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Abstract: Older people are often over-represented in morbidity and mortality statistics associated
with hot and cold weather, despite remaining mostly indoors. The study “Improving thermal
environment of housing for older Australians” focused on assessing the relationships between the
indoor environment, building characteristics, thermal comfort and perceived health/wellbeing of
older South Australians over a study period that included the warmest summer on record. Our
findings showed that indoor temperatures in some of the houses reached above 35 ◦C. With concerns
about energy costs, occupants often use adaptive behaviours to achieve thermal comfort instead
of using cooling (or heating), although feeling less satisfied with the thermal environment and
perceiving health/wellbeing to worsen at above 28 ◦C (and below 15 ◦C). Symptoms experienced
during hot weather included tiredness, shortness of breath, sleeplessness and dizziness, with coughs
and colds, painful joints, shortness of breath and influenza experienced during cold weather. To
express the influence of temperature and humidity on perceived health/wellbeing, a Temperature
Humidity Health Index (THHI) was developed for this cohort. A health/wellbeing perception of
“very good” is achieved between an 18.4 ◦C and 24.3 ◦C indoor operative temperature and a 55%
relative humidity. The evidence from this research is used to inform guidelines about maintaining
home environments to be conducive to the health/wellbeing of older people.

Keywords: health and wellbeing; older people; housing; thermal comfort; indoor temperature; Australia

1. Introduction

As noted by Dahlgren and Whitehead in their model of the key determinants of
health [1], human health is affected by many factors, including environmental conditions
and housing. Living conditions play important roles in physical and mental health and
wellbeing, as can the indoor temperature of our houses [2]. The causes of illness, injury and
death in cold and hot weather extremes are numerous, and often relate to the inability of the
body to adequately maintain thermal homeostasis, leading to adverse effects on health [3].
Older people are generally over-represented in morbidity and mortality statistics during
hot and cold spells, particularly as chronic medical conditions associated with aging can
often increase vulnerability [3,4]. Additionally, potentially disabling ailments that may not
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necessarily require visits to health practitioners can be triggered or exacerbated by tempera-
ture anomalies. These can include headaches, shortness of breath, anxiety and dehydration
associated with high temperatures and heatwaves [5–7], while arthritis, influenza, pneumo-
nia, coronary events and asthma have been linked to cold conditions [6,8–10]. However, ill
health due to environmental temperature exposure is largely preventable [11] if exposure
can be mitigated. With a changing climate and the likelihood that the adverse impacts of
extreme events on a population’s health will likely increase [12,13], it is important that this
complex social determinant of health be investigated from a multi-disciplinary perspective.

An abundance of epidemiological studies has shown that morbidity and mortality
increase in populations when temperatures are extreme (often defined as a percentile of the
temperature), with varying thresholds [14–17]. A limitation of these climatologically based
studies is that, often, they include some misclassification bias, as ambient temperature
metrics sourced from central meteorological stations are used as surrogates for personal
temperature exposure [18]. Consequently, little is known about the temperature–health
associations at the individual level or in indoor thermal environments.

While our homes should offer comfort and protection from aspects of the climate that
can cause harm, thermal comfort often comes at a cost. With ever-increasing energy costs,
householders may be frugal in the use of electricity and gas for heating and cooling, and
this can be detrimental to health as shown in studies of fuel poverty and health [19,20]. This
is particularly the case for older people who often use learned behaviours to adapt and may
avoid using heaters and coolers even in extreme conditions [5,21]. A randomized control
trial involving older people being provided with heat-health information and tips showed
a 63% reduction in self-reported heat stress during summer in the intervention group
compared with the control group [22]. Notwithstanding, modified behaviours cannot
always guarantee health protection in thermally challenging environments.

Older people spend the majority of time indoors, particularly when temperatures
are extreme [23–26], yet relatively little is known about thermal comfort and health in
the living environment of older people [27]. To address this issue, a novel collaborative
study “Improving thermal environment of housing for older Australians” funded by
the Australian Research Council was undertaken, involving researchers in public health,
geriatric medicine and architecture, to explore relationships between indoor temperature,
thermal comfort, adaptive behaviours and perceived health in older people. While aspects
of the three-part study focusing on the thermal behaviours and ‘thermal personalities’ of
the study participants have been previously reported [6,28,29], here, we expand the scope
and explore the findings through a public health lens.

The aim of this study is to determine links between the indoor thermal environment
of housing and self-reported health and wellbeing in older people in metropolitan and
regional areas of South Australia. At the nexus of public health and thermal comfort science,
this mixed-methods study adds new information to the body of knowledge about housing
and the temperature-related health of older people.

The paper is structured such that we firstly briefly recapitulate the relevant methods
and results from the initial research to provide a contextual basis for the present study. We
discuss the implications for public health in a changing climate, focusing on the determi-
nants of health and housing options that provide a healthy, comfortable environment for
occupants, while keeping heating and cooling costs affordable. Finally, we suggest research
options needed to move the narrative further.

2. Materials and Methods

This study was based in the Australian state of South Australia (SA), with a population
of approximately 1.77 million as in June 2020, 19.1% of which were individuals aged 65 years
or over, making the state’s population the second oldest in the nation [30]. Three regions
in the state were chosen as study sites. These were: the Greater Adelaide metropolitan
area, the state’s capital and surrounding suburban areas; the Iron Triangle (comprising
the cities of Whyalla, Port Augusta and Port Pirie—roughly 300 km north of Adelaide)
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and the Fleurieu Peninsula (incorporating parts of the Adelaide Hills and the city of
Victor Harbor and Encounter Bay—84 km south of Adelaide). Details of the climate zones
appear elsewhere [6,29], but, in short, the Iron Triangle has a semi-arid climate, Adelaide
metropolitan has a warm temperate climate, and the Fleurieu Peninsula and Adelaide
Hills has a slightly cooler, mild temperate climate. These climate zones are defined by the
Köppen–Geiger climate classification system as BSk (semi-arid), Csa (warm temperate) and
Csb (mild temperate), and by the Australian Building Codes Board as climate zones 4, 5
and 6, respectively [31,32]. The study population comprised older people aged 65 years or
over living independently in these regions.

