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Abstract

In a progressively ageing society, providing thermally comfortable environments for
the elderly has received attention from academics and practitioners. Thermal comfort
models lay the foundation to promote the health and well-being of occupants of all ages
and to achieve sustainable community goals. Most existing models are developed for
healthy adults with a lack of understanding of thermal comfort specifically for the
elderly which can result in mismatches between the elderly’s thermal requirements and
supply. This literature study aims to comprehensively analyse the existing research on
this topic and identify deficiencies in knowledge. The literature analysis confirms that
the commonly used Predicted Mean Vote and Predicted Percentage Dissatisfied (PMV-
PPD) index and multi-node thermoregulation models contain limitations in their
application for the elderly. The latter models were established based on existing
thermoregulation models for young adults by integrating age-related physiological
changes and thus have improved their predictive accuracy but this requires further
research. The thermal sensation and adaptation measures of the elderly have unique
characteristics. The effects of thermal adaptation are mainly reflected in the clothing
regulating behaviour, physiological skin temperature changes, and the psychological
effects of economic factors. This literature review highlights that there is an urgent need
to develop elderly-based thermal comfort models considering ageing-related factors,

including adaptation approaches. The prospected research direction attempts to fill the



existing gaps and contribute to the body of knowledge about the elderly’s thermal
comfort whilst laying the foundation for indoor environmental design and operation to

support the elderly’s health and well-being.

Highlights

* The PMV index faces challenges in application in indoor environments for
the elderly.

* Multi-node thermoregulation models are inadequately studied and
insufficiently used.

*  The elderly have higher neutral temperatures and wider comfort ranges than
the non-elderly.

* Insights are offered into thermoregulation models and adaptive regression
models.

* Automatic building management systems offer future application

opportunities.
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AC Air-conditioned
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NV Naturally ventilated

PMV-PPD Predicted mean vote and predicted percentage dissatisfied
RB Residential buildings
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TSV Thermal sensation votes
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clo Unit of clothing insulation, 1 clo = 0.155 m?K/W

Ta Air temperature, ‘C

Top Operative temperature, °C

1. Introduction

Worldwide, the ageing population has become an increasing challenge to
economic growth and social care [1,2]. According to the prediction of the United
Nations Department of Economic and Social Affairs, the percentage of the elderly
(more than 60 years old) in the world will reach 18.1%, and 22.0% in 2035, and 2050
respectively [3]. Elderly people spend most of their time indoors daily [4]. Comfortable
indoor environments can greatly influence their health [5], well-being [6-8], and
community sustainability [2], which are key elements of Sustainable Development
Goals [9]. The question remains open whether or not existing dwelling stocks provide
protection against heat and cold for the elderly. Some scholars have responded to the
question with negative answers because of the evidence of the reports of thermal
dissatisfaction [10], indicating challenges in indoor comfort and the health of the elderly
[11]. For example, uncomfortable warmth was discovered due to overheating in
summer [12,13] and high heating temperatures in winter [14], while cold discomfort
was found because of low indoor temperatures [13,15-18]. Moreover, indoor
temperature fluctuations [19] and higher temperature steps between indoors and
outdoors [16,19,20] were reported in winter and associated with the elderly’s thermal
comfort.

Given the unfavourable thermal condition in elderly people’s dwellings, the cause
of the problem was identified to be the mismatch between the elderly’s thermal
requirements and the operation of heating and cooling systems [14]. A key barrier to
solving the thermal discomfort problem of the elderly is a lack of understanding of their

fundamental thermal requirements. To estimate the elderly’s thermal requirements,



thermal comfort models for the elderly have been established in previous studies [21—
27] aimed to develop links between thermal environments and human thermal
responses. However, the research gap is an absence of a comprehensive summary of
the current thermal models and the requirements of the elderly. Such knowledge can
contribute to a further understanding of the application hurdle of the models and provide
insights into future developments.

The overarching aim of this research is to summarise existing literature and
provide research directions in elderly thermal comfort models. To achieve this goal, it
is essential to 1) overview the status quo of the existing models for the elderly and
analyse their thermal responses and characteristics, 2) gather evidence of the
application status of the models for meeting their thermal requirements, and 3) analyse
their limitations in practice and provide future directions.

2. Methods

For the purpose of this review, the elderly population is considered to be people
60 years and above [23,27,28]. To achieve the above-mentioned research aims and
objectives, a systematic literature review [29] was used to identify and screen related
articles. To further classify the model types of this study, a bibliometric analysis
software Citespace [30] was used, which has been a widely used scientometric tool to
analyse the frequency and co-occurrence of the keywords [31][32][33].

The processes of literature search, screening, and analysis are shown in Fig. 1.
Firstly, the systematic review considered literature from the “Web of Science” Core
Collection, Google Scholar, and Scopus databases. The literature search selected a
combination of topics including “elder* OR aged people OR older people OR age
difference” AND “thermal sensation OR thermal percept* OR thermal comfort® OR
therm*regulat*” AND “model”. The 362 eligible records were further restricted to the
English language, and only peer-reviewed research articles and review articles were
chosen to ensure research quality. Based on looking through the journal, title, and
abstract, a list of topics not relating to the research aim was further excluded, including
“outdoor* OR kindergarten OR school OR university OR child* OR infant*”. Secondly,
detailed scanning and screening relevant to thermal comfort models took place by
reading the research titles and abstracts. Duplicates were excluded from the research

list, thus 180 records were selected as eligible. Additionally, dissertations and standards



were also examined to achieve the research goals. The references in the above-

mentioned articles were also consulted to track the origin and sources of information.

- N
Datab-a >¢ Web of Science Google Scholar Scopus
selection L Core Collectioin g b )

l |

~
Topics including “elder* OR aged people OR older people OR
age difference” AND “thermal sensation OR thermal percept* OR

Literature thermal comfort* OR therm*regulat*” AND “model”
search
362 records
Only selected peer-reviewed research articles and review articles
) in English language.
Literature Excluded keywords “outdoor* OR kindergarten OR school OR
Screening university OR child* OR infant*”
[ 180 records excluding duplicates J

Literature -
analysi S Keywords frequency analysis with Citespace software [30]

Fig. 1. The processes for literature search, screening, and analysis.

To further determine the commonly used models for the elderly, keyword
frequency was recognized and analysed using Citespace 6.1.3 version [30]. The
keyword information of the 180 records was input in the software, and “node types” of
“keyword” was selected. The results identified 446 keyword nodes as plotted in Fig. 2.
The size of nodes represents the frequency shown in the research records. Lines
represent connections between keywords, indicating two keywords appear
simultaneously in the same study. The most frequently used keywords were “thermal

% ¢¢ 29 ¢

comfort”, “temperature”, “model”, “elderly people”, and “environment”, which closely
fell within the scope of this research. Moreover, the keywords “thermoregulation”,
“skin temperature” and “performance” indicate a high frequency of thermoregulation
research. “Thermal sensation”, “adaptation”, “behaviour” and “physiological response”
represent another widely used model: the adaptive regression model. Based on the

bibliometric analysis, focusing on the research aim, the study’s main concerns are with



thermoregulation models and adaptive regression models. Accordingly, the structure
and review contents are shown in Fig. 3.
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Fig. 2. Visual analytics of keyword co-occurrence and frequency from the 180 articles.
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Fig. 3. The structure of the review contents.



