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ABSTRACT: There are a growing number of examples of housing developments around the world that 
claim to be zero energy or zero emissions. Some of these clearly indicate that this only refers to the 
ability to minimise energy requirements for heating and cooling. However, others simply fail to 
recognise the energy and emissions needed to produce the materials and other components required 
for housing construction and on-going maintenance and repair. For a house to be considered as truly 
net zero emissions, all of the emissions occurring across every stage of its life must be offset. This 
study calculates the life cycle emissions associated with a typical new house located in Melbourne, 
Australia. Based on the findings, an estimation is made of the capacity of a solar photovoltaic (PV) 
system needed to offset these emissions over the life of the house, including the emissions associated 
with the manufacture and maintenance of the PV system itself. It was found that a 14.9 kW system 
would be needed. The findings from this paper provide greater insight into the life cycle of global 
warming impacts associated with housing and the capacity for them to be offset through on-site solar 
energy production. 
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INTRODUCTION 
 
Existing attempts to design housing that results in the release of no net greenhouse gas emissions over its life tend to 
focus on reducing only the emissions associated with operational energy requirements to zero. However, the other 
stages of the building life cycle are also responsible for considerable emissions being released into the atmosphere, 
particularly the processes associated with and supporting building construction. Whilst passive design has been 
shown to significantly reduce the emissions associated with providing heating and cooling in housing, current zero-
emissions houses generally require the addition of active systems to reduce operational-related emissions to zero. 
This results in an additional demand for energy and thus emissions during the manufacture of these systems. 
 
To accurately claim that a house is a net zero-emissions house, all of the emissions associated with its construction, 
operation, maintenance, repair and eventual demolition and disposal of materials must be offset by equivalent 
emissions abatement. This is most commonly achieved through the use of solar photovoltaic systems to produce 
renewable energy that replaces the demand for fossil-fuel-based energy. Therefore the aim of this study was to 
determine the capacity of a solar photovoltaic system needed to offset the life cycle emissions associated with a 
typical detached house and whether this could be feasibly incorporated into the design of the house. 
 
1. BACKGROUND 
 
1.1. Zero-emissions housing 
The number of housing projects being promoted as zero energy or zero emissions has been growing over the past 
decade. These houses use a variety of approaches to firstly minimise the energy consumed during their operation 
(for heating, cooling, lighting etc.), such as thermal insulation, thermal mass, appropriate orientation and planning, 
and the use of efficient appliances and systems and secondly, supply any remaining energy demands with the use of 
renewable energy systems (such as wind or solar power). Technically a zero-emissions house produces no net 
emissions over its life. However, existing examples of zero-emissions housing, such as the Australian Zero Emission 
House (AusZEH) in Melbourne and the Beddington Zero Energy Development (BedZED) in London do not attempt to 
offset the emissions associated with construction, on-going maintenance and refurbishment and eventual demolition. 
Existing examples of this type of housing simply attempt to offset emissions associated with operational energy 
demands. However, previous research has shown that the embodied energy-related emissions (those attributable to 
the construction process and the production of building materials) can be as significant as those associated with the 
operation of a building (Treloar et al. 2001). Also, as houses become more efficient in the way they use operational 
energy (i.e. through better insulated envelopes and more efficient appliances and systems), this embodied emissions 
component increases as a proportion of the life cycle emissions of the house. 
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1.2. Housing embodied energy-related emissions 
The embodied energy of a house is the energy required by all of the activities associated with its construction and the 
share of energy used in making equipment and in the provision of other supporting functions. This includes the 
energy associated with the extraction of raw materials, material manufacture, transportation and minor goods and 
services (e.g. finance and communications). This energy is most commonly produced from fossil fuels and so results 
in the release of greenhouse gases such as carbon dioxide, during its production. For this reason embodied energy is 
often seen as a proxy for the global warming-related environmental impacts associated with building construction. 
Using appropriate emissions factors, these energy requirements can be converted to emissions terms and thus the 
equivalent emissions associated with the construction of a building. 
 
