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Abstract: Internationally and locally, there is increasing interest in the application of adaptive models of 
thermal comfort in the assessment of residential thermal environments. Central to these models of 
thermal comfort is the relationship between occupants’ recent thermal history and their use of adaptive 
controls such as clothing arrangement, window and fan operation, etc. However, existing adaptive 
models included within the widely used Standards, ASHRAE 55 (2013) and EN 15251 (2007), are 
predominantly based on observations from non-residential buildings. The aim of this research is to 
contribute to an evidence base establishing the suitability (or otherwise) of the use of an adaptive 
model in residential building performance assessment. A longitudinal thermal comfort vote survey of 40 
‘low energy’ households (20 in a cool temperate climate and 20 in a hot humid climate) reveals a wide 
range of behavioural strategies used by the occupants to adapt to and modify their thermal 
environment for comfort. The findings presented in this paper support the development of an adaptive 
model of thermal comfort for residential building performance assessment in Australia.  
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1. Introduction 
Worldwide, thermal comfort models are used to assess the thermal environments of buildings in both 
design (predicted/simulated) and operational (measured) phases. The current predominant models are 
either based on steady-state climate chamber observations (e.g. ISO Standard 7730: 2005) or field study 
observations from mainly commercial buildings (i.e. adaptive models in ASHRAE Standard 55: 2013 or 
EN Standard 15251: 2007). The appropriateness of these models for application in residential contexts is 
yet to be extensively tested, particularly within Australia. There is, however, a general consensus that an 
adaptive model of thermal comfort is likely to be the most suitable as it has a greater capacity to reflect 
the wide range of strategies use by people within their own homes to modify the thermal environment. 

Traditionally, field studies in residential buildings have been difficult to conduct due to privacy of the 
householders, expense and power consumption of monitoring equipment, and the influence of socio-
cultural and economic factors on occupants’ thermal behaviour, preferences and expectations. Recently, 
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advances in monitoring equipment have made longitudinal thermal comfort studies more feasible (e.g. 
Cândido et al, 2016; Daniel et al, 2015b). Combined with growing interest in residential thermal 
environments, this has contributed to a gradual increase in residential field studies both locally and 
internationally (Kim et al, 2016). 

This paper explores the adaptive behaviours of two cohorts of occupants living in atypical or ‘low 
energy’ dwellings; 20 in a north-east suburb of Melbourne, Victoria, and 20 in Darwin, the Northern 
Territory. The results are presented in a similar format to other recent Australian residential field 
surveys (i.e. Kim et al, 2016 & Saman et al, 2013). The aim of this paper is to begin to establish a 
dialogue between Australian, and indeed international, researchers to form an evidence base from 
which a model for thermal comfort specific to Australian residential buildings can be developed. It is 
expected that such a standard could be used in mandatory building performance assessment, e.g. 
currently expressed as the Nationwide House Energy Rating Scheme (NatHERS) using the AccuRate 
simulation software.  

2. Methods 
A longitudinal thermal comfort field study was conducted in 40 households for a period of about 12 
months in 2013 to 2014. Twenty households were located in Nillumbik Shire, a north-eastern suburb of 
Melbourne, Victoria, and 20 households were located in or close to Darwin, the Northern Territory. The 
Melbourne households all incorporated earth wall construction, while the Darwin households were 
operated as partially or solely naturally ventilated. These households have previously been established 
‘low energy’ forms of housing (e.g. Daniel et al, 2015a). The comfort study was part of a larger 
investigation of the thermal expectations, behaviours and preferences of the occupants. Within the 
broader research project, the methodological approach of ‘extreme case analysis’ was used in order to 
investigate the extent of thermal performance related behaviour, preferences and expectations within 
Australian residential buildings.  

Occupants of the case study houses (>18 years old) were asked to complete a paper based comfort 
vote survey on a daily basis. Three widely used subjective measures of thermal comfort were included; 
thermal sensation (7-point scale), thermal preference vote (3-point scale) and thermal comfort vote (6-
point scale). Householders were also asked to report their clothing insulation, activity level, and their 
operation of windows, fans and heating and/or cooling appliances. Prior to the survey, an interview was 
conducted with all available members in the household that sought to gather detailed information on 
various aspects of their operation of the dwelling (e.g. heating and cooling practices). 

