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ABSTRACT: To reduce the CO2 emissions associated with the energy needed to heat and/or cool 
houses, the Building Code of Australia (BCA) requires that new houses meet a minimum level of 
thermal performance. A star rating system is used to indicate the level of thermal performance a house 
achieves. Ratings range from 0-10 stars.  Currently all states and territories in Australia require a 
minimum 5 or 6 star performance, however this is likely to be increased incrementally in the next 
decade.  

Generally, increasing the thermal performance of a house will increase the embodied CO2 emissions of 
the building envelope. While it is widely claimed that improving the thermal performance of houses is a 
low cost way to reduce CO2 emissions, the increase in embodied CO2 emissions is rarely considered 
when assessing the cost effectiveness of thermal performance measures. This paper examines the 
cost effectiveness of incremental thermal performance improvements, taking into account their 
embodied emissions. Improvements are described and ranked in order of their cost effectiveness. The 
results show that the cost effectiveness of achieving a certain level of thermal performance varies 
significantly depending on the methods and materials used.  
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INTRODUCTION 

The building sector is a large consumer of energy and a significant contributor to greenhouse gas emissions 
worldwide. For the average Australian home, energy used for heating and/or cooling (space-conditioning) accounts 
for 39% of its total energy use and about 20% of its total greenhouse gas emissions (DEH 2008). In Tasmania, which 
has a cool-temperate climate, about 50% of household energy consumption is for space conditioning. However, it is 
claimed that the building sector has the potential to cost effectively reduce greenhouse gas emissions worldwide 
(Menon & Porteus 2008). A review of studies (Urge-Vorsatz & Novika 2008) of the greenhouse gas abatement 
opportunities in the residential sector estimates that by 2020 approximately 29% of the projected baseline emissions 
of the world’s building can be avoided cost effectively, with 3% of baseline emissions being avoided for less than 
US$20/tonne CO2.  With regards to the Australian building sector, the consultants McKinsey and Company (2008) 
found that by 2030, a total of 60 Mt of carbon reduction opportunities can be found, all at low or negative cost. 
Mirasgedis et al (2004) note that in terms of CO2-e mitigation policy, the monetization of environmental benefits is a 
powerful tool in highlighting priority actions. By quantifying the GHG emissions that can be saved through various 
housing energy efficiency measures, and for what cost, provides a way to optimize cost and reductions in 
greenhouse gas emissions.  

However, none of the past studies of the cost effectiveness of housing energy efficiency measures reviewed took into 
account the embodied emissions of the energy efficiency measure adopted.  For some energy efficiency measures, 
there may be no or very little increase in embodied emissions e.g. changing to more efficient lighting or more efficient 
household appliances.  However, the embodied emissions associated with some thermal performance 
improvements, such as double-glazed windows and/or high levels of bulk insulation, may be significant. The 
embodied emissions of these improvements could significantly offset the reductions in space conditioning emissions, 
thus reducing the cost effectiveness (in reducing CO2-e) of the measure. The extent to which this is the case would 
depend on the level of thermal performance being sought. Thormark (2006) notes that embodied energy can account 
for 40-60% of total energy use for low energy house over the service life of 50 years. Hernandez and Kelly (2008) 
found that over a 50-year life certain insulating materials could actually increase a house’s life cycle energy.  

Currently in Tasmania a minimum 5-star thermal performance is required. This minimum level is likely to increase 
significantly in the next decade.  As a consequence, theoretically the energy needed for space-conditioning will fall, 
however at the same time houses’ embodied energy will increase.   

The aim of this paper is to determine the implications on the cost effectiveness of incremental increases in housing 
thermal performance standards in reducing CO2-emissions. This will be accomplished by means of a case study that 
will demonstrate various building fabric changes to improve the thermal performance of houses.   
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1. THE CASE STUDY 

The case study involves a brick veneer house, built on the outskirts of Hobart, Tasmania, which has a cool-temperate 
climate. The house has a concrete slab-on-ground floor and was built to meet the 4-Star Deemed –To –Satisfy 
energy efficiency provisions of the BCA 2008. As an alternative, the as-built house has also been assessed with a 
suspended timber floor. Therefore the study comprises 2 reference houses with different floors but with identical 
building fabric above floor level, hence both are rated at 4 stars.    A floor plan is shown in Figure 1. 