Typically embodied energy studies use a process analysis method to quantify the energy embodied in a building. 
This approach traces all of the individual processes and their energy requirements associated with material 
production. However, a process analysis suffers from a systemic incompleteness as it is impossible to quantify the 
many small inputs of goods and services beyond two or three stages upstream of the main material production 
processes. The system boundary of the product being assessed is therefore truncated. The magnitude of this 
truncation depends on the type of product or activity, but can be in the order of 50-90% (see for example, 
Hendrickson et al. 1998; Lenzen and Dey 2000; Crawford 2005, 2008). A variety of hybrid analysis methods have 
been developed in an attempt to minimise the limitations and errors of a traditional process analysis, using national 
average statistics that model the financial flows between sectors of the economy, referred to as input-output (I-O) 
data, to fill the gaps that are caused by system boundary incompleteness (inter alia Proops 1977; Duchin 1992; 
Treloar 1997; Lenzen 2001; Suh and Huppes 2002). 
 
The hybrid approach developed by Treloar (1997) (known as input-output-based hybrid analysis) has been shown to 
provide the most comprehensive assessment of a product system and starts with a disaggregated I-O model to which 
available process data is integrated. This avoids the possibility for all of the truncation errors associated with a 
process analysis and other forms of hybrid analysis. 
 
Due mainly to the known deficiencies in the methods of analysis used, the knowledge gained from previous studies 
provides little evidence of the true value of energy embodied in a typical house. Also, technologies that are often 
used to help minimise the emissions from the remaining energy requirements of a low energy house (such as wind 
turbines and solar photovoltaic systems) require additional energy for their manufacture, minimising the benefits that 
these systems provide. Photovoltaic modules, for example have been shown to take more than a decade to pay back 
the energy embodied in their production (Crawford et al. 2006). The emissions associated with the energy needed to 
manufacture any system designed to reduce the energy requirements or emissions of a house must therefore also be 
offset to ensure a zero-emissions house is achievable. 
 
1.3. Research questions 
To quantify the impact of the lack of a comprehensive approach to the design of zero-emissions housing in the past, 
this study addresses a number of key questions: 

• How significant are the emissions associated with the non-operational energy requirements of a typical new 
residential house? 

• How close are existing zero-emissions houses to actually being truly zero emissions? 
• What is the size of the solar photovoltaic (PV) system that would be required to offset the life cycle emissions 

associated with a typical house as well as production of the PV system? 
 
2. RESEARCH APPROACH 
 
This section describes the approach used to calculate the life cycle greenhouse gas emissions associated with a 
typical new detached house constructed in Melbourne, Australia as well as the method used to calculate the sizing of 
the appropriate photovoltaic system needed to offset these emissions during the life of the house. Figure 1 depicts 
the stages of the house’s life considered in the study. 
 

 

Figure 1: Life cycle stages considered for greenhouse gas emissions analysis of case study house 
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2.1. Case study house 
The house chosen for the analysis is representative of many of the new houses currently being built across suburban 
Melbourne (Lat. 37˚49 ́S, Long. 144˚58 ́E) (Figure 2). The total floor area of the house is 307.7m2 (270.8m2 residence 
and 36.9m2 garage) and is constructed of insulated timber-framed brick veneer walls, a concrete-tiled roof, carpet 
and ceramic tile floor coverings and painted plasterboard internal linings. 
 

    
 

Source: Metricon, 2010 (plan) 
Figure 2: Floor plan and south elevation of case study house 

 
2.2. Life cycle greenhouse gas emissions of case study house 
The greenhouse gas emissions associated with the initial construction, operation, maintenance, refurbishment and 
eventual demolition of the house over a 50-year period were determined. This involved calculating the total energy 
requirement for each of these stages of the house’s life and converting these values into primary energy terms 
(where necessary). The resultant values were then converted into tonnes of greenhouse gas emissions in carbon 
dioxide equivalents (CO2-e) using appropriate emissions factors for the fuel types used.  
 
Embodied energy-related emissions 
The emissions associated with the initial construction of the house were determined by calculating the embodied 
energy of the house. This included all energy requirements associated with the actual construction process and all 
supporting processes and services upstream of this (such as, but not limited to transportation and manufacturing of 
materials and the provision of capital equipment). The energy embodied in furniture and non-fixed appliances (such 
as washing machines and refrigerators) was not included. 
 
