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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. 
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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. 
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