long area is required to perform individual process. The final product is used to 
produce mats, backpacks, cushions etc. This form of art supports environment by transforming waste 
plastic into inexpensive everyday use goods. 

 Embroidery (11) 
The state of Gujrat is well known for its traditional embroidery. It is one of those rare crafts which is 
performed by women. Distinct communities have their own fashion of stitching and motifs to represent 
their own expression. This art has been passed on since ancient times from generation to generation. 

6.0 Programme  

As the whole concept of this research paper is to accommodate the artist community and provide a 
platform to educate others, the primary arrangement of the programme depends on the workspace 
area required by each artisan. The detailed art and craft study suggest housing artisan from 11 different 
crafts. According to the scale and nature of their art, the major three categories have been decided. 

The first notion which must be considered in designing the programme is about residing the artisan 
into the village. The connection of the rural artisan to the urban consumer can be established by 
designing the retail outlet, where the need for both can be satisfied. Even though, to balance the living 
standards of these rural craftsmen in front of the rapidly growing modern society, the craft sector 
demands the residential infrastructure development for this artisan, as to provide all the essential 
amenities to this community. The second argument is about the retail outlet space requirement. The 
programme requires a mixed-use development of the residential and commercial activity, creating an 
informal atmosphere to the project. The study of Shilpgram artist village suggests the most feasible 
functional arrangement through the hierarchy of privacy. 

The literature studies of artisan villages suggest housing 20 artisans from each type of art, that in 
total- a community of 220 artisans at the initial stage of development. The programme of this artist 
village is divided into two stages. The first stage of development houses ten artists from each art and 
stage two do the same. After stage two development, the project can expand by repeating the housing 
model, which is required. The nature of this project is scalable, and the major design elements are 
spatial organization and circulation. 

The first housing model accommodates the art, which requires all separate space for their work area 
varying in scale from 30 to 50 square metres area. This model incorporates the potters, metal bell 
makers and the artist making knives and lacquered wood products. The second housing model 
accommodates the cloth printing crafts, which requires over 50 square metres private area. These crafts 
are block printing, bandhani printing, batik printing and rogan art. The third housing model even 
accommodates the crafts, which require over 50 square metres of area but the nature of this art 
suggests a shared work environment, including sizeable open-to-sky space. This model houses the 
kachchhi weaving, plastic weaving and embroidery crafts. 
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Figure 2. The three models of typologies of housing, by craftsperson  

6.1 Conceptual Design of Typical Housing Model 

The programme demands the formulation of a typical housing model, which can be repeated with ease 
following the master plan. The housing model should complement the continuous circulation by 
activating the street-face of the model. The core idea is to bring a street character to the village, by 
following the hierarchy of public gathering to individual privacy. As retail is an essential function, which 
gives life to the pedestrian circulation, the idea is to have retail space in both street front areas of the 
model. 

Another design element, courtyard provide an open working environment, even brings in enough 
natural sunlight and enables the air-ventilation, is the central part of the housing model. From ancient 
times, the courtyard has been the central space of a dwelling, increasing interaction and participation 
within the user group. This Indian architectural element is the heart of a housing model. Following the 
hierarchy, the most private workspace area for each resident is placed away from the pedestrian traffic. 
To bring the shared working environment to the housing model, these workspaces have a connection to 
the central courtyard. 

 

Figure 3: Conceptual and spatial organisation  

6.2 Spatial organisation 

Housing model #1 and #3 have retail shops on two opposite sides, whereas the model #2 have the shop 
on only one side. The spatial organization of each housing model decides the pedestrian movement 
pattern. To break the monotonous circulation pattern, nodes have been introduced after several 
number of housing model repetitions. These nodes are gathering places of the village, predominantly 
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catering live performances by the residing musicians or classical dancers. The nodes and angular 
pathways give directionality to the pedestrians. 

 

 

Figure 4. Left hand side – Conceptual model of housing model #1 , middle #3 and right hand side housing 
model #2 

 

The Programme demands to follow a method of designing. The study of artist villages from around 
India, encourage to trace the common design. The most feasible element of an artist design is its 
incrementality. Charles Correa designed the Belapur artist village with typical single housing model and 
its repetition 

 

Figure 5. Diagram of Design method  

7.0 Conclusions  

This research paper intended to strategise a comprehensive design for an artist village and on the other 
hand, drive focus on improving social aspects of the ones sustaining the heritage of India in this modern 
world. The research created in this document and the architectural implementation aspire to provide a 
stencil for designers, an awareness for philanthropy towards the crafts sector of India. A movement 
towards the conservation and revitalisation of art and craft of India is achieved on a smaller level 
through the initiation of planning to revitalise a city with the value of heritage. 

The first hurdle in understanding the scope of this research document was resolved by the existing 
reports made by the organisations working under the crafts sector. Existing research established a 
strong foundation in developing the idea for an architectural initiative. The other methods obtained in 
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arbitrary data collection such as one-to-one interviews and attending the events and seminars on the 
subject, enclosed the current situation and provided a vision to derive a programme based on an actual 
scenario. 

A deep appreciation for art and crafts led the research to analyse each craft through their functional 
and operational needs, work pattern of artisan and environmental requirements to perform art or craft. 
This intensive research helped to form a programme to develop a potential operational housing model 
complimenting each requirement of the user. The idea was to divide the crafts into three categories 
according to their desired workspace environment and develop three unique housing models which can 
be repeated in forming a master layout. 

Literature study and live case-studies of artist villages around India helped to analyse the formation, 
functions, vernacular architecture and spatial organisation of an artist village. Inferences from these 
case-studies such as circulation in an organically developed artist village and spatial organisation of a 
planned artist village, poured an understanding to develop the most feasible design to foster such 
heritage community. The studies also encouraged the involvement of Indian architectural elements such 
as courtyard, street retail culture and a shared working environment to develop an authentic yet unique 
and rational design. 

The site selected for this research document is the ideal place to develop such kind of project, as 
Gujarat currently has the highest concentration of struggling rural artists and on the other hand, the 
metropolitan city Surat holds the potential to cherish a development in the crafts sector. Geographically 
the location of the site offers the opportunity to imitate an environment of an actual village developing 
along the riverside. 
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Abstract: Buildings contribute a major portion of total primary energy demand across the world. Energy 
efficiency in buildings is considered as high priority subject in order to mitigate the adverse effects of 
energy consumption in buildings. Heating and cooling loads have been observed to take a major share in 
buildings’ energy demand, which are further contributed by the performance of building envelope 
components. Designing a Roof has always been a significant factor of heat gain in buildings for passive 
cooling/ heating strategies. Unlike walls, the roof is exposed to solar Radiation throughout the day and 
hence heat transfer from the roof is considerably notable for its impact on the user comfort. Various 
research studies have focused on the properties of roof’s surface to reduce radiative and conductive 
heat gain through the roof in buildings. This study attempts to carry out a comprehensive technical 
review of the various Roof design strategies such as Shaded roofs though canopy/ pergola, ventilated 
double roofs, and roof shading through photovoltaic panels etc. Research papers which aimed at 
assessing the above-mentioned roof design strategies, either for the impact on the heat gain/ heat loss 
through the roof structure or for the overall energy conservation in buildings, are considered for this 
study. The study reveals that the roof design strategies have significant impact on the energy 
performance of buildings. Also, it is observed across the studies that optimising the parameters of roof 
design is very important to maximise the impact on energy performance of buildings. 

Keywords: Building Energy, Roof design strategies, Energy conservation 

 

1. Introduction 
With the background of nations aiming for net zero and nearly zero energy buildings across the 

world (IPEEC 2014) (European Commission 2018) (Agne Toleikyte (TU Wien) et al. 2016), India has been 
taking serious steps to promote energy efficiency across building sector (UNDP- GEF and BEE 2017). 
ECBC is one such initiative to promote energy conservation in Buildings targeting to reduce the energy 
demands by at least 30% compared to the as usual case. 