The embodied energy of the house was based on the energy required to manufacture the individual construction 
materials. Process data was sourced from the SimaPro Australian database for materials, giving quantities of energy 
required to manufacture a unit of the most common building materials. Input-output data was then used to fill the 
upstream data gaps for these materials (i.e. for the energy required to produce the materials and non-material inputs 
upstream of and needed to support the main material production processes, such as the mining of raw materials). 
This gave the hybrid embodied energy coefficients for these materials. Material quantities were then collected for 
individual building materials based on the bill of quantities for the house. These quantities (Qm) were multiplied by 
their respective embodied energy coefficient (ECm) to determine the initial embodied energy of the house (EEh). 
 
The remaining data gaps for those other inputs needed to support the construction process (such as 
communications, finance and transport) were filled using input-output data in accordance with the input-output-based 
hybrid embodied energy assessment technique (Treloar 2007). The disaggregated input-output model of the 
Australian Residential building sector was used to identify the pathways covered by the material energy coefficients. 
The total energy requirements of these pathways (TERm) were then subtracted from the total energy requirement of 
the Residential building sector (TERn) to give the remainder to be added to the initial embodied energy figure 
(Equation 1). 
 

                 Equation 1 

 
Due to the difficulties associated with determining the proportion of embodied energy supplied by the various fuel 
types within all of the processes involved in manufacturing and supplying the components of the house, an average 
emissions factor of 60 kg CO2-e per GJ of energy was used (Treloar 2000) to convert the embodied energy of the 
house into a figure for the greenhouse gas emissions produced from its production. 
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Operational energy-related emissions 
The energy required to operate the house was determined from existing energy bills (natural gas and electricity). This 
approach enabled the consideration of all energy used within the house, including energy for heating, cooling, 
lighting, appliances, hot water, cooking and refrigeration. Energy consumption for an average year (based on three 
years of available data) was used and converted to primary energy terms to account for the impacts associated with 
its production. Primary energy factors of 3.4 for electricity and 1.4 for natural gas were used (Treloar 1998). The 
primary energy figure was then converted into the greenhouse gas emissions associated with its production, in 
carbon dioxide equivalents (CO2-e), using emissions factors for the three main greenhouse gases released from 
fossil fuel-based energy production (CO2, CH4, N2O) (Table 1). These figures were then multiplied by the GWP for 
each greenhouse gas (as per Table 2) and summed to determine the total quantity of CO2-e greenhouse gas 
emissions associated with the operational energy requirements of the house. The annual greenhouse gas emissions 
were then extrapolated to determine the total emissions over 50 years.
 
Table 1: Emissions factors for fuel combustion 

 
Emissions factor (kg per GJ) 

Fuel 
CO2 CH4 N2O 

Brown 
coal 

92.7 0.00048 0.0013 
Natural 
gas 

51.2 0.0048 0.000097 
Source: (Department of Climate Change 2008) 

 
Table 2: Global warming potential for common greenhouse gases 

 
Greenhouse gas Global warming potential (CO2-e) 

Carbon dioxide (CO2) 1 

Methane (CH4) 25 

Nitrous oxide (N2O) 298 
Source: (IPCC 2007: 212)

 
Maintenance, refurbishment, demolition and disposal-related emissions 
The energy embodied in the materials needed for on-going repair and refurbishment over the life of the house was 
based on a conservative estimate of 20 per cent of the initial embodied energy required to construct the house. 
Previous studies show that this figure can be up to 32 per cent (Treloar et al. 2000) depending on the level and 
frequency of refurbishment undertaken. 
 
The energy associated with disassembly or demolition and subsequent disposal of materials at the end of a building’s 
life has been shown by Crowther (1999) to represent less than 1 per cent of the energy required across the building 
life cycle. Due to a lack of better information related to the energy required for the demolition and disposal of 
buildings a figure equivalent to 1 per cent of the life cycle energy requirements of the house has been assumed for 
the demolition and disposal of the house. The emissions factor of 60 kg CO2-e per GJ was used to determine the 
emissions associated with the replacement materials required for maintenance and refurbishment and the energy 
required for the demolition and disposal of materials. 
 