The project proceeded in sequential stages of the initial research as shown in Figure 1.
A survey questionnaire was administered by telephone, focus groups were held and de-
tailed real-time environmental monitoring of homes, occupants’ thermal comfort and self-
reported health and wellbeing was recorded. The analysis of data enabled the formulation
of theoretical thermal personas of participants (also named “thermal personalities”). The
evidence generated from this research, together with building performance computer simu-
lations, were used to inform targeted thermal design guidelines for new and/or retrofitting
of current, residential housing for the growing ageing population in an era of environmen-
tal change. The initial research and the present study focusing on the effects of the thermal
environment on health and wellbeing are described in Sections 2.1 and 2.2, respectively.
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2.1. Initial Research
2.1.1. Telephone Survey

In May 2018, a Computer-Assisted Telephone Interviewing (CATI) method was used to
survey people aged 65 years or over who lived in their own home in the three study regions.
Households were randomly selected from a public listing of telephone numbers. The
number of respondents selected in each region was based on the proportion of older people
to the total adult population in that region. The minimum sample size was calculated to be
246, with a confidence level of 95% and a standard error of 5% and assuming (given the
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homogeneity of the sample) that approximately 80% would answer in a certain way [29].
While a larger sample size would have been preferred, we believe the findings are robust
and were not largely influenced by the quantity of the survey.

A section of the survey included questions about respondents’ general health and qual-
ity of life (with questions adopted from the EQ-5D-5L questionnaire [33]) and perceptions of
the impact of weather on their health and wellbeing. Statistical analysis involving descrip-
tive statistics, cross tabulations, Chi-square tests, correlation analyses and multi-variate
regression was conducted using SPSS Version 25 [34]. The level of statistical significance
was set at p < 0.05 [29].

2.1.2. Focus Groups

Semi-structured focus groups were held with participants in all three regions recruited
through various means. Participants’ views about issues, including age and thermal
perception, adaptive behaviours, effects on health and wellbeing, housing and health
and energy costs, were garnered. With consent, proceedings were audio-recorded and
transcribed verbatim. Using standard qualitative analytical techniques involving data
coding [35], transcripts were analysed to identify major themes with the aid of NVivo
software v12 (QSR International Pty Ltd., Doncaster, Victoria, Australia). More details can
be found in work by Van Hoof et al. [6].

2.1.3. Home Monitoring and Occupant Surveys

To investigate the actual thermal environment of the housing and its relationships with
the occupant’s health/wellbeing, house monitoring and occupant surveys were conducted
over a nine-month period incorporating summer and winter seasons. The participants were
recruited from the previous stages of the study [28,36], while a few others were recruited
through a passive snowballing method.

Before the monitoring took place, a questionnaire and short interview were conducted
with participants to ascertain details of their demographics, dwelling, financial situation,
and health status. For some participants who agreed, a body composition assessment
was conducted using a Tanita Inner Scan RD-953 scale [37,38] to enable the calculation of
percentage body fat, muscle mass, bone mass and basal metabolic rate [39].

Indoor environmental data loggers (containing sensors for air temperature, globe
temperature, relative humidity and air movement), specifically designed and built by the
research team for the project, were installed in the main living room of the dwellings. As
reported in detail in [40], the data logger consisted of a CCS811 sensor to measure air tem-
perature and relative humidity (RH), a Maxim DS18B20 temperature sensor mounted in a
matt-black 38 mm table tennis ball to measure globe temperature [41] and a Modern Device
Wind Sensor RevC mounted on the logger box to measure the air speed. The temperature
and humidity sensors were tested against a calibrated HOBO®® MX1102 logger, while
the wind sensor/anemometer was tested against a TSI 8475 Air Speed omnidirectional
probe to develop a calibration curve voltage versus air speed (m/s). At the completion of
monitoring, all sensors were again tested and compared with the HOBO®® MX1102 along
with an Assmann Aspirated Psychrometer measuring dry and wet bulb temperature (from
which RH was calculated), in a controlled environment during a period of 24 h.

Dry bulb temperature, globe temperature and air speed measurements complied with
ISO 7726:1998 Class C instrumentation standard. The mean radiant temperature and op-
erative temperature were calculated at each recording interval in accordance with Annex
B and Annex G, respectively, of this Standard. Possible discrepancies in the estimation of
the mean radiant temperature were checked against a method suggested by d’Ambrosio
Alfano et al. [42]. The potential errors in the estimation of the mean radiant temperature
showed an average of 0.23 K over all votes (n = 10,813). The corresponding average differ-
ence in the estimated operative temperature was 0.17 K. These differences, however, would
not invalidate any of the calculations derived from the application of the ISO 7726 methods.
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Prior to deployment, all the loggers were placed together in a laboratory room similar
to a domestic environment and all sensors were checked for consistency at 30 min recording
intervals over a 24 h period. For measurements in houses, the logger, with its integrated
sensors, was placed on a table or sideboard at approximately 800–1000 mm above the floor
away from any radiation source (e.g., windows) and near where the participant would
normally answer the survey. Measurements recorded at 30 min intervals were sent to a
web-based server via the 3G network [40]. In bedrooms the air and globe temperatures
as well as relative humidity were measured and recorded using data loggers (i.e., Hobo
U12-013 with TMC6-HD temperature probe mounted in a matt-black 38 mm table tennis
ball). This logger was placed next to the bed in the main bedroom, also away from any
heat source.

A specially designed tablet-based integrated data acquisition system was designed to
allow participants to respond regularly to a point-in-time survey regarding, for example,
their clothing, activity, heating or cooling appliance operation, perceptions of the indoor
environment and self-reported health and wellbeing status. For this purpose, an electronic
tablet with a 7” touch screen (Nextion by Itead) was used. Each tablet was secured in a
sturdy custom-made laser-cut acrylic enclosure with a strong handle to allow the participant
to carry it to different rooms (living room or bedroom). The tablet communicated with the
data logger while the internal 3G cellular modem transmitted the indoor environmental
data and survey responses to an external FTP website once a day. Data from the Hobo
loggers, however, had to be downloaded manually every 3 months, and all the data,
including the Bureau of Meteorology weather data, were compiled and consolidated into
files for analysis. For further details, see [40].