 

Building energy codes have specific role in shaping up the way we build our buildings. With more and 
more built up area envisaged in near future, it is more important for the codes be robust enough to 
shape a better built environment. Air conditioning usage has been identified as one of the prime reasons 
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for the raise in electricity consumption in recent years and the trend is expected to be increasing multi-
folded in coming years. (Thambi, Bhatacharya, and Fricko 2018). Heating and cooling loads have been 
observed to take a major share in buildings’ energy demand, which are further contributed by the 
performance of building envelope components. Hence, Architects and designers always try to design 
buildings in a way that improves the thermal performance of buildings.  

 

ECBC code has prescribed various envelope features for enhanced building performance. In the 2017 
revision of ECBC incorporated higher thresholds for various envelope parameters in addition to the base 
level code compliance criteria. ECBC 2017 also rewards such buildings with better performance through 
higher levels of certification such as ‘ECBC Plus’ and ‘Super ECBC’ Buildings. These higher performance 
levels can be achieved by meeting further stringent threshold levels of parameters of various building 
components. For example adding more insulation to the roof and walls can help in meeting the 
prescriptive criteria for the enhanced performance. However, there are lot of passive strategies in order 
to achieve the same performance of the envelope behaviour which are not factored in any means 
through prescriptive approach. One needs to rely upon the computer modelling and simulation tools in 
order to factor the performance of such passive cooling techniques for energy conservation. Some of 
such passive techniques which are not included in prescriptive measures include roof shading, double 
skin ventilated roofs, double skin facades, vegetated walls, opaque wall shading through double skin all 
shading etc. Further, studies indicate that the early design decisions impact the overall building 
construction costs and operative performance (Østergård, Jensen, and Maagaard 2016). While the 
building simulation is not being used by most of the Architects (74% of the surveyed respondents) in 
their day to day practice (Soebarto et al. 2015), it is important to have early design assessment tools in 
place to assess the passive cooling design strategies, especially included in the energy codes, to help 
architects explore such strategies for their better performance. Also, simplified early design assessment 
tools makes architects take individual decisions on such passive design features. (Nault et al. 2015).  

 

In tropical climatic regions such as Indian sub-continent, extensive use of air-conditioning systems 
especially during the hot seasons increase the electricity usage, adversely affecting the temperature 
regulation of human body and also leading to urban heat islands. Hence, passive cooling strategies need 
to be given priority, which can provide both thermal comfort and lesser energy consumption. (IEA-
ECBCS-Annex37, 2004). 

 

Roof has always been a significant factor of heat gain in buildings and thus passive cooling/ heating 
strategies in roof design. Unlike walls, the roof is exposed to solar Radiation throughout the day and 
hence heat transfer from the roof is considerably notable for its impact on the user comfort. The effect 
is considerably high in small scale buildings such as individual homes, apartments and low-rise buildings, 
contributing to about 70% of the total heat gain in hot climates. 

 

Various research studies have focused on the properties of roof’s surface to reduce radiative and 
conductive heat gain through the roof component. Building energy codes are addressing roof reflectivity 
and roof insulation to achieve energy efficiency in buildings. However, various other roof design 
strategies which impacts the energy consumption in buildings are being practised by Architects, without 



783 

 

A study on Roof Design strategies for Energy Conservation in Indian Buildings 

actually quantifying the impact. This study is to explore such roof design strategies which contribute to 
the better energy performance in buildings. 

1.1 Aim and Approach: 

This study attempts to carry out a comprehensive technical review of the various Roof design 
strategies and their respective parameters which affect energy performance of buildings. Various roof 
design strategies such as Shaded roofs though through canopy/ pergola, ventilated double roofs, roofs 
shaded through photovoltaic panels and evaporative roof cooling systems are discussed.  

 

Research papers which aimed at assessing the above mentioned roof design strategies, either for the 
impact on the heat gain/ heat loss through the roof structure or for the overall energy conservation in 
buildings, are considered for this study. Various design parameters of roof design evaluated in these 
papers are studied to understand the significance of such parameters in energy conservation in 
buildings. 

1.2 Scientific Innovation and relevance: 

In tropical regions such as India, it is predominantly hot days with intense direct solar radiation for 
most of the year. The temperature difference between the outer and inner surfaces of roofs is great. 
Hence, this study would help Architects to consider such strategies in their projects for better energy 
performance of buildings. 

 

Adapting such roof design strategies in buildings would further improve the energy performance of 
buildings, laying further support to achieve Net Zero Energy Buildings. The output of this study would 
pave a base for the policy makers to include such design strategies into the mandatory national energy 
codes and standards 

 

2. Relevance of Roof design features for energy efficiency in 
buildings: 

 

Building envelope design has direct impact on the energy consumption in the buildings, especially 
the HVAC component of the buildings’ energy consumption. Building envelope is considered to be the 
major component in the building impacting the energy consumption (Okba 2005; Sadineni, Madala, and 
Boehm 2011). While the traditional architecture used to emphasise on the building envelope design 
parameters to address the user comfort, today’s buildings are more and more dependent on the 
mechanical systems to meet the user comfort. Also, keeping the speedy pace of building design and 
construction in these days, very less time being given in exploring the design opportunities to address 
the user comfort. Thus, the building envelope design features have been given least importance in all 
the stages of design process. Reducing the energy demand in buildings before addressing the efficiency 
of the mechanical systems to meet the demand, is considered to be highly effective strategy. While, the 
whole world is aiming for net zero or nearly zero energy buildings, shortly called as NZEBs, it is highly 
important to reduce the energy demand in buildings through building design and passive strategies for 
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building heating/ cooling. A report on NZEB targets for India (Kapoor, Deshmukh, and Lal 2011) also 
stresses upon the urgent need to reduce the energy demand, while increasing the renewable energy 
supply, to meet NZEB targets in India by 2030. 

 

Roof is the surface of the building which is highly exposed to the solar radiation for most of the 
day, compared to walls of any orientation. Though the diurnal variation of solar intensity over the roof 
surface is varying drastically, the overall radiation intensity received on the roof is the highest because 
of continuous exposure to the sun during the day time. Sometimes, if the roof area needs to be used for 
any functional purpose, the roof is often protected from sun and rain by providing a covering over the 
roof in the form of canopy or a pergola. Though the intent of the provision of pergola or canopy over the 
roof is largely to cover the roof space for functional use, the shading helps in reducing the insolation and 
thereby the heat gain into the building through the roof membrane. Roof shading can be seen as an 
alternative to the provision of insulation to the roof membrane, to meet the reduced heat gain in the 
floors below. This would typically show impact on the energy consumption of the top most floor 
compared to the floors below. However, this is significant enough if seen at the whole buildings energy 
consumption pattern too. 

 

Studies by Akbari et al, (2003), Bozonnet et al., (2011), Hernández-Pérez, I., et al., (2014) reveal 
that reduction in roof temperature and other building envelope components reduces the heat gain in 
the building leading to considerable savings through reduced overheating periods.  In the study done by 
Susanti, L., et al., (2011) comparisons have been made between a cavity roof and a simple single roof in 
factories in Japan. Results showed that the cavity roof was better than the single roof in lowering the 
operative temperature by about 4.4°C and enhanced the life time of air conditioning system by reducing 
the cooling load.  

 

Alvarado et.al (2009) studied the impact of the polyurethane insulation and reflector made of 
aluminium, and the results strongly prove that the heat flux is reduced by 88%. Due to the reflection of 
the light component of solar radiation by the white colored roof surface, the amount of heat received 
through solar radiation over the roof is cut down multi folds. Studies by Amer shows that high reflective 
surfaces over the roof has an impact on room temperature which drops by 6.5°C on average.  

