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Summary 

A pilot study of energy efficiency measures, or retrofit actions, was carried out for a 

single-storey detached (single-family) house. It used climate downscaling to project the 

climatic conditions of a region, and building simulation techniques with two thermal 

comfort approaches for scenarios of “Climate Change” and “Scarce Resources” in the 

year 2050.  

This study was the first stage of a research programme to find cost-effective retrofit 

actions to lower greenhouse gas (GHG) emissions for existing Australian houses in a 

temperate climate. 

The pilot study ranked retrofit actions that were cost-effective in reducing the heating and 

cooling energy usage of a house. These actions included removing carpet from a concrete 

floor for added thermal mass, and adding external shading with deciduous trees to lower 

summer radiation from the northern windows ( in the southern hemisphere). 

Also, the alternative thermal comfort approach showed that occupants had more control 

to lower their energy usage than the standard Australian approach. 
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1. Introduction 
The current phase of climate change is due to the unprecedented rapid rise of temperature 

(IPCC 2008). This is ironically called global warming and is mostly due to man-made 

GHG emissions (IPCC 2008). Buildings contribute around 33% of the global GHG 

emissions (Urge-Vorsatz et al., 2007). 

The prices of oil and other resources related to construction are increasing due to 

production shortages and increased demand (Frei 2012; Aleklett 2010; Heinberg 2007; 

Campbell 2002; Hirsch 2010). Calls are being made to use materials more efficiently, 

including for construction (Bol 2011; McKinsey et al., 2011; Ginley 2011). Conventional 

cheap oil supplies have reached a plateau of production for the last 5 years (IEA et al., 

2011; Aleklett 2010), and prices are now, on average, above AUD$100 (USD$103) per 

barrel for TAPIS crude.  

The prices of oil and other scarce materials could continue to rise with global population 

growth and rising affluence due to increased resource consumption. So more financial 

pressure could be placed on activities such as construction that rely on transport and new 

materials. This would lead to increases in the cost of retrofitting houses for energy 

reduction, for householders trying to lower their energy costs or carbon intensity. 

A pilot study is described here of energy efficient retrofit actions for a single-storey 

detached (single-family) house for two key scenarios in 2050: (i) Climate Change and (ii) 

Scarce Resources. These actions are compared with those of the baseline 1990 climate. 

The key drivers of the research project are: 

 most of the Australian residential stock is in a poor energy-performance state; 

 Australia is particularly vulnerable to climate change with its large coastal 

population, threats to its water supply in food-growing regions, flood and bushfire 

exposure, and species extinction; and  

 the rising costs of energy supplies and other scarce resources. 

There has been little research into low-cost retrofit actions to suit Australia’s stock of 

existing houses. However, some research has been done for 20-year futures out to 2100, 

and for very low energy consumption resulting from behavioural change and improved 

design of appliances (Robert et al., 2012; Ren et al., 2011; Lee, 2009). While some 

researchers consider existing houses, they do not model house construction indicative of 

the existing Australian stock e.g. with timber floors. 

Following this introduction, Section 2 describes the methodology of the overall research 

programme and the pilot study. It also explains how the climate scenarios for 2050 were 

projected, and how the retrofit actions were simulated to predict the house thermal 

performance for those scenarios. In particular, Section 2.6 describes in detail the thermal 

comfort approaches. 

Section 3 presents the results that show the impacts of the retrofit actions on the house 

temperature and on the heating and cooling energy needed for comfort. This is followed 

by Sections 4 and 5 which discuss the findings, and the overall conclusion. 

2. Method 

2.1 Research programme 
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The pilot study is the first stage of an overall research programme aimed at improving the 

poor thermal performance of the Australian building fabric for detached existing houses 

in a temperate climate.  

The research programme will establish cost-effective GHG-reducing retrofit actions for 

the house envelope, for the most common types of Australian house construction. It will 

compare a 1990 baseline climate with two climate scenarios of 2050: 

 Climate Change: the high-range A1FI scenario (IPCC 2008) of the 

Intergovernmental Panel on Climate Change (IPCC); and  

 Scarce Resources: where oil and other resource shortages reduce consumption. 

2.2 Pilot study 

The goal of the pilot study was to find initial energy and cost-effective retrofit actions for 

one typical Australian house construction for the two climate scenarios of 2050. 

The pilot study (see Figure 1) was informed by: 

 a literature review (Shiel 2009) of best practice retrofits: 

o that were recognized by professional building associations;  

o from regions with more advanced building practices than Australia, 

particularly Germany, Austria, Canada and California; 

 experimentation and simulation of 

retrofit actions on a house in 

Newcastle, NSW, (Shiel et al, 2010) 

to test some innovative ideas; and 

 advice from research Supervisors 

(Page et al., 2011; Aynsley 2012; 

Lehmann 2010), colleagues and the 

PhD network on the feasibility of 

retrofit actions, and in techniques for 

calculating thermal comfort and for 

experimenting. 

The pilot study established the infrastructure 

of: 

 AccuRate v1.1.4.1, a house 

simulation package for temperature 

and energy, which is described further 

in Section 2.4; 

 AccuBatch v2.0.0.0, which is a 

CSIRO batch program to run many 

simultaneous instances of AccuRate; 

 JMP (v9.0.0), SAS Institute Inc’s 

program for graphical statistical 

analysis; and 

 ASHRAE’s Thermal Comfort Tool v1.07 software program (Fountain et al., 

1995) to calculate the standard effective temperature (SET), an alternative thermal 

comfort index to one used in AccuRate. 