2.3. Sizing of photovoltaic system to offset life cycle emissions of the case study house 
The rated power output of the photovoltaic system needed to offset the total life cycle emissions of the house was 
calculated. This calculation also factored in the energy required to produce the system so that these requirements for 
energy were also offset, as is essential if a house is to be considered truly zero emissions. The system design was 
based on the use of 75 W crystalline silicon (c-Si) modules and the appropriately sized inverter was determined 
based on the total output of the modules required. 
 
To determine the size of the PV system needed to offset all of the emissions associated with the house over its life, a 
1 kW system (14 x 75 W modules and a 1.1 kW inverter) was used to estimate the emissions avoided per gigajoule 
of energy produced by the PV system (excluding emissions associated with the production of the PV system at this 
stage). The annual gross electrical output of the PV system was calculated, based on the characteristics and 
efficiencies of the PV modules and inverter as well as the climatic data for Melbourne, Australia, using RETScreen 
(Natural Resources Canada 2010). Energy required for internal controls and system losses was assumed to be 1 per 
cent of the gross electrical output. The annual net energy output was determined by subtracting this energy 
requirement from the gross output. 
 
The potential emissions avoided due to the produced energy were calculated based on the output of the PV system 
and the greenhouse gas emissions associated with the production of a similar quantity of energy from coal-fired 
electricity. The annual net energy output was converted to primary energy terms using a factor of 3.4 to reflect the 
total energy required to produce electricity from brown coal in Australia. The emissions factors from Table 1 for brown 
coal were then used to convert the energy output into emissions terms. The GWP factors from Table 2 were then 
used to convert the emission figures into CO2-e terms. Multiplying this number by 50 resulted in a figure for the 
emissions avoided due to the use of a PV system of 1 kW rated output over 50 years. The life cycle emissions of the 
house were then divided by this number to determine the total rated output of a PV system needed to offset the life 
cycle emissions of the house. 
 
Offsetting the PV system embodied energy-related emissions 
The quantity of energy required to manufacture the PV modules was based on a recent study by Crawford (2011) for 
a similar sized system. The energy required to manufacture the inverter was based on a figure of 0.5 MJ per W of 
output from a study by Alsema et al. (1998). The emissions factor of 60 kg CO2-e per GJ was used to convert the 
embodied energy figures to emissions terms. It was assumed that the inverter would need to be replaced after every 
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10 years (four replacements over the life of the house) and the panels after 25 years (1 replacement over the life of 
the house). Based on the total emissions offset per kW of rated module output from the previous stage of the 
analysis, the number of additional PV modules needed to offset the emissions attributable to the production of the PV 
system, as well as these additional modules, was determined. 
 
3. RESULTS AND DISCUSSION 
 
This section presents the results of the life cycle emissions analysis of the case study house and the calculation of 
the size of the photovoltaic system that would be needed to offset these emissions as well as those associated with 
the production of the PV system itself. 
 
3.1. Life cycle greenhouse gas emissions of case study house 
Embodied energy-related emissions 
The total quantity of energy associated with the initial construction of the house is shown in Table 3. 
 

Table 3: Calculation of total embodied energy of case study house 
 

Sum of initial embodied energy based on material coefficients (GJ) a 3,082  

TER of Residential building sector (GJ/A$1,000) b 10.633  

TER of input-output pathways covering initial embodied energy (GJ/A$1,000) c 6.074  

Remainder (GJ/A$1,000) (b-c)  4.558d 

House cost (A$) e 200,005 

Total embodied energy of the house (GJ) (a+(d x e/1000)) 3,994 
TER = Total energy requirement 

 
 
This total embodied energy figure equates to 12.98 GJ per square metre of floor area, which is in line with other 
similar studies (for example, Fay et al. 2000). Based on the factor of 60 kg CO2-e per GJ, the emissions associated 
with this initial embodied energy equate to 239.6 t CO2-e. 
 