3. Thermoregulation models of the elderly

Thermoregulation models are mathematical simulations of how the human body
regulates its temperature in response to various environmental factors.
Thermoregulation models are effective tools to model the heat transfer and thermal
balance processes of the human body which can replicate the physiological reactions
and intricate heat transport processes of the human body under diverse thermal ambient
circumstances [34,35]. Since the establishment of the PMV-PPD index (one-node
model) in 1970 [36], Gagge’s two-node model in 1971 [37], and Stolwilk’s multi-
segment multi-node model in 1971 [38], the reviewed development history of
thermoregulation models [34] has shown that the fundamental driver behind the
development of thermoregulation models was the capacity to predict core temperatures
and local/mean skin temperatures in various environmental situations. With this
capacity, the predicted core and skin temperatures were first used in the aerospace
industry for the thermal safety of astronauts [38]. It was then enlarged and developed
in automobile and building environments. The prevailing thermoregulation models for
the elderly mainly comprise PMV-PPD index [36] and multi-node thermoregulation
models [35].

3.1 Performance of PMV-PPD index for the elderly

Fanger’s PMV-PPD index has been a well-known approach that simplifies the
human body as a one-node model [39]. The index determines a range of comfort
temperatures that building occupants will find agreeable by linking human heat
balancing with thermal sensation. It was developed from comparative experiments
conducted by Fanger [36]. The experiments involved 128 healthy elderly individuals
with a mean age of 68 years and 128 college-age young people with a mean age of 23
years. Both groups had an equal distribution of genders. The experiments consisted of
eight different conditions, with four air temperature (Ta) levels (21.1, 23.3, 25.6, and
27.8°C), each paired with two relative humidity levels (30% and 70%). Each condition
lasted for three hours, preceded by a 30-minute pre-test period. Thermal sensation votes
(TSV) were collected six times at 30-minute intervals. By analysing the relationship
between TSV and ambient temperature, it was found that the neutral temperature for
both groups was 25.71°C [36].



The PMV-PPD index has been widely used in existing international and national
standards and the standards’ provisions of PMV ranges for the elderly are shown in
Table 1. Following the results of earlier studies [36,40,41], ASHRAE 55-2020 [42] and
ISO 7730-2005 [43] acknowledged no significant difference concerning neutral
temperature and thermal comfort between the young and the elderly. By comparison,
EN 16798-2019 [44] and CIBSE guide A [45] categorized the elderly with the
narrowest comfort range (—0.2 < PMV < 0.2) considering the elderly’s special needs.
ISO 28803-2012 [46] suggested an acceptable temperature range as 0 < PMV < 0.5
considering the elderly’s lower activity level with a higher neutral temperature, as well

as a lack of vasoconstriction and decreased thermal sensation.

Table 1. PMV-PPD index in thermal comfort standards for the elderly.

Standard Category PMV PPD

ASHRAE 55-2020 [42] Acceptable [-0.5, 0.5] <10

A [-0.2,0.2] <6

ISO 7730-2005 [43] B [-0.5, 0.5] <10

C [-0.7,0.7] <15

EN 16798-2019 [44] | [-0.2,0.2] <6
CIBSE guide A-2019 [45] | [-0.2,0.2] Not given
1SO 28803-2012 [46] Acceptable [0, 0.5] Not given

The theoretical PMV-PPD index is capable of predicting the trends in thermal
sensation. However, in most of the cases comparing actual TSV of the elderly and the
PMV-PPD index [1,4,13,20,47-54], it was shown that the PMV-PPD index was not
sufficiently accurate to be used for older adults. Specifically speaking, some studies
found the slope of the linear regression of TSV was lower than PMV [48,50] and the
prediction accuracy of the PMV index was found to be inconsistent for TSV of older
people on both sides [52]. Studies in winter found that TSV is higher than PMV on the
cold side in urban areas [1,13,50], while the rural elderly had an even stronger tolerance
of lower temperatures than their urban counterparts, as PMV was much lower than the
actual TSV [20]. In comparison, in summer, TSV were insensitive to Ta changes and
lower than the PMV index [49]. As a result, compared to what PMV anticipated, the
elderly have a larger temperature range for comfort [50]. The above finding indicates



that the elderly have distinct ways to perceive and adapt to thermal environments, so

the PMV index faces challenges in evaluating indoor environments for the elderly.

3.2 Multi-node  thermoregulation  models and  age-related
physiological changes

To address the insufficient accuracy of the PMV index, researchers have explored
and developed multi-node thermoregulation models. Multi-node thermoregulation
models for young adults have been comprehensively and thoroughly presented in the
review literature [34,35] and include both passive and active systems [55]. The passive
system, also called the controlled system [34,35], is the simplified physical body that
is controlled by the active system. The passive system is typically divided into several
layers, for instance, bone, muscle, fat, skin, etc. The passive system responds to inner
body heat produced by metabolic processes, and heat is transferred throughout the
physical body by thermal conduction and blood circulation. Then, heat transfers
between the body and the ambient environments through convection, radiation,
evaporation, and respiration. In addition, clothing plays an important role due to its
complex hygrothermal properties [34,55]. The active system, also called the control
system, reflects the neural system’s function. The active system is driven by
temperature signals to keep the internal core temperature and skin temperature of the
body within a specific range and is associated with thermoregulation activities in
multiple body parts via vasoconstriction, vasodilation, sweating, shivering, etc. [56].
By entering ambient environmental parameters (Ta, mean radiant temperature, relative
humidity, and air velocity) and some human-related parameters (metabolic rate and
clothing insulation) into the models, the physiological responses such as core
temperature, local/mean skin temperature, and change rate of skin temperature [34] can
be predicted.

The prevailing human thermoregulation models are the Stolwijk model [38], the
Fiala model [55,57,58], the Tanabe model [59], the Huizenga model [60], etc. The
thermal sensation prediction models established based on these thermoregulation
models are more accurate and applicable over a wider range compared to the PMV-
PPD index [61,62]. However, the prevailing human thermoregulation models are
established from data on young people exposed to various environmental circumstances,

and the parameters used to set passive and active systems typically represent the



average individual [56]. Recent research has revealed that the multi-node
thermoregulation models mentioned above are unable to adequately predict older
people’s skin temperature [63]. Wang et al. [64] also found that both Zhang’s [65] and
Fiala’s [57] models had their deficiencies when directly applied to elderly adults
because the databases for elderly responses to thermal conditions are limited. The
Stolwijk and the Tanabe models were tested by Tang et al. [66] and greater variations
were found in the predicted local skin temperatures for all situations. Also, the models
were more accurate in predicting older adults’ mean skin temperatures under neutral
and high temperatures than under low temperatures [66].

The limited accuracy of the multi-node models in the elderly, as mentioned before,
is a consequence of weakened physical thermoregulation among the elderly. With age,
certain physiological changes are occurring in the human body, impairing functions in
various organs and changing the way it adapts to different thermal conditions [67]. The
following age-related physiological changes have been widely identified as the basis of
multi-node thermoregulation studies for the elderly [28].

Firstly, the metabolic rate is closely related to human age. The metabolic rate of
the elderly was 5%—30% lower than young adults with a sedentary metabolic rate of
40.6-55.1 W/m? [23,68—71]. The slower metabolism is mainly due to the loss of muscle
tissue and neurological changes [72]. Consequently, the elderly respond slower to cold
exposure owing to reduced metabolic heat production.

Secondly, elderly people have decreased core and skin temperatures [71]. The core
temperature correlates with the metabolic rate, so a lower core temperature is associated
with a decrease in the heart rate and cardiac output due to insufficient heat accumulation.
Accordingly, the cardiac output of the elderly varied between a minimum of 3.4% to a
maximum of 40% lower than young adults [23,70]. Also, body fat percentage and body
weight [73] were found to be higher with age, which can increase the thermal insulation
of the human body and decrease skin temperature [74], along with changes in muscle
weight and organ mass, as well as higher fat thickness (especially in the abdomen) [23].

