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Abstract: The aim of this study was to use a life cycle assessment (LCA) to identify the potential global 
warming impacts associated with the construction and on-going use of a 158 m

2
 single-storey house 

located in Melbourne, Australia. This information was then used to inform improvements to the 
performance of the house with the aim of minimising energy demand and associated global warming 
impacts across its life. A streamlined LCA approach was used to quantify inputs of energy across the 
entire life of the house. Embodied energy associated with the initial construction of the house as well as 
the replacement of materials and components throughout its assumed 50-year life were quantified 
using embodied energy coefficients for specific construction materials. Energy demand associated with 
the operation of the house over its life was determined with the use of IES-VE software. Total energy 
demand in primary terms was converted to global warming potential (GWP) (in t CO2-e) with the use of 
greenhouse gas emissions factors to provide an indication of the associated global warming impacts. 
The results of the analysis were then used to identify strategies for improving the environmental 
performance of the house, which was then reassessed to estimate the level of improvement. 
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1. Introduction 

Building designers and owners are increasingly looking to improve the environmental performance of 
buildings due to an increasing understanding of the considerable effect buildings have on the natural 
environment and the health and comfort of those who use them. The focus of this improvement is 
predominately on reducing the resources (energy and water) used during their operation. Rarely do 
building designers or owners consider the broader implications of a building project on the environment 
or even more so, across the full life cycle of a building. This more holistic life cycle approach has only 
recently become of interest and importance to many building designers, especially due to the 
availability of credits for the use of life cycle assessment in USGBC’s LEED or the GBCA’s Green Star 
tools, for example. This study demonstrates how a life cycle assessment can be used to better inform 
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the design process for improving the environmental performance of buildings by analysing and reducing 
the energy and global warming impact of a 158 m

2
 single-storey house located in Melbourne, Australia.  

2. Research approach 

This section describes the case study house used in the study as well as the approach used to analyse 
the life cycle energy demand and greenhouse gas emissions of the house.  

2.1. Case study house 

The house analysed is a single-storey, two bedroom unit located in Melbourne, Australia (Figure 1). The 
house is constructed of insulated timber-framed brick veneer walls, steel roofing, plasterboard internal 
wall linings and a reinforced concrete slab. This house was chosen as it was considered representative of 
many of the houses being built on the increasingly small residential sites in Australian cities. 

 

       

 

Figure 1: Floor plan and front (south) elevation of the case study house. 

2.2. System boundary 

The study includes energy demand associated with raw material extraction, manufacturing of 
construction materials and the construction process (hereafter referred to as the houses’ initial 
embodied energy) as well as the operation of the house (for heating, cooling, lighting and appliances) 
and for on-going maintenance (including production and replacement of materials throughout the 
useful life of the house, referred to as the houses’ recurrent embodied energy) (Figure 2). Greenhouse 
gas emissions associated with each of these life cycle stages was also included in order to determine 
global warming potential (GWP). 
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Figure 2: System boundary of the study. 

The demolition, disposal and/or reuse and recycling stages were excluded from the study as the 
energy demand associated with these processes is generally considered to be relatively small. The 
embodied energy associated with the production of materials used in appliances, fit-out, services 
(hydraulic, mechanical, electrical) were also excluded as these were considered too difficult to quantify. 

2.3. Impact category and category indicator 

Impact categories considered in this study were energy use (in primary terms) and global warming (an 
increase in the temperature of the earth’s atmosphere due to an increased concentration of greenhouse 
gases such as carbon dioxide, methane and nitrous oxide (WWF, 2014)). The category indicators are 
gigajoules of primary energy and global warming potential (t CO2-e), respectively. 

2.4. Life cycle inventory analysis 

The life cycle inventory analysis (LCI) involves the collection of embodied and operational energy data. 