 
Figure 1 – Pilot Study Method 

The pilot study compared the impact of 

energy-reducing retrofit actions on room 

temperatures and the energy for comfort 

with those of an unmodified house in 

Adelaide. There were simulations for 1990 

and two scenarios in 2050, and for two 

thermal comfort approaches. The retrofit 

actions were ranked by cost. 
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Figure 1 shows the pilot study method which is described in detail in the following 

sections. The pilot study simulations were carried out for the house temperatures and 

energy required to maintain comfort for the unmodified house and for each retrofit action. 

The retrofit actions were simulated for the 1990 baseline climate for the two climate 

scenarios of 2050, and for two comfort approaches. The pilot study ranked the actions by 

the most cost-effective in reducing the energy demand, and by having the largest internal 

temperature change, compared to the unchanged house. 

2.3 Scenarios for 2050 

2.3.1 Climate Change 

The Climate Change scenario chosen was the IPCC’s highest emission scenario (IPCC 

2008), also known as A1 Fossil Fuel Intensive (A1FI). This was because its projected 

emissions are showing signs of being exceeded (Rahmstorf et al., 2007; Cleugh, H. et al., 

2011). The eminent Australian economist Professor Ross Garnaut observed: 

“Between 2000 and 2008, the annual increase in fossil fuel emissions grew …well above 

the IPCC scenario with the highest emissions through to 2100…” (Garnaut 2011, 3). 

2.3.2 Scarce Resources  

Future patterns of scarce resources concern scientists (Ginley 2011; Heinberg 2007; 

Campbell 2002; Aleklett 2010; Bol 2011; Hirsch 2010) as well as economists (McKinsey 

et al., 2011; Garnaut 2011; Curtis 2009; Pauli 2010).  

The scarce resource problem, which is due to global increases in population and 

affluence, causes particular issues for the construction sector in regard to certain raw 

materials and energy supply. Global reserves are small for lead, silver, tin, zinc, copper 

and nickel (Bol 2011) and this is evident in price increases. Some materials used to 

produce energy resources are also in scarce supply (Ginley 2011), and there are issues 

with conventional oil. 

Conventional oil supplies have reached a plateau level of production over the last five 

years, and prices are expected to remain around AUD$100 or more per barrel for TAPIS 

crude. As conventional oil supplies drop, a massive global investment is needed to meet 

the global demand for oil, of around AUD$2 trillion per year for 20 years (IEA et al., 

2011). This could create a greater reliance on the more expensive and carbon intensive 

unconventional oil sources. 

So if the available conventional oil supply is reduced and large investments are needed, 

these oil prices will become volatile and inelastic (Martin, 2012) and supply chains will 

shorten. This will cause a decline in globalization, which is the global trade of goods and 

services, and could lead to a “peak globalization” (Curtis, 2009). This could slow coal 

and gas exports (Vivoda, 2011) which rely on oil products for transportation, further 

increasing energy prices by disrupting the supply of fossil fuels. This could cause GHG 

emissions to decrease, helping to stabilize cumulative emissions. 

Rising energy prices would lower economic growth until demand is restored again by the 

rising consumption of population increase and affluence, when energy prices could 
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escalate again. This pattern has been 

recognized in recent times (McKinsey et 

al., 2011; Hall et al., 2011; Aleklett 

2010). 

To simplify calculations, the pilot study 

assumed that the temperature increase of 

the Scarce Resources scenario would be 

half that of the Climate Change scenario 

temperature increase from the 1990 

baseline climate. Future research may be 

able to consider the new scenario 

approach of the IPCC (Moss et al., 

2010).  

2.4 House temperature and 

energy simulations 

2.4.1 Details of the house 

Figure 2 shows the plan of the brick 

veneer house that was modeled in the 

Adelaide, SA location. It had a concrete 

slab-on-ground floor with an area of 120 

m
2
. The external walls had 600 mm eaves 

and were constructed of brick veneer with: 

 an outer skin of 110 mm single brick; and 

 an inner load-bearing timber frame (stud wall), lined with reflective insulation 

and plasterboard. 

The house had single-glazed aluminium-framed windows and a metal roof with reflective 

insulation underneath. 

The internal walls were timber stud and plasterboard, and there was a plasterboard ceiling 

with no insulation. The living room/kitchen external wall had 70% glass and was oriented 

50 degrees west of north, which is a very poor orientation for a house in the southern 

hemisphere. The house also had some shading from neighbouring properties and trees.  

2.4.2 Retrofit Actions 

After experimenting and simulating many possible retrofits, including temporary double 

glazing, thermally-lined curtains, and a Pergola with deep angled roof beams to manage 

seasonal window shading (see Figure 2), the actions investigated in detail in the pilot 

study were: 

 adding a high value of ceiling insulation with a thermal resistance of R4 K·m²/W 

(R23 h·ft²·°F/Btu);  

 growing deciduous trees beside the north-west wall;  

 having a window size reduction in the living room/kitchen of 50%; 

 

Figure 2 – House Plan with Pergola 

The house is poorly-oriented for passive solar 

design with a large, north-western-exposed 

window. The Pergola simulations reported here 

were conducted on an enclosed conservatory 

with a metal roof instead of the angled roof 

beams shown. 
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 removing the carpet and adding black tiles to the concrete floor for added thermal 

mass; 

 adding temporary double glazing to the bedrooms, study and living room/kitchen; 

 adding a metal roof conservatory, which is a form of closed-in Pergola, to the 

north-western living room—effectively to “re-orientate” the house and catch more 

winter sun; 

 adding four large 1.4 m diameter ceiling fans; and 

 weather-stripping the house to eliminate draughts, including sealing architraves, 

cornices and external doors. 