Moreover, sweating and shivering in older people start at higher and lower
temperatures respectively [75,76] compared with young adults. The thresholds for the
onset of vasodilation and sweating varied among the elderly but are delayed from those
of young adults by 0.5°C and 0.21°C, respectively [23]. Older people have decreased

sweat secretion rate [77] and a delayed sweating onset, while in cold environments,



elderly people have less effective peripheral vasoconstriction and delayed shivering
onset [70].

3.3 Multi-node thermoregulation models customized for the elderly

In order to improve the prediction accuracy of the above-mentioned multi-node
thermoregulation models for the elderly, many scholars engaged in reflecting the age-
related physiological changes mentioned above have further developed and customized
the models for the elderly. As a result, inputs of the passive system, including body
configuration, individual parameters, blood circulation system parameters, etc. are

modified, as summarised in Table 2.



Table 2. Modified multi-node thermoregulation models for the elderly.

Number Number Weight Height Age Gender Body Body Metabolic Cardiac Blood Fat Segment Segment Heart Muscle
Model of of total surface fat rate output flow thickness length radius rate thickness
segments nodes area
Novieto [56,73] 15 63 V \% \ \ \ \ \%
JOS-3 [78] 17 83 I | I I F I F F F
Ridaetal. [28] 25 128 V \% > 60 \ \ F \% \%
Itani et al. [23] 25 128 V \% > 60 F \% F F F F
Hirataetal. [79] 51 cubic V V Mean: \Y/
voxels Elderly
of 2 mm (67.8yrs);
Aged (73.9yrs)
Maetal. [70] 17 68 | | | | F F F F F F
Coccarelli et al. F I F F F F F F
[80]
Note:

V: Provided specific values.
F: Provided function.
I: Individualized values, arbitrary.



Novieto and Zhang [56,73] developed the Older Persons Model based on the
model of Fiala [81] to enable a more accurate prediction of older people’s heat and cold
stress. Body configurations, metabolic rate, and cardiac output were modified to fit a
typical elderly person. The coefficients of the control function of the active system have
been modified using a genetic algorithm. The Ta range of experiments used to calculate
the coefficients was between 5°C and 42°C, giving this model a broad application range
and good predictions for the elderly.

Takahashi et al. [78] established a Jointed Circulation System (JOS)-3 considering
ageing effects based on the Stolwijk model [38] and JOS-2 [82]. JOS-3 nominally
modified brown adipose tissue activity, shivering, cardiac and skin blood flow, and
sweating. Specifically speaking, non-shivering brown adipose tissue activity for elderly
aged 60+ reduced to zero due to ageing while shivering thermogenesis reduced to 85%
compared to persons aged in their 20s. Total cardiac outputs for those in their 60s and
70s or older were 75% and 70% of those of young adults (20-40s)with the same body
surface area, respectively. Age effects on vasodilation and sweating for age > 60 years
were given for each segment, representing the decreased thermal responses under warm
conditions. In the conditions of older adults, JOS-3 had a greater mean skin temperature
prediction accuracy than JOS-2.

Rida et al. established a bioheat model for the elderly [28] based on the bioheat
model of Karaki [83]. The model focused on blood flow circulatory changes to predict
skin and core temperatures for different segments of the body, particularly the fingers.
According to sensitivity analysis, the threshold temperatures for the onset of sweating
and vasodilation have been identified as influential parameters and modified in the
active system. Validation of the model used published experimental data spanning a
temperature range of 10°C to 35°C. Itani et al. [23] further modified Rida’s elderly
bioheat model [28] to accurately predict the thermal responses of the elderly in heat-
stressed environments up to 40°C. Their study emphasizes that the presence of arterio-
venous anastomoses (AVA) function is essential for heat-induced vasoconstriction, so
that warm blood cannot easily reach the human core when exposed to high temperatures.

Hirata et al. [79] developed a model to estimate body temperature and sweating
during passive exposure to heat under 40°C in the elderly. The passive system of the
model was based on an existing voxel model, and the control function of sweating was

modified as follows: the decline in sweating in the limbs was accounted for by adding



a multiplier; and the threshold for inducing the sweating response in the elderly was
increased by the deviation of skin temperature from the neutral condition, which
represents the decrease in thermal sensitivity of the skin with age. Although this
model’s passive system was segmented into 51 anatomical regions including the skin,
brain, and heart, it did not account for the potential redistribution of blood flow from
visceral organs to the skin when calculating the variation in the skin’s blood perfusion
rate due to vasodilatation.

Ma et al. [70] modified the passive parameters of the elderly based on Zhou’s
model [84,85] and the later models were established based on the Fiala model [55] to
customize for Chinese young people. Several parameters of the passive system can be
individualized for groups of people with various body characteristics. However,
although the model performed well in prediction ability and the application is promising,
the physiological changes in the active system are pending clearer quantification.

Coccarelli et al. [80] built the model based on their previous thermoregulatory
model [86], considering the changes in vascular elasticity, cardiac contraction, and bone
mineral density in the passive system caused by ageing, as well as the changes in blood
flow and sweating threshold in the control system.

Generally speaking, all the multi-node thermoregulation models for the elderly
were established by modifying only the passive system parameters or both active and
passive system parameters. Age differences in thermoregulation processes were
quantified and higher prediction performances have been achieved compared to the
models for young people. The proposed model can be used in the building design and
operation phases, offering the possibility to predict the thermal stress and cold stress
levels and the associated thermal comfort of the elderly [87].

4. Adaptive regression models of the elderly

The above-mentioned thermoregulation models are usually based on rational heat
balance theory and laboratory studies. In comparison, adaptive regression models, as
another prediction approach, are established in various field studies to find the
relationship between “right-here-right-now” questionnaire surveys and environmental
parameters based on adaptive approaches and linear regression analysis. The
questionnaire surveys usually collect thermal perception questions (TSV, thermal

acceptability, thermal preference, etc.). The measured indoor environmental parameters



mainly include T, relative humidity, globe temperature, operative temperature (Top),
air velocity, etc. Thus, thermal comfort regression models reveal the connection
between the indoor thermal environment and thermal perception. The main purpose of
these studies was to understand the current environmental situation of the elderly and
to elicit preferred/neutral/comfortable temperatures and comfort ranges. In the related
studies, comparative studies were quite common, e.g. comparing age differences in
thermal perception between elderly and young adults [48,51,88-92], urban and rural
area’s elderly’s perceptions [19,20,93], climate types [16,91], etc. Moreover,
influencing factors of thermal comfort were also investigated including behavioural
adaptation and living habits [4,49,52,94], clothing insulation variations [4,19,50,95,96],
etc.

It has been reported that most of the elderly prefer to live independently at home,
however, an increasing number of elderly people live in care homes [51,63,97].
Therefore, residential buildings and care homes have become the main premises where
elderly people live and current field studies are mostly concerned with these premises.
The detailed information and corresponding thermal comfort regression models are

shown in Table 3.



Table 3. Regression models of the elderly in existing studies.