 

3. Passive cooling strategies in Roof design: 
 

Knowing the importance of the roof design in order to reduce the heat gain into the buildings, a 
lot of measures have been incorporated in buildings over the decades. One of the basic strategies in 
order to reduce the heat gain through the roof is to reduce the incident solar radiation on the roof and 
there by cutting down the overall heat received on the roof surface.  Next important strategy is to 
reduce the conductive heat gain through the roof assembly by introducing insulation to the roof 
assembly (layers).  Further, ventilation is seen to be an additional feature to dissipate the accumulated 
heat over the roof and the interiors of the building. 

 

Current ECBC codes specified prescriptive criteria only for two important parameters of the roof 
assembly. One is the overall U-Value (transmittance coefficient) of the roof assembly which needs to be 
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as minimum as possible to ensure the minimal heat gain into the building through the roof layers. 
Second important feature prescribed by ECBC is to have highly reflective surfaces over the roof surface 
in order to reflect back the solar radiation. Materials with high solar reflective Index (SRI) are prescribed 
for better thermal performance of roofs. 

 

The passive strategies in roof design which impacts the thermal performance of the roof 
assembly include Roof shading through canopy/ pergola, ventilated double roofs, roof shading through 
solar panels and Green Roofs. The following is the detailed literature review on such passive roof design 
features. 

3.1 Roof Shading - Pergola/ Canopy 

Oakley (1961) found that parasol roof could be one of the best solutions to address the 
heat ingress in the buildings, especially in hot humid climates. Parasol roof serves as a large 
canopy towards the spaces and allowing air movement in sides between roof and ceiling. Parasol 
roofs provide dual benefit in controlling the heat gain through the roof. Roof is the surface of the 
building which is highly exposed to the solar radiation for most of the day, compared to walls of 
any orientation. There are two main objectives of this roof for energy performance. One is to 
shade the roof from the harsh solar radiation over the roof and second is to allow the ventilated 
air carry out the heat gained over the surface through convective cooling. Thus the ventilated 
double roofs/ parasol roofs are one of the key designs features considered for this study which 
has huge impact on the buildings heat gain. 

 

Nahar et al., (1999) studied various roof shading strategies and found that about 50% of the heat 
gains for single-story buildings is received via roof. Though the diurnal variation of solar intensity over 
the roof surface is varying drastically, the overall radiation intensity received on the roof is the highest 
because of continuous exposure to the sun during the day time. Sometimes, if the roof area needs to be 
used for any functional purpose, the roof is often protected from sun and rain by providing a covering 
over the roof in the form of canopy or a pergola. Though the intent of the provision of pergola or canopy 
over the roof is largely to cover the roof space for functional use, the shading helps in reducing the 
insolation and thereby the heat gain into the building through the roof membrane. Roof shading can be 
seen as an alternative to the provision of insulation to the roof membrane, to meet the reduced heat 
gain in the floors below. This would typically show impact on the energy consumption of the top most 
floor compared to the floors below. However, this is significant enough if seen at the whole buildings 
energy consumption pattern too. El-Razek et al., (2003) found that shaded roofs supported by 
ventilation improves the shading effect and further, movable shading helps in nocturnal radiation in 
night hours.  

3.2 Double roof – Ventilated  

Another form of parasol roofs is double roof which is ventilated. The specific feature of double 
roof is that the gap between two layers of the roof is optimized to enhance the ventilation and not to be 
used by the occupants of the building. Studies by Omar et al. (2017), indicates that such roofs have a 
potential of energy saving in an air conditioned buildings at a range of 3-7 % compared to a similar 
building with conventional roofing systems. Some of the parameters related to such parasol roofs which 
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impacts the energy consumption in buildings include the area of the roof that is covered, gap between 
the structural roof and the parasol roof, air velocity, the direction of the slope of the parasol roof in case 
of sloped roofs, and materials used for the roofing system. Villi et al. (2009) tried to correlate the 
characterization of the airflow and heat transfer phenomena in the ventilation cavity of ventilated 
double roofs. Based on the study of the thermo-fluid dynamic behavior of the air within the ventilated 
roof and the heat fluxes through ventilated roofs, Gagliano et al. in 2012 concluded that the ventilation 
of roofs can reduce significantly the heat fluxes (up to 50%) during summer season. 

Takahashi (2001) has developed a double roof, of which the upper roof is thermally insulated to provide 
the function of shading over the roof, and the lower roof, namely the ceiling is composed of glass-fiber 
cloth of 1mm and zinc board of 0.5mm so that it functions as a radiant cooling panel., on which the 
rainwater is sprayed for evaporative cooling. The thermal comfort of interiors is achieved through the 
combined effect of natural ventilation and shading offered by the double roof system. However, the 
testing is being done for residential buildings.  
 

Madi Kabore et al, have explored the potential of architectural and non-architectural passive 
cooling solutions to improve the thermal performance of the steel roof. The specific study on the 
thermal barrier In the form of attic has been explored and found that Ventilation improvements by 
increasing areas and height between the opposite openings show insignificant effects on the ceiling and 
the occupied zone air temperatures. 

 

3.2 Roof Shading - Solar Panels 

Provision of solar panels has become a mandatory aspect of future buildings in order to make 
them energy efficient, especially in making net zero or nearly zero energy buildings. Best face of the 
building to install solar panels is roof for its high exposure to sun compared to other vertical surfaces in 
any given day. As discussed earlier for buildings in India, being a tropical country and near to the 
equator, the solar exposure to the roof is considerably high. The solar panels installation over the roof is 
typically tilted to certain angle for different locations in India based on latitude of location, for optimised 
performance of the solar panels. This makes the solar panels array over the roof act similar to the 
parasol roof in controlling the heat ingress into the buildings.  

 

The roof top solar panels always provide dual benefit – first by generation of electricity and by 
adding to the thermal performance of the roof through shading. Since the intent of installing solar roof 
top systems is majorly to generate electricity, the benefits of shading by the solar PV modules is not 
typically considered during the design and installation. A study by Ahmed Bilal Awan (2019) indicates 
that very limited research is done on impact of shading the roof by solar PV systems, while much 
research has been observed on integration of solar panels for windows and wall systems. Awan has 
conducted a study to evaluate the performance of the rooftop PV system and its shading benefits. The 
study is done for three types of installation approaches: “(1) a flat PV system, (2) a monthly tilt angle 
adjusted PV system, and (3) a dual-axis sun tracking PV system.” The typical parameters of the roof 
shading through solar panels include the tilt angle, monthly variation in tilt angle, roof coverage by solar 
panels, latitude of the place and distance at which the solar arrays are placed with respect to the tilt 
angle. Awan’s study indicates that the energy savings in the cooling load in buildings vary in the range of 
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53.4% for fully shaded rooftop. The energy savings seems to be reduced till 10% based on the, 
arrangement, tilt angle and spacing between the solar arrays.  

3.3 Green Roofs: 

Besides the thermal insulation which is offered by the oil layered of roof gardening, the shading of 
the roof offered by the plant foliage and moreover, the transpiration cooling rendered by the natural 
activity of the plants are additional benefits and thus considered for this literature. Many researchers 
have carried out simulations to bring in a methodology to consider the effect of green roofs in the 
simulation tools for an effective assessment of the green roof’s performance for energy consumption in 
buildings. Jaffal et al (2012) has classified the green roofs into two major categories based on the 
substrates the green roofs include. One is the extensive green roofs where the roof assembly has 
shallower substrates which is less than 200 mm and the other category is the intensive green roofs with 
substrates more than 200 mm. The second category generally adds on to the structural load of the roof, 
while it may offer better resistance to the heat gain through the roofs.  

 

Ran & Tang, (2017) compared the performance of green roofs with wall insulation, both along with 
the night ventilation, and identified that green roofs  can reduce the average indoor temperatures up to 
2.3°C compared to that of wall insulation. A comparative study done by Pandey et al., (2012) for Indian 
city indicates that the green roofs always perform better in summer season when compared to the 
conventional RCC roofs. Also, the peak temperatures and the diurnal variations are found to be reduced 
to a considerable extent. Yang et al., (2015) have compared various roof types and found that green 
roofs outperformed the other roofs in terms of thermal performance. The study highlighted the 
comparison of exposed roof to that of green roofs, whereby green roofs provided a cooler indoor air 
temperature 0.9–1.0◦C as compared to that of exposed roof in summers. 