Operational energy-related emissions 
Based on the electricity and natural gas bills collected for the house for an average year the following delivered and 
primary energy requirements were determined (Table 4). Primary energy figures were calculated based on primary 
energy factors for the fuels used. The operational energy requirements of the house were then converted to 
emissions as per Table 5. 
 

Table 4: Delivered and primary operational energy consumption for case study house (GJ) 
 

 Annual 50 years 

Total delivered electricity consumption 11.56 578 

               primary consumption a 39.29 1,964 

Total delivered natural gas consumption 35.26 1,763 

               primary consumption b 49.36 2,468 

Total primary energy consumption (a+b) 88.65 4,432 
 

Table 5: Calculation of life cycle operational energy-related emissions for case study house 
 

Fuel type Primary energy (GJ) GHG Emissions factor (kg/GJ)* GWP^ Total GWP (kg CO2-e) 

Electricity 1,964 CO2 92.7 1 182,063 

  CH4 0.00048 25 23.6 

  N2O 0.0013 298 760.9 

Natural gas 2,468 CO2 51.2 1 126,362 

  CH4 0.0048 25 296.2 

  N2O 0.000097 298 71.3 

    Total 309,577 
Source: *Table 1, ^Table 2 
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Maintenance, refurbishment, demolition and disposal-related emissions 
The life cycle emissions associated with the maintenance, refurbishment, demolition and disposal of the house are 
shown in Table 6. 
 

Table 6: Emissions associated with maintenance, refurbishment, demolition and disposal of case study house 
 

Stage Energy (GJ) Emissions factor (kg CO2-e/GJ) Emissions (t CO2-e) 

Maintenance and refurbishment 799 60 47.9 

Demolition and disposal 93 60 5.6 
 
 
Life cycle greenhouse gas emissions of case study house 
Combining the initial embodied, operational, maintenance and refurbishment and demolition and disposal energy-
related emissions results in a life cycle emissions figure of 603 t CO2-e over the predicted 50-year life of the house. 
This quantity of emissions is equivalent to filling the entire volume of the house over 380 times. 
 

 
 

Figure 3: Life cycle greenhouse gas emissions of case study house 
 
 
3.2. Sizing of photovoltaic system 
Annual net energy output and avoided emissions from 1 kW PV system 
The analysis of the base 1 kW PV system resulted in an annual net energy output from the system of 4.489 GJ 
(Table 7) in delivered energy terms. This equates to a primary energy figure of 15.26 GJ. 
 

Table 7: Annual net energy output of 1 kW PV system in Melbourne, Australia 
 

Annual gross electrical output (GJ) a Annual system losses (GJ) b Annual net energy output (GJ) (a-b) 

4.536 0.0468 4.489 
 
 
Table 8 shows the calculation of the total avoided emissions due to the energy produced by the 1 kW PV system over 
a year.   
 

Table 8: Calculation of annual avoided emissions attributable to 1 kW PV system energy output 
 

Fuel type Primary energy output (GJ) GHG Emissions factor (kg/GJ) GWP Total GWP (kg CO2-e) 

Electricity 15.26 CO2 92.7 1 1,414.8 

  CH4 0.00048 25 0.183 

  N2O 0.0013 298 5.913 

    Total 1,420.9 
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The annual avoided emissions were multiplied by 50 for the 50-year life cycle of the house to determine the total PV 
rated output needed to offset the life cycle emissions associated with the case study house. This equated to a system 
of 8.5 kW rated output (603 t divided by (1.42 t x 50)). The additional modules required to offset the emissions 
associated with the PV system’s production (its embodied energy) were then determined, including offsetting the 
emissions associated with these additional modules. 
 
Offsetting PV system embodied energy-related emissions 
The total energy embodied in one 75 W PV module was found to be 18.05 GJ (Crawford 2011). The emissions 
associated with this embodied energy were thus 1.083 t CO2-e (60 kg CO2-e/GJ x 18.05 GJ). Therefore for the 
8.5 kW of rated output of modules needed to offset the life cycle emissions of the house, a total of 122.7 t CO2-e 
emissions would be produced from the production of the PV modules. The total emissions associated with the 
modules over the life of the house, assuming their replacement at 25 years, are shown in Table 9. 
 