Thermal sensation votes were recorded using the American Society of Heating, Refrig-
erating and Air-Conditioning Engineers (ASHRAE) 7-point scale of thermal sensation [43],
with answers to the question “How do you feel right now” ranging from hot (+3), warm (+2),
slightly warm (+1) and neutral (0) to slightly cool (−1), cool (−2) and cold (−3). Thermal
comfort questions asked how comfortable participants felt with options ranging from very
comfortable to very uncomfortable, while thermal preference was measured on a 3-point
scale with answers to the question “Would you prefer to be . . . ?” being warmer, no change
or cooler [40].

Using SPSS Version 25 [34] and a level of statistical significance set at p < 0.05, stepwise
linear regression was used to regress occupants’ thermal sensation votes against personal
parameters. Pearson correlation was undertaken to assess the relationship between outdoor
and indoor temperatures when a unique exponential expression was fitted to the data.

2.1.4. Thermal Personalities and Building Performance Simulations

To aid in the development of guidelines, the concept of personas (i.e., fictitious yet
specific representations of participant features [44]) was used to develop a set of ‘thermal
personalities’ and building performance simulations were used to inform thermal efficiency
measures. While we briefly outline the methods for contextual purposes, the details and
findings of these studies were previously reported elsewhere and do not form part of the
current analysis.

Thermal personalities (personas) were developed using the quantitative and qualita-
tive data from previous stages of the study (see Sections 2.1.1–2.1.3). An agglomerative
hierarchical cluster analysis was conducted by grouping the data into clusters, with intra-
cluster members having similarities in personal factors, including age, sex, health status,
income, housing and thermal behaviours (see Bennetts et al. [28]).

The design and construction of sample houses representing different types of dwellings
occupied by study participants were analysed using building performance simulations.
A number of design changes or alterations and their possible impacts on indoor thermal
comfort and energy use were predicted using thermal performance computer simulations
(see Arakawa Martins et al. [45]).
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2.2. Effects of the Thermal Environment on Health and Wellbeing

In the present study, relevant qualitative and quantitative data collected previously
(as described in Section 2.1) were selectively extracted to investigate whether temperature
variations in the home affect the health of older occupants. Of particular interest were par-
ticipants’ responses to questions about their adaptive behaviours, thermal comfort, thermal
sensations and perceived health and wellbeing (which was not specifically defined). Home
occupants were asked questions such as “How would you describe your health and wellbeing at
the moment”, “Do the conditions in this room influence your health and wellbeing?” and “In this
room, are windows and doors: all opened, some opened/closed, all closed??”, with responses pro-
vided via the purpose-built tablet (see Section 2.1.3). There were also questions regarding
current activity and clothing levels, with responses ranging from very relaxed to active,
and very light to very heavy, respectively. The point-in-time nature of the survey allowed
us to determine room temperatures and ambient temperatures corresponding to the time
when participants provided survey responses. Data analysis included descriptive statistics,
Pearson correlations and regression analysis using methods described above.

3. Results

In total, 303 independently living older people aged 61–98 years participated in the
different stages of this research. Table 1 shows the number that took part in the three stages
of the project. Some participants took part in more than one stage, with 250 responding to
the survey, 49 taking part in focus groups and 71 involved in the home monitoring study.
In each study and climate zone, the number of female participants exceeded the number
of males.

Table 1. Number and sex of participants in each stage of the study in the three regions.

Study
Iron Triangle
Bsk (Zone 4)

Adelaide
Csa (Zone 5)

Fleurieu
Csb (Zone 6) Total

Males Females Males Females Males Females

Survey 15 25 35 55 48 72 250
Focus groups 0 7 5 22 3 12 49

Home monitoring 2 3 10 23 11 22 71
TOTAL 17 35 50 100 62 106 370 1

1 As some participants took part in more than one stage of the study, the number of individual participants
totalled 303.

3.1. Telephone Survey

The findings from the telephone survey showed that 75% of respondents considered
themselves to be healthy, giving a rating of 70 or more out of 100, with 0 being the worst
and 100 being the best health imagined, and 74% had good mobility. The majority (83%)
reported no doctor or physician-diagnosed illnesses related to cold or hot weather. The re-
mainder reported respiratory conditions diagnosed during cold weather or heart conditions
diagnosed during hot weather.

In cold weather, 36% reported experiencing symptoms, the most frequent being coughs
and colds (44%), painful joints (33%), shortness of breath (19%) and influenza (14%). In hot
weather, 18% reported symptoms, including fatigue or tiredness (56%), shortness of breath
(22%), sleeplessness (17%) and dizziness (17%). Nausea, vomiting, falls and headaches
were also reported. The self-rating health scale of respondents was found to have a strong
association with health symptoms occurring in hot weather (p < 0.005).

Two-thirds of the survey respondents’ dwellings were more than 20 years old and
had no wall insulation, whereas newer housing was better insulated. Of the respondents
who were diagnosed with winter illnesses such as asthma, bronchitis, pneumonia, and
heart conditions, more lived in houses without wall insulation than in insulated houses
(ratio 1.4:1). More than 70% of respondents had concerns about the running costs of heating
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and cooling, with pensioners in particular being “extremely concerned”. Further details
from the study were reported by Soebarto et al.’ [29].

3.2. Focus Groups

The analysis of qualitative data derived from the focus groups provided information
regarding how participants dealt with their domestic thermal environment [6]. One of the
common themes that emerged in these discussions was characterised as ‘personal factors’
incorporating subthemes of age, sex, health and wellbeing and the financial situation.
Participants considered that their thermal perceptions had changed with age and that some
health conditions were exacerbated in cold or hot conditions. In agreement with the survey
findings, participants related cold weather to experiencing aches and pains, chest problems
and aggravation of arthritis symptoms. They too were concerned about the costs associated
with using heaters and coolers to achieve thermal comfort.

Another theme identified was ‘doing’, relating to adaptive behaviours and home
adaptation. Some participants had installed solar panels to reduce energy costs, whereas
examples of passive alternatives included using blankets and rugs or increasing activity to
keep warm in cold weather. In very hot weather, some used ceiling fans, kept blinds closed
or chose to go to an air-conditioned venue instead of using home cooling [6].