Thermal mass is the ability of a material to absorb heat energy. It can act like a thermal 

battery and absorb and release heat to a room to smooth out large daily temperature 

fluctuations. 

The retrofit actions were modeled in isolation for the pilot study, and their combined 

impact will be researched further. 

2.4.3 NatHERS House Rating Scheme 

The Australian Nationwide House Energy Rating Scheme (NatHERS) awards star ratings 

from 0 to a maximum of 10 for the energy performance of new houses (DCCEE 2011). 

The star rating of 10 is for dwellings that need negligible space heating and cooling 

energy to keep occupants thermally comfortable all year. This annual house energy 

required for comfort, known as the “required energy”, is not to be confused with the 

energy consumption of the appliances themselves for space heating and cooling. The 

latter energy is lower and depends on the efficiency of the appliances which can be as 

high as a factor of five. 

NatHERS software applications calculate the annual required energy from room 

temperatures and its thermal comfort approach. The annual required energy is divided by 

the air conditioned floor area, and adjusted according to the house area for surface 

effects. The resulting areal intensity value is compared with the star rating energy bands 

for the appropriate house climate region, and a star rating is assigned. 

Currently the Australian new house minimum NatHERS star rating is six stars. 

2.4.4 AccuRate 

The pilot study used AccuRate v1.1.4.1 (Hearne, 2011; Delsante, 2005; Chen, 2008), one 

of the NatHERS-accredited house energy rating packages. It was used to simulate the 

internal room temperatures, and to calculate the house energy intensity and star rating. 

AccuRate was used in a design manner where parameters can be adjusted to obtain a 

better result, rather than to produce a fixed star rating from a known house specification 

and plan. This helped to optimise the retrofit actions. 

Like other NatHERS-accredited packages, AccuRate applies rules for natural ventilation, 

ceiling fans and then air conditioning, according to heating and cooling criteria. It uses a 

frequency response building thermal model and a multi-room network ventilation model 

to calculate residential annual hourly room temperatures (Ren et al., 2011). 
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2.4.5 Energy and temperature simulation with AccuRate 

AccuRate has standard loadings and assumptions related to the implementation of the 

NatHERS protocol (see section 2.6.1). 

In addition, the AccuRate assessor inputs are: 

 a building location which selects a local reference meteorological year (RMY) 

weather profile. This includes a set of annual hourly weather parameters that are 

most directly relevant to buildings and appropriate to the 1987 climate; 

 the geometry of  

o each construction component such as wall, floor and roof as well as 

thermal properties such as insulation resistance; 

o the rooms and their relationships to each other; and 

 shading and orientation. 

The AccuRate outputs are: 

 the room temperatures for each hour of the year; 

 the total house required energy divided by the house area and adjusted for house 

size; and 

 the house star rating (from 0, bad, to 10, excellent relevant to the climate). 

The base case house can be simulated for these results, and a retrofit action can be 

applied to see if any improvement has been made in terms of energy savings or of 

temperature control. 

2.5 Present and future climates 

2.5.1 1990 Present climate 

The 1990 climate was provided by AccuRate’s default reference meteorological year 

(RMY), previously known as the typical meteorological year (TMY (Lee et al., 2008). 

The RMY is annual hourly data of a range of important weather parameters for 12 of the 

most typical meteorological months from 41 years centred on 1987 (Lee et al., 2008). 

This RMY data was assumed to be close enough to the climate centred on 1990 as used 

in coupled atmospheric oceanic general circulation models (AO-GCMs) (Clarke et al., 

2010). The GCM is also known as a global climate model. 

2.5.2 Climate projections for 2050 

Monthly Climate Data Changes  

A single AO-GCM climate model approach was used since it is inappropriate to combine 

multi-model results for a detailed risk assessment (Clarke et al., 2010). Furthermore, the 

INM-CM3.0 climate model usually was used as the most likely model from 18 AO-

GCMs for Adelaide, but mid-range summer temperature changes were sometimes needed 

from other models (Clarke et al., 2010). 

The parameters of the weather data changes were averaged over a 5
o
 latitude-longitude 

grid-square for Adelaide for the 20 years centred on 2050 (Clarke et al., 2010). They 

were: 



page 9 

Wiley STM / Editor: Book Title,  
Chapter XX / Shiel, J., Moghdateri, B., Aynsley, R., Page, A. / filename Chapter 27 Shiel v1.3_FINAL.docx 

 the seasonal changes from 1990 to 2050 of temperature, relative humidity, solar 

radiation and wind speed, which were all converted to monthly changes; and 

 the monthly changes in minimum and maximum temperatures from 1990 to 2050. 

Future Hourly Weather Data 

Belcher’s time series adjustment approach, (“morphing”), was used to downscale the 

AO-GCM model climate forecast, being the most appropriate method for building design 

(Belcher et al., 2005). The morphing approach provided annual hourly weather data for 

four of the 2050 AccuRate weather parameters. It adjusted the 1990 RMY annual hourly 

Adelaide weather parameters by adding the most likely AO-GCM monthly climate data 

changes from 1990 to 2050. 

This approach was considered more suited to thermal building simulation than either 

dynamical downscaling that uses detailed, computationally expensive regional climate 

models; stochastic weather generation where large data sets are used to generate weather 

time series; or interpolation in space and time from coarse AO-GCMs. This is because of 

(Belcher et al., 2005): 

 the reliability of present-day weather forecasts;  

 the meteorological consistency of the resulting weather sequence; and  

 the present-day observations being made from a real location. 