2.4.1. Initial and recurrent embodied energy 

The initial embodied energy covers energy required for raw material extraction, manufacturing of 
materials and construction of the house. Recurrent embodied energy is that energy associated with 
replacement materials throughout the life of the house, which in the case of this study was considered 
to be 50 years. Material quantities were estimated based on architectural drawings of the house. These 
quantities were then multiplied by a wastage multiplier based on data from CSIRO (1994), Fay (1999) 
and Wainwright and Wood (1981), providing the total quantity of materials delivered to site. Material 
embodied energy coefficients from Crawford (2011) were used to calculate embodied energy by 
multiplying them by the respective delivered material quantities. Material replacement rates, based on 
data published by Ding (2004), in conjunction with the total quantity of replaced materials and 
respective material embodied energy coefficients were used to estimate recurrent embodied energy 
demand over the life of the house. This study uses a hybrid embodied energy assessment approach, 
providing the most comprehensive assessment of embodied energy possible (Treloar, 1998). 
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2.4.2. Operational energy 

Operational energy was estimated based on a SketchUp model of the house and using IES-VE. IES-VE is a 
dynamic building energy simulation tool that considers location, lighting, daylight and solar analyses to 
provide the predicted energy consumption of a building (IES, 2015). The energy analysis within IES-VE is 
based on several key assumptions, including 4-person occupancy, 50% daytime occupancy, temperature 
range of 21-24 degrees, heating COP of 0.83 and heating and cooling operating between 8am and 6pm 
daily for the entire house. The analysis was based on the use of a split system air conditioner for cooling 
and natural gas for heating. IES-VE provides a figure for the total annual energy use of the house for 
heating, cooling, lighting and equipment, which was then linearly extrapolated to 50 years.  

Dynamic energy simulation tools such as IES-VE tend to overestimate predicted energy use 
compared to actual energy used within a building (AGO, 1999). In order to better reflect actual energy 
use of the occupants of the house, AGO (1999) recommends the use of constraint factors to account for 
zoning and occupancy patterns. The constraint factors used in this study for heating and cooling were 
0.45 and 0.4, respectively (AGO, 1999). 

2.5. Life cycle impact assessment 

The life cycle impact assessment (LCIA) involves converting the energy use data obtained as part of the 
LCI into an impact on the environment. In order to convert embodied energy figures to greenhouse gas 
emissions for the global warming impact category and determine the GWP associated with the 
embodied energy of the house, a characterization factor of 60 kg CO2-e per GJ of initial and recurrent 
embodied energy was used. Emissions intensity figures for brown-fired coal electricity (for cooling, 
lighting and equipment) and natural gas (for heating) together with the GWP of the three main 
greenhouse gases (carbon dioxide (CO2), nitrous oxide (N2O) and methane (CH4)) were used to 
determine the GWP associated with the operational energy demand of the house. 

2.6. Assumptions 

A number of assumptions needed to be made during this study and the data used is unlikely to be 
completely reliable. Due to data variability and uncertainties, an error range of ±40% was used for initial 
and recurrent embodied energy figures and a potential variation in operational energy figures of ±30% 
was assumed, based on data from Crawford (2011). 

2.7. House redesign 

The life cycle energy analysis of the original house was used to identify the building elements and 
systems with the most significant initial and recurrent embodied energy and operational energy 
demands. A range of potential strategies for reducing the energy demands and GHG emissions 
associated with the house were then able to be identified. These included HVAC system and material 
replacements - the materials with high embodied energy were replaced with materials of lower 
embodied energy, i.e. steel, ceramic tiles, substructure. The house was then redesigned through an 
iterative process where the analysis was redone based on collections of these design strategies in order 
to identify the design outcome with the lowest energy demand and GHG emissions for the range of 
design strategies considered. 
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3. Life cycle energy demand of original house 

This section presents the results of the life cycle energy and greenhouse gas emissions analysis of the 
original house. 

3.1. Life cycle inventory analysis 

3.1.1. Initial and recurrent embodied energy 

The total initial embodied energy associated with the construction of the house was found to be 
2,286 GJ (14.5 GJ/m

2
). The total recurrent embodied energy for the house over a period of 50 years was 

found to be 1,526 GJ (9.6 GJ/m
2
). These figures are in line with figures presented in other studies using a 

similar hybrid assessment approach, such as Fay (1999) and Crawford (2014). Figure 3 shows a 
breakdown of the life cycle embodied energy of the house by building element. It is clear from this that 
the substructure represents the overwhelming majority of the embodied energy of the house (62%). 