Indoor environmental conditions were measured using HOBO U12-013 data loggers that recorded 
temperature, relative humidity and globe temperature measurements at 30 minute intervals. Two were 
located in each dwelling: one in the main living area and one in either the main bedroom or a secondary 
living area. External meteorological measurements were recorded every 30 minutes in proximity to the 
Melbourne households using a HOBO U30 weather station, whilst meteorological measurements for 
Darwin were obtained from the Bureau of Meteorology (BOM) climate data service for the Darwin 
Airport weather station (Station number 014015). In general, the data collection met the requirements 
of a Class II field survey (ASHRAE Standard 55: 2013). The internal and external environmental data were 
matched to the corresponding thermal comfort vote surveys and analysed using Microsoft Excel and 
IBM SPSS Statistics 23. 
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3. Results & Discussion 

3.1. Household characteristics 

Nineteen of the 20 Melbourne households participated in the semi-structured interview. The single 
house that did not was located on the same property as another case study dwelling where responses to 
the interview broadly reflected conditions within the other dwelling. All of the Darwin households 
participated in the interview. 

The average occupancy rate for the Melbourne cohort was 2.3 persons per dwelling (SD 0.8); while 
for the Darwin cohort it was higher at 2.9 persons per dwelling (SD 1.4). The Melbourne households 
were mostly older couples and the Darwin households largely made up of families with young children. 
The average age of the Melbourne dwellings was 32.1 years old (SD 15.4), ranging from eight to 64 years 
old. Ten of the Darwin houses were pre-cyclone Tracey (1974), while the average age of the other 
Darwin dwellings was 20.3 years old (SD 12.1), ranging from three to 38 years old. All of the Melbourne 
participants owned their dwellings. Two of the Darwin households were renting their homes, while the 
remainder were owned by the participants. The majority of households had lived in their current home 
for at least three years. For both cohorts the most common setting was suburban with close neighbours, 
although in many cases the block sizes allowed for significant vegetation surrounding the house. All of 
the Melbourne dwellings were separate houses, although three had multiple dwellings on the same 
property that shared electricity/gas and water meters. Eighteen of the 20 Darwin houses were separate 
houses; one was a unit and one a townhouse. The majority of the Melbourne houses were single storey, 
while the majority of the Darwin houses were two storey or ‘high-set’ elevated houses. All of the 
Melbourne houses incorporated some form of earth wall construction; either using traditional puddled 
mud bricks or pressed earth blocks. Many also incorporated recycled timber as structural elements 
within the building (e.g. wharf pylons, railway timbers). Almost all of the Melbourne houses had 
concrete slab-on-ground or masonry floor construction. All of the single story houses in Darwin, except 
one, incorporated heavyweight construction (i.e. brick or blockwork walls). The two story or high-set 
houses were predominantly lightweight construction (i.e. stud walls with steel or timber cladding, with 
some use of heavyweight materials in the construction of the ground floor walls. Floors of the single 
story houses were predominantly concrete-slab-on ground, while upper floors often incorporated some 
form of timber construction. 

3.2. Interaction and perspectives of local climate 

During the interviews, householders were asked about their perception of the local climate at different 
times of the day and year (i.e. summer and winter/wet, dry and build-up seasons, and daytime and 
nighttime). Melbourne’s climate can be broadly classified as a cool temperate with four typical seasons, 
whilst Darwin has a hot humid climate with distinct dry and wet seasons, and a ‘build-up’ period in 
between that is characterised by high temperatures and humidity with little to no rainfall. Overall, both 
cohorts responded positively, the Melbourne cohort giving an average rating of 5.8 (SD 1.6) on a 7-point 
Likert scale (where 1= “Dislike very much” and 7= “Like very much”) and the Darwin cohort giving an 
average rating of 6.4 (SD 1.3). Whilst their responses were largely positive, some of the Melbourne 
households did express concern about the increasing likelihood of hot weather and bushfires (note that 
the interviews were conducted in March 2013 just after Melbourne had experienced a record breaking 
10-day heatwave). The Darwin cohort were also largely positive, however most reported some 
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discomfort during the build-up. Figure 1 shows the mean monthly minimum and maximum 
temperatures for the two locations during the monitoring period.  

