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ABSTRACT 
This paper reports on a study of the thermal 
performance of two-storey apartments in Adelaide, 
South Australia. The overall design achieved an 
energy rating score around 7.5 Stars in the 
Australia’s National Home Energy Rating Scheme 
(NatHERS); however, without air-conditioning some 
of the spaces were considered too warm during hot 
weather. Aspects of the building design and 
operation that contribute to poor performance are 
investigated. The paper points out that performing 
simulation to obtain an energy rating of the whole 
building may lead to incorrect assumptions about the 
building design, and argues that it is crucial to assess 
the performance of individual spaces at critical times 
in addition to performing energy rating. 

INTRODUCTION 
Predicting the energy performance of a new building 
design and comparing it to a reference value as 
determined in a building code has now become a 
standard procedure in many countries. In EU 
countries, the Energy Performance of Building 
Directive (EPBD) has encouraged countries to 
develop their strategies for building energy 
certification (Miguez et al. 2006, Hernandez et al. 
2008, Ballarini and Corado 2009). This practice, 
often referred to as building energy rating, can be in 
the form of prescribing minimum standards, for 
example for temperature settings, air-tightness as 
well as light and heat transmissions. Another method 
is by performing energy calculations using building 
performance simulation to provide the prediction of 
the annual energy use of the entire building (Pérez-
Lombard et al. 2009) and comparing the prediction 
with either a reference value or the performance of a 
reference building (ASHRAE 1989, Yik et al. 1998, 
National Resources Canada 1999, Soebarto and 
Williamson 2001, BRE 2012). 
While a building design may meet the total energy 
requirement when assessed with an energy rating 
tool, as the intention is to obtain the total energy use, 
this rating process may overlook the thermal 
performance of individual spaces at times that are 
critical for thermal comfort.  A building design that 
achieves a high energy rating can actually have some 
spaces that are not thermally comfortable at certain 

times, but their high heating or cooling demand may 
be compensated for by the low energy requirements 
of the other spaces or during periods when heating 
and cooling demand is low. Similarly, the rating for 
a building in a climate that requires long periods of 
heating may mask the fact that the cooling period, 
although short, may be intense, uncomfortable and 
even dangerous for some occupants. 

This is an important consideration in light of 
predictions that many areas of the world will 
experience higher temperatures and more heat waves 
in coming decades (IPCC 2012, CSIRO 2007). Heat 
waves are a major source of weather-related fatalities 
in Australia (BOM 2011) with the elderly, 
chronically ill and low-income earners identified as 
particularly vulnerable (PwC 2011).  For these 
groups, relying on air conditioning for thermal 
comfort is not ideal. Many people vulnerable to heat 
either do not have air-conditioning or may be 
unwilling to use it due to rising energy costs (Maller 
and Strengers 2011) and, furthermore, power outages 
are common during heat waves (Institute of 
Sustainable Resources 2010). Many authorities stress 
the importance, for those vulnerable to heat, of good 
climate-adapted or passive design over air-
conditioning (McGregor et al. 2007, WHO 2004). In 
this regard, building simulation can be an important 
tool for improving knowledge of the performance of 
buildings during hot weather and not only for rating 
the overall building thermal or energy performance. 

This paper reports on a study that is part of a research 
program, Framework of Adaptation of Australian 
Households to Heatwaves supported by the 
Australian Government’s National Climate Change 
Adaptation Research Facility (Saman et al. 2012), 
where two of the main aims are to investigate 
occupants’ thermal responses and adaptation to heat 
waves and the implications for building design. The 
study involves indoor environmental monitoring and 
a thermal comfort survey of 60 households; however, 
this paper focuses on ten dwellings for low to 
middle-income earners, considered to be part of the 
more vulnerable groups during extreme weather. 
While the overall building design achieves an energy 
rating score 7.5 Stars (out of 10 Stars maximum) in 
the Australia’s National Home Energy Rating 
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Scheme (NatHERS) (Department of Climate Change 
and Energy Efficiency 2011), it is important to assess 
the indoor climate particularly during hot weather 
and when air-conditioning is not necessarily in use 
due to various reasons.  