No. of Mode of
. Building samples operatio Thermal . Neutral Comfortable
Reference Location type and age Season n preference Regression model temperature temperature range (:C)
range (yr)
: : _ _ . 80% acceptability:
Chongging, CH 119, 60-100 Prefer cooling by TSV =0.13T,—3.2 Ta=24.6C .
[49] China Summer NV NV than AC Tou <32.5°C
RB 333,60-94 TSV=010T,-2.3 T.=23.0°C
_ Summer TSV =0.128 Ty, — 3.249 Top=254°C T712<8-25—\2/9<9%:C
[13] Shan_ghal, CH 672, 70-95+ NV Neut.ral thermal op ~0- :
China ] environments . _1<TSV<1:
Winter TSV =0.079 T, — 1.310 Top=16.6C Top 12.5-13.6°C
- Close to neutral _ _ _ . -0.2<TSV<0.2:
Winter thermal sensation TSV =0.076 T, — 1.273 Top =16.8°C To 14.1-19.4°C
Shanghai, 1040, 70— Close to neutral _ _ _ . -02<TSV<0.2:
[24] China RB 05+ Summer NV thermal sensation TSV =0.124 To, — 3.145 Top =25.4°C Ty 23.8-27.0°C
Mid- Neutral-warm _ _ _ . -0.2<TSV<0.2:
season environment TSV'=0.036 Top ~ 0.940 Top=26.1°C Top range of 20.6-31.7°C
0.8°C higher than
Summer people aged 20— TSV =0.112 To, — 2.813 Top=25.1°C
60
44°Cand6.1°C
Shanghai, lower than two -05<TSV<05:
[25] China CH 1040, 70+ \yjinter NV groups aged 20- TSV = 0.078 Top — 1.306 Top=16.7°C Top 10.4-30.0°C
60 and 21 on
average
Mid- Not given TSV = 0.041 Ty, — 1.008 Top=24.6°C
season
Rural 87,65.5 “Chinese re1er igner
Qigihar (mean) £ 7.2 Kang”, _ B _ . 90% acceptability:
(northeast RB (standard radiator, temperatures than TSV =0.056 T, - 0.79 T.=17.32°C T,8.3926.25°C
China) deviation) . firewall middle-aged
[16] Winter people (40-49)
Rural 113,68.1
Shanghai (mean) £ 6.8 AC or no Similar to _ B _ . 90% acceptability:
(southeast RB (standard heating Shanghai CH TSV=0075Ta = 127 Ta=1691°C T.10.24-23.6°C
China) deviation)
0 ilitv:
Xi‘an Most prefer no 80? aicg%tz;tgglty.
, g - B _ . op .
[92] China CH 834, 60-96 Summer NV change or cooler TSV =0.135 Top, — 3.250 Top=24.1°C 90% acceptability:

than the present

Top <28.3°C




[98]

[99]

[53]

[88] [4]

[50]

[100]

Inner
Mongolia
province,

China

Hong Kong,
China

Hong Kong,
China

Taiwan,
China

Korea

Seoul,
Korea

Mutual
aid CH

CH

CH

RB

CH

CH

216, 60-93

181, 65-85+

213, 65-85+
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4.1 Neutral temperature and thermal preference

According to the information in Table 3, the thermal comfort regression models
for the elderly were plotted in Fig. 4. Because seasonality was a factor in thermal
perception, and the neutral temperatures (the intersections of regression models and the
horizontal line with TSV equal to 0) of the elderly in summer are different from those
in winter, the regression models were classified based on the season. The building types
are grouped into residential buildings (RB) and care homes (CH), and the operation
mode is also presented with air-conditioned (AC), radiative heated (RH), and naturally

ventilated (NV).
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Fig. 4. Regression models of the elderly in the present studies.

Neutral temperature is an important measure of thermal comfort, and numerous
studies have investigated the issue in field studies under sedentary states and freely
adjustable garments. From Fig. 4(a) and (b) it can be seen that in most elderly cases
(solid lines), the neutral temperatures in summer are in the range of 24.0-25.6°C
irrespective of building type and operating system (NV or AC cooling), which are
higher than the non-elderly (dotted lines) under the same thermal environments. Only
Tartarini et al. [89] and Wu et al. [49] found a lower neutral temperature of about 23°C
in the elderly. However, in winter the neutral temperatures in different studies are more
diverse than in summer. For the naturally ventilated or decentralized buildings, the
elderly have lower neutral temperatures with a range of 16.6-20.5°C, while for the other
heated buildings, the neutral temperatures of the elderly were higher at 21.6-23.2°C. In



most of the research, the elderly’s neutral temperatures are higher than those of the non-
elderly, whose reported age is typically less than 60.

In regard to indoor temperature on the horizontal axis, some research measured Ta
[16,49] while others used Top. Top indicates the combined effects of heat radiation and
heat convection. The calculation of Top considers parameters including air temperature
and mean radiant temperature [102], which can comprehensively evaluate thermal
environments and reflect actual human thermal requirements. Thus, using the parameter
Ta may neglect the radiative effect when subjects are near to windows or in radiatively
heated rooms with “Chinese Kang” (heating the bed using the energy from coal or
firewood) [103], radiator, and firewall [16].

In light of the details in Table 3, it can be seen that elderly people prefer neutral-
warm indoor environments in all seasons. To be more specific, in summer, a preference
for thermoneutral environments was found for the elderly in Shanghai, China [13,24],
while the elderly in Hong Kong, China [99] and Korea [50] preferred warmer
environments than neutral. In winter, a higher temperature than neutral was widely
preferred by people with winter heating in Hong Kong, China [99], Inner Mongolia
Province, China [98], Crete, Greece [76], and Korea [50], while a preference for
thermoneutral environments was found for the elderly in Shanghai, China without
winter heating [13,24]. In mid-season, neutral-warm environments in free-running
buildings were preferred by the elderly in Shanghai, China [24] and Korea [50]. Thus,
a neutral or warmer than neutral thermal sensation is preferred by the elderly all year
through.

In addition to favouring neutral-warm surroundings, older people also preferred
warmer environments to their younger counterparts (typically aged < 60). In summer,
most of the elderly prefer higher temperatures than young adults with a range of 0.7—
2.4°C [25,48,51,53,89,90]. In mid-season when rooms were naturally ventilated, the
elderly were also found to prefer higher temperatures with a range of 0.9—4.0°C than
college-aged young local people in Xi’an, China, [92] and Spain [90,91]. However, the
age differences in thermal preferences in winter were related to the heating method.
Compared with young adults, the elderly prefer higher indoor temperatures in Spain
[90] and rural homes in northeast China [16], where heating systems were installed and
frequently used. However, Shanghai elders adapted to low indoor temperatures without
heating systems through higher clothing insulation and lower thermal expectations, as

a result, they preferred lower temperatures than two local young groups by 4.4°C and



6.1°C, respectively [25]. The higher temperature preferences of the elderly were due to
their lower levels of activity and lower metabolic rate [99] with less human body
thermal dissipation.

The results obtained above are further compared with comfortable temperature
ranges in existing standards. There are several standards regulating indoor Ta for the
elderly. The Chinese code for indoor heating design temperatures for the aged [104]
states that the rooms for long-term use should be kept to 20°C. Especially, for the AC
environment design [104], the thermal requirements of T, relative humidity, and air
velocity are shown in Table 4. Based on Chinese culture and living habits, elderly
people were assumed to prefer a higher temperature in both summer and winter
compared to the occupants of general civil buildings (see Table 5) [105]. As a result,
elderly people required an approximately 2°C higher set point than the non-elderly,

which is consistent with the results above.

Table 4. Indoor design parameters of air conditioning in long-term stay areas for the elderly
(60+ years old) [104].

Type T.(CO) Relative humidity (%) Air velocity (m/s)
Heating 22-24 N/A <0.2
Cooling 2628 <70 <0.25

Table 5. Indoor design parameters of air conditioning in long-term stay areas in general civil
buildings.