 

Reference house details 

Brick veneer  

Size: 110m2 

Roof: Dark Colorbond and 
reflective sarking 

Ceiling: R 3.5 Fibre Glass Batts 

14 Down lights: non-vented 

External walls: Brick veneer 
(90mm clay brick, 35 mm cavity, 
90mm studs, 10mm 
plasterboard) 

External wall wrap: non 
reflective, taped and sealed 

External wall insulation: R 1.5 
Fibre Glass Batts 

Internal wall to Garage: 90mm 
stud and R 1.5 Fibre Glass Batts 

Windows and sliding doors: 
Aluminium framed, single glazed 

Floor covering: carpet and 
underlay, tiles in wet areas 

 

Figure 1 – Floor plan and building fabric of reference houses 

 

Using AccuRate, a thermal performance simulation software, changes were made to the building fabric to improve 
the reference houses’ star rating. Designs of 6-7 stars and 7-8 stars were achieved and are considered separately. 
Table 1 shows all thermal performance changes that were used. The practicalities that needed to be considered and 
the rationale for the changes have been described in a previous paper that relates to this research (McLeod & Fay 
2010).   

1.1  Costs 
Materials quantities and costs of the reference houses were obtained from a quantity surveyor.  For changes that 
involved methods and materials not used in the reference houses, costs have been obtained either from Rawlinsons 
Cost Guide (2008) or from local builders familiar with the techniques used. The cost of both the timber floor and 
concrete floor house reference houses was approximately $150,000. 

1.2  Space heating/cooling emissions 
For each of the design options, the annual space heating/cooling energy requirement was calculated using the 
thermal simulation software. The software estimates the space conditioning energy requirement in MJ, which was 
converted to KwH. The total annual Kwh was multiplied by the emission factor for grid electricity supply in Tasmania 
for 2008 (0.12kg/KwH) to give the annual CO2-e associated with the space-conditioning energy of each of the design 
options.    

For this study it has been assumed that electricity is used for space-conditioning and that the predicted energy use 
matches actual energy use. Different fuel types and variations in actual energy use from what is estimated by the 
simulation software would give different results.  
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Table 1- Changes made to the reference houses’ building fabric to achieve 6-7 and 7-8 star ratings 

Code  Description of change Code  Description of change 

R1 Floor insulation R3.0, wall insulation R2.5, 
Ceiling insulation R5.0  

T1 Tiles in lieu of carpet in living/dining and 
bedrooms 

R2 Floor insulation R6.0, wall insulation R6.0, 
ceiling insulation R8.0  

L1 Take out downlights, make walls darker 

R3 Floor insulation R3.0, wall insulation R6.0, 
ceiling insulation R8.0  

C1 Slab with R1.0 under insulation, wall insulation 
R2.5, ceiling insulation 5.0 

R4 Floor insulation R10, wall insulation R10, 
ceiling insulation R12 

C3 150mm slab with R3.0 under insulation, wall 
insulation R2.5, ceiling insulation R5.0 

W1 Reduce windows in living/dining and 
bedrooms to 20% of wall area (approx 50% 
area reduction) 

C4 Slab with R2.0 under insulation, wall insulation 
R6.0,  ceiling insulation R8.0 

W2 Bedroom 1 (window 1.6m2), Bedroom 2 
(window 1.44m2), Livingroom south window 
(1m2)  

C5 150mm slab with R3.0 under insulation, wall 
insulation R10, ceiling insulation R12 

W3 Double glaze living/dining windows  W5 Timber windows in lieu of aluminium 

W8 Triple glaze living/dining and bedroom 
windows (timber frame) 

C7 200mm slab with R3.0 under insulation, wall 
insulation R2.5, ceiling insulation R5.0 

W4 Double glaze living/dining and bedrooms 
windows 

  

 

 

1.3  Embodied emissions 
An Input-output (I-O)-based hybrid analysis method was used to calculate the embodied energy of the two reference 
houses. The steps involved in calculating embodied energy using this method, and its advantages over alternative 
methods have been described in detail by Crawford (2005). In summary, the quantities of the materials used in each 
house were multiplied by their respective energy intensities. The sum of these results gave the total process-based 
hybrid embodied energy for the houses. Using  I-O models, the total energy intensity 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 to give other energy inputs, such as the energy associated with capital goods and equipment to 
produce building materials.  