The main AccuRate input parameters of hourly ambient temperature, relative humidity, 

solar irradiance and wind speed were projected for 2050 using equations XX.1 to XX.5 

provided in Annex 1 (Belcher et al., 2005). 

2.6 Thermal comfort 

The concept of thermal comfort inside buildings has developed over many years, and is 

now accepted as “that condition of mind that expresses satisfaction with the thermal 

environment and is assessed by subjective evaluation” (ASHRAE Standard-55 2010, 9). 

The pilot study investigated two sets of thermal comfort approaches for house occupants 

to determine their impact during more extreme climate conditions: 

 the standard Australian NatHERS thermal comfort approach that uses the “new 

Effective Temperature” (ET*); and 

 an alternative thermal comfort approach using ASHRAE’s more recent Standard 

Effective Temperature (SET) thermal comfort index (ASHRAE-55 2010). 

2.6.1 NatHERS comfort approach 

The NatHERS protocol contains rules about: 

 room occupancy conditions; 

 internal heat loads; 

 occupant behaviour for operating doors, windows, curtains and fans; and 

 heating and cooling thermostat settings related to climate, to room type, and to 

time of day. 
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It adopted the most appropriate measure of comfort at that time, the new effective 

temperature” (ET*) thermal comfort index, (Delsante 2005; Auliciems et al., 1997; Chen, 

2012; Aynsley et al., 1998).  

ET* is based on the parameters: environmental temperature, which depends on the indoor 

radiant temperature and dry-bulb air temperature; humidity; air speed from natural 

ventilation or ceiling fans; and clothing levels for winter and summer. 

For its adaptive comfort limit, the NatHERS protocol uses Auliciems’ neutral 

temperature—where you are neither hot nor cold—for 90% of participants from de 

Dear’s survey data (de Dear 1997). This takes into account acclimatization effects over 

the seasons. If ET* is outside this band, heating or cooling is invoked. 

The ET* cooling effects are shown in Figure 3, and are calculated from Szokolay’s 

approximate formula (Auliciems et al., 1997). 

 

 

2.6.2 An alternative comfort approach with SET 

The pilot study used an alternative comfort approach based on ASHRAE’s standard 

effective temperature (SET) thermal comfort index (ASHRAE-55 2010; Fountain et al., 

1995; Gagge et al., 1986), and a wider neutrality condition, the “acceptable” range from 

Parsons (Parsons 2003). 

There were three SET combinations that were checked for the pilot study: 

1. light clothes and maximum ventilation of the ceiling fan, for maximum cooling 

before air conditioning is required; 

 
Source: (Based on Aynsley 2012) 

Figure 3 – The Cooling Effect on the Human Body of the SET and ET* thermal comfort indices, 

for air speed and relative humidity, for an air temperature of 33.5°C. 

This shows the additional cooling in summer that SET provides with air speed, especially in 

humid conditions, compared to the NatHERS ET* values for its relative humidity (RH) of 50%. 
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2. light clothes and no ceiling fan for minimum energy while staying cool; and 

3. heavy clothes and no ceiling fan for maximum personal warmth before additional 

heating is required. 

The SET thermal comfort index is based on six parameters: air dry-bulb temperature; 

radiant temperature; humidity; air speed; the clothing level (clo); and metabolic rate 

(MET). 

For the pilot study, the room air temperature was obtained from an AccuRate analysis 

without air-conditioning, and the radiant temperature was assumed equal to the air 

temperature. Also, the internal humidity ratio was assumed to be equal to the AccuRate 

external humidity ratio, and the metabolic rate was assumed to be 1.0 MET, which is that 

of a person in a sedentary state in the metabolic rate scale. 

The other two parameters, air speed and clothing level, were varied, and this allowed the 

occupant to adapt his or her behavior according to the actual temperature and humidity. 

ASHRAE’s Thermal Comfort Tool software program (Fountain et al., 1995) was used in 

batch mode to calculate the SET temperatures for each retrofit action, for each scenario, 

for each hour of the year, and for the above three SET parameter cases. The hottest and 

coldest days were filtered in an Excel spreadsheet. 

The SET cooling effects on the human body are shown in Figure 3 for 33.5°C, for an air 

speed of 0.15 m/s. The values were calculated in accordance with the method in 

Appendix F of the ASHRAE standard (ASHRAE-55 2010). 

2.7 Deciding on the Methodology 

The justifications for the main decisions of the methodology were: 

 the retrofit embodied energy was ignored—since it was usually much smaller than 

the operational energy for existing houses; 

 choosing the year 2050, not 2100, for analysis—to match the longevity of the 

large number of houses that will still be existing in 2050 that originated from the 

Australian housing boom after the second world war; 

 using Belcher’s “morphing” approach for downscaling— as most suitable to 

thermal building simulation (see Section 2.5.2); 

 the INM-CM3.0 climate model as the most suitable— for Australia, at the time 

the calculations were carried out; 

 using a predictive method based on simulation rather than an historical auditing 

approach—so that the retrofit impacts of energy savings and thermal comfort can 

be estimated during design. The historical auditing approach can only measure the 

impact of a retrofit after it has been implemented. 

 using the Australian home energy rating program, AccuRate, rather than using 

other software—since it is accredited by NatHERS and was accessible; 

 including a “Scarce Resources” scenario—which is a lower emissions scenario 

than the “Climate Change” scenario, due to possible long-term high commodity 

prices slowing GHG emissions; 

 choosing Adelaide as the house site—since it is a temperate climate, and for its 

long periods of consecutive hot days; and  
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 using an alternative comfort approach with SET, as well as the one from 

NatHERS to evaluate the retrofit actions—because SET has superseded ET* in 

the ASHRAE standard and it promises energy savings. 