Thermal comfort . Relative humidity  Air velocity
Type Jevel L(C) (%) (m/s)
Heating | 22-24 >30 <0.2
1I 18-22 N/A <0.2
Cooling I 24-26 40-60 <0.25
I 26-28 <70 <03

The British guide (CIBSE Guide A) [45] states that for the living environments,
the winter indoor temperature should be 22-23°C with 1.0 clo (unit of clothing
insulation, 1 clo = 0.155 m?K/W) with heating. The summer indoor temperature should
be 23-25°C (0.6 clo) with cooling, which is lower than the Chinese stipulation of 26—
28°C. This may be because of the higher clothing insulation of British people, and that
the climate of the UK is cooler than China in summer. EN 16798-1 [44] provides default
design values for the elderly as category I with a sedentary activity of about 1.2 met.
The minimum Top for winter heating (1.0 clo) and maximum Top for summer cooling

(0.5 clo) are 21.0 and 25.5°C, respectively. It can be seen that all the recommended



temperatures fall in the range of thermal neutrality, or around 2°C higher than the
thermal neutral temperature. As a result, although the temperature ranges seem overly
straightforward in the standards, the provisions remain instructive and valuable for the
corresponding elderly people.

4.2 Thermal sensitivity and thermal comfort range

Thermal sensitivity has been used in field studies to describe the elderly’s thermal
sensation changes under thermal environmental variations [13,14,49], i.e. the slopes of
the regression equations in Fig. 4. The higher the regression slope, the higher the
thermal sensitivity, which means a higher change in TSV within the same temperature
range. Fig. 4 shows that in summer, the slopes of the regression lines of the elderly were
generally lower than those of young adults, which means the elderly were less thermally
sensitive. The thermal sensitivities of the elderly were similar in care homes and varied
in residential buildings in summer. That might be because the environmental conditions
of the care homes and the health condition of the elderly in different care homes were
similar. These two factors could vary significantly in residential buildings. All the
regression coefficients for the elderly in mainland China were similar and much less
thermally sensitive in winter than the studies in Hong Kong, China, which might be
caused by the different climates and living styles. The elderly in Hong Kong [99] have
high thermal sensitivity, the same as or even higher than that of young adults. The
reason might be the warm climate in winter in Hong Kong with outdoor air
temperatures higher than 16°C, meanwhile, the indoor temperatures are mostly higher
than 20°C, and only when the indoor temperature is lower than 20 °C, do the staff turn
on mechanical heating. The indoor temperatures were kept in the narrow range of 20—
23°C, making the adaptation ability of the local elderly lower.

In most cases, the elderly have lower thermal sensitivity than young adults
[13,14,16]. As a result, it must be colder/warmer temperatures than other age groups
before they report feeling cold/hot [14]. It has been reported that older adults have
reduced warmth sensitivity in cold seasons [106] and reduced cold sensitivity in hot
seasons [69,76]. Furthermore, elderly people were found to be even less sensitive to
cold environments than to warm environments [4,13], because the decreases in the
degree of sensitivity to cold stimuli were greater than for hot stimuli.

Comfortable temperature ranges were also investigated in various studies, as

shown in Table 3. Elderly people have a greater tolerance for ambient temperature and



have a broader acceptable temperature range than the young, particularly at the higher
temperature end, depending on the local environment, the heating system, and the
degree of their ability to adapt, which allows them to feel comfortable in a considerably
wider range of temperatures [107]. The wider thermal comfort range in the elderly
results in lower thermal non-acceptance and higher satisfaction rates in older subjects
[108]. It is important to keep in mind that the elderly’s lowest permissible temperature
was not necessarily lower than that of younger people. For example, the lowest
acceptable temperature for the Spanish elderly in naturally ventilated periods was

similar to or higher than that of the young [90,91].

4.3 Influence of thermal adaptation

Thermal adaptation played an important role in the thermal perceptions of the
elderly and the above-mentioned adaptive regression models. From the above, it was
found that the ways of behavioural adaptation preferred by elderly people in different
regions were diverse, and the difference was also evident between winter and summer
[52]. Elderly people’s living habits [99], clothing [96,109], and usage of heating and
cooling devices [19] were found to vary between local climate [16,91], season [13,110],
and building type [20,49]. From the thermal adaptation theory, adaptation is divided
into behavioural, psychological, and physiological aspects. The following sections
discuss these three aspects in detail.

4.3.1 Behavioural adaptation

For elders, the strategy of behavioural adaptation plays an important role in
maintaining thermal comfort and the results of thermal comfort regression models.
Many older individuals are skilled at utilizing diverse behaviours to obtain desired
temperature preferences [96,111]. A study in Taiwan [4] found the most common
thermal adaptation strategies adopted by elders in summer were window-opening,
adjusting clothing, and the use of electric fans. By contrast, in winter approximately 64%
of elders adapted to the indoor environments by adjusting clothing while 17% used
mechanical heating [4]. In Australia, the strategies were adjusting clothing and the use
of ceiling and portable fans in summer [89]. In Hong Kong, the most common strategies
reported in summer were mechanical cooling, the use of electric fans, adjusting clothing,
and opening windows; In winter, adjusting clothing was the most common strategy,

followed by closing windows, mechanical heating, and taking a hot bath [99]. In



Shanghai, China and Australia [13,89], the elderly can actively react to environments
by adjusting their clothing insulation and local air velocity. The above cases showed
that the main behaviours for the elderly to adapt to thermal environments are changing
clothing, regulating air speeds, and turning on heating and cooling systems.

Among these behaviours, the elderly mostly varied their clothing to adjust to
thermal environments [13,25,71,89]. As for age difference, the elderly wore more
clothing compared with the young adults due to their lower activity and metabolic rate.
Especially, the lower the temperature, the higher the discrepancy in clothing insulation
values between age groups. In Shanghai, older individuals’ clothing insulation is 0.40
clo, 0.19 clo, and 0.09 clo higher than that of young people in mid-season, summer, and
winter, respectively [25]. In Taiwan, when Top dropped to 18°C or lower, the clothing
for the elderly was 0.25-0.35 clo higher than for young adults [4]. As for urban-rural
differences, clothing worn by elderly people in rural houses (1.24 clo) was significantly
heavier than in urban houses (0.93 clo) [19]. Regarding regional differences, the
average clothing values for Korean and Shanghainese (Chinese) elderly were 0.39 and
0.44 clo in summer, and 0.78 and 1.38 clo in winter [50,95], respectively, while the
Taiwanese elders and non-elders both wore 0.27 clo when the Top exceeded 30°C [4].

It was interesting to note that the usage of operating systems as another method of
adaptation, diversely depends not only on the local weather and living habits but also
on country policy. A large proportion of the studies were conducted in China. It was
found winter indoor environments are varied because of the winter heating policy. The
policy indicates that the urban area of northern China was mostly centrally heated with
floor heating or radiators while dwellings in rest areas had decentralized heated or were
not heated [112]. The decentralized heating systems are dispersed and diverse,

including floor heating, radiative heating, AC heating, etc.

4.3.2 Physiological adaptation

Physiological adaptations include the body’s immediate responses to real thermal
environments, such as vasoconstriction and vasodilation to control blood flow in
moderate situations, and perspiration and shivering in hot and cold conditions [113]. A
variety of physiological parameters have been demonstrated to respond to temperature
changes, including skin temperature, heart rate, blood pressure, tympanic temperature,
heart rate variability, etc. [49,114,115]. Among the mentioned physiological parameters,
local and mean skin temperatures have been widely studied and have been verified to



be sensitive indicators to predict the elderly’s thermal sensation [49,100,114], as was
mentioned in Section 3.2. For example, Tejedor et al. [109] proposed a human thermal
response model using face skin temperature and clothing temperature with infrared
thermography (IRT) to assist thermal comfort prediction and improve accuracy. Wu et
al. also found that mean skin temperature was applicable for predicting thermal
sensation for the elderly [49]. Another study in a transition season [100] found that local
skin temperatures were useful in predicting thermal sensation in the elderly, especially
the cheek and back of the hand. In addition, the difference in skin temperature between
the thorax and foot was discovered to allow for roughly predicting the thermal comfort
of the Chinese elderly [70]. The above content emphasizes the ability and great role of
skin temperature in responding to environmental changes and indicating subjective

thermal sensations.