METHODOLOGY 
The study employs a number of methods. First, 
interviews of the residents were conducted to gather 
information about their demographic background and 
strategies to ventilate and cool the dwelling and in 
particular in dealing with heat. Second, the internal 
temperatures and humidity in the living rooms and 
main bedrooms were measured and recorded 
continuously every 15 minutes over 3 summer 
months in 2012. Third, during the monitoring period 
the occupants were asked to respond to a “right here, 
right now” thermal comfort survey about their 
thermal sensation on ASHRAE 7-point scale, thermal 
preference on McIntyre 3-point scale, clothing type, 
activity, and ventilation strategy at the time. Results 
from the thermal comfort survey and indoor 
monitoring have been collated and analysed, and the 
results have been reported in Saman et al. (2012). 

The monitored data, converted to an hourly interval, 
were then used to calibrate thermal simulation 
models of the dwellings. All dwellings had been 
previously simulated using the AccuRate software 
(Hearne Scientific Software 2013, Delsante 2005) in 
order to obtain their NatHERS energy rating. The 
simulation engine of AccuRate, originally called 
Cheetah/ Chenath, is based on the response factor 
method. The program has been tested and validated 
(Lomas et al. 1997, Delsante 2004) and Daniel et al. 
(2012) reported results of intermodal and empirical 
comparisons of simulation models AccuRate, Energy 
Plus (Crawley et al. 2008) and Ener-win (Degelman 
and Soebarto 1995).  

Rating with this software is based on the total energy 
load for heating and cooling, compared to a reference 
value for a certain climate zone. For example, in 
climate zone 16, which is the zone for the case study 
building location, a rating of 1 is given when the total 
heating and cooling load is 446 MJ/m2 while a rating 
of 10 is achieved when the total load is 3 MJ/m2.  For 
rating purposes a standard weather file (from the 
International Weather for Energy Calculations 
(IWEC)) was used; however, to calibrate the models 
by matching the predicted indoor temperatures to 
measured data, a real weather file, based on data 
from the local weather station, was compiled and 
used. These data consist of hourly temperature, 
humidity, global, direct and diffuse solar radiation, as 
well as wind speed and direction. 

For this study the dwellings were simulated in the 
non-rating (free-running) mode to investigate indoor 
thermal comfort during the periods when cooling was 
not used in the actual dwellings. To ensure the 

accuracy of the model, the Coefficient of Variance of 
the Root Mean Square Error (CV(RMSE)) between 
the simulated results and measured data is calculated. 
A CV(RMSE) up to 20% is considered acceptable for 
hourly calibration (Bou-Saada & Haberl 1995, 
Kreider and Haberl 1994). Using the calibrated 
models, a number of alternative design strategies 
were then implemented to find out whether or not the 
indoor thermal comfort of the dwellings, particularly 
in the bedrooms, could be improved. 
This paper concentrates on the conditions in the 
bedrooms for three reasons: 
1. Many occupants mentioned during the interviews 

that the bedrooms became uncomfortably hot, 
particularly in the upper floors. 

2. The bedrooms in these apartments do not have an 
air conditioner. 

3. Conditions in bedrooms and a lack of sleep have 
been identified as risk factors for heat-affected 
people (Vandentorren et al. 2006). 

CASE STUDY 
Location 

The apartments are located in a housing 
development, established as a model “green village”, 
situated 8 km northeast of Adelaide CBD, South 
Australia (34.8° SL, 138.6° EL). Adelaide has a 
mediterranean climate, with cool, wet winters and 
hot, dry summers. There is more heating required 
annually than cooling; however, though relatively 
shorter, the summer period can be quite hot. The 
hottest months are January and February, but the heat 
often continues into early April. In recent years there 
have been some record-breaking heat waves. In 2008 
Adelaide had 15 consecutive days over 35 °C and in 
2009 there were 6 days over 40 ºC (BOM 2010). 
During the study period, the maximum external 
temperature was 39.7 °C and it was more than 30 °C 
for 7.6% of total hours; however, there were no 
periods that could be called a heat wave according to 
the current Bureau of Meteorology definition for 
Adelaide: i.e. 5 consecutive days of 35 °C or more or 
3 days of 40 °C or more. Tables 1 summarises the 
outdoor temperatures and humidity during the study 
period. 