 

Figure 3: Life cycle embodied energy of original house, by element. 

3.1.2. Operational energy 

The annual operational energy demand associated with the original house was found to be 
29.84 MWh/year (107.4 GJ/year) based on the IES-VE analysis. After applying the constraint factors as 
per Section 2.4.2, the total operational energy over 50 years is 2,409 GJ. Figure 4 shows the operational 
energy breakdown by major use. The total operational energy of 15.2 GJ/m

2
 compares closely to the 

figures presented in similar studies, including 14.7 GJ/m
2
 by Crawford (2014). 
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Figure 4: Life cycle operational energy of original house, by use. 

3.1.3. Life cycle energy demand 

The life cycle energy demand of the original house, combining initial and recurrent embodied energy 
and operational energy over 50 years, is shown in Figure 5. The total energy demand of the house over a 
period of 50 years was found to be 6,221 GJ (39.3 GJ/m

2
).  

 

Figure 5: Life cycle energy of the original house, by life cycle stage. 

3.2. Life cycle impact assessment 

3.2.1. Embodied energy-related emissions 

The initial and recurrent embodied energy-related emissions were calculated to be 137 t CO2-e and 
92 t CO2-e, respectively. Due to the substantial error range of ±40%, this results in a potential range of 
82–192 t CO2-e for initial embodied emissions and 55–128 t CO2-e for recurrent embodied emissions. 

3.2.2. Operational energy-related emissions 
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The operational energy-related emissions were found to be 179 t CO2-e over 50 years (Table 1). A 
potential error of ±30% means that this figure could range from 125–232 t CO2-e. 

Table 1: Operational energy-related emissions for original house over 50 years. 

Fuel type Energy (GJ) GHG Emissions factor (kg/GJ) GWP Total GWP (kg CO2-e) 

Electricity 
(brown coal) 

1321.26 CO2 92.7 1 122,480.80 
 CH4 0.00048 25 15.85 

  N2O 0.0013 298 511.85 

   Sub-total 123,008.5 kg CO2-e 

Natural gas 1087.62 CO2 51.2 1 55,686.14 
  CH4 0.0048 25 130.51 
  N2O 0.000097 298 31.43 

   Sub-total 55,848.08 kg CO2-e 

Total GWP (kg CO2-e)    178,856.58 kg CO2-e 
Total GWP (t CO2-e)    179 t CO2-e 

3.2.3. Global warming potential 

Figure 5 shows the breakdown of total GWP by life cycle stage for the house. This equates to a total of 
408 t CO2-e over 50 years. Operational emissions account for the single largest quantity of emissions 
(44%), followed by initial embodied emissions (34%) and recurrent embodied emissions (22%). 

 

Figure 6: Global warming potential of the original house, by life cycle stage. 

These findings suggest that the greatest effort in reducing the global warming impact associated 
with the original house should initially be on reducing operational energy-related emissions. This should 
be done in consideration of the effect that any improvement strategies might have on embodied energy 
to ensure that this does not increase at the expense of a reduction in operational energy demand.  

4. House redesign 

This section presents the energy and greenhouse gas emissions savings achieved as a result of the 
improvements made due to the redesign of the house. Based on the results of the life cycle energy 
analysis of the original house design (Section 3), the main areas for improvement were found to be 
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reducing the energy demand for heating and equipment and reducing the embodied energy associated 
with the substructure.  

4.1. Design changes 

The redesigned house incorporates all of the strategies described below in order to reduce energy 
demand and associated GHG emissions. 

4.1.1. Substructure 

The substructure contributes the highest proportion of initial embodied energy which consists of A 
25 MPa concrete slab and polystyrene waffle pods. In comparison with a conventional raft slab with 
concrete strip footings, polystyrene adds significantly to the embodied energy of the flooring system. 
The redesigned house replaces the waffle pod concrete slab with a raft slab with 20 MPa concrete and 
edge insulation to prevent heat loss. 