Throughout the interviews it became apparent that the occupants from both cohorts, but 
particularly the Darwin households, desired a ‘thermal connection’ with the outdoor environment. In 
fact, 14 of the 20 interviews with Darwin households were conducted outside, clearly demonstrating the 
occupants’ preference and acceptance of the local climate. The following excerpt from a Darwin 
participant gives some insight into these attitudes: 

90% of the time the tropical design and tropical living provides a pleasant and comfortable 
way to enjoy the climate. If the house was not 'tropical' i.e. built to 'southern energy 
efficient standards' i.e. close everything up and crank up the AC- not only would it be very 
expensive and energy inefficient but it would also be impossible to get any enjoyment 
from the tropical climate. (Darwin participant, 2014) 

The way in which this interaction effects the households’ operation of their dwellings is explored in the 
following sections. 

 

Figure 1: Outdoor minimum/maximum temperature (monthly average) of Melbourne and Darwin during 
the monitoring period (data from Australian Bureau of Meteorology) 

 

3.3. Reported adaptive behaviours  

This section reports on the cohorts’ heating and cooling practices as discussed during the interviews. 

3.3.1 Melbourne cohort’s response to hot & cold conditions 

The Melbourne cohort’s response to cold conditions within their homes was primarily to change clothes 
(15) or to turn a heating appliance on (14). Of the responses to “Other”, two either consumed warm 
beverages or food, or used their oven for cooking to warm the kitchen, one used a blanket and one 
suggested that they simply acclimatise to the cool conditions (results not shown due to small number of 
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variables i.e. adaptive strategies). The entire Melbourne cohort had some kind of space heating in their 
homes. Gas space heaters (10), slow combustion stoves (10), reverse cycle (7) and open fires (6) were 
most common, while responses to “Other” include three oil heaters, one hydronic in floor system and 
one wall furnace heater. Heating was primarily used in the living areas in the afternoons and evenings 
until bedtime. On average, the households estimated that they use their heaters for 136 days of the 
year (SD 60.5) and were generally satisfied with the performance of their heating appliances. 

When discussing cooling strategies many of the participants repeatedly commented that air-
conditioning was only needed when conditions in the house became uncomfortable after prolonged 
periods of hot weather. Instead, occupants reported that opening windows for ventilation and changing 
clothes were the primary behavioural means for adapting to warm conditions (see Figure 2). Again, one 
occupant commented that their response to hot conditions was simply ‘acceptance’. Thirteen of the 
Melbourne households had either portable fans or ceiling fans for cooling, while 11 had some kind of 
cooling appliance. Of those that did not have cooling, only two households perceived a future need to 
install an air-conditioner, citing the increasing likelihood of heatwaves. Air-conditioning was primarily 
installed in the living areas and in the main bedroom, and used in the afternoons and evenings until 
bedtime. The average estimation of days per year that air-conditioning was used was 12.9 cooling days 
per annum (SD 9.7), ranging from just 1 to 30. All of the households with air-conditioning were satisfied 
with its performance.  
 

 

Figure 2: Common responses to hot conditions within the Melbourne households 
 

3.3.2 Darwin cohort’s response to hot conditions 

The occupants of the Darwin households had many different ways to deal with hot conditions (see 
Figure 3), including taking a swim (13) and turning on the fans (12). The number of households who 
nominated “Turning on A/C” (4) was relatively small. The responses to “Other” include; resting in the 
coolest part of the house (5), wetting clothes or skin (3), leaving the house during hottest conditions (2), 
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staying hydrated (2), accepting the hot conditions (1), and modifying behaviour so they do not become 
too hot (1). During the interviews, one of the occupants claimed that, in Darwin, it is necessary to have 
either an air-conditioning or a swimming pool. Nine of the houses had swimming pools, which were 
frequently used to lower body temperature during the hottest parts of the day or before bedtime. 
Almost all (16) of the households reported that opening their windows and doors allowed for sufficient 
natural ventilation.  