3.3. Home Monitoring and Occupant Surveys

The monitoring period of January to October 2019 comprised most of summer, through
autumn (fall), winter and two months of spring. The houses monitored were mostly
constructed with external walls of cavity brick or brick veneer and roofs of corrugated steel
sheeting or concrete tiles. Older houses generally had suspended timber floors and the
newer houses concrete slab-on-ground construction. All dwellings had heaters and all but
two had air-conditioners in at least one room and, as is the norm in Australia, very few had
central heating and cooling systems. Most were poorly insulated and about half lacked
external shading.

Results presented below highlight the links between the indoor thermal environ-
ment and self-reported health and wellbeing of the occupants. General results from the
monitoring and occupant survey were reported elsewhere [34,40].

3.3.1. Analysis of Outdoor and Indoor Temperatures and Use of Heating/Cooling

As well as recording indoor temperatures as described above, hourly outdoor temper-
atures were sourced from the Bureau of Meteorology (BOM) stations identified as being
nearest to the monitored houses [46]. In each climate zone, this involved data from a
number of stations.

Table 2 shows the extreme outdoor BOM temperatures recorded during the monitor-
ing period. Note, however, that due to the time taken to arrange the installation of the
monitoring equipment and the extensive travel involved to the study sites, a number of
homes were not monitored when the extreme January temperatures occurred. For example,
prior to the logger deployment during the summer period, maximum temperatures were
recorded in the Iron Triangle (Bsk or Zone 4) of 48.5 ◦C, 47.7 ◦C in Adelaide (Csa or Zone 5)
and 46 ◦C on the Fleurieu Peninsula (Csb or Zone 6).

As shown in Table 2, comfort votes were not usually recorded at the times the extremes
of the outdoor temperatures occurred. This was particularly the case during the winter
period. Nevertheless, the range of outdoor and indoor conditions covered during voting
provided a good basis from which to draw general conclusions, with some extremes
included in the data. For example, the maximum indoor operative temperature when
occupants responded to the survey was 38.1 ◦C recorded in an Adelaide home with the
outdoor temperature at the time being 46.8 ◦C.
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Table 2. Descriptive statistics for maximum (max) and minimum (min) temperatures (◦C) during the
period homes were monitored and when occupants responded to the survey, showing the amount of
time cooling and heating were used by occupants.

Metric and Time
Iron Triangle Adelaide Fleurieu

Bsk (Zone 4) Csa (Zone 5) Csb (Zone 6)

Throughout monitoring period:
Outdoor 1

Max daily temperature (◦C) 41.1 47.4 40.5
Min daily temperature (◦C) −0.6 −1.7 0.0
Indoor 2

Ave max operative temperature (◦C) 32.7 31.9 32.7
Ave min operative temperature (◦C) 12.8 12.0 11.0
Mean SD operative temperature (◦C) 3.25 3.27 3.11
At the time votes were recorded 3

Max indoor (outdoor) hourly temp. (◦C) 28.9 (40) 38.1 (46.8) 33.4 (40.5)
Min indoor (outdoor) hourly temp. (◦C) 12.6 (4.2) 11.8 (2.4) 6.8 (4.8)
Ave indoor (outdoor) RH (%) 52 (54) 56 (57) 57 (63)
AC usage (% of time) 8.7 8.3 9.7
Heating usage (% of time) 22.4 19.8 15.8

1 Sourced from the Bureau of Meteorology monitoring stations closest to the study sites during year 2019;
2 from hourly measurements during entire monitoring period; 3 from measurements at time vote was recorded.
SD = standard deviation; RH = relative humidity.

The lowest indoor operative temperature of 6.8 ◦C was recorded at the time of a vote
in a home on the Fleurieu Peninsula when the outdoor temperature was only 4.8 ◦C. The
analysis showed that there was a prevalence of indoor temperatures normally considered
not to be conducive to good health. In each of the three climate zones, measurements in
the monitored homes showed significant portions of time when the recorded dry bulb
temperature was equal to or below 15 ◦C—4.7%, 11.4% and 9.7% of the time for living
rooms, and 12.5%, 15.0% and 16.2% of the time for bedrooms in the Iron Triangle (Bsk),
Adelaide (Csa) and Fleurieu (Csb), respectively. At the time of voting, 73% of all measured
air speeds (n = 10,813) were less than 0.2 m/s due to natural convection and 93% were less
than 1.0 m/s.

Figure 2 shows indoor operative temperatures plotted with coincident outdoor tem-
peratures. Overall, there was a significant positive correlation between the indoor opera-
tive temperature and outdoor temperatures measured at hourly intervals in each location.
If occupants had sufficient means to adjust to their environment, for example, by al-
tering clothing or using heating and cooling, then the indoor temperature should have
reflected acceptable conditions in terms of thermal sensation and, presumably, their health
and wellbeing.

The relationships between the external dry bulb temperature (Tdb) and the internal
living room operative temperature (Top) in each climate zone are shown in Figure 2. In
each case, the data were also expressed as an exponential sigmoidal function. This form
of general association provided a better description of the participants’ actual behaviours,
provided more information and, generally, gave a higher correlation coefficient compared
with the usual linear description of such relationships. The exponential fit shown in Figure 2
was of the form:

Top = A + B ∗ (1 − exp(−K ∗ Tdb
n)) (1)

The constants (A, B, K, n) in this formula varied with location and were derived using
the Excel Solver routine that minimized the square of the residuals between the monitored
temperature data and the model. The values are shown in Table 3.



Atmosphere 2022, 13, 96 9 of 22Atmosphere 2022, 13, 96 9 of 22 
 

 

(a) 

 
(b) 

 
(c) 

 
Figure 2. Cont.



Atmosphere 2022, 13, 96 10 of 22Atmosphere 2022, 13, 96 10 of 22 
 

 

(d) 

 

Figure 2. External dry bulb temperature and corresponding internal operative living room temper-
ature of homes in climate zones (a) Iron Triangle—Bsk (Zone 4); (b) Adelaide—Csa (Zone 5); (c) 
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Table 3. Best fit constants for Equation (1).