3. Results 

3.1 Thermal Comfort 

Figure 3 compares the cooling effect on the human body for each comfort index: SET 

and ET*. It shows the additional 1° of cooling with SET above ET* at high values of 

humidity, and is discussed in Section 4. 

∆T is the equivalent number of degrees that the dry bulb air temperature would need to be 

lowered from 33.5°C, to achieve the same cooling effect on the human body as there is 

for increases in air speed at various levels of relative humidity (RH). 

∆T is calculated for the SET and ET* thermal comfort indexes, where the air and mean 

radiant temperatures are assumed to be 33.5°C, with a summer clothing level of 0.5 clo 

and a sedentary metabolic rate of 1 MET. Air speed is varied to 0.8m/s which is the 

maximum recommended by ASHRAE for sedentary office purposes. 

The temperature of 33.5°C is chosen because it is skin temperature, and the 30% to 80% 

relative humidity is chosen to keep within the human comfort range. 

3.2 House Base Case 

The base case house i.e. without modification, achieved a star rating of around 1.5 stars 

for the 1990 baseline climate.  

It needs a required energy of 310 MJ/m
2
/a to remain comfortable, with the NatHERS 

comfort approach for the 2050 Climate Change scenario.  

The base case living room without air conditioning reaches a temperature greater than 

45°C for the hottest day of the Climate Change scenario as shown in Figure 6. It also 

performs poorly in the winter as Figure 7 shows, with a temperature of around 8°C for 

this scenario, without some form of heating.  

3.3 Energy Savings-–AccuRate Comfort 
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Figure 4 shows for each of the retrofit actions, the energy savings to be gained as a 

percentage of the required energy needed for the unmodified house to remain thermally 

comfortable. It shows these savings for the 1990 baseline climate and two scenarios of 

2050. 

These retrofit actions are detailed in Section 2.4.2, and the required energy of the 

unmodified house (the Base Case) is based on the NatHERS comfort approach with ET*. 

3.4 Cost-effective Actions for Energy 

The energy savings (MJ/m
2
/a) of each retrofit action are shown in Figure 5 for the 

Climate Change scenario. These savings are calculated based on the required energy of 

310 MJ/m
2
/a to maintain comfort with the NatHERS comfort approach for the 

unmodified house (the base case). For example Figure 5 shows that the savings in the 

required energy to maintain comfort from the base case for ceiling insulation is about 130 

MJ/m
2
/a, and lesser amounts for the other actions. 

 

Figure 4 – Energy Savings of each Retrofit Action for the Baseline climate in 1990,                      

and the 2050 scenarios of Scarce Resources and Climate Change.  

These are the savings that each of the retrofit actions provide, as a percentage of the energy 

required to maintain comfort (for space heating and cooling) of the unmodified house (Base Case). 

It uses the NatHERS comfort approach with ET*. 
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Figure 5 also shows the capital costs of the actions in AUD$ x 100, and unit cost of each 

action in AUD$ / (MJ/m
2
/a) which is the cost per required energy savings. 

 3.5 Temperature Control 

Figure 6 and Figure 7 show the AccuRate predicted living room temperatures for the 

Climate Change scenario in 2050, for the hottest and coldest days respectively. These 

figures show temperatures with and without air conditioning. Each figure shows the 

temperatures for: 

 the unmodified building base case (with no air conditioning), 

 the impact (with no air conditioning) after a retrofit of the top three actions of 

ceiling insulation, carpet removal for added thermal mass and shading with 

deciduous trees, 

 the best SET cases with different clothing levels and varying ceiling fan air 

speeds, and its comfort approach (with air conditioning required for the dark 

shaded area), and 

 the AccuRate air conditioned temperature with its stricter NaTHERS comfort 

approach (with the air conditioning already invoked).  

 
Figure 5 – Cost-Effectiveness of Energy-Performance Retrofit Actions for 2050. 

The percentage savings are compared with the required energy required by the unmodified house 

(base case). Ceiling insulation is the most cost-effective action (with the lowest unit cost), followed 

by using deciduous trees to block the window summer sun externally. The next most cost-effective 

action is the 50% single glazed window reduction, followed by an increase in thermal mass 

achieved by removing the carpet, and so on.  
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The light shaded bands are the temperature comfort range limits for SET—17.5°C to 

30°C for “acceptable” conditions (Parsons 2003)—and the black areas show the extent of 

SET time intervals requiring conditioning.  

Figure 6 shows SET temperatures on the hottest day with occupants wearing a summer 

clothing level of 0.5 clo, which is a measure of a person’s degree of clothing, and a high 

fan setting giving an air movement of 0.77m/sec. The AccuRate air conditioned 

temperature shows its cooling set point is lower than SET’s set point. 

Figure 7 shows the SET temperatures on the coldest day with occupants wearing winter 

clothing to a level of 1.0 clo, with no fan. AccuRate’s set point is now higher than the one 

for SET. 

4. Discussion 

4.1 Base Case 

The house with no modifications (the Base Case) had an energy rating of 1.5 stars, which 

is close to the average existing Australian house rating of around 2 stars. This is largely 

due to the extent of detached housing; poor insulation of the envelope and especially for 

ceilings and for timber floors that are not enclosed; poor orientation; high porosity; and 

single-glazed windows, which characterize many Australian homes. 

The base case house needs a required energy of 310 MJ/m
2
/a to remain comfortable, with 

the NatHERS comfort approach for the 2050 Climate Change scenario. 

Figure 6 shows the base case living room without air conditioning reaching a temperature 

greater than 45°C for the hottest day of the Climate Change scenario. This presents a 

 
Figure 6 – Hottest Day Living Room Temperatures in 2050, with 54% RH. 