All of the Darwin households had either portable fans or ceiling fans within their homes. 
Additionally, 15 also had some kind of air-conditioning appliance. None of the households without air-
conditioning perceived a need to install one; instead some of the occupants cited alternative methods to 
cool down, with one also stating that their house was not designed for air-conditioning. 

Air-conditioning was mostly used in the bedroom(s) in the afternoons and evenings when conditions 
where uncomfortable, particularly during the build-up season, however, generally the households 
reported infrequent use. Some households went further and sought to clarify their operation of air 
conditioning by specifying a time limit or time frame (6), usage in certain seasons (5), or specific social 
circumstances e.g. visitors (3), displaying a general reticence towards the operation of air-conditioning. 
The average estimation of days per year that air-conditioning was used was 81.1 cooling days per 
annum (SD 88.9), ranging from 2 to 240. All of the households were satisfied with the performance of 
their air-conditioning appliances. 
 

 

Figure 3: Common responses to hot conditions within the Darwin households 
 
The behaviours of both the Melbourne and Darwin cohorts in response to warm or hot conditions 
(Figure 2 and Figure 3) share similarities with those reported by occupants in Adelaide and Sydney 
houses (see Figures 3.6 & 3.7 in Saman et al, 2013). Many of the strategies are the same (e.g. open 
windows, change clothes, turn on fans), though the order in which they are prioritised are quite 
different. This comparison is important because it demonstrates that occupants across various different 
housing types and climates in Australia are all using adaptive strategies in some manner to modify their 
thermal environment.  
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3.4. Observed adaptive behaviours  

The following section demonstrates the Melbourne and Darwin cohorts’ use of adaptive strategies 
through the analysis of the thermal comfort vote survey data (relevant variable response rates 
summarised in Table 1). Figure 4 demonstrates the range of temperatures experienced within the 
Melbourne and Darwin homes during the monitoring period. The results presented in this paper report 
on the behavioural aspects of the thermal comfort vote survey. Note that the analyses below are 
confined to air temperature, for work concerning the effect of other environmental parameters please 
refer to Daniel et al, 2015a; 2015b; 2016.  

Table 1: Behavioural variables response frequencies for both cohorts  

Variable Categories N Melbourne cohort  N Darwin cohort 
Clothing insulation (clo) Very light (0.04) 0 568 

Light (0.35) 355 1676 
Medium (0.72) 1007 253 
Heavy (1.0) 868 33 
Very heavy (1.2) 1557 0 
Missing 2 4 

Window & door operation 
(win) 

Open 843 2473 
Closed 2934 61 
Missing 12 0 

Fan operation (fan) On  191 1262 
Off 3579 1272 
Missing 19 0 

Heating and/or cooling 
appliance operation (app) 

On 1174 19 
Off 2601 2503 
Missing 14 12 

 

 

Figure 4: Distribution of indoor air temperature logged at the time of thermal comfort vote responses  
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3.4.1. Clothing 

The clothing response options were modified for the Melbourne and Darwin cohorts to reflect the type 
of clothing worn in the two locations; the survey given to the Melbourne households depicted light (0.35 
clo), medium (0.72 clo), heavy (1.0 clo) and very heavy (1.2 clo) ensembles, while the survey given to the 
Darwin households depicted very light (0.04 clo) light (0.35 clo), medium (0.72 clo) and heavy (1.0 clo) 
ensembles. The Melbourne cohort nominated the very heavy ensemble as the most reflective of their 
dress in 41% of their votes, while the Darwin cohort most regularly nominated the light clothing 
ensemble as representative of their dress (66%), (see Table 1). Figure 5 shows the relationship between 
the clothing worn by the occupants at the time of voting and the indoor temperature (binned in 1K 
degree intervals).  
 

 

Figure 5: Clothing insulation worn by subjects at the time that votes were cast plotted against indoor 
temperature. Error bars represent 95% confidence intervals.  