Table 1 Outdoor temperature (deg C) during the 
study 

  February March April 
Max 39.7 34.9 34.5 
75% 26.3 23.1 21.3 
Mean 22.1 20.1 18.5 
25% 17.2 16.4 14.5 
Min 12.1 11.4 8.7 
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The apartments  

The apartments are a mixture of owner-occupied and 
rented properties with a high proportion of public 
authority housing. The units are either single or 
double-storey and all except one have two bedrooms. 
The exception, the largest unit, has three bedrooms. 
All one-storey units, whether they are on the ground 
or first floor, have a similar layout with a combined 
living, dining and kitchen space facing north, two 
bedrooms with south facing windows, and a 
combined bathroom and laundry room in the centre 
of the unit (Figure 1). In the two-storey units, the 
ground floor usually consists of the combined living, 
dining and kitchen space, bathroom and laundry to 
the south and bedrooms on the first floor.  

This particular housing development has strict 
guidelines for site planning and the design of the 
buildings covering areas such as orientation, set back, 
window types, shading and more importantly, the 
requirement for 7.5 Stars  (out of 10 Stars maximum) 
in Australia’s National Home Energy Rating Scheme 
(NatHERS). This equates to a total heating and 
cooling energy load of 57 MJ/m2 whereas the 
mandatory minimum requirement for housing in 
South Australia is 6 Stars or 96 MJ/m2. In the case of 
the apartments, the apartment complex as a whole 
was required to achieve an average of 7.5 Star per 
dwelling with some achieving more than 8 Stars and 
the lowest achieving 6.6 Stars. 

Building construction and systems 

External walls are a combination of double (cavity) 
concrete blocks (total R Value of 0.47 m2. °K/Watt 
un-insulated and 1.55 m2. °K/Watt insulated) or 
insulated reverse masonry veneer (total R Value of 
1.89 m2. °K/Watt). Floors are concrete slabs apart 
from the upper level floors in double-storey 
apartments, which are timber. The ceilings and roof 
are insulated with R2.5 and R2 (2.5 and 2.0 m2. 
°K/Watt) insulation respectively whilst the windows 
are timber-framed with low-e glazing (U = 3.92 
W/m2. °K: SHGC = 0.42). 

For passive cooling, the main strategy is through a 
ventilation-stack positioned centrally in the hallway 
connecting the living room and bedrooms to release 
built-up warm air from these spaces. This stack 
ventilation has been designed to be used in 
conjunction with opening the windows in the living 
room and bedrooms. The ventilation is controlled via 
motorised louvers linked to a split reverse-cycle 
system air-conditioning system, which is placed on 
the ceiling of the small hallway leading to the 
bedrooms. It was found during the site visits, 
however, that the air registers of the air conditioners 
face only the living room and not the bedrooms. 
There was no other cooling mechanism in the 
bedroom except the ceiling fan. The combined living, 
dining room and kitchen also have ceiling fans.  

 

Figure 1 Example of a typical floor plan of a 
dwelling unit 

 
Figure 2 Occupant strategies when it is too warm 

 

RESULTS 
Occupants comfort and cooling strategies 

All occupants were asked about their strategies for 
dealing with hot weather and their use of the air 
conditioners. Most of the respondents expressed 
concerns about the cost of using the air-conditioner 
hence other cooling strategies were used before the 
air conditioner was operated including turning on 
fans, opening windows when it was cooler outside, 
going outside and changing clothes (Figure 2).  

