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ABSTRACT: In Australia in the 1950s, the average house size was approximately 100 m?. By 2008, the
average size of a new house had risen to approximately 238 m? i.e. an increase of nearly 140%. Over
the same period, occupancy levels have fallen by nearly one third from 3.7 to 2.5 persons per
household. The aim of this paper is to contrast the total and per capita resource demand (direct and
embodied energy, water and materials) for two houses typical of their respective era and draw some
conclusions from the results. Using the software Autodesk Revit Architecture and drawings for typical
1950 and 2009 houses, the material quantities for these dwellings have been determined. Using known
coefficients, the embodied energy and water in the materials have been calculated. Operating energy
requirements have been calculated using NatHERS estimates. Water requirements have been
calculated using historical and current water data. The greenhouse gas emissions associated with the
resource use have also been calculated using established coefficients. Results are compared on a per
capita basis. The research found that although the energy to operate the modern house and annual
water use had fallen, the embodied energy and associated greenhouse gas emissions from material
use had risen significantly. This was driven by the size of the house and the change in construction
practices.
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INTRODUCTION

In the past fifty years, the average house size in Australia has grown from approximately 100 m? in the 1950s
(Garden, 1995) to approximately 238 m? in 2008 (ABS, 2008). At the same time, household size has fallen by almost
a third from 3.7 to 2.5 persons. These developments mean that individually we are now occupying more space and
consuming more resources per capita to do so than we did 60 years ago. At the same time, at national and
international levels we are grappling with the massive problem of how to reduce our carbon emissions over the next
40 years so that we can limit the average global surface temperature rise to 2°C above pre-industrial levels. While
moving to carbon-free sources to supply the energy for our society is essential, other aspects of our lifestyle need to
be examined to develop policies and strategies for the future. The family home is the centrepiece of the modern
Australian way of life and the rise in house size has been in lockstep with growing affluence. This paper describes
work done to analyse the difference in resource use between typical 1950 and 2009 houses in Melbourne. The
quantity of key resources (steel, timber, glass, concrete, plasterboard) are determined and compared. These
quantities are then used to calculate the embodied energy and water of the two houses, as well as the greenhouse
gas emissions.

1. PAST RESEARCH

Adalberth (1997) calculated the embodied energy for three Swedish houses. The houses ranged between 129-138
m? in usable floor area. The energy used in manufacturing the construction materials, transportation and erection of
the houses ranged from 402-477 GJ, but this also included white goods and some plastic products. Although the
operational energy was calculated, the difference between the Stockholm and Melbourne climates mean that this
data will be of limited value for the Australian conditions. Fay et al. (2000) analysed a two-storey detached brick
veneer house with a habitable area of 128 m?. Initial embodied energy for the house was calculated to be 1803 GJ.
Furniture and carpet was included in the analysis, in addition to major (but not minor) appliances.

Treloar et al. (2000) analysed the life-cycle energy of an Australian residential building and its two householders.
Their scenario, a young professional couple, remained in the same house over a 30-year time frame. The house
analysed was a two-storey brick veneer house constructed on a concrete slab and located in Melbourne. The house
had a floor area of 123 m”. The authors found that the initial embodied energy of the house was 1441 GJ, which was
apparently “higher than most previous studies due to the completeness of the embodied energy data derived using
input-output analysis” (Treloar et al., 2000: 186). Greenhouse gas emissions were also not calculated in these
authors' analysis.
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Other related research (Fuller and Treloar, 2004; Fuller and Crawford, 2009) has concentrated on direct and
embodied energy, as well as the energy expended for travel for different housing scenarios. Approximations have
been used to determine the embodied energy and specific quantities of materials have not been calculated. Water
use has not been included. For a small 93 m? weatherboard house using an approximation method, Fuller and
Treloar (2004) found that the initial embodied energy of the house was 1331 GJ. Fuller and Crawford (2009) have
included appliance use and made comparisons on a per capita basis, rather than a household basis. These authors
found that in 2008, the embodied energy for a 238 m? five star brick veneer house was 3967 GJ.