For each design option, materials quantities and total house cost were adjusted accordingly in order to calculate its 
total embodied energy using the method described. The total embodied energy of the reference house upon which 
the design change was based, was subtracted from the total embodied energy of the new design. The resulting 
figure was the embodied energy associated with the thermal performance improvement. To convert embodied 
energy into embodied emissions, an average figure of 65kg CO2-e/MJ was assumed. This is a national average 
figure based on the total energy mix of Australia (Treloar 2000). It also closely approximates the average of figures 
used by Pullen (2007) for common building materials.  This is significantly higher than the emission factor for 
electricity generated in Tasmania.  

1.4  Combining space heating/cooling emissions and embodied emissions 
The embodied emissions of each thermal performance improvement were annualised based on a 25-year building 
life i.e. total emissions were divided by 25. These were added to the annual emissions associated with space 
conditioning to give a total emissions figure. While a house’s life is likely to extend well beyond 25 years, the energy 
mix is likely to change within that period, particularly if a carbon tax or Emissions Trading Scheme is introduced and 
if the federal government’s renewable energy targets are to be met.  If energy, and not emissions, was the focus of 
the study then a longer period would be more appropriate.    
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2. RESULTS AND DISCUSSION 

2.1  6-7 star designs 
Table 2 shows the fabric change and cost of each design, and the resulting savings in space-conditioning emissions 
and net emissions relative to the 4 star-reference houses. Combinations of fabric changes that provided incremental 
increases in thermal performance were based on trial and error.  

Table 2- Cost of thermal performance improvements from 4 stars to 6-7 stars 

Design Number 

(Fabric changes) 

Cost  

($ ‘00’s) 

Savings in 
heating/cooling 
CO2-e(kg)  

Net savings in CO2-e 
(kg) (heating/cooling + 
embodied emissions) 

1. (W2) (W4) (R1) (L1) $103 488 25 

2.  (W2) (R1) (W4) $65 396 -16 

3.  (W2) (W4) (R3). $124 442 -293 

4.  (W2) (R2) (W3) $148 461 -490 

5.  (W2) (W4) (R2). $153 471 -501 

6.  (W2) (W3) (C1) $47 399 146 

7.  (W2) (W4) (C1) $52 406 124 

8.  (W2) (W4) (C3) (T1) $123 484 2 

9.  (W2) (W4)  (C7) (T1) $132 485 61 

10. (W2) (C4) (W4) $121 483 -223 

 

Figure 2 shows a plot of the cost of thermal improvements to achieve a 6-7 star rating and the savings in space-
conditioning emission that each design provides relative the 4-star reference houses.  There is a reasonable 
correlation between savings and cost for both floor types, although it is stronger for the concrete floor designs. The 
plot shows that the 3 lowest cost designs, 2, 6 and 7, provide the fewest CO2-e savings.  Design 1, a timber floor 
design, provides the greatest saving in CO2-e and is cheaper than about half of all designs.  Designs that provide the 
greatest savings in CO2-e are among the more expensive. However, designs that save approximately the same 
quantity of CO2-e can vary significantly in cost. Design 1 and design 5 provide a similar saving in CO2-e however, 
design 1 is about $5,000 cheaper. Both designs have the same glazing area, and the same windows are double-
glazed. While design 1 has lower levels of floor, wall and ceiling insulation, it has no downlights. Removing 
downlights (a no cost change) provides a similar level of thermal performance improvement as the considerably 
more expensive option of increasing the building envelope’s insulation levels.  