During the study period the majority of the occupants 
(57%) were wearing light clothing and moderate 
clothing accounted for 30% of the responses, while 
very light clothing accounted for 8% of the time. 
Less than 5% of the responses came from 
respondents wearing heavy clothing. Thus, it can be 
concluded that the occupants wore clothing 
appropriate for the anticipated thermal conditions.  
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Figure 3 Frequency distribution of hourly indoor temperature in all bedrooms (1°C binning) 

 
Figure 3 shows the frequency of distribution of the 
indoor temperature in the bedrooms. About 22% of 
the time the temperatures were above 26°C while the 
maximum reached 35° in one dwelling. 

The average thermal sensation vote was calculated 
for every 1.0°C indoor temperature interval, shown in 
Figure 4. In the bedrooms, the ‘neutral’ to ‘slightly 
warm’ vote (0 to 1) was found to be between 23 to 
26.7°C, ‘slightly warm’ to ‘warm’ (1 to 2) was 
between 26.7 and 30.3°C, and ‘warm’ to ‘hot’ (2 to 
3) was between 30.3 and 34 °C. Figure 5 presents the 
relationship between thermal sensations and 
ventilation/cooling strategies for the entire dwellings. 
It is apparent that the use of air-conditioners (in the 
living rooms) only became more frequent when the 
occupant’s thermal sensation was ‘hot’. 

 
Figure 4 Bin average thermal sensation votes binned 

indoor temperature in the bedrooms 

 
Figure 5 Occupant thermal sensations and 

ventilation/cooling strategies   

These results show that although the building design 
achieves an average of 7.5 Stars, indicating a 
relatively low energy load compared to that of 
standard housing in South Australia, there was a 
considerable amount of time when the occupants felt 
beyond ‘slightly warm’.  
Focusing on the comfort performance of the 
bedrooms, the following section investigates ways to 
improve the building design in order to minimise the 
periods when the occupants would feel ‘slightly 
warm’ to ‘hot’, using simulation. 
Analysis of the existing design 
Due to paper limitation, only the analysis of three of 
the ten dwellings is presented here. Three dwellings 
have been selected to demonstrate a variety of 
conditions: an upstairs unit with a west-facing wall 
(Unit 1), an upstairs unit (Unit 2) and a ground floor 
unit (Unit 3), both in the middle of the block. All 
simulation inputs from the rating have been checked 
to ensure they well represent the actual building 
construction. Note that although the stack ventilation 
shaft is modelled, the opening to the hallway is 
assumed to be closed all the time because in reality 
the occupants stated that they rarely used it. 
Figures 6 to 8 show the comparisons of the simulated 
and measured indoor temperatures of the bedrooms 
of the three dwellings. For clarity in presenting the 
results graphically, only 2-weeks of comparisons are 
shown here. The statistics of the comparisons are 
presented in Table 2, confirming that the models well 
represent the actual design within an acceptable 
range of accuracy. These calibrated models are then 
used to investigate design alterations to improve the 
comfort performance of the building particularly the 
bedrooms during a hot summer period. 

Table 2 Statistics of comparisons between simulation 
results and measured data 
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Figure 6 Measured and simulated bedroom 