Figures for embodied energy for various houses will naturally vary because of differences in house size, but also
because of what is included and excluded from the calculations. For example, Fay et al. (2000) has included major
appliances but has excluded demolition and removal which has been included in the analysis of Adalberth (1997).
The method used to calculate the embodied energy will also impact greatly on the result. For example, process
analysis does not typically account for the capital equipment required to manufacture materials or minor goods and
services (see Treloar, 2007). Input-output-based hybrid analysis accounts for these inputs and as a result the
calculated embodied energy is usually higher than when using any other assessment method. This approach is
considered the preferred and most comprehensive method for embodied energy analysis (Crawford, 2008; Nielsen
and Weidema, 2000), although process analysis still remains the most common method used.

2. METHODOLOGY
2.1 Case Study Houses

Drawings for two houses, typical of their respective eras, were sourced. The State Museum of Victoria was able to
provide plans for a weatherboard house built in Hawthorn circa 1952 (Figure 1). This house was approximately 95 m?
in floor area. It comprised three bedrooms, open kitchen, living and dining area, plus a bathroom and separate
laundry. Built on hardwood stumps, bricks and concrete use was restricted to the chimney and boiler base. Brickwork
was also minimal. Asbestos sheet cement was used on two external walls. Roofing was corrugated iron.
Unfortunately the house is no longer standing.
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Figure 1: Floor plan of weatherboard house built in Hawthorn circa 1952
(source: State Library of Victoria, 2009)
Plans for a typical modern house from a local commercial builder were sourced and are shown in Figure 2. It shows a

233.5m? single storey house with four bedrooms, one with an en suite bathroom, open living, family and meals area,
and garage. Note there is no scale relationship between Figures 1 and 2.
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Figure 2: Floor plan of 2009 house

The software Autodesk Revit Architecture was used to determine the quantities of key construction materials used in
both houses. Revit is a Building Information Modelling (BIM) program. Plans, sections, elevations and schedules are
all interconnected allowing material quantities to be determined from building plans. Figures 3 and 4 show one
particular output generated by the program for both the houses analysed. Note there is no scale relationship between
Figures 3 and 4.

Figure 3: Schematic perspective of 1950 house

Figure 4: Schematic perspective of 2009 house
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2.2 Embodied energy and water calculations

The embodied energy and water assessment was performed using an input-output-based hybrid analysis. This
method is applied using an input-output (I-O) model of Australian energy and water use. The base I-O data was taken
from the Australian National Accounts (ABS, 2001a) and combined with energy intensity factors by fuel type from the
Australian energy accounts (ABS, 2001b) and water usage from the Australian water accounts (ABS, 2000).

The calculation of the energy and water embodied in the two houses was based on the material energy and water
coefficients from Table 1, developed by Treloar and Crawford (2009). These intensities were compiled using the
input-output-based hybrid method, combining available process data for the specific materials with 1-O data from the
I-O models described above.

Table 1: Embodied energy and water coefficients for selected building materials

Material Unit Total Embodied Energy Total Embodied Water
(GJ/unit) (kL/unit)
Aluminium t 252 1084
Bricks m’ 0.560 0.672
Cement sheet — 6 mm m’ 0.288 0.883
Concrete — 20 MPa m° 4.436 10.977
Glass —4 mm m? 1.728 3.421
Plasterboard —13 mm m? 0.232 0.682
Steel — decking m’ 0.508 1.120
Tiles, terracotta — 20 mm m’ 0.293 1.119
Timber — hardwood m° 21.326 16.275
Timber — softwood m° 10.925 20.142

The quantities of the materials used in each house were multiplied by their respective energy and water intensities.
The sum of these results gave the total process-based hybrid embodied energy and water for the houses. The
relevant process-based hybrid embodied energy and water values then had to be substituted within the overall I-O
model, to complete the system boundary. The energy and water required to provide capital equipment and supporting
goods and services (such as insurance, banking, marketing, communications, etc.) for the materials manufacturing
processes associated with the construction of the houses are known as the ‘other items’. Using the I-O models, the
total energy intensity (TEl) value of the I-O pathways, for which physical material quantities were obtained, is
deducted from the total energy intensity of the ‘residential building’ sector (for residential buildings) to give the ‘other
items’ (Eqn 1). The ‘other items’ thus correct any remaining data truncation errors. Eqn 1 represents the calculation of
the total embodied energy (TEE) for the houses. Embodied water values are calculated in much the same way, but
using the water-based I-O model and embodied water coefficients.