Table 9: Total emissions associated with production of PV modules needed to offset life cycle emissions of house 
 

Emissions associated with 
manufacture of one 75 W 

PV module a 

Initial no. of 75 W 
modules needed b 

No. of 75 W replacement 
modules needed at 25 

years c 

Total emissions for 
manufacture of PV modules 

over 50 years (a x (b+c)) 

1.083 t CO2-e 8,500 W / 75 W = 113.3 113.3 245.5 t CO2-e 
 
 
The total inverter capacity was assumed to be 15 kW. Based on the figure of 0.5 MJ of embodied energy per W of 
inverter rated power, the total energy embodied in the inverter required for the PV system would be 7.5 GJ. Also, 
wiring would require an additional 2 GJ of energy. Over the life of the house, assuming replacement of the inverter 
every 10 years, this would equate to a total emission of 2.37 t CO2-e for the inverter and wiring components of the 
system. The total emissions associated with the production and maintenance of the PV system over a 50-year period 
would thus be equivalent to 247.9 t CO2-e. 
 
The net emissions offset by one 75 W module over a 50 year period (assuming one replacement during this time), 
subtracting the emissions associated with its production (1.083 t CO2-e x 2) from the net emissions avoided from its 
output (5.075 t CO2-e), equates to 2.91 t CO2-e emissions. Therefore the emissions associated with the production of 
the PV system results in the need for an additional 85 modules (247.9 t CO2-e / 2.91 t CO2-e per 75 W module), or 
6.4 kW. 
 
The emissions associated with the house and the production of the PV system results in the need for a 14.9 kW PV 
system (consisting of 199 x 75 W modules). Based on the size of the 75 W modules used for the system (0.63 m2 

each), this would equate to an area of 125 m2. Whilst the size of the house would allow for this area of PV modules to 
be installed on its roof, the possible reduction in output due to the need to place a large proportion of these modules 
in a less than ideal position (i.e. facing away from true north) should also be considered. 
 
Replacement rates of the PV system components will also affect the findings as the embodied energy component of 
the PV system represents a significant proportion of the life cycle emissions of the house (29 per cent) and so 
prolonging the life of the components will reduce the quantity of energy that will need to be generated to offset the life 
cycle emissions associated with the PV system. Further emissions savings may also be possible by integrating the 
PV modules into the cladding layer of the roof (as PV tiles for example), reducing the need for conventional roofing 
materials and the emissions associated with their production. This study also assumes that the PV system is grid-
connected, feeding back the additional energy not consumed within the house to the electricity grid. Otherwise, this 
energy is ‘lost’ and does not end up paying back the fossil-fuel energy consumed to manufacture materials and for 
other purposes across the life cycle of the house.  
 
CONCLUSION 
 
This study provided not only a more holistic view of the emissions attributable to a house over its life, but also used a 
more comprehensive technique for assessing embodied energy-related emissions of housing than many previous 
studies. The non-operational energy-related emissions were shown to represent 49 per cent of the life cycle 
emissions of the case study house. Therefore the majority of studies and projects claiming to produce zero-emissions 
housing, based on their operational energy-related emissions alone, may at best be offsetting only around half of the 
emissions associated with the house. The methodological flaws in existing embodied energy assessment techniques 
contribute to the underestimation of the emissions associated with the construction of a house. Future attempts to 
quantify and demonstrate the ability for a house to result in zero emissions must use a comprehensive hybrid 
embodied energy assessment technique to ensure that all inputs of energy associated with the construction of a 
house are able to be quantified. 
 
This study has shown that it is possible to offset the total life cycle emissions associated with the construction, 
operation, maintenance, refurbishment and eventual disposal of a typical house through on-site energy production 
over its life. The study showed that a PV system of 14.9 kW rated output would be needed to offset all of the 
emissions associated with an average-sized new detached house located in Melbourne, Australia and the PV system 
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itself over a 50-year period. However at the current cost of PV modules, the cost of a system of this size would be 
equivalent to at least half of the cost of building the house. Also, the emissions associated with other aspects of a 
household’s operation including transport and the purchase of food, services and consumer goods have not been 
considered. These elements can be just as significant as the emissions associated with the actual house itself. 
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