 

3.4.2. Window, fan, and heating and/or cooling appliance use 

Based on the thermal comfort vote survey data, heating was the primary form of adaptive control used 
by the Melbourne households in cooler weather (see Table 1), while windows and doors were used for 
ventilation for 22% of the time in warm conditions. Fan use was minimal, reported in only 6% of the 
Melbourne cohort’s surveys. In the Darwin households, windows and doors were open almost all of the 
time (98%). Fans were used for 50% of time, while air-conditioning was very seldom used (1%). 

Logistic regression analysis was performed to determine the effect of outdoor air temperature 
(independent variable) on the operation of windows, fans, and heating and/or cooling appliances 
(dependent variables). The logistic regression models were statistically significant (p= <0.005) in all cases 
except for the Darwin window operation variable (p= 0.671). This is likely because the Darwin dwellings 
were almost continuously naturally ventilated. Based on the results of the logistic analyses, the 
probability of the use of windows, fans and heating can be estimated as follows (see also Figure 6): 
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P (melb_win open) = 100/(1+EXP-(0.103T-2.888)) (1) 
P (melb_fan on) = 100/(1+EXP-(0.079T-4.241)) (2) 
P (melb_app heating on) = 100/(1+EXP(-0.222T+2.153)) (3) 
P (darw_fan on) = 100/(1+EXP-(0.232T-6.523)) (4) 

where T = outdoor air temperature 

Note that the variable for appliance use in the Melbourne cases was disaggregated into assumed 
‘heating’ and ‘cooling’ instances. No further analysis was completed for the ‘cooling’ instances due to 
small sample size (n= 26). The function for the probability of cooling appliance use in Darwin produced 
negligible results due to limited use of air-conditioning so is not shown in Figure 6. 

 

 

Figure 6: The predicted percentage of adaptive strategies in use as a function of outdoor air 
temperature 

 
Figure 5 and Figure 6 deliberately replicate analyses in (Kim et al, 2016), who presented results from a 
recent residential field study in Sydney and Wollongong. The climate of Sydney can be broadly described 
as sitting somewhere between that of Melbourne and Darwin: a moderately humid, warm temperate 
climate. Comparison between the two studies reflects this. For example, the reported clothing worn by 
the Melbourne cohort generally indicated a higher clothing insulation level than that of Kim et al’s 
Sydney study cohort, and that reported by the Darwin cohort a lower level of clothing insulation. Fan 
use by the Melbourne cohort is slightly less than that of the Sydney cohort, while in Darwin, fan use is 
significantly higher – this is likely due to greater humidity in Darwin (not reflected in these analyses). 
Window operation by the Melbourne cohort is much more gradual with increasing outdoor 
temperature, probably due to the high thermal mass of the specific houses studied. Finally, heater usage 
decreased in the Melbourne houses at lower temperatures than the Sydney houses – this may reflect 
acclimatisation of the Melbourne cohort to cooler temperatures (as noted in Daniel et al, 2015).  
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5. Conclusions 
The results presented in this paper demonstrate the need to develop an adaptive model specific to 
Australian residential buildings. In the context of building performance assessment, the trends in the 
adaptive strategies used by the two cohorts could be incorporated into the simulation models for the 
designs of new dwellings of similar constructions for more accurate predictions (i.e. into 
NatHERS/AccuRate window and fan use routines). Importantly, the comparisons with other recent 
thermal comfort field studies show the variation in thermoregulatory behaviours between different 
occupants and climates. Any modification of existing user assumptions within AccuRate should have 
some capacity to reflect these variations.  

It is important to note that, in Australia at least, the scope of thermal comfort fieldwork is often 
confined to very specific examples of housing from which more pointed understandings can be drawn. 
However, this specificity means that it is not often appropriate to generalise these results to other forms 
of construction or other climates. Therefore, it would be of great relevance to survey more ‘typical’ 
housing across a range of climates. More broadly, continued research within this area and development 
of a thermal comfort standard for Australian residential buildings will enable designers and architects to 
better respond to the thermal behaviour, preferences and expectations of the future occupants.  
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