 
Himanshu et al (2018) studied the performance of green roofs by simulating the green roofs in 

summer months to check the variation in indoor temperature due to the provision of green roofs over a 
conventional roof. The study reveals that the variation in indoor temperatures ranges from 0.85 °C to 
6.31 °C. Niachou A, et al studied the roof temperatures of a conventional building with and without the 

green roofs. The results indicate that the surface temperatures of the conventional building are varied 

from 42 to 480C while the surface temperatures of the buildings with green roof are in the range of 28 to 

400C which is much lower than the conventional case. 

3.4 Roof Ponds: 

Evaporative cooling has been an effective cooling strategy in tropical climates, which was an 
integral part of the architecture in tropical climates centuries ago evident through Mughal architecture 
in India (Bowen, A.B., 1981). Roof ponds, typically the use of evaporative cooling as a provision over the 
roofs to handle the heat gain through roof. The research studies on this technique dates back to 1920s 
and various types of roof ponds have been evolved over the period (A. Spanaki, 2007). A comparative 
study by A. Spanaki (2007) on ‘different type of roof ponds for cooling purposes’ highlights different roof 
ponds classified by the parameters such as presence of covering, sprays, containment of water within 
paparet etc,. Also other roof pond types such as coolpool (open pond shaded by sloping louvers), 
coolroof (with floating insulation), walkable pond with night water circulation (insulation embedded 
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within the pond), wet gunny bags (with a “floating” wetted cloth) and ventilated roof pond are explored. 
The study concludes that wetted gunny bags and movable insulation as the most efficient type of roof 
ponds. Also, large air-conditioning energy savings were estimated, reaching 100% in a variety of 
locations.  

 

Kharrufa and Adil (2008) observed that the forced ventilation over a roof pond can impact the 
energy savings by 29% reduction in cooling load when compared to that of conventional roof system. 
The requirement for water is identified to be the main disadvantage of various types of roof ponds and 
that too in tropical climates. Nahar et al. (1999) estimated that about 50 litres of water would be 
required for an effective evaporative cooling. In warm and humid places, roof ponds fail to perform due 
to the presence of higher relative humidity levels. 

 

4. Conclusion:   
The study reveals that the roof design strategies have significant impact on the energy 

performance of buildings. Passive strategies in roof design for energy efficiency in building were evolved 
since decades and some even centuries through traditional architecture. Different types of roof design 
strategies perform at their best based on the type of climatic conditions they are used in. The energy 
savings from these strategies are envisaged in wide range based on various parameters the designs are 
associated with. Also, it is observed across the studies that optimizing the parameters of roof design is 
very important to maximize the impact on energy performance of buildings. 
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Abstract: Current design trends are making residential housing increasingly air tight. A modern house in New 
Zealand has an estimated infiltration rate of around 0.25 ach standard pressure, whereas, international 
guidelines recommend a minimum fresh air supply rate of between 0.35 ach to 0.5 ach. Designing ventilation 
sustainably, or to do it well, is a balancing act. On one hand, occupants want and require fresh air while on 
the other, they don’t want increased air conditioning costs. This paper looks at the different types of 
ventilation, natural and mechanical, and the strategies that allow them to work, while also compiling 
information into an Excel based ventilation calculator for practicing architects. The calculator acts as a guide 
for assisting architects when designing ventilation. Calculations are run to check the design against code 
requirements and then suggest ventilation options to meet said requirements. Identified first are ventilation 
strategies that can be designed into new residential housing including positive, negative, and balanced 
pressure systems. The effectiveness and calculations required to investigate each strategy is determined. 
Secondly, the differences that pressure variation can cause on the ventilation rate is determined and related 
to good design practices.  

Keywords: Ventilation; Housing; Calculator; Architect. 

1. Introduction 
This research paper investigates the development and application of a ventilation calculator used for 
improving designed building performance. The philosophy behind creating a tool to determine what 
ventilation methods would be best, is the intention to make it easy for occupants to understand how to 
operate their houses to produce effective and healthy environments. This involves considering existing 
calculation methods, and a range of ventilation techniques that are currently in-use to produce 
impactful results. The work carried out, comprehensively defines and evaluates the implications of 
existing passive and active ventilation strategies. Passive or natural ventilation, relies on natural forces 
such as wind or the stack effect to circulate air throughout a space. The alternative is active ventilation, 
which is provided through mechanical means such as extractor fans or Balanced Pressure Heat Recovery 
(BPHR). A range of passive and active ventilation strategies are used to inform a spreadsheet calculator 
created out of the amalgamation of established calculation methods by established authors. This 
calculator within Microsoft Excel, displays the meaningful information and guides the user through a 
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workflow that is not overwhelming or complicated. Each section of the calculator has an individual 
dashboard for ease of use, while the calculation process and formulae are concealed in the background. 

2. Background 
Homes in New Zealand were previously built with sufficient ventilation through natural air leakage paths 
(BRANZ, 2018). However, the current trend is for homes to be more airtight due to the types of 
construction materials used. This does have the benefit that internal environments can be controlled 
more easily. On the extreme end of air tightness, the Passive House Institute of New Zealand requires an 
air leakage/infiltration rate of 0.6 at 50 Pascals, which is equivalent to 0.03 ACH at standard pressures. 
Houses that follow this path must be designed to a high level so that contaminants don’t build up 
indoors making spaces uncomfortable to live in. At these very high performance levels, these rates are 
normally achieved through a very well-sealed house in combination with mechanical ventilation. 

3. Natural Ventilation Strategies  
Natural ventilation is the process of supplying and or removing air from an internal space without the 
use of mechanical systems, usually through wind or thermodynamic principles. A range of common 
natural ventilation strategies are reported in the section below. 

3.1 Base Infiltration 

The older a building, the leakier it is in terms of air movement. This loss and gain of air is called 
infiltration. Leakage is predominantly through the external façade, where windows, doors, or any 
penetrations have not been completely sealed. This is not solely the fault of the builder, but of the 
material choices and joinery as well. It is possible to achieve almost no infiltration if specific techniques 
are used. A natural base infiltration can be seen as a good thing and as a bad thing. For passive 
ventilation it provides a steady and constant flow of air no matter if the windows are open or closed. If 
this base level is high enough it can remove some low producing pollutants from a space. Infiltration can 
also be seen as bad because it is uncontrollable and can make a mechanical ventilation system work 
harder. Modern houses are becoming increasingly air tight due to better construction methods and 
material choices. Quaglia and McNeil (2011) report that a modern house, with simple form and 
particular building materials,  has a measured infiltration rate of around 0.25 ach. International 
guidelines recommend a ventilation rate of between 0.35 ACH and 0.5 ACH to effectively remove 
contaminants, but not high enough to effect energy efficiency. 

3.2 Trickle Ventilators 

Trickle vents are very small openings normally found around the frame of windows, but they can be 
installed through any part of a building’s envelope. Although they are typically long and narrow they 
come in a variety of shapes but to provide good background fresh air needs in an airtight home they 
must be 2000 mm2 or larger in New Zealand. A total equivalent ventilation area for different levels of 
occupants is found in section G4 of the New Zealand Building Code, which sets out the required 
openings for different spaces (MBIE, 2017). A feature these trickle vents have is that they can be opened 
or closed at the user’s discretion.  This provides the possibility of them being left open when occupants 
are away, but also allows for the possibility that a user never opens them.  