 

Figure 2 – Cost versus savings in heating/cooling CO2 emissions 
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Figure 3 – Cost versus net savings in CO2 emissions 

 

Figure 3 shows a plot of the same designs shown in figure 2 but the embodied CO2-e of the thermal performance 
improvement has been added to the savings in space conditioning emissions to give a net savings figure. The 
correlation between cost and net savings for both floor types is weaker than for cost versus savings in space-
conditioning emissions. The plot shows that only about 50%  of the designs provide a net saving in CO2-e. The 2 
cheapest designs, 6 and 7, while providing the least savings in space-conditioning CO2-e provide the greatest 
savings in net emissions. The total increase in embodied emissions of both designs is relatively small because the 
embodied emissions associated with double-glazing and moderate increases in insulation levels are largely offset by 
the decrease in glazing area. Conversely, the most expensive designs, 4 and 5, while providing the greatest savings 
in space-conditioning emissions, provide the least savings in net emissions. For those 2 designs, floor insulation has 
been added, and wall and ceiling insulation levels have been increased considerably; high embodied emission 
improvements. The above examples of the 2 most expensive and 2 least expensive designs would indicate that cost 
could be a reliable predictor of embodied emissions. However that is not always the case. For example design 8 and 
10 both cost approximately $12,000 and provide similar savings in space-conditioning emissions, however design 8 
provides considerably better net savings in CO2-e. Design 10 has higher levels of insulation than design 8. To 
increase and utilise thermal mass, design 8 has a thicker slab (150mm) and tiles in lieu of carpet. The extra cost of 
tiles and thicker slab are similar to the difference in insulation costs between the 2 houses, however, while tiles cost 
more than carpet, they have fewer embodied emissions per m2.   

Figure 4 shows a graph of the cost effectiveness of thermal performance improvements. Rankings of designs when 
only the reduction in space-conditioning emissions is taken account are compared with rankings when the embodied 
emissions are considered as well.  In this case, the measure of cost effectiveness is the ratio of money spent to 
savings in CO2-e ($/CO2-e). The less money spent to save a given quantity of CO2-e, the more cost effective the 
measure is. It can be seen that in most cases when the embodied emissions of thermal performance improvements 
are considered the improvement’s ranking in terms of cost effectiveness changes. For savings in space-conditioning 
emissions, design 6 is the most cost effective.  Designs 4 and 5 are the least cost effective designs. For net savings 
in CO2-e, design 6 is also the most cost effective design and designs 4 and 5 remain the least cost effective. 

 



 

44th Annual Conference of the Architectural Science Association, ANZAScA 2010, Unitec Institute of Technology 

  

Figure 4- Cost effectiveness rankings (6-7 stars) Figure 5-Cost effectiveness rankings (7-8 stars) 

 

 

2.2  7-8 star designs  
Table 3 shows the fabric change and cost of each design, and the resulting savings in space-conditioning emissions 
and net emissions relative to the 4 star-reference houses. Figure 6 shows a plot of the cost of thermal improvements 
to achieve a 7-8 star rating and the savings in space-conditioning emissions that each design provides relative the 4-
star reference houses. The correlation between cost and savings in space conditioning emissions is weaker in this 
star band range than for the 6-7 star band range. The two lowest cost designs, 2 and 3, provide similar savings in 
space-conditioning emissions as more expensive designs. For both designs the windows in the living/diningrooms 
have been reduced in size and double-glazed. Design 2 has timber windows in lieu of aluminium, which provides a 
cost effective way to improve thermal performance. It also has tiles in lieu of carpet and only moderate insulation 
levels. Design 3 has had the downlights removed, a no cost way of significantly improving thermal performance.  The 
most expensive designs, 1 and 9, provide the greatest savings in C02-e. As for the 6-7 star designs, the plot shows 
that designs that save approximately the same quantity of CO2-e can vary significantly in cost, for example designs 5 
and 6. Design 6 has a larger area of triple-glazed windows than design 5. In comparison, design 5 has achieved has 
achieved a similar level of thermal performance by increasing the slab thickness and reducing window size. 