M

TEE, = f(ﬂm x0, )+ (TEIrb - ¥ (TE1, )) x$, (1)

m
where:
Elyn = hybrid energy intensity of material, m
Qm = quantity of material, m
TEly = total energy intensity of the ‘residential building’ sector
TEln = total energy intensity of I-O pathways representing the materials
$n = total house cost, based on $650 per square metre
2.3 Operational energy and water

Annual operational energy use was calculated in an identical way to that proposed by Fuller and Treloar (2004). In
this research, the energy required to operate appliances, other than heating or cooling, was not considered because
this component of overall operational energy is not related directly to the house size or style. The predictions
generated by the NatHERS program (AGO, 1999, Appendix E) were used. The AGO study presents heating and
cooling energy use per unit area for different house constructions in five climatic zones, one of which is Melbourne.
Cooling energy is not included in the calculations for the 1950s house because air conditioning was uncommon at
that time but it has been assumed to be installed in the 2009 house. The NatHERS predictions used in this study are
shown in Table 2. The 2009 house is assumed to be a 5-star rated dwelling.

Table 2: NatHERS predictions for 1950 and 2009 houses
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(source: AGO, 1999)

Year | House Type Heating Energy Coolin% Energy
(MJ m™) (MJ m™)

1950 | Weatherboard, no insulation 740.03 n.a.

2009 | Performance-based house with mandatory 5-star rating 158.17 11.83

The estimates of heating and cooling energy presented by the AGO (1999) are for "demand" or delivered energy i.e.
the energy required to heat or cool a particular space. In order to determine the "bought" or consumed energy, the
appliance efficiency must be included to determine the amount of energy used or "bought" by the householder. The
AGO report recommends that gas space heating and cooling appliance efficiencies of 70% and 250% be used
respectively (AGO, 1999; Table 77, p.103). When comparing predictions with actual usage, the AGO study found that
the predictions of "bought" energy needed to be modified by a "constraint" factor to more accurately match actual
usage. The constraint factor reflects a combination of occupancy level and zoning. Constraint factors of 0.45 and 0.4
for the heating and cooling energy were recommended for Victoria households (AGO, 1999; Figure 1, p.9) and these
values have been used.

In this study, primary energy consumption has been considered, rather than "bought" or delivered energy. Factors of
1.3 and 3.42 have been used to convert delivered energy to primary energy for gas and electricity respectively, and
these have been used in this study. The AGO (1999) used a (national average) figure of 3.0 for electricity. The higher
figure has been used to more accurately reflect Victorian electricity production. Accordingly, operational energy
consumption figures were determined by using the general relationship shown below (Eqn 2).

OFE =UExCFxA+nxPE (2)
where:
UE = unconstrained energy use prediction (MJ m'2)
CF = constraint factor (dimensionless)
A = house area (m2)
1 = appliance efficiency (decimal)
PE = primary energy ratio (dimensionless)

Historical records of per capita water use are hard to locate because in the 1950s the Melbourne and Metropolitan
Board of Works was the body responsible for Melbourne’s water supply. This body no longer exists. Some published
data, however, does provide an indication of consumption levels and these have been used in this research. In 1934
and 1981, daily per capita consumption of water in Melbourne was 277 and 500 litres respectively (DSE, 2009).
Assuming that water consumption grew steadily between those two dates, interpolation indicates that per capita daily
consumption was approximately 350 litres in 1950. In 2007, consumption had returned to 277 litres per day. The first
six months of 2009 indicate that per capita water consumption has fallen further to 155 litres per day and it has been
assumed that this level will be maintained.