3.3 Stack Ventilation 

An effective form of natural ventilation is to use a passive stack strategy. This facilitates the idea of 
buoyancy, or that warm air is less dense and therefore rises. By adapting this effect through having low 
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and high placed windows or a “stack”, essentially a chimney, designs can produce differing air pressures 
causing air movement and natural ventilation. This is the de-facto worst case for naturally ventilated 
buildings: wind pressures are typically far larger than stack pressures so that natural ventilation 
openings must be far larger for stack effect ventilation. Thus, for smaller residential buildings, stack 
ventilation is a realistic strategy, leading to a definition of how big window openings have to be in the 
worst case scenario of only temperature differences driving air movement. With appropriate closers, the 
window opening can readily be reduced from this size if the wind ‘gets up’. For large buildings in  a 
dense urban environment sufficient amounts of wind to generate suction can be harder to obtain, and 
building effective ‘chimneys’ for hot air to rise for effective stack flow is quite problematic. 

3.4 Openable Windows 

The most common way of achieving a naturally ventilated space is to have openable windows. Although 
numerous styles and designs of windows can affect how much air flow is generated, the more important 
factor is their location in the facades. Ventilation rates for a space change extensively whether there is 
single sided ventilation or cross ventilation. The most effective placement is to have windows on 
opposite sides of a room so that air can pass directly through without any obstructions. A similar 
method but less effective is to have windows on adjacent walls. While, the least productive solution is to 
have windows on the same wall as each other (BRANZ, 2017). Different styles of window also have 
different effectiveness of air flow depending on wind direction and potential stack flow. These styles can 
have a substantial effect on ventilation rates. 

3.5 Cross Ventilation 

Ventilation rates from cross ventilation can be estimated using a variety of formulae such as that 
published by Atkinson J et al. (2009). Most formulae follow this format combining local wind speed, 
opening area, and the room volume in addition to other set values. It assumes that there are no 
obstacles blocking the path of air flow that would slow the through flow of air. 

3.6 Single Sided Ventilation 

The British Standard Method proposed  three base equations to predict the likely ventilation rate. These 
allow for three design situations: single sided ventilation rates due to wind alone, or to temperature 
difference each through a single opening, and single sided due to temperature difference with two 
openings (Santamouris and Asimakopoulos, 1997). These equations ignore all internal partitions and 
assume two dimensional flow. The equations are a very basic calculation for the ventilation rates due to 
different effects. They lack a lot of context and can only be used for basic design calculations. Another 
down side to these equations is that there is no proposed equation within the set to combine the effects 
of wind and temperature difference. The differences between stack flow and wind driven flow are often 
so great that only one need be taken into account. (Santamouris and Asimakopoulos, 1997). In the CIBSE 
(1997) guide to natural ventilation, a set of formulae from Warren and Parkins (1984) are used to 
calculate the combined effects of wind and stack effects. This is an expansion on the previous work 
which makes the equations more useful. The wind and stack driven flows can then be combined using a 
third equation. This was the first set to combine these effects. An advancement by De Gids and Phaff, 
(1982) incorporated additional empirical constants, C1, C2, and C3 these are used to represent the wind 
effect, buoyancy, and turbulence respectively. Thirty-three experiments were completed by Phaff and 
De Gids and the best overall fit produced constant values which are used in the formula. Then based on 
Phaff and De Gids work, Larsen and Heiselberg, 2008 made a more complex correlation. Their equation 
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now considers different wind directions through variations on the constant values C1, C2, and C3 by De 
Gids and Phaff. Most recently Wang and Chen (2012) developed a method to additionally predict the 
effects of fluctuating ventilation due to a pulsating flow. This was done as it is assumed that there is not 
an even pressure from the wind over a window. Wang and Chen’s equation is also the most complicated 
requiring integration to solve for the new wind effects. 

 

4. Mechanical Ventilation Strategies 
Mechanical ventilation is considered the opposite process of natural ventilation. Air is moved through 
means of mechanical systems using fans. Strategies involving mechanical systems to ventilate houses 
are shown below. 

4.1 Extract Fan 

Air extract systems are primarily used in areas where excess amounts of moisture or contaminants are 
produced, these spaces tend to be kitchens, bathrooms, and toilets. The simplest form of extract system 
is to have a small mechanical extract fan in these locations. Extract fans create a negative air pressure 
inside a space, which sucks out the moisture or contaminants. For example, air from a hallway is sucked 
into a bathroom which is then expelled outside through the extract fan. As this system uses energy, 
energy efficient performance is a constant balancing between energy efficiency and contaminant 
removal. New Zealand Standard, NZS 4303:1990 “Ventilation for acceptable indoor air quality”, states 
minimum extract flow rates for kitchens and bathrooms. These are spaces within a house that require a 
high level of ventilation and typically have an extract fan. Although, in a BRANZ study report it was 
found that only half of bathrooms and half of kitchens had mechanical ventilation to outside (White and 
Jones, 2017). Choosing one of the two options, intermittent or continuous, is up to the designer as there 
are benefits for both options. Intermittent ventilation can help get vast amounts of moisture and smells 
from a kitchen when an occupant is cooking, while it does nothing during the rest of the time. Whereas, 
continuous ventilation almost has the opposite problem, it deals with providing fresh air all day but 
cannot provide a high enough ventilation rate when cooking occurs. 

4.2 Heat Recovery 

Heat exchangers are simple in theory, they transfer energy from one source to another. They do this by 
passing warm indoor air past cooler fresh air, with a thin conductive material separating them. The 
advantage of this is that fresh air can be brought into a space while being pre heated to a higher 
temperature than outdoors. This saves energy by reducing the amount of energy needed to bring the air 
up to a set point. A BPHE is a mechanical ventilation system that uses fans to bring air into and out of a 
space. Although, what is described above is the optimal performance, there are many factors such as 
the base infiltration rate, or whether windows are open which can effect performance. There is a 
varying range of effective efficiencies for general BPHE systems. These have been determined through 

computer models, experimental tests, and guidelines. The Efficiencies range from 30% to 80% 
Cotterell and Dadeby (2012), Choi et al. (2018), Ginestet et al. (2014). 

5. Pressures 
The ventilation strategies previously mentioned create and or are caused by different types of 
pressurised spaces. A space can have unbalanced pressure (positively pressured and negatively 
pressured) or have a balanced pressure, which has previously been mentioned in terms of a BPHE. 
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Although there are different effects for each state of pressure they all promote the movement of air 
which if moved correctly can provide fresh air. 

5.1 Unbalanced Pressures 

Positive pressure gets its name from bringing air into a space, in turn, increasing the internal air 
pressure compared to outside. As there is an internal positive pressure, everything tries to balance, 
forcing air to escape out through gaps in the facade, windows, or passive grills. To achieve positive 
pressure there needs to be air moving into a space, this can be driven naturally by wind or mechanically 
by fans. Positive pressure works best when there is an outlet for the air to go, if this is not done 
ventilation rates can max out at the houses base infiltration rate. By using positive pressure the location 
of incoming air can be controlled directly in addition to outgoing if passive grills are used. While, 
negative pressure is named so because internal spaces have a lower air pressure than the outside. This 
is achieved by extracting air from rooms or the house, air from outside infiltrates in through gaps, 
windows or passive grills, essentially the opposite of positive pressure. Positive and negative unbalanced 
pressures essentially do the same thing, move air, but in opposite directions. Both of these are used 
extensively in hospitals to provide patients with either direct clean air or to stop infectious illness from 
spreading through the air. In these situations positive pressure is used when someone in a room needs 
clean air so wounds don’t get infected, in this case the air then passes out of the room and into the main 
supply. The other situation, where negative pressure is used, is when air cannot be recycled in the main 
supply as it could risk disease spreading. The “used” air is filtered and exhausted from the building. 
However, in residential construction it is more common only to have negative pressure systems in a 
household, and a d system would not be used as the main means of ventilation for the whole house. 