Table 3 - Cost of thermal performance improvements from 4 stars to 7-8 stars 

Design Number 

(Fabric changes) 

Cost  

($ 00’s) 

Savings in 
heating/cooling 
CO2-e(kg)  

Net savings in CO2-e (kg) 
(heating/cooling + embodied 
emissions) 

1.  (W1) (W8) (C5) 333 647 -520 

2.  (W1) (W4) (W5) (T1) 
(C7) 

144 555 45 

3.  (W1) (W4) (L1) (C4)  117 550 -150 

4.  (W2) (W8) (C7) (T1) 272 574 -228 

5.  (W1) (W8) (T1) (C7) 155 579 -85 

6.  (W2) (W8) (R1) (T1) 254 565 -100 

7.  (W2) (W8) (R1)  205 505 -163 

8.  (W2) (W8) (R4) (L1) 190 577 -657 

9.  (W8) (W1) (R4) 334 615 -880 

10.  (W2) (W4) (C4) (T1) 
200mm slab 

190 507 -1029 

11.  (W1) (W4) (W5) 
(R2)  

167 541 -437 
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Figure 7 shows a plot of the same designs shown in figure 6, but the embodied CO2-e of the thermal performance 
improvement has been added to the savings in space-conditioning emissions to provide a C02-e net savings figure. 
Generally, concrete floor designs provide the greatest savings in net emissions. At this level of thermal performance, 
only design 4 provides a positive net saving in C02-e compared to the reference houses. Within this star band range, 
the correlation between cost and net savings in emissions is weak for both floor types. Design 2 provides the 
greatest savings in net emissions and is cheaper than all but one of the other designs. Design 2 has timber in lieu of 
aluminium windows which perform better thermally and have fewer embodied emissions. It also has tiles in lieu of 
carpet. Tiles are more expensive than carpet but have fewer embodied emissions per m2. 

Figure 5 shows a graph ranking the cost effectiveness of each of the designs in savings space-conditioning 
emissions and net savings in CO2-e. As for the 6-7 star band range, it can be seen that when the embodied 
emissions of thermal performance improvements are considered, the improvement’s ranking in terms of cost 
effectiveness changes. For savings in space-conditioning emissions, design 5 is the most cost effective and designs 
3 and 4 are the least cost effective. For savings in net emissions, designs 2 and 6 are the most cost effective and 
designs 8 and 10 are the least cost effective.  

 

Figure 6 – Cost versus net savings in CO2 emissions 

 

Figure 7 – Cost versus net savings in CO2 emissions 
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CONCLUSION 

The results show that in Tasmania there is a limit to the extent to which thermal performance levels continue to 
provide savings in CO2-e over a 25-year period. 6-8 star houses can be responsible for more C02-e over a 25 year 
life than 4 star houses.  This is because the emissions factor for electricity generated in Tasmania, (about 65% was 
hydro generated in 2008) is significantly lower than the emissions factor used to calculate embodied emissions which 
was based on a national average figure. While the results are not shown in this paper, if the same 6-8 star designs 
were built in a similar climate on the mainland they would all provide positive net savings in CO2 –e over a 25-year 
period.  

Once embodied emissions are taken into account the cost effectiveness of thermal performance improvements in 
reducing C02-e is reduced. Moreover, the rankings of the cost effectiveness of improvements changes in most cases. 
Because previous studies which have ranked the cost effectiveness of thermal performance improvements have not 
considered embodied emissions their results are likely to be misleading. 

For the 6-7 star designs, generally the more expensive they are the more space-conditioning CO2-e they save. 
Conversely, the more expensive designs, because of their embodied emissions, provide the least net savings in 
CO2-e. However, for the 7-8 star designs the correlation between cost and savings in space-conditioning emissions 
as well as the correlation between cost and embodied emissions weakens. It is apparent that to implement the most 
cost effective thermal performance improvements for both star ranges careful consideration needs to be given to the 
materials and methods used.  
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