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It has been acknowledged that as outdoor temperature and relative humidity increase past threshold val-
ues, so do older people mortality and morbidity rates. Similarly, there exist indoor conditions of temper-
ature (Tamb) and relative humidity (RH) that would pose a health-risk to older people when they are
exposed to these conditions for extended periods. However, these indoor conditions need to be identified
to set protective measures for this vulnerable population. The aim of this work is to develop heat stress
indices for older people similar to the standard effective temperature (SET) for a wide range of indoor
conditions, activity levels and clothing insulation. A robust and validated bioheat model for older people
was used to predict thermal responses and deduce the limits of Tamb and RH that would present a heat-
related health risk when the core temperature exceeds 38 �C, or percentage of body water loss exceeds
2%, or when skin wettedness and SET exceed given thresholds. The results were consistent with published
experimental data. At relatively cool ambient conditions, Tamb < 21 �C, older people have higher mean skin
temperatures and feel cooler than younger people. At Tamb � 25 �C, older people have lower mean skin
temperatures and SET values become greater than younger ones, indicating that older people would rate
their indoor conditions more stressful than younger people.

� 2020 Elsevier B.V. All rights reserved.
1. Introduction

Older people have been found to be less heat tolerant and under
increased risk of heat-related mortality compared to younger peo-
ple [1–4]. Furthermore, due to many factors including health prob-
lems, older people tend to spend most of their times in indoor
environments. In buildings where the indoor spaces are uncondi-
tioned, the effect of heat waves can be substantial, which in can
turn have detrimental effects on older people [1]. Due to a lack
of knowledge on the indoor conditions, the outdoor temperature
has been used as a predictor for the relationship between heat
and health [5]. The outdoor conditions do affect the indoor condi-
tions but building constructions and operations, internal heat gains
and occupant behavior may further alter the indoor conditions and
therefore would subject the occupants to health risks, particularly
in un-conditioned buildings. Following the 2003 heat wave in
France, a case study showed that the risk factor increased four folds
for people living on the top floor of uninsulated block of flats [6–8].
Most of the low-income households in Europe experienced over-
heating with indoor temperatures 4–5 K above the recommended
range for thermal comfort, which is reported based on Chartered
Institute of Building Services Engineers to be 25 �C and 24 �C for
living areas and bedrooms, respectively [9]. This effect was more
intense in Southern Europe followed by temperate climatic zones
[9]. Many studies reported measured indoor environmental condi-
tions (temperature and RH) in residential buildings under condi-
tions of summer heat waves. Wong et al. [10] studied 19
building centers for older people in Hong Kong during summer
2006. The indoor temperature ranged between 21.1 �C and
30.1 �C while RH ranged between 40% and 72%. It was reported that
older people perceived a thermoneutral environment at an indoor
air temperature of 25.5–26.2 �C at an RH of 60% [10]. Annan et al.
[11] measured the living room temperature during July 2013 in
naturally ventilated residential apartments in Lebanon, where
the temperature ranged from 26 �C to 31 �C. Moreover, Alessan-
drini et al. [6] reported indoor operative temperatures for a space
conditioned using mixed mode ventilation that ranged between
23 �C and 30 �C with RH ranging between 39% and 69%. They
reported a maximum temperature of 27 �C at RH of 50% and air
velocity of 0.4 m/s as the limit of thermal comfort, based on ISO
7730 [6]. Consequently, as reported in the aforementioned studies,
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Nomenclature

AVA arterio-venous anastomoses
HSI heat stress index (%)
Iclo clothing insulation (clo)
MET metabolic equivalent of task (met)
PHS predicted heat strain
RH relative humidity (%)
SET standard effective temperature (�C)
Tamb ambient air temperature (�C)

TC thermal comfort
Tcr core temperature (�C)
TMRT mean radiant temperature (�C)
Tsk skin temperature (�C)
Va air velocity (m/s)
w skin wettedness
wmax maximum possible skin wittedness
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indoor temperatures can be as high as 31 �C and RH as high as 72%,
which exceed the limit of thermally comfortable conditions.