4.3.3 Psychological adaptation

The financial issue has been an important factor influencing environmental
decisions with thermal conditions being significantly influenced by income [116].
Tweed et al. [111] stated that older people’s attitudes toward money usage must be
taken into account in addition to the physiological changes that come with ageing.
Greek elderly consider it more important to heat their homes in the winter than to cool
them in the summer because heating costs more than cooling does [76]. However,
compared to active employees, older adults have lower incomes. Older individuals
typically live in homes with lower indoor temperatures than those recommended by
regulations [7]. As a result, the financial issue is noteworthy for elderly people’s
thermal comfort and health. Moreover, better building design is essential to ensure that
the residences are moderately comfortable without substantially relying on heating and
cooling. For instance, reducing overheating with passive measures in summer and
improving thermal insulation and air tightness in winter.

In addition, low expectations by the elderly result in few expressions of discomfort
and dissatisfaction. Due to long-term living habits involving low heating use in winter,
and long-term adaptation to the local climate, elderly people can adjust themselves by
changing clothing and opening/closing windows and doors. As a result, the elderly’s

desire to change the thermal environment is not as great as young people’s [20].



5. Present and potential applications of thermal comfort

models for the elderly

According to the above findings considering age-related physiological changes
and elderly people’s different thermal requirements, occupant-centric control for the
elderly to manage their well-being has been an important solution [117]. The above-
mentioned thermal comfort models mainly showed the present thermal perception
given heat balance and thermal adaptation respectively. How to further apply the
models to building design and operation for the elderly has been a key jump from
phenomenon summary to practical application. Thus, this section shows the present and
potential applications of the investigated models following the three elements:

monitoring, prediction, and control [117].

5.1 Parameter monitoring and collection

As the first step of indoor thermal environmental optimization, multiple related
parameters can be monitored and collected, including environmental parameters, skin
temperatures, clothing temperatures, metabolic rates, clothing insulation levels,
subjective questionnaires, etc.

Environmental monitoring has been widely conducted in current field studies
[1,16,18,52,118]. The monitored or measured parameters mainly include indoor T,,
relative humidity, air velocity, etc. Concerning the sampling rate, a 10 minutes interval
for Ta monitoring was recommended [119]. However, according to the research method
description, most of the present monitoring devices did not connect to the network, and
the data is exported manually.

In addition to physical environmental parameters, as pointed out in Section 4.3.2,
average and local skin temperatures have shown the potential to assist thermal comfort
prediction. Also, the thermal exchange process through the skin-clothes-environment
is complex. Clothing surface temperature, as the intermediate variable in the PMV
calculation to enable estimating heat balance, is another important indicator. As IRT
devices can collect temperature using a non-contact approach, it has a more flexible
operating range than direct/contact temperature measurement. It is also possible to
combine environmental parameters to predict thermal comfort in a variety of
environments [120]. Multiple studies have used IRT on the elderly and have shown its

convenience and ability to estimate thermal sensation [100,109,121,122]. The selected



skin temperatures mainly include the nose, forehead, cheek, chin, hand, wrist, forearm,
etc. The selection of body parts can be quite different due to the environmental settings,
seasonal differences, and heating and cooling devices used in the studies.

With the development of Internet of Things (l0T) technology, it has become
feasible to connect human physiological parameters and personal parameters with
building management systems. Wearable and non-intrusive sensors have also been
prevalent [123,124] due to their ability to estimate a variety of personal physiological
parameters, such as metabolic rate [125], heart rate variability [126], local skin
temperature [127], blood glucose [128], salivary cortisol [128], etc. Furthermore, age,
gender, clothing insulation, and metabolic rate can also be predicted with the aid of
vision-based technology and machine learning [129-131]. The estimation performance
was reported to be accurate and reliable and effective in predicting thermal sensation
and preference votes [132]. For example, Li et al. [127] used a smart wristband to assess
human thermal sensation and established a thermal sensation assessment model of wrist
skin temperature and timely heart rate through statistical and correlation analysis.
However, the application of wearable sensors and the identification of personal
parameters have limited validation in the present elderly research. Furthermore, given
the lower cooperative awareness of the elderly, not all people are willing to wear them
[109]. Privacy concerns may also make it harder to use and implement [109].

In addition to objective data collection, subjective thermal perceptions of the
current thermal condition can also be collected. The frequently asked questions use a
7-point scale to collect thermal sensation data and a 3-point thermal preference scale in
the present studies. The collecting method, in the above-mentioned surveys, is mostly
through paper questionnaires and oral follow-up. With the increasing convenience of
smartphone applications and human-machine interaction interfaces, questions can also
be answered online. By using the thermal perception questionnaires, the thermal
regression models for investigated groups or individuals can be further analysed, as
described in the next section.

5.2 Thermal comfort prediction

For a group of people in a specific country, climate type, or adaptation extent,
adaptive regression models or modified PMV-PPD index (for example, the methods
used by the studies [1,50]) can be used to assess thermal conditions according to the

research methods of the existing studies. Then, indoor thermal environments can be



controlled to the proper range according to adaptive regression models or modified
PMV-PPD index. The present results of adaptive regression models are convenient to
use but have not involved monitored physiological parameters, and are unable to
address individual preferences even under optimal conditions. To overcome these
shortcomings, artificial intelligence methods such as machine learning have attracted
increasing research attention for thermal comfort evaluation [122,133].

The application of emerging machine learning methodologies has brought
solutions and alternatives for combining the above-mentioned new monitoring and
sensing data [124,134]. For example, Liu et al. [124] developed a personal thermal
comfort model that uses wearable devices to collect physiological signals during daily
activities and predicts thermal preferences using different machine learning algorithms
thus enabling the personal comfort model to achieve the highest prediction accuracy of
76%.

Existing machine learning models can not only be used with groups of people but
can also be established for individuals to address individual differences [133,135,136].
The capability of prediction has been widely verified, with personal comfort models
able to outperform PMV models with up to 74% greater accuracy, while machine
learning models could outperform both PMV and adaptive models with up to 35.9%
and 31% higher accuracy, respectively [137]. Thus, the integration of machine learning
algorithms with thermal comfort data analysis is promising [138]. Additionally, when
applied to various situations, by using their ability to self-correct machine learning
models can automatically rectify or modify comfort correlations [139].

Among the established machine learning models, age has been recognized as an
important feature [122], and studies [64,122,140-143] have established machine
learning models for the elderly to predict their thermal sensations or thermal
preferences. The data were collected from both field and laboratory studies, under the
conditions of natural ventilation, fan cooling, temperature ramps, etc. The selected
algorithms include random forest, deep learning, cluster analysis, neural network, and
K-nearest neighbours. Unlike conventional thermal comfort models that require fixed
input variables, input variables and learning algorithms in data-driven thermal comfort
models are more flexible, and almost all machine learning algorithms can achieve better

prediction performance compared to PMV models.



5.3 Age-friendly automatic control incorporating thermal comfort

models

After predicting the thermal perceptions of the elderly, automatically controlling
the devices and environments based on their requirements has been the final target.
With the development of occupant-centric building operations and the 10T, building
management systems have been the key solution for automatically addressing
environmental discomfort for the elderly in the building operation phase. This
automated technique can maintain thermal environments within a rational range, thus
benefiting the elderly due to the inconvenience of them actively controlling their
thermal environments. Especially, age-friendly automation is more urgent for those
with dementia, physical disabilities, or requiring intensive care.