Location (Climate Zone) A B K n

Iron Triangle (Bsk, Zone 4) 17.409 12.339 0.00421 1.60
Adelaide (Csa, Zone 5) 15.621 11.181 0.00044 2.48
Fleurieu (Csb, Zone 6) 15.470 12.394 0.00199 1.98

All 3 climate zones 15.844 11.665 0.000813 2.28

The A value in Equation (1) gave the asymptote of the mean minimum temperature
of houses during the monitoring period and the value B gave the mean range or span of
temperatures experienced in the houses. The sum A + B gave the asymptote of the mean
indoor temperatures in the houses at high outdoor temperatures. These values in the three
climate zones Bsk, Csa and Csb or zones 4, 5 and 6 were 29.7, 26.8 and 27.7 ◦C, respectively
and for the three climate zones combined, 27.5 ◦C. Additionally, note that estimates of the
average indoor maximum (TopMax) and minimum (TopMin) operative temperatures, as
shown in Table 2, could be obtained by the rule of thumb, Equation (2), with the parameter
1.33 derived so that the square of the error was minimized over each climate zone:

TopMax = A + B + 1.33 ∗ SDTop and TopMin = A − 1.33 ∗ SDTop (2)

where SDTop was the mean standard deviation of the indoor operative temperatures as
shown in Table 2 (note that other exponential growth curves may also have given acceptable
fits to the data and, therefore, similar results). Our calculations using the weighted average
of A (low) and A + B (high) in Equation (2) showed that, on average, the houses operated
in the range from 15.7 ◦C to 27.5 ◦C. A comparison of the results obtained in this project
with proposed adaptive comfort models was presented elsewhere [46]. For example, the
older participants of this study, in general, preferred lower temperatures compared with
the ASHRAE 55 Standard neutral temperature, but slightly higher compared to the general
population in the temperate regions of Australia. As seen in the telephone survey and
focus group discussions, preferred temperatures were influenced by many factors, which
included the cost of heating and cooling or health condition. Disaggregating the total cohort,
for example, by sex without considering the multitude of other influences was, therefore,
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problematic. That being stated, females expressed a preference for cooler conditions at lower
prevailing external temperatures, while males preferred cooler conditions in hotter weather.

Evidence of personal adaptive behaviours could clearly be seen in Figure 2. The
plateauing of indoor temperatures when outdoor temperatures exceeded approximately
28 ◦C could be explained by the increased use of air conditioning as external temperatures
increased. When external temperatures were 28 ◦C or above at the time of recording
responses in Adelaide (Csa or Zone 5), 39% of participants reported using air conditioners,
while in the Iron Triangle (Bsk or Zone 4) and Fleurieu (Csb or Zone 6), this figure was
36% and 26%, respectively. When the external temperature rose to 38 ◦C or above, 63%
of all households reported using the air conditioner in the living room. At the lower end,
the plateauing of indoor temperatures indicating heater usage was also apparent. When
the external temperature fell to 15 ◦C or below at the time of recording responses in Csa
(Zone 5), 38% of participants reported using a heater, while in Bsk and Csb (Zones 4 and 6),
this figure was 40% and 27%, respectively. Overall, however, when voting in their living
room across the three regions, participants reported to be using heating more frequently
(17.8% of the time) than air conditioning (9.1% of the time), as summarised in Table 2. These
figures were indicative of the fact that, in each of the climate zones included in this study,
within a year, there were significantly more hours when indoor temperatures were below
15 ◦C than above 28 ◦C.

Interestingly, participants in the cooler climate zone (Fleurieu, Csb or Zone 6) reported
the lowest use of heating. A further analysis showed that there was a much higher percent-
age of older people in Fleurieu feeling very concerned and extremely concerned about the
cost of heating (33%) compared to those expressing such concerns in the other two zones
(0% in the Iron Triangle (Bsk or Zone 4) and 12% in the greater metropolitan Adelaide (Csa
or Zone 5)). This difference in “concerned about cost of heating” between the three areas was
found to be statistically significant (p < 0.05) and may explain the lower use of heating and,
therefore, temperatures in houses in Fleurieu. On the other hand, the Iron Triangle area
showed the highest portion of time when either heating or cooling was being used. An
analysis of questionnaire data showed that no participant from this region was concerned
about the cost of heating and cooling, and this may also relate to a higher percentage of
participants (or their spouses) in this region with poorer health conditions, requiring them
to use the heating or cooling whenever they needed.

3.3.2. Health and Wellbeing

At the initial interview before home monitoring began, almost 70% of the participants
perceived their health as being “good” (rating a score between 76 and 100, on a scale
from 0 to 100). In the Iron Triangle, 60% of participants scored their health between 0 and
50, compared with 6% in the greater metropolitan Adelaide, and 3% in Fleurieu. This
difference between areas was also found to be statistically significant (p < 0.05), although
the small sample size in the Iron Triangle should dictate a cautious interpretation of this
finding. When voting via the provided tablet, participants were asked to describe their
current health and wellbeing. Responses showed that on 61% of occasions, the participants
indicated that their health was “very good” or “good”.

Figure 3 summarises 10,813 responses during the monitoring to the question “Do
the conditions in this room influence your health and wellbeing?”. Approximately two-thirds
of responses reported “definitely yes” or “probably yes”, with a negative influence of
temperature on health and wellbeing at room temperatures below about 15 ◦C and above
about 28 ◦C. This range corresponded approximately to the ‘satisfactory range’ or the range
of temperatures at which participants expressed thermal satisfaction, i.e., “very satisfied,
“satisfied”, “partially satisfied”, “dissatisfied” and “very dissatisfied” to the question “How
satisfied are you with the temperature in this room?”. Overall, respondents were “satisfied”
with the temperature in the room on 78% of occasions.
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Figure 3. Responses to the question: “Do the conditions in this room influence your health and
wellbeing?” versus binned internal operative temperature (n = 10,813).