As in Fuller and Crawford (2009), all greenhouse gas emission coefficients include the primary energy used in the
production of the fuels used. The greenhouse gas emissions for heating and cooling have been calculated using the
emissions coefficients of 0.368 and 0.0636 kg per MJ for electricity and gas respectively (AGO, 2006). These figures
include the primary energy used in the production of "bought" energy. Therefore, the operational energy figures were
reduced by dividing by the primary energy ratio factors, prior to calculating the greenhouse emissions, to avoid their
double counting. The greenhouse gas emissions associated with the embodied energy in the materials used in the
houses have been calculated using a constant figure of 70 kg/GJ (AGO, 1999).

3. RESULTS
Table 3 shows the quantity of materials used to construct the 1950 and 2009 houses. All the timber in the 1950s

house has been assumed to be hardwood except the weatherboards, whereas a significant amount of softwood has
been used in the 2009 house.
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Table 3: Material quantities for 1950 and 2009 houses

Material 1950 House 2009 House
Timber — hardwood 8.95m° 0.399 m°
Timber — softwood 0.68 m° 6.315m°
Bricks 10.00 m” 142.00 m”
Cement sheet 36.00 m? 8.00 m?
Glass 32.50 m? 38.25 m°
Concrete 020 m° 32.64m°
Plasterboard 333.00 m? 635.00 m?
Steel decking and/or galvanised iron 112.86.m" 63.71m’
Tiles n.a. 261.00 m*
Aluminium n.a. 0.142 m°

3.1 Embodied energy and water

Table 4 shows the total embodied energy and embodied water for both the
this usage on a per capita basis. Household size was assumed to be 3.7
respectively.

1950 and 2009 houses. Table 5 shows
and 2.5 in the 1950 and 2009 houses

Table 4: Embodied energy (GJ) and water (kL) for 1950 and 2009 houses

Embodied Energy (GJ) Embodied Water (kL)

Material 1950 House | 2009 House | 1950 House 2009 House
Timber — hardwood 190.93 8.51 145.66 6.49
Timber — softwood 7.43 68.99 13.70 127.20
Bricks 5.60 79.52 6.72 95.42
Cement sheet 10.37 2.30 31.79 7.06
Glass 56.16 66.10 111.18 130.85
Concrete 0.89 144.79 2.20 358.29
Plasterboard 77.26 147.32 227 .11 433.07
Steel decking and/or galvanised iron 57.33 32.36 126.40 71.36
Tiles n.a. 76.47 n.a. 292.06
Aluminium n.a. 96.13 n.a. 412.68
Direct inputs 21.5 53 23.5 57.6
Other items 446.9 1085 1127 2745
Total 874 1860 1815 4737

Table 5: Comparison of embodied energy and water per capita

House Embodied Energy Embodied Water
(GJ/person) (kL/person)

1950 236 490

2009 744 1895

3.2 Resource use

Table 6 shows the per capita resource use for the two houses together with

the percentage increase. The material

density values used to convert previous quantities to kilograms are also listed. Household size was assumed to be

3.7 and 2.5 in the 1950 and 2009 houses respectively.

Table 6: Per capita material use for 1950 and 2009 houses

Material Density 1950 per capita use 2009 per capita use
(kg/m°) (kg) (kg)

Aluminium 2680 n.a. 152
Bricks 1870 379 7966
Cement sheet 1490 87 29
Concrete — 20 MPa 2400 130 31334
Glass —4 mm 2510 88 154
Plasterboard - 13 mm 880 1020 2906
Steel — decking 7849 287 240
Tiles — terracotta, 20 mm 1922 n.a. 4013
Timber — hardwood 803 1942 87
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| Timber — softwood | 506 | 93 | 1278 |
Table 7 shows the annual per capita operational energy and water requirements of the two houses. Only the house
has been conditioned, the garage being excluded. Table 8 translates resource use and annual operational energy
into greenhouse gas emissions.