The living room temperature reaches 46°C without any modifications (base case), and after the 

best three actions have been applied, it still rises to 43°C, in the 2050 Climate Change Scenario. 

The AccuRate comfort approach with NatHERS protocol requires that the room is cooled to 

25.5°C all waking hours, from 7 a.m. to 12 midnight. The alternative comfort approach with SET 

also requires cooling, but only to 30°C with light clothing and high fan. So the energy required to 

maintain occupant comfort is less than the AccuRate approach. 



page 16 

Wiley STM / Editor: Book Title,  
Chapter XX / Shiel, J., Moghdateri, B., Aynsley, R., Page, A. / filename Chapter 27 Shiel v1.3_FINAL.docx 

serious health concern since around 50,000 mostly elderly people died from heat stress 

and fires, after a week of above 40°C temperatures during the European summer of 2003 

(Brown, 2012). Adelaide is renowned for its heatwaves, and will be researched further. 

Figure 7 shows that additional heating is still needed for this 2050 Climate Change 

scenario for the base case living room in winter as the temperature reaches 8°C overnight.  

4.2 Scenarios in 2050 

4.2.1 Scarce Resources 

As shown in Figure 4 with both scenarios, the retrofit actions in Scarce Resources 

scenario has a lower impact than in the Climate Change scenario, from an energy savings 

point of view, if weather-stripping is ignored (explained further in Section 4.3). This is 

because the retrofit actions have a greater impact with larger temperature increases.  

Additionally, the price volatility in the Scarce Resource scenario would be a major 

concern, and so it would be urgent to complete all these retrofits while scarce material 

and energy prices are more affordable. 

4.2.2 Climate Change 

Figure 4 shows the improved energy savings of certain retrofit actions from the 1990 

baseline to the Scarce Resource and even more to the Climate Change scenario. The 

largest improvements for the Climate Change scenario are the conservatory, reducing the 

 
Figure 7 – Coldest Day Living Room Temperatures in 2050. 

The living room temperature drops to 8°C without any modifications (base case), and after the 

best three actions have been applied, it still drops to 13°C, for the 2050 Climate Change Scenario.  

AccuRate’s NatHERS protocol requires that the living room in Adelaide is warmed to 20°C from 7 

a.m. to 12 midnight. The SET approach also requires warming, but only to 17.5°C with heavy 

clothing and no fan. So the required energy of the SET approach is smaller than the AccuRate 

approach. 
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area of four windows by 50%, temporary double glazing and black tiles for added 

thermal mass. 

Figure 6 shows the temperature effect of the top three actions which reduces the living 

room temperature by around 3°C on the hottest day. The same retrofit raises the lowest 

temperature in the living room temperature by around 5°C on the coldest day. 

4.3 Energy Analysis 

As indicated in Figure 4, the ceiling insulation of R4 K·m²/W (R23 h·ft²·°F/Btu) is the 

most effective action, accounting for almost 50% of required energy savings from the 

unmodified house base case. This level of benefit agrees with other simulation research 

(Willrath 1998; Kordjamshidi et al., 2011; Ren et al., 2011), as well as experimental 

monitoring of house temperatures for ceiling insulation (Shiel et al., 2010; Page et al., 

2011). 

In addition, other low-cost retrofit actions provided a combined 20% of required energy 

savings. These actions were: removing the carpet and using black tiles on the concrete 

floor for added thermal mass; adding temporary double glazing; growing deciduous trees 

on the north-west wall; and adding four large 1.4 m diameter ceiling fans. Again, 

experimental results have agreed with the effectiveness of the carpet retrofit actions ( 

Page et al., 2011). 

Weather-stripping is very affordable, but has mixed results across the scenarios. In the 

1990 baseline climate, weather-stripping reduced the required energy by 9%. In 2050 

there was only a 6% improvement in the Scarce Resources scenario, but the extreme 

Climate Change scenario showed that the action needed more energy than it saved. This 

is because more heat is being trapped with less air escaping, especially with the large 

windows in a warming climate, so that more cooling is needed. 

If the conservatory was added and the window size reduced, another 25% of energy 

savings would be gained, although at higher cost (see Figure 5). 

4.3.1 Most Cost Effective Actions 

The required energy savings of each action are shown in Figure 5 from the total required 

energy needed by the unmodified house (base case). 

As well as being the most effective energy-saving action, ceiling insulation is also the 

most cost-effective retrofit action since it has lowest unit cost. 

The next most cost-effective retrofit action is deciduous trees to block externally the 

window summer sun, and then the 50% window size reduction, which lowers the heat 

escaping during winter, followed by removing the carpet for added thermal mass. 

4.4 Temperature Analysis 

On the hottest day in the Climate Change scenario, (see Figure 6), the unmodified house 

base case exceeds 45°C in the living room/kitchen after the room had reached a 

maximum of 54% relative humidity at 7 a.m. There is a small benefit with a lowering of 

temperature by the top 3 low-cost retrofit actions. 

When the occupants adapt to conditions by wearing light clothes and operating a ceiling 

fan at the highest speed, the SET temperature (see Figure 6) shows the effective benefit 
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gained, but the 30°C threshold is still breached and the room requires cooling with air 

conditioning. This is in spite of the less stringent “acceptable” level of comfort, rather 

than the stricter NatHERS comfort criteria where 90% of occupants are comfortable. 