5.2 Balanced Pressure 

The term balanced pressure is used when the internal space is not being pressurised by having one fan 
pumping air in, or being depressurised by having one fan pumping out. A balanced pressure system has 
means of ventilating at the intake and outtake points, through having fans on either side of a house. This 
generates localised positive and negative pressures and creates air flow. An advantage to having a 
balanced pressure system is that flow rates in and out can be directly controlled, leaving the system to 
preform optimally and adjust when there are influxes of pollutants. As mentioned earlier, a BPHE uses 
this principle to optimally extract heat from outgoing air. 

6. Ventilation Systems 
To make design easier, different 
ventilation systems provide 
differing amounts of air per second.  
A range of these have been 
compiled from manufactures so 
that bands of effectiveness can be 
seen. The lowest ventilation rate is 
from the only non-mechanical 
system, passive wall vents, or 
trickle vents. This strategy is 
suggested most often when 
analysing single rooms as they tend to only need a small amount of additional ventilation. For a 

Figure 1: User-Free Ventilation systems 
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bathroom or a kitchen where rates are higher, some of the other systems come into effectiveness. 
When looking at the house as a whole the larger ventilation rates become more useful as a single 
system can provide the necessary rates.  

7. Codes 
Required ventilation rates can be found in NZS4303:1990, AS1668.2, ASRAE 62.2, and British Building 
Regulations Part F. Although, NZS4303 is the only standard that can be used to prove compliance using 
ventilation rates in New Zealand. Below in Table 1, these ventilation rates are shown. In the standard, 
less space types are given, they have been expanded on here to represent space types found in a house. 

Table 1: Ventilation Requirements 

Space Type Intermittent Continuous 

Living Areas - 0.35 ach 
Kitchen 50l/s 12l/s 

Bathroom 25l/s 10l/s 

Toilet 25l/s 10l/s 

Bedroom - 0.35 ach 

Laundry - 25l/s 

Study - 0.35 ach 

Hallway - 1l/s 

Garage - 1l/s 

Attic - 10l/s 

Dining - 0.5 ach 

8. Ventilation Formulae 
With all of the different formulae improving on each other for calculating single sided ventilation, only 
one can be used at a time in any design or analysis tool. The simplest equations simply calculate wind 
and stack driven ventilation separately, while the more complex and more modern  equations require 
integration. These equations span the range between being useful for design to analysis. The complexity 
increases due to trying to better represent reality, or to back up computational fluid dynamics 
calculations. 

 

 

Figure 2: Equation Complexity 

The ventilation calculator being produced alongside this report is for architectural design therefore, 
the lower complexity calculations are assumed to be more useful, as they are likely to be quicker to 
respond and therefore easier to use. Specific inputs for the complex equations are only obtainable 
through estimation or CFD, this data is not normally available at the start of a project. The first three 
equation sets the British Standard Method, Warren and Parkins, and Warren reviewed earlier, 
essentially look at only wind and stack effects. Therefore, they are not applicable to a wide enough 
range of situations to be used for architectural design. The fourth equation on the list, from Phaff and 
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De Gids, includes additional constant factors making it more in line with the effects of wind from any 
direction. While the Phaff and De Gids formula is used throughout the European standard EN 16798-7 as 
it gives reasonable average air flow values through openings. The most complex equation that can be 
used in Excel is from Larsen and Heiselberg, it gives different constant values depending on wind 
direction.  Figuring out which direction each window faces, the wind strength from each direction, and 
calculating the appropriate window size in the early design phases of a building is a stretch. The tool 
allows for this approach, but defaults to the simpler approach. In  

Table 2, the ventilation rates of a 10m2, 24m3 space are given for each corresponding formula. Every 
aspect about the calculator remains the same, only one variable is changed and that is the window size. 
Ventilation results range vastly over each calculation, up to eight times larger. The formula being used 
from Phaff and De Gids, is close to the average of the range. However the simplest on the formula which 
involves wind only calculations, using the British Standard Method is actually the closest to the average 
ventilation rate. Although, this doesn’t not mean it is any more accurate or reflective of reality. 

Table 2: Formula Results 

Window 
Size (m) 

BSM Wind 
(m3/s) 

BSM Temp 
(m3/s) 

Warren and 
Parkins (m3/s) 

Warren 
(m3/s) 

Phaff and De 
Gids (m3/s) 

Larsen and 
Heiselberg (m3/s) 

.5 x 2 0.063 0.027 0.129 0.069 0.051 0.016 

 2 0.126 0.076 0.264 0.147 0.110 0.039 

2 x 2 0.253 0.215 0.549 0.331 0.251 0.100 

9. Practicing Calculation Process 
Practicing architects calculate ventilation rates, determine what fans or systems to use, and provide 
compliance documentation. Almost every step involves finding information from codes, plans, or 
product manuals. This makes the process of designing good ventilation harder and time consuming. The 
initial deciding factor in the process  is whether the calculation is for compliance or not. This determines 
if a room by room calculation, or whole house calculation is used. With different means of compliance 
for different spaces types, the architect is forced to manually determine what is best for each space and 
calculate the rates that would be achieved. This is a problem as, without actually knowing how the 
airflow works, all the architect can claim is that the ventilation rate is above or at what is required. A 
limitation to their process, is that topological information is not considered. The local wind levels, as 
well as solar heat gains play a part in the internal environment. For these to be considered, a more 
advanced calculation method and process must be put forth that can account for varying wind levels 
and typology.  

 

10. Proposed Calculation Process 
From observations, a new process is proposed that considers more variables. In addition to all the 
required information to calculate ventilation rates is compiled into one spread sheet.  

10.1 Workflow of Calculator 

This workflow identifies all relevant tasks that must be completed in order to produce ventilation 
calculations, compliance information, and design advice. The image below the heading shows what the 
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sheet looks like in the calculator. The process is broken into two main sections. First, the top section 
which can be completed in any order but all sheets must be completed in order to generate ventilation 
results. This leads on to compliance methods and ventilation systems, once again, either can be 
completed first. This workflow acts as a method to produce ventilation rates for a household room by 
room. While, adapting to different climates, levels of shelter, fenestration opening types, fenestration 
opening sizes, infiltration rates, room types, open plan spaces, and mechanical systems.  

 

11. Discussion 
With the standard, NZS 
4303:1990, and the New 
Zealand Building Code section 
G4, there are only two ways to 
prove compliance. One of these 
methods, G4, does not directly 
account for the ventilation 
rates achievable, it only 
prescribes a value that must be 
reached, of 5% openable 
window area compared to floor 
area. This is the most common 
means of proving compliance, 
as it is a simple calculation for 
designers to perform. The 
down sides are, there is no 
accountability if occupants 
don’t open their windows and, 
therefore won’t be ventilating. 
In addition, the large amount of 
variant ventilation rates that 
can be achieved with different 
types of windows is not 
considered. Although, NZS 
4303:1990 goes a step further 
in the correct direction and 
prescribes ventilation rates that 
must be achieved through 
natural or mechanical 
ventilation. This means, 
window types and systems 
actually matter. However, there 
are still problems, as If a building 
has been calculated to work with 
natural ventilation and occupants don’t open their windows, these rates won’t be achieved. This is the 
reason for compiling data for a ventilation calculator. 

Figure 3: Process used in practice by Architects 
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The proposed process for 
calculating ventilation rates in 
Section 10, takes into account a 
lot more factors than the current 
method used in practice. These 
additional factors improve the 
accuracy of the calculation and 
are there for more accurately 
representing the ventilation 
rates that can be achieved. The 
ease of which a user can achieve 
these results is imperative as 
well, if the calculator is to 
complex or confusing to use, 
designers would just return to 
the method they know how to 
do. This is why a lot of work has 
gone into reducing information 
input fields and letting the 
calculator determine which 
option is the best.  

The fact that this calculator 
has been incorporated into a 
common software like Excel 
means it’s accessible to almost 
everyone.  There are some 
limitations to Excel that made 
applying some formulas not 
possible as well as making design 
choices more difficult to 
implement. The benefits for 
using a spread sheet comes from 
that most people are familiar 
with one, they understand 
where to put input and how 
outputs are calculated. Being 
able to provide graphical 
information alongside the inputs 
helped a lot in the usability factor. In the future, applying all the calculations and information gained in 
creating the spread sheet calculator towards a website or application, would allow more freedom to 
what can be achieved in terms of aesthetics as well as calculations. 