Table 7: Comparison of operational energy and water usage per capita

House Operational Energy Water Usage
(GJ/person) (kL/person)

1950 15.88 128

2009 10.20 57

Table 8: Comparison of per capita greenhouse emissions from operational energy and resource use

House | Greenhouse Gas Emissions from Greenhouse Gas Emissions
Operational Energy (kg/person) from Resource Use
(kg/person)
1950 777 16535
2009 526 52080

4. DISCUSSION

Table 3 provides insight into the change of material use due to change in house style, size and construction practice.
There has been a significant shift from hardwood to softwood over the 60-year timeframe, probably due to the advent
of plantations. Although historically most timber used in Australian houses was sourced from native forests or
imported timber, 80% reportedly now comes from softwood plantations (Hopkins, 2009). A ten-fold increase in
softwood has occurred although overall approximately 30% less timber is used in the 2009 house. There has been a
massive increase in the use of bricks (14-fold) because of the change in external cladding. This move away from
weatherboard construction has also reduced the use of cement sheet by 80%. Despite the doubling in house size,
glass usage has only increased by 18%. Concrete use, as expected, has increased greatly (163-fold) due to slab
construction. Plasterboard has also nearly doubled because of the increase in house size, while galvanised iron use
has halved because of the use of tiles in the 2009 instead of the traditional corrugated iron roof.

The effect of translating the overall increase in material use into embodied energy and water is shown in Table 4.
Quantities are proportional to material use but some qualification of the values is necessary and instructive. In the
1950s house, the hardwood used is likely to have been ‘off-blade hardwood’ (OBHW). In other words, it would have
been green wood straight from the mill and would not have been dried. Modern hardwood is kiln dried and therefore
involves a relatively energy- and water-intensive process. Assuming that the hardwood used in the 1950s house is
kiln dried will therefore overstate the embodied energy and water required for this material. Concrete and the other
materials (tiles, aluminium and bricks) reflected in the change in house style make up 55% and 60% of the embodied
energy and water in the 2009 house respectively.

Table 5 indicates that overall there has been more than a three-fold increase in embodied energy and 287% increase
in embodied water over the (almost) 60 years of house construction. Table 6 shows the impact of a reduction in
household size on material use. The number of persons in the households has fallen from 3.7 to 2.5 i.e. a 32%
reduction. This means that per capita material usage in 2009 is nearly 50% higher than it would have been if
household size had remained the same as it was in 1950. For example, total glass usage (m3) has increased by only
18% (as noted above) due to increase in house size, but combined with the decrease in household size results in a
75% increase in per capita glass use.

Table 7 shows that despite the increase in house size, per capita operational energy and water use has declined by
36% and 55% respectively. These figures demonstrate the effect of improved building design, water conservation
technologies and education.

Greenhouse gas emissions per capita from operating energy have fallen by nearly one third (Table 8). This is due to
the improvements in building envelope that have occurred over the 60-year timeframe. This is despite the doubling in
size of the area being conditioned, the fall by one third in household size and the introduction of cooling. An increase
in house size and the use of more energy-intensive materials, however, has resulted in a greater-than three-fold
increase in greenhouse gases from resource use (Table 8).

CONCLUSION

This research has compared two typical houses to be found in Melbourne. The weatherboard house was typical of
the early 1950s era, whereas the 2009 house was over twice the size, brick veneer in construction and had a garage
built into the design. A comparison has been made in terms of individual materials used, their embodied energy and
water contents, and the greenhouse gas emissions emitted in the process of producing these materials. The
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operational energy required to heat and cool the houses, as well as water consumption by the householders has also
been compared.

The results show that we have been able to reduce the operational requirements of the modern house compared to
its predecessor. However, the change in construction practice and the growth in house size have led to a big
increase in the embodied energy component. The embodied emissions of the 2009 house have more than doubled.
On a per capita basis, the embodied energy has more than tripled because of the decline in household size.

The results in this paper are likely to be conservative. The 2009 house is relatively small compared to some houses
being built. According to Hawley (2003), in a revealing article about the housing estates appearing on the outskirts of
Sydney and Melbourne, the average house size was 270 m? by the year 2000. Ongoing maintenance has also not
been included in this analysis and a bigger house will usually require more maintenance. Major appliances have not
been included in this study, nor have minor appliances and the things that homeowners buy to fill up rooms. It is self-
evident that people do not live in houses with empty rooms. The larger houses of the modern era simply contain more
purchased goods and there will be an embodied energy component associated with each of these. While these facts
may be unpalatable, they need to be acknowledged and addressed if reductions in carbon emissions are going to
occur.
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