In an automated system, the input data can be a combination of the real-time
environmental monitoring data, as mentioned in Section 5.1. The comfort range can be
determined directly by the adaptive regression models or the modified PMV-PPD index
obtained from collected questionnaires. Alternatively, it can also be determined by the
machine learning models configured in the system. By comparing the difference
between input data and target temperature, the building management system adjusts the
corresponding actuators [109]. The actuators include personal comfort systems and
both decentralized and centralized heating/cooling and ventilation devices. As a result,
the thermal comfort purpose can be fulfilled from a local person to the building scale
[117]. Moreover, lighting and solar shading systems can also be part of the control
system to provide an integrated solution addressing thermal comfort as well as solar
shading, visual comfort [99], visual safety [144], and mental health [145] for the elderly.

Another approach is based on a series of control strategies and schedules. For
example, the research [146] has given a schedule based on field study, laboratory
experiments, and building simulation to optimize the thermal environments of the
elderly in summer in Thailand. The scheduled combined passive and active cooling
strategies considering operation time and mode of different interventions, including
natural ventilation, electric fans, and air conditioner. Thus, procedures to be adopted
for the elderly integrating automatic control can be a promising solution.

However, such operating systems are rarely used in the present elderly studies.
The challenge may be the high requirements of the automation system. Parametric

monitoring and real-time data collection require the instrument to have sufficient



storage and networking performance whilst the system control modules require
sufficient local or cloud computing capacity. Currently, the effectiveness and

convenience of age-friendly automatic operation systems remain to be further proven.

6. Future research and discussion

6.1 Insights of thermoregulation models

An intrinsic setting of the PMV-PPD index is that the mean skin temperature and
sweat rate be maintained within a narrow range, but the elderly may not align with the
values [77]. As a result, in-depth studies considering the elderly’s changed body
temperature set points and reduced thermal regulatory abilities are required for
modification of the index. Additionally, age-related changes influenced thermal
sensitivity [147], which can account for elderly individuals tending to rate their
environments as less stressful than the PMV index estimates. Improving the PMV-PPD
index to be closer to the actual TSV is needed to support revising the standards.

The reviewed multi-node thermoregulation models customized for the elderly in
this research showed improvements in the prediction capacity of elderly people’s
physiological responses. The models are theoretical and explainable to reflect the actual
thermophysiological regulation of the human body. However, the current studies
reviewed which investigate multi-node thermoregulation models customized for the
elderly are few in number, and the applications are limited.

Firstly, the model itself is not yet well developed, and basic physiological
knowledge of older people is a requirement for the future. The human body’s
thermoregulation is much more complex than a simulated model, even though the
reviewed models have divided the human body into a large number of nodes for thermal
calculation. However, to date, the amount of data available on the thermophysiological
responses of the elderly is far more limited than that for young people. The lack of
detailed knowledge of how the body responds presents modelers seeking to produce a
good effective model with a real challenge. For instance, the precise mechanism of
blood circulation in the passive systems remains to be elucidated, and the optimizing
method of the active system in existing studies needs further investigation.

Secondly, many of the existing elderly thermoregulation models are based on
average data from specific healthy groups. The present data were mostly collected from
healthy elderly groups due to ethical issues and disease factors. In reality, the huge



variation in elderly people’s health and mental conditions, as well as medication, can
impact their physiological functions (blood flow, metabolic rate, cardiac function),
mobility, sensory function, etc. The issue of multiple health conditions that often afflict
the elderly would be a confounding variable in any model. Considering health
conditions enables expanding the scope of application to the less healthy elderly
population. Also, personalization of the model is more likely to achieve accurate
predictions and facilitate the application of personal comfort systems [148,149]. In the
future perspective, the predictive accuracy of the thermoregulation models can be
improved with individualized input values for the elderly, including age, health
conditions, gender, physical parameters, etc.

Thirdly, unlike the PMV-PPD index, the outcomes of the multi-node
thermoregulation models of the elderly are physiological parameters, and a small
number of researchers have drawn on the research into relationships between the
elderly’s physiological responses and thermal perceptions [114,115,147], which limits
the application of the thermoregulation models. Predicting thermal sensation requires
an additional model that employs the computed output of the thermoregulation model
as the input [34]. The existing associations between physiological parameters and
thermal perception widely established for the young may not be suitable for the elderly.
A classic example is that elderly people are insensitive to temperature step changes
without thermal sensation overshooting phenomenon [114,115]. As a result,
thermoregulation studies would have been more useful if they had the thermal sensation
modelling for elderly people. In addition, studies about the influence of perceptual
degradation of the extremities on overall thermal sensation are also limited, especially
under non-uniform environments (thermal radiation, thermal asymmetry, vertical
temperature differences, etc.). The relationship between overall thermal sensation and
local thermal sensation can shed light on the improvement of local comfort and

individual comfort systems for the elderly.

6.2 Unraveling the findings from adaptive regression models

The findings from adaptive regression models have shown reduced thermal
sensitivity and wider acceptability ranges of the elderly. To explain the age-related
differences in thermal perception, the research further analyses the following reasons.
One of the reasons is the reduced skin thermoreceptor function of the elderly [150]. The

existence of cold and warm thermoreceptors can detect changes in skin temperature and



further respond to temperatures by frequent action-potential discharge, and the density
and functionality of skin thermoreceptors are lower in the elderly [150]. The other
reason is the changed structures and functions of the nervous system [150], including
the lower density of nerve fibres [109], decreased superficial skin blood flow [150], and
decreased conduction velocity [151]. As a result, the detection of a threshold for thermal
stimulation increases and is linked to lower thermal sensitivity. Moreover, the
decrements in the limbs/distal parts are more pronounced than in proximal parts
[56,150]. In addition, the lower thermal expectation makes the elderly less likely to
complain about the environment and tend to avoid voting for the extreme option
regarding the inability to change the environment [16,19,20]. The lower thermal
sensitivity and lower thermal expectations result in the elderly’s wider acceptable range.
From the above information, it can be seen that low thermal sensitivity enables the
elderly to be satisfied with both low and high temperatures, and the acceptable
temperature can even be lower than 10°C or higher than 30°C. However, previous
studies have reported that the minimum mortality temperature, as a health indicator
[152], fell into the moderate temperature range of 18-30°C [153]. Likewise, a Finnish
decree limits indoor Ta to be below 30°C for elderly houses from a health point of view
[154]. With prolonged hot periods and more frequent heatwaves, the mortality risk for
the elderly has greatly raised in recent years [155]. The elderly’s detection of ambient
temperature is impaired and they become more vulnerable than the healthy and young
populations when exposed to thermal conditions outside the moderate temperature
range [63,76,156]. Based on the above analyses, elderly people must be protected from
excessively cold and hot indoor environments to reduce risks to their health [76].

It is worth noting that researchers are using different criteria to define the thermal
comfort range, as shown in Table 3. Some studies defined comfort temperature range
with 80% or 90% acceptability while some used TSV limit from —1to 1 or —0.5to0 0.5.
Additionally, studies using Griffiths’ method mainly used 0.5 as the Griffith coefficient
[13,90] while in Jiao et al. [24] used 0.25 as a constant for the winter, summer, and
mid-season regression coefficient due to the lower thermal sensitivity of elderly people.
In this regard, thermal comfort criteria and research methods can be various and may
noticeably influence the results of the thermal comfort range. The question remains
open as to whether future research can establish the correlation between thermal
sensation, thermal comfort, thermal acceptability, etc. to establish connections among

diverse research findings and enable better comparability. In doing so, a robust



scientific basis can be formed for the development of unified criteria that define the

thermal comfort range for the elderly.