Assumptions are made throughout the calculator. The largest being that the correct formula is being 
used, as shown in section 8, there is a large variance in results produced. An expert’s opinion suggests 
the formula that is currently set, by Phaff and De Gids, but the option to change is available. More 

Figure 4: 
Proposed Process 
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research on what formula reflects reality best for design implications would be needed to know for sure. 
Another assumption is that rooms can be combined and that providing 80% clear wall area between 
spaces is sufficient. This is a problem as the formulas that have been used, assume that there are not 
barriers blocking air flow. 

12. Conclusion 
An architect can use the spreadsheet calculator to determine ventilation rates for each room in a house 
and a mechanical system that can be used to for fill that requirement, in addition to being shown which 
compliance paths are proven. This is a large implication as time can be saved through architects not 
having to do repetitive NZBC G4 calculations. Although this is the outcome of the research project, there 
is also information gained around the different processes used by architects to complete ventilation 
calculations. These are compared in the discussion section. With all the feedback gained from testing 
the calculator, vast improvements have been made on the processes in addition to design. Although in 
the future, more adaptions may become needed as the process is used more often in practice by 
inexperienced users. 

References 
ATKINSON J, CHARTIER Y & CL, P.-S. 2009. Natural Ventilation for Infection Control in Health-Care Settings., World 

Health Organization. 
BRANZ. 2017. Passive Ventilation Fixtures [Online]. Level. Available: http://www.level.org.nz/passive-

design/ventilation/passive-ventilation-fixtures/ [Accessed 21/11/18]. 
BRANZ. 2018. Ventilation [Online]. Web. Available: https://www.branz.co.nz/cms_display.php?sn=152&pg=21236 

[Accessed 8/2/2019]. 
CHOI, Y.-H., SONG, D., SEO, D. & KIM, J. 2018. Analysis of the variable heat exchange efficiency of heat recovery 

ventilators and the associated heating energy demand. Energy and Buildings, 172. 
CIBSE 1997. Natural ventilation in non-domestic buildings. AM10:1997. Great Britain: Bath Midway Press. 
COTTERELL, J. & DADEBY, A. 2012. The Passivhaus Handbook, Green Books. 
GIDS, W. D. & PHAFF, H. 1982. Ventilation rates and energy consumption due to open windows: A brief overview of 

research in the Netherlands. Air infiltration review, 4, 1. 
LARSEN, T. S. & HEISELBERG, P. 2008. single-sided natural ventilation driven by a combination of wind pressure and 

temperature difference. Department of Civil Engineering, Aalborg University, Denmark. 
MBIE 2017. G4. Ventilation. Ministry of Business Innovation and Employment. 
QUAGLIA, L. & MCNEIL, S. 2011. Changing The Air Indoors. BUILD, 2. 
SANTAMOURIS, M. & ASIMAKOPOULOS, D. 1997. Passive Cooling of Buildings, James & James. 
STANDARDS, N. Z. 2009. NZS 4218:2009. Standards NZ. 
STANDARDS, N. Z. 1990. NZS 4303:1990. Standards NZ. 
WANG, H. & CHEN, Q. 2012. A new empirical model for predicting single-sided, wind-driven natural ventilation in 

buildings. Energy and Buildings, 54, 8. 
WARREN, P. Ventilation through openings on one wall only.  Proceeding of international center for heat and mass 

transfer, seminar energy conservation in heating, cooling, and ventilating buildings., 1977. Hemisphere 
Publishing Corporation. 

WARREN, P. & PARKINS, L. 1984. Window-opening behaviour in office buildings. Building Serv. Eng. Res. Technol., 5. 
WHITE, V. & JONES, M. 2017. Warm, dry, healthy? Insights from the 2015 House Condition Survey on insulation, 

ventilation, heating and mould in New Zealand houses. BRANZ. 

There is a section break below, please do not delete it. 

There is a section break above, please do not delete it. 



 
 

 

 

 

 

 

 

 

 

 

AUTHOR INDEX 

 

 

 

 

 

 

 

 

 

 

 



 

 

  



 

Author Index 
 
Authors name Page no. Authors name Page no. 

A. Meenatchi Sundaram 135 Desliana Putri Pratiwi 491 

Aanchal Sharma 41, 391 Diksha Vijapur 645 

Abraham George 527, 763 Dino Pisaniello 595 

Adhe Khresna Pustiadi 733 Emeline Renthlei 527 

Ajibade Aibinu 695 Fabian Prideaux 353 

Akhilesh Kumar 343 Fabricio Chicca 481 

Alexis Dykman 165 Frances Moughan 481 

Amal Barman 655 G. D. Ransinchung R. N. 383 

Amanda Thounaojam 753 Gaurab Das Mahapatra 195 

Amanjeet Kaur 69 Geethanjali Raman 205 

Anders Hermund 235 George Baird 517 

Andre Brown 481, 567 Gireendra Kumar 421 

André Stephan 353 Guy Marriage 333 

Andrew Carre 537 Hannah Rushton 333 

Anita Yammiyavar 605 Isidoro Malaque III 441 

Anjana Vasant Biradar 451 Jack Steele 791 

Annabel Pretty 771 James Wallace 791 

Anu Singh 461 Jennifer Koat 115 

Aprille Dawn Golimlim 441 Jenny Waycott 557 

Ariana Faulkner 481 Jin Woo 497 

Arjun Desai 723 Jinal Shastri 771 

Arpan Dasgupta 655, 705 Jun Sik Kim 685 

Ashima C Grover 547 Jyoti Mishra 284 

Asnab amin 401 K. Swetha 135 

Avinash Gandhi 517 Kalpana Tyagi 323 

Avlokita Agrawal 79, 205, 343, 781 Kannamma D 507 

Bagas Aulia Kautsar 733 Kenn Fisher 87 

Bellatrix Valdaris 303 Kenneth Dawson Fisher 145 

Benjamin Cleveland 87 Kensuke Hotta 175 

Bindu Agarwal 41 Kevin Sweet 685 

Chi-Fu Hsiao 225 Kuladeep Kumar Sadevi 781 

Chitrarekha Kabre 323 Larissa Arakawa Martins 595 

Christhina Candido  645 Lars Simon Klint 235 

Churrotul Aini 587 Lian Tang 411 

Clare Louise Newton 695 Lilly McDougall 567 

Clare Newton 87, 557 Llewelyn Griffiths 215 

D. Kannamma 11, 577 Lucio Naccarella 87 

David Batchelor 245 Maaz Dixit 313 

Deepak Khare 31 Madhumita Roy 605, 655, 705, 713 

 

 



 

 
 