On the coldest day of the Climate Change scenario, (see Figure 7), heating will be 

required for SET conditions despite occupant adaptations of a winter clothing level of 1.0 

clo and no fan. However, the SET conditions only need heating from 7 a.m. to 10 a.m. 

when the temperature is below 17.5°C. For the NatHERS comfort approach used by 

AccuRate, the room needs heating above 20°C from 7 a.m. to 12 midnight. 

On each of these extreme temperature days, heating and cooling appliances will be 

needed for this particular house for this level of refurbishment, for both NatHERS and 

SET comfort approaches in 2050 for Adelaide. The additional energy used by these house 

appliances will produce more GHG emissions, creating a positive feedback loop and 

leading to more global warming.  

This shows the importance of as many houses being retrofitted with as many effective 

actions as possible, and encouraging occupants to take an active role in adapting to the 

warmer climate. 

4.5 Most Effective Actions 

The top three actions for the temperature analysis for Climate Change scenario as shown 

in Figure 6 and Figure 7, differed from those of the energy analysis (see Figure 4). For 

temperature control they were:  

 a high value of ceiling insulation of R4 K·m²/W (R23 h·ft²·°F/Btu); 

 carpet removal for added thermal mass; and  

 shading with deciduous trees. 

For energy savings they were: 

 a high value of ceiling insulation of R4 K·m²/W (R23 h·ft²·°F/Btu); 

 the conservatory; and 

 temporary double glazing. 

The energy required to maintain comfort is different for the energy and temperature 

analysis because the pilot study analysis for the control of temperatures for a single room 

requires different actions than for the control of the whole house energy intensity. 

4.6 Thermal Comfort 

There are interesting issues in implementing thermal comfort approaches.  

Thermal comfort is difficult to estimate because it depends partly on the internal 

humidity and internal air speed parameters, which both rely on the number of air changes 

per hour (ACH). The ACH depends on the degree of weather-stripping and the air-flow 

rate which changes with natural or mechanical ventilation e.g. with window, door or 

ceiling fan operation. These operations can be spatially non-uniform and highly 

dependent on behaviour. 

Also, while the clothing value (clo) appears simple, it needs to be averaged across all 

occupants. There could be building signs to warn occupants about appropriate dress 

codes and seasonal set-points, and suitable clothing could be made available, especially 

for commercial buildings.  
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The air speed and radiant temperature are assumed to be the same for occupants of the 

same room. 

4.6.1 NATHERS Comfort Approach 

AccuRate’s standard input uses small envelope leakage rates compared to the larger 

values measured in older existing houses (MEFL 2010). This will affect the estimates of 

humidity and natural ventilation, and will need special modeling assumptions for older 

houses. 

Also, ASHRAE states that the chart method used by the NatHERS ET* is not appropriate 

for relative humidity above 50%, and that a computer model approach with SET should 

be used (ASHRAE Standard-55 2010). 

The NatHERS approach also allows the relative humidity to rise to 95% (Delsante 2005), 

but there can be moisture and health problems once the humidity is above 80%. So 

designers need to consider poor indoor air quality issues that can result from low values 

of ACH that allow higher values of humidity. 

4.6.2 Alternative SET Comfort Approach 

For the alternative SET comfort approach the metabolic rate would also need to be 

averaged across all occupants. 

Also, by using Parsons’ wider acceptability range, occupants would need to adapt to its 

lower acceptability criteria than the 90% level in NatHERS. For example, this means that 

they would need to be comfortable with higher cooling set points by changing their 

behaviour. This could include using ceiling fans; moving to a more comfortable radiant 

heat location such as away from a window; or wearing different clothing, before using 

the air conditioning. 

For the alternative comfort approach, less required energy was needed by varying the 

clothing level and air speed, and by using Parsons’ wider acceptability range.  

4.6.3 Relative Cooling Effects 

Figure 3 shows the additional cooling in summer that SET provides with air speed, 

especially in humid conditions, over ET*. The maximum cooling occurs at a moderate air 

speed of 0.5 m/s for values of relative humidity of 60% or more, when the thermal 

comfort will appear around 1°C cooler with SET than by using ET* which is used in 

NatHERS and AccuRate. 

4.7 Thermal Modeling Complexity 

Some of the innovative retrofit actions are difficult to model properly using AccuRate 

because: 

 the thermal curtains had only a small effect in summer (AccuRate does not draw 

the curtains during the day to help prevent the window heat conduction); 

 the weather-stripping is difficult to model since existing houses are not as air-tight 

as newer ones, and AccuRate’s standard input values are low; and 
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 the degree of shading is difficult to estimate for different deciduous tree species 

and for various foliage covers. 

These difficulties will be addressed by introducing additional components into the house 

structure to provide a similar effect e.g. a window covering that will screen the window 

during the hottest part of a summer’s day, or vents that will increase air circulation. 

The thermal properties that will require more research are: 

 different types of thermal curtains; 

 temporary double glazing plastic films; and 

 the degree of tree shading. 

The calculation of SET is a lengthy procedure. However, SET has been adopted by 

ASHRAE as the standard and there are computer programs to assist. 

4.8 Reliability of Approach 

4.8.1 AccuRate Reliability 

The goal of NatHERS-accredited applications is to rate houses based on standardized 

weather data, heat load assumptions and occupancy patterns, and these are not likely to 

match those of any actual house at any point in time. 

There have been many studies conducted of monitoring house temperatures and their 

energy consumption  compared to the AccuRate simulations. Some have used actual 

weather data, realistic house component modeling, actual internal heat loadings and 

occupancy patterns to better suit reality, and converted the required energy into energy 

consumed. Of the comparisons that have been conducted, the thermal modeling 

experience of the assessor has proved to be of paramount importance. This is because 

there are many sources of error on assumptions for the numerous inputs required to 

model the house correctly (Szokolay 2004; Saman et al., 2008; Williamson et al., 2010).  