6.3 Bridging the gap between adaptive regression models and

thermoregulation models

Thermal comfort regression models directly link thermal environments with
thermal sensation considering people’s ability to adapt, which is useful for
environmental design. Due to their reduced thermal sensitivity and wider acceptability
range, the elderly have a lower percentage of dissatisfaction. However, the effects of
thermal adaptation, even though grouped into three categories, are still hard to quantify,
due to the complexity of people’s interaction with thermal environments and the
difficulty in enumerating the influencing factors. In this regard, theoretical and rational
methods may fill the gap.

Several questions still remain to be answered in future field studies and adaptive
regression models. The present adaptive regression models mainly focus on limited
regions and climate types, and the building types mainly include care homes and
residential buildings. However, the influence of building types is rarely discussed. Thus,
a great focus on building a database could produce profound findings that account more
effectively for the thermal adaptation of the elderly. More broadly, as shown in Section
4.1 and Table 5, most of the studies have provided neutral temperatures by linear
regression. In addition to neutral temperatures, research is also needed to determine the
preferred/optimal temperature for the elderly, which indicates the most comfortable
temperature.

The pros and cons of thermoregulation models and adaptive regression models, as
discussed previously, bring about new insights into addressing the application issues of
the model. As skin temperatures of different body parts for heating and cooling have
shown the prospect of higher prediction accuracy discussed in Section 4.3.3, skin
temperature promises to become the bridge linking the theoretical physiological
responses of thermoregulation models and the extent of adaptation presented by
adaptive regression models. Indeed, a greater focus on bridging the gap between the
two types of models could produce interesting findings that better account for the
thermal perceptions of the elderly. However, traditional contact thermometry of local
skin temperatures in situ is difficult. To address the issue, future studies can integrate

non-contact infrared thermography [109] and wearable devices to measure sensitive



body segments, e.g. forehead, hand, and cheek. Local and mean skin temperatures have
been verified to be sensitive indicators to predict the elderly’s thermal sensation
[49,100,114]. As the close association between skin temperature and thermal sensation,
the correlation between local skin temperature, thermal environments, and thermal

perception can be found.

6.4 Insights from the application of thermal comfort models of the

elderly

In the building design stage, thermal comfort models can be used to define the
optimal and comfortable thermal environments with the neutral/preferred temperature.
By contrast, in the operation stage, it is more important to control thermal environments
within the appropriate range and avoid overcooling and overheating. Owing to the
development of loT, the integration of thermal comfort models within an indoor
operation system to assist the elderly to improve their living quality has become a
possibility. The automation systems work in two ways by automatically switching
windows and operating heating, cooling, and solar shading systems or by issuing
warnings/messages to occupants/caregivers. In terms of indoor environmental
parameter monitoring and collection, future devices interconnected with the IoT will
become the basis of thermal comfort prediction and system automation. The networking
can be Wi-Fi, wired, or cellular traffic. An effective strategy for studying indoor
temperature conditions is real-time and long-term monitoring and analysis, which has
the potential for use in the healthcare industry [118], but it is still challenging to link
the data to building management systems.

From Section 5 it can be seen that human-centric building design and operation
control provide solutions for achieving comfortable environments without heavy
human intervention. With the increasing population of the elderly and higher
requirements for quality intensive care, it is promising to achieve accurate thermal
sensation prediction and automatic control with the development of technologies of loT
and building management systems. With clear group or individual thermal
requirements, it would be possible to achieve a higher level of accuracy given more

research on machine learning models.



6.5 Limitation of the present work

Due to the complexity of the elderly’s thermal comfort issue and the broad scope
of this literature review, there are still factors not explicitly discussed or quantified. For
example, the geographical location and racial background were only given as
information and the corresponding results in different studies were directly compared.
As Top is considered the most influential factor in this research, many of the above-
described factors were only qualitatively described. Moreover, the age ranges in the
reviewed studies fall into 60—100 years, which is a broad range. However, in the current
work, it was not likely to assess the influence of age range, health status, personal
preferences, and income level, thus only qualitative descriptions were performed.
Assessing age differences among elderly people is still the subject of ongoing research
and is limited by insufficient supportive data. Despite its limitations, the study certainly
adds to new understanding of the current status of thermal comfort models for the
elderly in terms of current research, application, and future directions. The thermal
requirements and response characteristics of the elderly have been meticulously
identified, paving the way for future research endeavors in this domain. Furthermore,
the review of the application status of existing models has shed light on potential
avenues for enhancing their practicality and relevance, particularly in meeting the
specific thermal demands of the elderly population. By leveraging this knowledge, it
becomes possible to elevate the application of these models to a higher level, ensuring

that they effectively address and satisfy the unique thermal needs of older individuals.

7. Conclusions

Under the trend of the increasing ageing population, the thermal comfort and well-
being of this population are significantly influenced by indoor thermal environments.
The present thermal conditions in dwellings for the elderly indicate mismatches
between their thermal requirements and building operation. The mismatch urges an in-
depth understanding of the elderly’s thermal requirements and further assists the
environmental design and operation. Thus, this research comprehensively reviewed
thermal comfort models for the elderly and their applications. Based on literature
keyword analysis, the models were mainly categorized into thermoregulation models
and adaptive regression models. The key findings are described as follows:

*  There are mainly two types of thermoregulation models for the elderly, i.e. the



PMV-PPD index and multi-node thermoregulation models. The comfortable PMV
ranges have been directly specified in numerous international and national thermal
comfort standards for the elderly with the same or narrower PMV ranges than
young individuals. However, some studies have suggested that the PMV-PPD
index may not be as accurate when applied to elderly individuals. Multi-node
thermoregulation models for the elderly are modified from already established
models for young people by integrating age-related physiological changes. Some
models changed only the passive system parameters of the body while others
changed both active and passive system parameters. Higher prediction
performances were achieved compared to the original models of young people, but
are still in the early stages of research.

The reviewed adaptive regression models show that existing field research on the
elderly is mainly studied in residential buildings and care homes with natural
ventilation and/or mechanical heating and cooling. The elderly’s neutral
temperatures tend to fall within the range of 24.0-25.6°C in summer and 16.6—
23.2°C in winter. The elderly prefer neutral-warm environments all year round and
prefer higher temperatures than the young in all seasons. Elderly people have lower
thermal sensitivity and wider comfort ranges than young adults. The elderly have
unique preferences for thermal comfort and adaption strategies. The most
frequently adopted behaviours are clothing adaptation, regulating air speeds, and
using heating and cooling systems. The elderly have higher clothing insulation in
all seasons than the young group. Average skin temperature was found to be a
sensitive physiological parameter to reflect thermal environments and the elderly’s
thermal sensations.

The present application of thermal comfort models has three processes, i.e.
parametric monitoring and collection, thermal comfort assessment, and automatic
operation. The prevailing trend has shifted to using wearable devices and
predicting personal thermal comfort using machine learning algorithms. The
application of existing thermal comfort models for the elderly is limited, but age-
friendly automatic operation using IoT and building management systems offers
chances for the greatest possible comfort and convenience in the future.

Future work to address the suitability of the PMV-PPD index for the elderly and to
improve the accuracy of predicted thermal sensation will enable updating of the

standard. Multi-node thermoregulation models for the elderly can be further



improved in terms of the configuration of the passive system, the control
mechanism of the active system, model individualization, and association with
thermal sensation. Bridging the gap between thermoregulation models and
adaptive regression models could result in interesting findings that account more

for the elderly’s thermal adaptation.
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