Figure 4 shows responses to the question “How would you describe your health and
wellbeing at the moment”, with answers being on a scale of 1–5 (1 = very good, 2 = good,
3 = reasonable, 4 = poor and 5 = very poor). The relationship was significant (R = 0.456,
p = 0.001) and the shape of the temperature and health/wellbeing plot indicated that re-
spondents felt their health worsened as temperatures dipped below 15 ◦C, and particularly
when it was higher than 28 ◦C.
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An analysis of the responses showed a strong correlation between the thermal sen-
sation and self-rated health (p = 0.000), with having “very good” health and wellbeing
occurring mostly when the thermal environment was perceived to be comfortable. The
diseases or symptoms found to affect thermal sensation included asthma and other respi-
ratory illnesses, renal diseases, dehydration, high blood pressure and allergies (p < 0.01),
whereas having heart disease did not affect thermal sensation (p > 0.05). There was no
evidence that in this cohort of older people, their weight, body fat percentage, muscle
mass, bone mass or basal metabolic rate explained thermal sensation (p > 0.05). How-
ever, sex and age were statistically significant predictors of thermal sensation (p < 0.01),
with the preferred temperature of males overall being slightly higher than that of females,
i.e., 24.2 ◦C and 22.8 ◦C, respectively, and participants aged above 85 years more often
reporting thermal preferences of “wanting to be warmer” or “wanting to be cooler” than
those in the youngest age group of 65–69 years. There was a significant difference between
the self-rated health and wellbeing of males and females (p < 0.01), with males reporting
poorer health/wellbeing states than females.
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In summer, there were fewer responses indicating perceptions of good indoor air
quality and good self-reported health and wellbeing than in winter. This difference in the
perception of air quality and health between the two seasons was found to be statistically
significant (p < 0.05 and p < 0.01, respectively). The analysis of thermal sensation votes
showed that, despite participants feeling that both the indoor air quality and their health
and wellbeing were better during winter months, they felt poorer health in a cool compared
to warm environment. Furthermore, those participants reporting poor health or frailty did
so more frequently when they felt cold (p < 0.01).

Finally, the thermal satisfaction and perception of wellbeing was significant at the
level p < 0.01 with measured indoor absolute humidity (g/kg). As shown in Figure 5, the
perception of poorer health/wellbeing increased at both low and high moisture levels.
However, while relative humidity (RH) was inversely associated with temperature (data
not shown), thermal satisfaction reduced at both very high and very low temperatures
(Figure 3), i.e., in dry air with a low moisture content, and humid air with a high moisture
content, respectively.
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moment?” versus binned absolute indoor humidity—living rooms and bedrooms (n = 10,813).

3.3.3. Temperature Humidity Health Index

Based on the analysis of the data shown in Figures 4 and 5 above, we developed an
index to express the combined influence of temperature and humidity on perceived health
and wellbeing, applicable to the participants of this project. The Temperature Humidity
Health Index (THHI), as shown in Equation (3), was based on a multiple regression of
health/wellbeing responses, with the monitored data of indoor operative temperature (Top)
and humidity (expressed in terms of the wet-bulb temperature (Twb)). The calculation
of Top was according to ISO 7726 and, therefore, included the mean radiant temperature
and air speed. The relationship between THHI and health responses, binned by Top
to form an ordinal variable, was described by a quadratic function that minimized the
residuals between the responses and the model. This index showed a significant correlation
(R2 = 0.238, p < 0.01) with the health/wellbeing responses.

THHI = 0.45Top + 0.33Twb + 45.2 (3)

THHI was expressed in the range from 45 to 75, centred at 60. Between a THHI of 55
and 65, the majority of participants described their health and wellbeing to be very good
or good. This correlated with the indoor operative temperature range of approximately
15.1 ◦C to 27.5 ◦C as shown in Figure 3, and the average operative temperature range of
participants’ houses (i.e., 15.7 ◦C to 27.5 ◦C) as calculated from Equation (2). By contrast, at
a THHI below 54 or above 67, the self-assessed health and wellbeing would likely be poor
to very poor.
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3.3.4. Occupant Behaviours

As seen above, adaptive behaviours were used by the occupants to maintain thermal
comfort. One such behaviour was opening and closing windows and doors. Figure 6 shows
the responses to the survey question “In this room, are windows and doors: all opened, some
opened/closed, all closed?” plotted against the external temperature at the time binned at
0.5K intervals. The data showed that most windows/doors were closed if the external
temperature was too cool (below 16.6 ◦C) or too hot (above 32.8 ◦C).
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Clothing levels were an important alternative to the use of cooling or heating, with
participants adjusting their clothing level in response to the internal operative temperature
of their house (Figure 7). This was particularly evident during periods of hot weather
when the majority indicated wearing “light” clothing, followed by “moderate” and “very
light” clothing, whereas during winter, the majority wore “moderate” clothing, with fewer
wearing “heavy” clothing. Furthermore, participants’ activity levels reduced as the internal
operative temperature of the dwelling increased (Figure 8), a factor also highlighted in the
focus groups.
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Figure 7. Clothing level, as reported by the participants, vs. indoor operative temperature.
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4. Discussion

Sustainability, energy efficiency and healthy ageing communities are growing areas
of concern as the world faces a changing climate and an ageing population. These issues
have been identified by the United Nations, which has deemed “Sustainable Cities and
Communities” to be one of its 17 Sustainable Development Goals [47]. This study helped to
address these goals by using a collaborative approach to investigate influences of thermal
conditions on the health of older people.

4.1. Thermal Environment, Behaviour and Health

Specifically, in this study, we aimed to investigate if the thermal environment of
housing affected the self-reported health and wellbeing of older people in three climate
zones of South Australia over a period that included record-high temperatures. The
analysis of extracted health-related data from previous stages of the research suggested a
non-negligible effect of high and low indoor temperatures on the health of older occupants.
Notably, there was a strong correlation between the thermal sensation and self-rated
health, with the highest ratings for health and wellbeing occurring in conditions that
provided optimal thermal comfort and satisfaction. By contrast, health and wellbeing were
perceived to worsen when indoor temperatures were below 15 ◦C or above 28 ◦C. Indeed,
the non-linear relationships seen between self-reported health and the internal operative
temperature (Figures 3 and 4) were somewhat similar to the U- or J- shaped relationships
between the ambient temperature and mortality reported in epidemiological studies in
populations across the globe [14,48].

4.1.1. Cold Indoor Conditions

Despite Australia being renowned for having a hot climate, our findings showed that,
in each of the three climate zones, there was a prevalence of indoor temperatures below
those conventionally considered as comfortable. Nevertheless, respondents were satisfied
with the temperature in their homes on 78% of occasions, indicating a considerable level of
thermal resilience and behavioural adaptation amongst the cohort. The rest of the time,
houses were more often cooler than warmer. In particular, there were considerable periods
of time when temperatures in rooms (particularly bedrooms) were below 15 ◦C (and below
10 ◦C on several occasions). This could be detrimental to health as the WHO Housing and
Health Guidelines recommend indoor minimum temperatures of 18 ◦C for older people
during winter [49], but could be higher for the more vulnerable or unacclimatised.
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Due to comorbidities, older people are particularly vulnerable to adverse health effects
in cold housing [50]. Surprisingly, in South Australia, death rates for hypothermia are com-
parable to those of Sweden, where, unlike Australia, most deaths occur outdoors [51,52].
Inadequate housing construction, poor or absent home insulation and heating, the ab-
sence of weather-stripping and lack of window double glazing have been recognized as
contributing factors [53,54].