 
Authors name Page no. Authors name Page no. 
Madhuri saikia 275 Revantino 733 

Magdalena Garbarczyk 635 Rizki Armano Mangkuto 491 

Mahua Mukherjee 31 Rizki Armanto Mangkuto 733 

Maibritt Pedersen Zari 115 Rizki Mangkuto 587 

Malini Karani 471 Robert H. Crawford 353 

Marc Aurel Schnabel 125, 245, 333 Robin Drogemuller 625 

Mark Dewsbury 373, 675 Rupesh Panchal 293 

Marshal Maskarenj 753 Ruth Huang 497 

Mary Myla Andamon 107, 497 Sabbir Ahmed 255 

Maryam Lesan 51 Sachin Prabhu 97 

Matt Gregg 293 Saera Chun 517 

Matthew C. Francis 107 Sagar Gupta 61 

Michael Donn 165, 567, 791 Sagarika Chowdhury 61 

Min Hall 1 Sahil Verma 313 

Mina Lesan 51 Sajal Singla 293 

Moch. Donny Koerniawan 491 Samreen Sultan 185 

Mochamad Koerniawan 587 Sanchi Pathella 723 

Mohammed Aqil Cheddadi 175 Sandeep Sharma 31 

Monika Gupta 713 Sanyogita Manu 313 

Morten Gjerde 265, 517 Sapna Papu 451 

Nayana Vishal Raut 363 Sara Omrani 625 

Ni’ma Rosyidah 587 Sarah Backhouse 87, 695 

Nikhat Parvez 79 Satish Kulkarni 41 

Nikhil Bhandari 615 Saurabh Mundra 11 

Nilesh Bakshi 165, 481, 567, 791 Shanmugavalli K R 21, 431 

Niveditha Sudarsanam 577 Shanmugga Rani A 507 

Ozgur Gocer 645 Shruti Nath 373 

P.S. Chani 391 Shubham Jaiswal 205 

Philippa Soccio 695 Shubhi Vaid  421 

Pooja Mundhe 753 Shuva Chowdhury 125 

Pradeep Kumar Garg 665 Shweta Sharma 461 

Prasad Vaidya  723, 753 Soha Matour 625 

Priyadarsini Rajagopalan 497 Solomon Debbarma 383 

Priyanshu Prawal Thakuria 705 Srinivas Tadepalli 615 

Pushplata Garg 69 Stephen McDougall 567 

R. Velraj 743 Surya Kant  Sahdeo 383 

Rajat Gupta 293 Susan J. Wake 155 

Ranee Vedamuthu 21, 431 Tarun Verma 303 

Ravi Verma 665 Teng-Wen Chang 225 

Ravindra Patnayaka 195 Terence Williamson 537, 595 

 



 
 

Authors name Page no. Authors name Page no. 
Toba Samuel Olaoye 675 Wei You 411 

Ture Slot Bundgaard 235 Wenjin Zhan 155 

Uttam Kumar Roy 713 Wowo Ding 411 

V. Arivumani 743 Xufeng Zhang 411 

Veronica Garcia Hansen 625 Yasushi Ikeda 175 

Veronica Soebarto 537, 595 Yolanda Chintanu 557 

Vijayalaxmi Iyer 743 Zhafirah Ajrina 491 

 


	AAA FRONT 2 PAGES
	AAA FRONT PAGES FROM 3-11
	S1AA FRONT
	S1AA ZBACK
	S1AB 1127 Min Hall
	S1B 1262_-Saurabh Mundra
	S1C 1225_Shanmugavalli
	S1D 1310_ Sandeep Sharma 
	S2AA AFRONT
	S2AA ZBACK
	S2AB 1138 _ Bindu Agarwal
	S2B 1244 _ Mina Lesan
	S2C 1222 _ Sagarika Chowdhury
	S2D 1317 _ Amanjeet Kaur
	S3AA CAFRONT
	S3AA ZBACK
	S3AB Nikhat Full Paper
	S3B 1190 _ Sarah Backhouse, Clare Newton
	S3C 1180 _ Sachin Jaywant Prabhu 
	S3D 1229 _ Matthew Francis NEW
	S3E BLANK PAGE
	S4AA AFRONT
	S4AA ZBACK
	S4AB 1303 _ Jennifer Koat
	S4B 1136 _ Shuva Chowdhury NEW 01 
	S4C 1242 _ Swetha Karlmarx
	S4D 1236_Kenneth Fisher _ 
	S4E 1128 _ Susan Wake
	S5AA AFRONT
	S5AA CZBACK
	S5AB 1184_ Nilesh Bhakshi
	S5B 1238 _Mohd Aqil Cheddadi
	S5C 1187 _ Samreen Sultan
	S5D 1126 _ Ravindra Patnayaka
	S5E 1344_shubham_jaiswal_full_paper NEW
	S5F ABLANK PAGE
	S6AA AFRONT
	S6AA ZBACK
	S6AB 1151_Llewelyn_Griffiths new one
	S6B 1166 _ Chi-Fu _ new
	S6C 1169 _ Anders Hermund_
	S6D MARC NEW ONE FILE
	S7AA AFRONT
	S7AA ZBACK
	S7AB 1185 _ Sabbir Ahmed
	S7B 1163 _ Moretn Gjerde
	S7C 1259 _ Madhuri Saikia NEW ONE
	S7D 1285 _ Jyoti Mishra
	S8AA AFRONT
	S8AA ZBACK
	S8AB 1197 _ Rajat Gupta
	S8B 1207 _ Tarun Verma
	S8C 1306  _ Shail Verma
	S8D 1249__CKabre
	S9AA AFRONT
	S9AA ZBACK
	S9AB Formated 1341  Hannah Rushton_ Guy Marriage _ Marc A Shanubel
	S9B Formated_1340 _ Akhilesh
	A review paper: Emerging conversions of food-agro 
	1.Introduction
	3.Material and method
	4.History of food and agro-waste as building and con
	5.Food and Agro waste in building-construction mater

	S9C 1298 _ Robert Crawford
	S9D Formated_1168 _ Nayana Vishal Raut
	S9E new one Suruti
	S9F suryakant Final ManuscriptASA2019
	S10AA AFRONT
	S10AA ZBACK
	S10AB Aanchal Sharma
	S10B NEW Formated_asnab amin
	S10C 1204 _ Xufeng Zhang
	S10D 1231_Shubhi
	S10E Formated_1311 _ Shanmuga Valli
	S11AA AFRONT
	S11AA ZBACK
	S11AB 1205 _ Isidoro
	S11B ANJANA BIRADER
	S11C 1118 _ Anu singh NEW ONE
	S11D 1132 _ Malini
	S11E Nilesh Bakshi
	S12AA AFRONT
	S12AA ZBACK
	S12AB DESILIANA PUTRI
	S12B 1307-Priyadarsini
	S12C 1172_Shanmugga rani
	S12D 1112 _ George Baird
	S12E Formated 1286 _ Emeline
	S13AA AFRONT
	S13AA ZBACK
	S13AB FS13 - 1 Andrew Carre 1160
	S13B FS13 - 2 Ashima Grover 1131
	S13C FS13 - 3 Yolanda Chintanu 1131
	S13D FS13 - 4 Nilesh Bakshi 1239
	S13E FS13 - 5 Niveditha Sudarsanam 1200
	S14AA AFRONT
	S14AA ZBACK
	S14AB FS14 - 2 Rizki Armanto
	S14B FS14 - 2 Larissa Arakawa Martins 1130
	S14C FS14 - 3 Anita P Yammiyavar 1219
	S14D FS14 - 4 Nikhil Bhandari 1322
	S14D FS14 - 5 Soha Matour 1192 revised-format
	S15AA AFRONT
	S15AA ZBACK
	S15AB FS15 - 1 Magdalena Garbarczyk 1343
	S15B FS15 - 2 Dikhsa Vijapur 1234
	S15C FS15 - 3 Amal Barman 1174
	S15D RAVI RAVI
	S16AA AFRONT
	S16AA ZBACK
	S16AB FS16 - 1 Mark Drewsbury 1171
	S16B FS16 - 2 Jun Sik Kim 1175
	S16C FS16 - 3 Clare Louis Newton 1208
	S16D FS16 - 4 Priyanshu Prawal Thakuria 1178 B
	S16E FS16 - 5 Monika Gupta
	S17AA AFRONT
	S17AA ZBACK
	S17AB FS17 - 1 Sanchi Patella 1253
	S17B FS17 - 2 Revantino 1115
	S17C FS17 - 3 Arivumani 1133
	S17D FS17 - 4 Amanda 1189
	S18AA AFRONT
	S18AA ZBACK
	S18AB FS18 - 2 Abraham George 1249 NEW
	S18B FS18 - 3 Annabel Pretty 1109
	S18C FS18 - 4 Kuladeep 1336
	S18D FS18 -5 1240 _ Nilesh Bakshi NEED EDITING
	TTT Author Intex TITLE
	ZZZ Author Intex LAST PAGES