Heat waves have been shown to increase older people mortal-
ity, especially in regions where people are not acclimatized to
hot conditions. D’Ippoliti et al. [12] showed that out of the data col-
lected from nine European cities, heat waves had the greatest
impact in north continental cities, indicating that adaptation to
heat played a role in the increase of older people mortality. Simi-
larly, Lim et al. [13] showed that in addition to heat waves, temper-
ature deviations from those normally encountered increased older
people mortality rates in Japan. The study reported that older peo-
ple mortality rates were the greatest (9.3 deaths per 1000) at the
�95th percentile with apparent temperature of 33.5 �C. Another
study in Japan found that 15.4% of the urban Japanese population
is vulnerable during activity time to heat strokes due to lack of
cooling appliances in their homes [14]. A study on the relation
between relative humidity (RH) and ambient temperature (Tamb),
and older people mortality in Sweden showed that there was a sig-
nificant impact by humidity on mortality rates during heat waves
in multiple Swedish regions such as Stockholm and Skåne [2]. Dur-
ing the study period from 1998 to 2005, the range in Skåne of daily
summer Tamb was 9.7 – 24.4 �C, RH = 52.0 to 96.4%, and mortality of
9 to 38 deaths out of 736 deaths for older people (65+ years). While
during the same study period, the mean Tamb in Skåne was 16.7 �C,
RH 76%, and mortality with 22 deaths [2]. Baccini et al. [3] found
that the threshold of apparent temperature for mortality increase
in north continental cities was 23.3 �C. The study showed that
for every 1 �C of apparent temperature increase over the threshold
value, there was a 2.1% increase in older people mortality above
75 years (1.31% for younger people aged below 65 years) for deaths
with natural causes and 6.6% (3.02% for younger people aged below
65 years) with respiratory death in north continental cities [3].
Klenk et al. [4] studied the association between mortality and high
outdoor ambient temperature in nursing homes. They found that
indoor condition above 26.0 �C resulted in a significant association
between increased Tamb and older people mortality; especially
those who needed higher care needs (washing, eating or dressing
for at least 4 h a day). For example, at Tamb 30.0–31.9, 32.0–33.9,
and �34 �C, older people mortality increased by 18, 26, and 62%,
respectively [4]. Since older people spend most of their times
under direct exposure to indoor conditions, it is of great impor-
tance to define the indoor conditions that would cause health risk
to older people and eventually would lead to death. Moreover,
there is a need for suitable heat stress indices that would predict
such indoor conditions under typical activity levels of older people.

Over the past years, many indices have been developed to pre-
dict heat stress levels of human subjects. The developed heat
indices are mainly categorized into two groups; rational and
empirical [15]. The rational indices are based on the heat balance
of human subjects and involve environmental and physiological
parameters. The empirical indices are based on simple correlations
developed from thermal sensation studies. Additionally, there are
thermal comfort (TC) indices developed mainly for healthy younger
people (average of 35 years old) under steady state exposure.
Applying those indices to older people may be misleading as they
have reduced sensitivity to temperature, which in turn may lead to
hyper/hypothermia [16–18]. In this regard, rational indices are
more suitable to protect older people from health risks than TC
indices. Thus, as older people are more susceptible to heat related
health risks during heat waves [19], it is important to assess the
available indices, among which the heat stress index (HSI), pre-
dicted heat strain (PHS) and standard effective temperature (SET),
and to what extent they can predict thermal responses of older
people [5].