temperatures of Unit 1 
 

 
Figure 7 Measured and simulated bedroom 

temperatures of Unit 2 
 

 
Figure 8 Measured and simulated bedroom 

temperatures of Unit 3 
 

 
Figure 9 Changes in bedroom temperatures of Unit 1 

due to design alterations 

The simulation results show that in those 2 weeks, 
the bedroom in Unit 1 experiences 53% of the time 
temperatures above 26.7° (the temperature identified 
at which occupants are likely to feel ‘slightly warm’ 
to ‘hot’). If only considering the time when the 
bedroom is occupied (between 4 pm to 9 am, which 
is the assumed occupied hours of the bedroom in the 
AccuRate program), this bedroom experiences 
slightly warm to hot conditions for 49% of the time. 
Unit 2’s bedroom experiences slightly less hours of 
temperatures above 26.7 ° with 41% of the time in 
total, or 39% during the assumed occupied hours. 
Being on the ground floor, Unit 3’s bedroom  
experiences the least amount of time of temperatures 
above 26.7°, with 24% in total or 23% during 
assumed occupied hours. These results show that, 
despite the fact that the building achieves an average 
rating of 7.5 Stars, the bedrooms of these apartments 
experience temperatures above 26.7° for a 
considerable amount of time. 
Based on the information from the occupants, 
confirmed with observations during the site visits and 
information from the drawing, one of the major 
problems in the bedrooms is lack of cross ventilation. 
The bedrooms have awning windows that can only 
be opened up to 100 mm. The second problem is 
internal mass and insulation – for such a small space, 
there is a considerably large amount of thermal mass, 
which means, once the space heats up, it takes a long 
time for the heat to escape to the outdoor. The 
bedrooms in Units 2 and 3 are also carpeted, which 
means the build-up heat is retained inside the room 
even in hot summer days. For Unit 1, the bedroom is 
also affected by the exposure of the western wall to 
the afternoon sun.  
Proposed changes 
This section discusses the impact of altering the 
design using the calibrated model by: (1) changing 
the window type and openability, (2) reducing 
internal mass of Unit 1, ie. by changing the internal 
leaf of the external wall to insulated timber stud wall, 
(3) removing the carpet in Units 2 and 3, and 
combining all these strategies. Note that these 
investigations focus on lowering the bedroom 
temperatures at night because that is when the 
bedroom is likely to be occupied. 
Changing all windows of the bedrooms to casement 
windows with 60% openablity has the largest impact 
on reducing the indoor temperature as the window 
opening would allow more heat loss and night-time 
ventilation. Note that in the simulation, the windows 
are (logically) assumed to be closed when the 
outdoor temperature is above the indoor, hence 
increasing the openability of the windows would not 
reduce the peak bedroom temperature that occurred 
when the outdoor reached 39.7 °C.  
In the upstairs Units (1 and 2), changing the window 
type and openability results in lowering the night-
time temperature in the bedroom by between 2 to 5.8 
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°C (Figure 9). In the ground floor of Unit 3; however, 
changing the window type and openability has lesser 
impact. 
In Unit 1, reducing internal mass only lowers the 
indoor temperature by a very small amount. The 
lighter construction actually makes the space warmer 
during the day as there would not be much mass to 
absorb the heat.  In Units 2 and 3, removing the 
carpet from the bedroom could reduce the room 
temperature by 1 to 2 °C. 
The combined strategies of changing the window 
type and openability as well as reducing internal 
mass (in Unit 1) or removing carpet (in Units 2 and 
3) reduces the number of hours when the bedroom 
temperature is above 26.7 °C in those two weeks by 
35%, 39% and 31% respectively. If only the assumed 
occupied hours are considered (between 4 PM and 9 
AM), the reduction would be 38%, 40% and 23% 
respectively.    
Other strategies were also investigated, including 
changing the roof colour to light colour, and adding 
external shading devices. It is found that adding 
shading does not cause much improvement because 
the existing window shading, in the form of 
overhangs or eaves, is already successful. Changing 
the roof colour to help improve the room 
temperatures of the upper floor would not make any 
difference. This is because the ceiling of the upper 
floor is already well-insulated thus changes in the 
roof cladding would not have much impact on the 
space underneath the ceiling insulation. 
Rating of the new designs 
With the above alterations, the energy rating of these 
three units are re-calculated. This is to investigate 
whether changing the design to improve performance 
in the free-running or non-airconditioned mode 
would also result in an improved performance if 
cooling and heating are used. It is found that for all 
three units, an increase of 0.2 Star rating would be 
achieved with the combined changes. In Unit 1, the 
cooling load is predicted to decrease by 27% whereas 
the heating load would be reduced by an average of 
6%. In Units 2 and 3, the change would slightly 
increase the predicted heating load (if the carpet is 
removed) while the cooling load would be reduced 
by 23% and 12% respectively.  
  