4.1.2. Roof 

Due to the high embodied energy associated with corrugated steel sheeting, the steel roof cladding was 
replaced with terracotta roof tiles, lowering the initial embodied energy and providing longer service life 
for the roof cladding. 

4.1.3. Ceiling and wall finishes 

Plasterboard and paint used for ceiling and wall finishes contributes significantly to the recurrent 
embodied energy of the house. The redesigned house uses 10 mm plasterboard in place of 13 mm and a 
longer-lasting paint, estimated to be replaced every 15 years rather than 10.  

4.1.4. Floor finishes 

The original house uses ceramic tiles on the entire floor area which, which having a long service life, has 
a higher embodied energy as compared to an exposed polished concrete floor. The redesigned house 
uses ceramic tiles to all wet areas, but an exposed concrete floor to all others. 

4.1.5. HVAC system 

The HVAC system used in the original house (a split system with mechanical ventilation) contributed to 
considerable energy demands for heating. In the redesigned house this was replaced with central 
heating convectors.  

4.2. Life cycle inventory analysis 

4.2.1. Initial and recurrent embodied energy 

The changes made to the design of the house affect both initial and recurrent embodied energy 
demands. Figure 7 shows the life cycle embodied energy savings made for each major element of the 
house. The total initial embodied energy was reduced by 14% to 1,954 GJ. The total recurrent embodied 
energy was reduced by 13% to 1,318 GJ. 



628 S. Bagley and R.H. Crawford 

 

Figure 7: Life cycle embodied energy of original and redesigned house, by element. 

4.2.2. Operational energy 

The replacement of the original HVAC system with central heating convectors resulted in a 27% 
reduction in operational energy demand over 50 years, down to 1,766 GJ. 

4.2.3. Life cycle energy demand 

The changes made to the original house in the redesigned house resulted in a 19% reduction in life cycle 
energy, down to 5,037 GJ. Figure 8 shows the comparison of life cycle energy demand for the original 
and redesigned house by life cycle stage. 

 

Figure 8: Total life cycle energy of original and redesigned house. 
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4.3. Life cycle impact assessment 

4.3.1. Embodied energy-related emissions 

The initial and recurrent embodied energy-related emissions for the redesigned house over a period of 
50 years are 117 t CO2-e and 79 t CO2-e, respectively. Considering the potential ±40% error associated 
with the data used in calculating this figure, the initial embodied emissions may range from 70–
164 t CO2-e and recurrent embodied emissions from 47–111 t CO2-e. 

4.3.2. Operational energy-related emissions 

The operational energy-related emissions associated with the house over a period of 50 years were 
found to be 120 t CO2-e. Considering the potential error in the approach used for calculating this figure 
(±30%), the energy demand may vary from 84–156 t CO2-e. 

4.3.3. Global warming potential 

The total life cycle greenhouse gas emissions/GWP associated with the redesigned house is 316 t CO2-e. 
This represents a 22% reduction compared to the original house.  Figure 9 shows the comparison of 
greenhouse gas emissions/GWP between the original and redesigned house, by life cycle stage. 
Considering the potential errors in the data used, the net benefit of the redesigned house may range 
from -168 t CO2-e to +351 t CO2-e. 

 

Figure 9: Total life cycle global warming potential of original and redesign house. 

5. Conclusion 

This study demonstrates that appropriate design strategies can significantly improve the environmental 
performance of a building. It also highlights the importance of considering a building’s life cycle 
environmental performance during the early design stage, when the most critical decisions are being 
made and design changes are easiest to implement. Only a small number of strategies for reducing 
energy demand and related emissions were considered in this study. A more in-depth design approach 
should also include consideration of not only a reduction in energy demand but also the use of 
renewable, cleaner and less emissions intensive fuel sources such as solar or wind power. The use of a 
wider comfort band than the 21-24°C used in this study would also provide greater energy savings. This 
study also has a number of limitations, some of which include the results only being applicable to the 
house analysed and errors associated with the data used, including its age, source and reliability. 
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