Errors may be in the actual weather data; in the assumptions about wing walls and 

shading; in the determination of the air-tightness; in selecting occupancy levels; in setting 

thermostat set points; and in the thermal properties of the building e.g. timber walls have 

a framing factor where the timber studs affect the thermal properties. 

For weather data, AccuRate’s standard RMY data is often from the nearest airport, which 

can under-estimate the urban temperature which can be higher due to urban heat island 

effects. It may also over-estimate the wind effects in the urban location. For actual 

weather data, hourly solar radiation is important for building simulation but not readily 

available, and it is also difficult to obtain precise humidity data. 

Also, any error in the AccuRate implementation is unknown since the software source 

code is proprietary, and the software code is not available for independent analysis.  

However, AccuRate has been validated using the BESTEST protocol, and the AccuRate 

output of internal temperature data and house energy across many houses are 

approximately correct (Delsante 2005; Miller et al., 2010; Copper et al., 2011; 

Williamson et al., 2010). It should be noted that BESTEST tests the simulation of one 

building in one location. 

4.8.2 Reliability of the Climate Projection 
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The Belcher morphing approach used here was verified using heating degree days 

calculated from a UK weather series “morphed” to a future climate using a UK climate 

model. The results agreed well with those directly based on output from a climate model 

(Belcher et al., 2005). It has also been used in other climate change building simulation 

studies (Ren et al., 2011; Chen et al., 2012). 

The future climate parameters for the Adelaide pilot study projection were supplied by 

the INM-CM3.0 climate model. Since then, better climate models have been found for 

the Pacific (Irving et al., 2011), and a more appropriate model will be considered for 

future research. 

In projecting the future climate, the main four weather parameters of temperature, 

humidity, radiation and wind speed were used in Belcher’s “morphing” approach 

(Belcher et al., 2005), and the time intervals were their monthly mean values. Using all 

these parameters and the monthly time interval provide a reliable estimate of the future 

climate when estimating a building’s heating and cooling energy requirements (Chen et 

al., 2012).  

4.9 Key Findings 

The key findings are that: 

 innovative, low-cost retrofit actions could reduce the house required energy for 

comfort e.g. external shading with deciduous trees to lower summer radiation 

from northern windows (southern windows in the northern hemisphere), as well 

as carpet removal from a concrete floor for added thermal mass; 

 an alternative comfort approach that uses ASHRAE’s SET reduces the required 

energy in 2050 compared to the standard NatHERS comfort approach; and 

 in the 2050 Scarce Resources scenario, more retrofit actions are needed than in 

the more extreme Climate Change scenario for the same impact, and they are 

more urgent due to the rising costs of scarce resources. 

5. Conclusion 
Innovative, low-cost retrofit actions can be found that lower housing envelope energy 

consumption in 2050 for a temperate climate, if they are suited to the house construction 

and site. The significant actions include adding ceiling insulation; removing the carpet for 

added thermal mass; external shading with deciduous trees; adding a conservatory to re-

orient the living space towards the sun; and temporary double glazing. 

Furthermore, an alternative comfort approach with ASHRAE’s SET comfort index and a 

different acceptability condition can give occupants more control to lower their energy 

usage than with the current NatHERS approach. 

In the more extreme Climate Change scenario the climatic conditions projected for 2050 

will require much adaptation. However, if the Scarce Resources scenario eventuates, less 

abatement is required but the urgency of residential retrofits is higher due to rising costs. 

Learnings from the pilot study are that 1) a larger range of low-cost retrofit actions 

should be investigated; 2) the updated AccuRate sustainability version should be used; 3) 

a more appropriate climate model is needed than INM-CM3.0 for Adelaide; 4) savings in 

operating cost as well as capital costs need to be included; 5) a smaller SET temperature 
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band for comfort should be investigated; 6) more detailed modeling and better computer 

techniques are needed for complex thermal modeling issues; and 7) the more recent 

scenario approach of the IPCC will be considered if possible. 
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9. Annex 1 – Future Climate Morphing Calculation 
The main weather parameters of temperature, humidity, radiation and wind speed are 

projected for Adelaide for 2050 using Belcher’s morphing approach (Belcher et al., 

2005). It creates an RMY set of annual hourly weather parameters for 2050 based on an 

Adelaide 1990 RMY set of parameters, and the monthly changes in parameters from 

1990 to 2050 of the INM-CM3.0 climate model (Clarke et al., 2010). 
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where 

 T and T0 are the future and present hourly ambient dry-bulb temperatures, 

respectively, 

 
0 0 m,m MAXT T and 

0 mMINT are the monthly mean values of the ambient dry-bulb 

temperature, the daily maximum temperature and the daily minimum temperature 

respectively for hourly values calculated over all the averaging years to make up 

the baseline climate. In this case, the RMY set of one year hourly temperatures 

represents that base 1990 climate, 

 ,mT mMAXT and mMINT are the changes projected for each month by the AO-

GCMs for the mean temperature, daily maximum temperature and the daily 

minimum temperature of the dry-bulb temperature respectively, 

 RH and RHo are the future and the present-day values of the relative humidity 

respectively and RHm is the AO-GCM projected fractional change in the monthly 

mean relative humidity, 

 I and Io denote the future and the present-day solar irradiance and Im  represents 

the AO-GCM projected fractional change in the monthly mean solar irradiance, 

 WS and WSo are the future and the present-day wind speeds respectively and WSm

is the AO-GCM projected fractional change in the monthly mean wind speed. 

 