DISCUSSIONS 
Though the change in the Star rating of these 
dwellings may not be significant, the changes in the 
design would have a noticeable impact on the cooling 
load. This points to an important issue – since the 
building is located in a temperate climate where 
heating is more dominant than cooling, only looking 
at the achieved energy rating may not reveal the 
performance of the individual spaces particularly in 
the summer. 
Analyses of the monitoring and thermal comfort 
survey of the case study buildings and occupants 
show that the occupants would start to feel ‘slightly 
warm’ when the temperature is above 26.7°C. While 
this thermal sensation does not necessarily result in 
the occupants turning on the air-conditioners, the 
authors argue that it is important to investigate the 
design further and find ways to improve the building 
performance in order to reduce uncomfortable 
thermal environment for the occupants. This is a 
particularly crucial issue in the design of low-cost 
housing as the occupants are not necessarily 
financially able to use the air-conditioner.  
The study found that, without air-conditioners in the 
two weeks of hottest period during the study, the 
bedrooms in the three dwellings experienced 
temperatures above 26.7°C between 23% and 40% of 
the time during the assumed occupied hours. The 
main issue of the design is found to be the window 
type and openability. The existing design has an 
awning type of windows, which can only be opened 
by no more than 100 mm. This has prevented nigh-
time ventilation required to remove the build-up heat 
during the day. 
The study found that changing the window to a 
casement type with 60% openability would 
significantly reduce the number of warm to hot hours 
by at least 23%. With another alteration (ie. reducing 
the internal mass in Unit 1, or removing the carpet in 
Units 2 and 3), the change in Unit 1 would reduce the 
number of hours of above 26.7 °C from 123 to 76 
hours (Table 3) while in Units 2 and 3, the change 
would reduce the number of warm temperatures from 
99 to 55 hours and 57 to 44 hours respectively. This 
means, if the windows can be opened to allow more 
night-time ventilation, the likelihood of using the air-
conditioner would be much less thus the energy cost 
could be minimised.  

Table 3 Summary of changes from the base case to the combined strategies 
 Unit 1  Unit 2 Unit 3 

Base case Alt design Base Case Alt design Base Case  Alt design 
Total hours above 26.7°C 178 116 138 84 81 56 
% of Total hours* 53% 35% 41% 25% 24% 17% 
% Change 35% 39% 31% 
Occupied hours above 26.7°C 123 76 99 59 57 44 
% of Total occupied hours** 52% 32% 42% 25% 24% 18% 
% Change 38% 40% 23% 
*Total hours for 2 weeks = 336 hours; **Total occupied (assumed) hours for 2 weeks = 238 hours (4pm to 9 am)
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CONCLUSION 
This paper has demonstrated the importance of 
assessing the comfort performance in individual 
spaces of a residential housing in addition to looking 
at the whole building performance through energy 
rating of the overall building design. As rating tends 
to be based on the total heating and cooling load or 
energy, it can potentially mask the performance of 
certain spaces at crucial times. In the case study 
presented in this paper, though the building design as 
a whole achieves a relatively high energy rating (7.5 
Stars out of a maximum of 10 Stars), the bedrooms 
suffer from high temperatures during a hot summer 
period including at night time when air-conditioning 
is not available. A warm to hot bedroom is a 
particular concern as research has shown that poor 
conditions in bedrooms and a lack of sleep can be 
risk factors for heat-affected people. 
Using simulation, it is predicted that the thermal 
performance of the bedroom can still be improved if 
the bedroom windows are changed to a type that can 
be opened sufficiently to allow good night-time 
ventilation. Although other alterations could also 
have some impact, such as reducing internal mass by 
changing the walls to lighter construction, or by 
removing the carpet, changing the window type and 
openability would have the most significant impact. 
Further, this simple change will not require 
additional energy use, such in the case of running an 
air-conditioner. 
This study has addressed: 

(1) the importance of simple passive design 
strategies over the use of air-conditioner, 

(2) the importance of assessing the thermal 
performance of individual spaces in addition 
to assessing the whole building performance 
such as in the case of building rating, and 

(3) the role building performance simulation 
has in investigating ways to improve the 
performance of both the building and 
individual spaces. 
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