Knowledge about and the ability to efficiently operate the house and undertake
adaptive behaviours in response to changes in temperature are indeed important. We
found that respondents used clothing as the main defence mechanism toward temperature
changes, which may explain their resilience towards the relatively cold homes. Similarly,
a study of thermal comfort requirements and adaptive behaviours of older people in
Taiwan also showed that the predominant thermal adaptation strategy in the winter was a
clothing adjustment [55]. Concerns over operating costs seemed to have also influenced the
decision to use heating more sparingly, particularly among the respondents from Fleurieu,
while personal habits of not leaving the heater running all night also resulted in indoor
temperatures that were lower than the recommended minimum temperatures.

While studies reporting the explicit health impacts of humidity alone were not com-
mon [56], Han et al. [57] reported that, during cold seasons in Hong Kong, a low indoor
absolute humidity in the homes of older adults was associated with a higher risk of acute
respiratory illnesses. The findings in our study indicated that a higher relative humidity
(RH) was associated with lower temperatures, but, counterintuitively, a perception of better
health and wellbeing. This finding may be misleading because a changing air temperature
can change the relative humidity, even when the absolute humidity remains constant. We,
therefore, adopted absolute humidity as a better measure. Figures 4 and 5 taken together
indicate the trend of the temperature, humidity and health/wellbeing, showing that there
were limits in both measures beyond which respondents felt their health worsened. Our
newly developed Temperature Humidity Health Index (THHI) expressed, for this cohort,
the combined influence of temperature and humidity on perceived health and wellbeing as
discussed below.

4.1.2. Hot Indoor Conditions

Often, those in poor health are most at risk in hot weather, as shown by a previous
Australian study, which showed that older people in fair or poor health had twice the
odds of reporting health symptoms during heatwaves, compared to those with excellent,
very good or good health [5]. Our findings indicated that, in hot weather, the participants
appeared to be adept at employing adaptive strategies such as reducing clothing levels
and activity. This resonated with our previous work, showing the high uptake of similar
adaptive behaviours of older Australians in the heat, partly due to many years of experience
with hot summers [5,7]. Air-conditioning was used sparingly by the study participants [46],
but was used at high temperatures to cool the indoor environment as indicated in Figure 2.

A recent report suggested that housing could be a contributing factor to adverse
health effects in hot weather with residents of Adelaide houses built in the late 20th cen-
tury (1961–2011) and contemporary housing (2002–2017) having higher risks of mortality
during heatwaves [58]. The maximum indoor temperature recorded in our participants’
homes was 38.1 ◦C. A study by Williams et al. identifying threshold temperatures for
heat-related morbidity and mortality in those aged ≥65 years in Adelaide, showed that
mortality increased when outdoor maximum and minimum temperatures exceed 30 ◦C and
16 ◦C, respectively, whereas for ambulance callouts, the thresholds were 28 ◦C and 18 ◦C,
respectively [59]. ASHRAE’s Thermal Environmental Conditions for Human Occupancy
Standard-55 [41] classifies an indoor summer thermal comfort range as being 23–28 ◦C,
which lies within the (outdoor) temperature thresholds for health as mentioned above.
On hot days, temperatures outside of this range could easily be exceeded in poorly insu-
lated and free-running homes, as shown in our study, and at these high indoor operative
temperatures, some participants described their health as being poorest (Figure 4).
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4.2. Optimal Temperatures for Human Health and Thermal Comfort

While housing should be a modifier of exposure to external climate [26], data from
the homes in three regions showed that indoor temperatures fluctuated following the
fluctuations of the outdoor temperatures, except when heaters and coolers were used.
With most heat-related [26] and cold-related [51] fatalities occurring indoors, it is, therefore,
important that, for human health, indoor operative temperatures be kept within an ‘optimal’
range and extremes avoided.

Thermal comfort can come at a cost which can be a barrier for occupants. There was
triangulation in our findings from the different stages of the research, in that the majority
of participants were concerned about utility costs involved in operating air conditioners
and heaters. This point was recognized in our previous work [21] and could be a definitive
influencing factor for using passive means of attaining thermal comfort as an alternative
to technological solutions. However, these passive adaptive behaviours may become
more difficult as occupants age and can have limitations in poorly insulated and poorly
shaded homes.

While our findings may indicate that conditions providing optimal thermal satisfaction
are also the healthiest for older South Australians, caution is advised in making this
assumption. Illnesses can occur at any temperature, and extreme thermal environments do
not always adversely affect human health, although the risks may be greater. As shown
in Figure 4, some participants in our study described having good or even very good
health below 15 ◦C and above 28 ◦C indoor temperatures that may be hazardous to some.
Notwithstanding, it is known that older people have a lowered tolerance of temperature
extremes for physiological reasons [3], and a decreased thermal perception and warm
and cold sensitivities [60], meaning they can unknowingly be at risk in temperatures they
perceive to be comfortable. Therefore, for public health purposes, authorities should aim to
determine indoor thermal comfort ranges, supported by epidemiological evidence, which
protect occupants from the harmful health effects of indoor cold or heat (as indicated by
the WHO Housing and Health guidelines) [49].

The calculation of the THHI shown in Equation (3) could be employed to further
determine appropriate limits. A health/wellbeing perception of “good to very good”
occurred within the temperature range of 15.1 to 27.5 ◦C with a relative humidity of 55%.
This temperature range corresponded almost exactly to the mean temperature conditions
recorded in the houses as shown in Figure 2, 15.8 to 27.5 ◦C. At the same relative humidity
value, a health/wellbeing perception of “very good” would be achieved with a narrower
temperature range of 18.4 to 24.3 ◦C. The analysis of the measured temperature data showed
that this optimal range was exceeded on average in houses at least 40% of the time in each
climate zone, suggesting that improving the overall thermal performance of houses would
have perceived, if not actual, heath/wellbeing benefits.

4.3. The Way Forward

The synthesis of our qualitative and quantitative evidence provides a justification for
recommendations that support healthy thermal environments for the ageing population,
whilst recognising that these should be cognisant of individual needs, preferences, financial
constraints and acclimatization to the local climate. However, as noted by the WHO, there
is “no typical older person”, with some in their 80s having an excellent physical fitness
and mental capability, and others that are care-dependent [61]. Indeed, in our broader
research, we found a considerable diversity in circumstances and abilities among the study
participants [6], with thermal preferences and ‘personalities’ varying according to sex, age,
health status and financial concerns [28].

Buildings that involve a clever design combined with smart technology to sense and
regulate temperature fluctuations may become the norm for new homes in the future.
At present, however, in Australia, older people tend to have older homes, for which
retrofitting may not be practical. Relatedly, it is evident from the telephone survey and
the home monitoring study that many of the participants live in dwellings that lack wall
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insulation and shading and appear to (reluctantly) rely on the use of heaters and coolers
to achieve comfortable conditions. However, temperatures outside the comfort range
may exacerbate pre-existing conditions such as asthma, bronchitis, pneumonia and heart
conditions [29].

The combined findings from our mixed-methods research inform customised recom-
mendations and guidelines aimed to achieve both thermal comfort and healthy environ-
ments in the homes of older people [45]. These guidelines provide targeted information
specific to temperature preferences and location-specific suggestions for house design and
retrofitting, such as the need to increase external shading to improve summer comfort or
increase air tightness to improve winter comfort [62].

4.4. Strengths and Limitations

This study had a number of strengths and helped to fill the gaps in knowledge about
the effects of indoor thermal environments on the health of a particularly vulnerable popu-
lation. Firstly, this novel multidisciplinary study used innovative methods to investigate
the link between thermal comfort and self-reported health and wellbeing of older people
in three climate zones. Dissimilar to most temperature–health epidemiological studies,
the house monitoring study lacked misclassification bias, as accurate data on personal
temperature exposure was ascertained in real-time as respondents reported their health
and wellbeing on fit-for-purpose equipment. Additionally, a broad range of temperatures
was reported during the study period. In fact, the 2018–2019 summer in South Australia
was the warmest on record in terms of the mean maximum temperature (3.09 ◦C warmer
than average) with January 2019 being the state’s hottest month on record [63]. Whereas
many studies fail to incorporate the effect of humidity on health, we developed a unique
Temperature Humidity Health Index (THHI) that expresses the combined influence of
the indoors operative temperature and humidity on perceived health and wellbeing for
these participants. We described the method for developing the index but cautioned that it
was derived from the data for this cohort of older people only. The development of any
generalised index for other age groups and climate zones requires broader scale research
involving micro-environmental and health data. Finally, while our study addressed local
issues of housing and health, the findings suggested that they may be generalizable to
many urban and regional areas in similar temperate or semi-arid climates around the world,
particularly if there are also similarities in housing stock for older people.

The limitations of the study are also acknowledged. Although there were over 300 par-
ticipants, the number involved in each study was not large, and broader research in more
climate zones is warranted. Furthermore, given the nature of the study, only self-reported
health effects were used, which lacked the accuracy of records from healthcare providers.
While this study did not have sufficient data to meaningfully distinguish health and wellbe-
ing outcomes between urban and rural areas, others [64] have shown that in South Australia
there was no significant difference in the physical health of urban and rural respondents,
although mental health was better among those in rural areas. Overall, the cohort of
participants in this study mostly enjoyed good health and good mobility, with up to 75% of
the telephone survey respondents and 70% of the home monitoring participants consid-
ering themselves to be quite healthy. While this was representative of older Australians
in general [29,65], the study lacked participants who were particularly at-risk, including
older people with chronic diseases such as dementia [6,66–68]. Other authors have noted
the paucity of research on links between thermal comfort and health overall, and notably in
older people, those living with chronic health conditions and people of a low socioeconomic
status [26]. As potentially 20–30% of the study participants could be at increased risk of
temperature-related illnesses due to poorer physical or mental health, impaired mobility,
low income or living in older, poorly insulated houses [7,69], this highlights significant
gaps in knowledge and opportunities for future research.

The indoor air quality and chemical pollutants such as carbon monoxide, ozone, radon,
volatile organic compounds and particulate matter can have a significant impact on health
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and wellbeing [70], but were not taken into account or controlled for in our analysis. This
important area of environmental health warrants further research to investigate the health
and wellbeing impacts of indoor air quality on older people in Australia.

Additionally, our study participants were English-speaking only. According to a recent
report of factors affecting the risk of mortality during heatwaves in Adelaide, higher relative
risks were found in individuals with a limited English-speaking proficiency and areas with
less vegetation and a greater proportion of renters [58]. Therefore, more collaborative
architecture–public health research in this area needs to be undertaken, involving a greater
diversity (in terms of health, ethnicity, socioeconomic status and housing tenure) in study
populations of older people.

5. Conclusions

Despite limitations as discussed above, our study indicated that the thermal environ-
ment of housing may have implications for the health and wellbeing of older people in
South Australia. Participants generally coped well with thermal changes with no major
effects on their health and wellbeing; however, they believed that ailments were affected
by temperature variations. Self-reported health and wellbeing were good when internal
operative temperatures were perceived to be satisfactory and reportedly declined when
temperatures were too warm or too cold. Participants mostly used adaptive strategies to
cope with thermal variation, using cooling and heating sparingly due to financial concerns.
As a consequence, some of the monitored houses recorded temperatures outside of the
recommended range for optimal health. Using a range of methods, we demonstrated that,
despite providing thermal satisfaction, internal operative temperatures were colder (and
sometimes warmer) than guidelines recommend and, therefore, may have the potential to
adversely affect the health of older occupants.

Building designers need to be mindful that environmental conditions and housing are
part of the key determinants of health [1]. As such, the effects of housing on comfort and
health should be taken into consideration when designing homes for vulnerable popula-
tions. Older people can have several risk factors for temperature-related adverse health
effects, including chronic health conditions, poor mobility and a low income. Prevention is
key and, as such, a collaborative approach is needed for a thermally efficient and healthy
housing design, particularly as climate change ensues.
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