Heat indices developed for older people need to be valid over
the range of typical environmental conditions and activity levels
encountered indoors and should reflect the physiological response
of an older person exposed to such conditions. However, many of
the developed indices are of limited applicability because they
have not been sufficiently validated over wide ranges of environ-
mental conditions, clothing properties and activity levels [20,21].
For example, the HSI was reported to significantly underestimate
or overestimate the heat strain in certain situations as it is based
on a constant skin temperature (Tsk) of 35 �C [22]. In addition,
the PHS can be used to evaluate the thermal stress under long heat
exposure (up to 8 h) which would most probably lead to significant
increase in core temperature (Tcr) or body water loss for a standard
human [23–25]. A Tcr above 38 �C and percentage body water loss
of a healthy younger person above 3% are used as indicators of heat
stress [25]. Another important rational index is the standard effec-
tive temperature (SET) developed for younger people [26–28].
Thus, the SET may be adjusted to be applicable to older people.
SET is defined as the equivalent air temperature of a reference envi-
ronment causing the same total heat loss from the skin or heat
stress and thermoregulatory strain as the actual conditions. The
reference environment is isothermal with RH = 50%, mean radiant
temperature (TMRT) equal to Tamb, and still air (air velocity,
Va < 0.1 m/s) with an imaginary human subject at the same activity
level, but wearing standardized clothing of 0.67 clo [29]. The stan-
dard clothing is calculated based on the metabolic rate and since
older people have lower metabolic rates than younger people
[30–32], then the metabolic rate must be modified to reflect older
people. Thus, SET depends on the human heat balance, the ambient
conditions (Tamb, RH and Va), and the subject variables (activity
level and clothing).

Nevertheless, the main limitation of SET is the difficulty in mea-
suring some of the parameters necessary to calculate the heat
indices, which are basically the human thermal responses such
as the body heat losses. Gathering the thermal responses of older
people under numerous ambient conditions and subjective vari-
ables is not possible due to lack of sufficient experimental data
of older people that involve physiological and thermal responses.
Consequently, the utilization of a validated older people bioheat
model that can accurately predict older people thermal responses
under heat-stress conditions is important. Bioheat modeling of
older people can predict the physiological and thermal state at



M. Itani et al. / Energy & Buildings 224 (2020) 110274 3
these conditions and the extent of the risk that can be imposed
when the climate is hot beyond recommended thermoneutral
ambient conditions.

Few bioheat models are reported in literature to predict older
people thermal responses [18,30,32–34]. However, these pub-
lished models were not tested or adopted for prediction of the
older people response under hot conditions. Recently, Itani et al.
[35] have developed a multi-node segmental bioheat model for
older people. The model took into consideration the changes in
physiology and thermoregulation due to aging and exposure to
hot conditions. Moreover, the model predicted the cardiac output,
metabolism as well as heart rate throughmodeling the arterial net-
work for blood flow circulation and skin blood flow of the different
body segments including the fingers [36–38]. Their model
accounted for the non-uniform distribution of body fat as well as
sweat glands in the human body. Additionally, the model took into
consideration the impaired sweat evaporation in humid conditions
as well as the impaired rate of sweating and blood flow upon losing
body water. It accounted for the increase in metabolism due to ele-
vations in Tcr. The model was validated under both steady and tran-
sient conditions where the predicted Tcr and segmental skin and
mean Tsk temperatures were successfully compared with published
experimental data. A robust older people bioheat model for older
people would bridge the gap for predicting physiological and ther-
mal parameters needed for calculating heat stress indices to make
recommendations on thermally acceptable indoor environmental
conditions.

The aim of this work is first to develop heat stress indices for
older people, that would consider the variables of the indoor envi-
ronmental conditions and the physiological responses and activity
levels of older people using a validated bioheat model for older
people. Second, this study aims to determine the threshold values
of indoor temperature and RH beyond which the effect of heat on
older people health starts to become noticeable. Large number of
simulations are performed using the validated bioheat model to
generate SET charts as well as correlations that link SET to indoor
Tamb and RH and to identify acceptable conditions of exposure for
older people. Comparisons were also done for the predicted SET
of older people and younger ones as well as physiological parame-
ters of Tcr and mean Tsk under the range of possible indoor
conditions.

The importance of this work is that it is the first to develop cor-
relations that can predict the level of heat stress for the vulnerable
older population under possibly encountered indoor conditions
(temperature and RH of conditioned or unconditioned spaces),
activity levels and clothing insulation. This would provide a valu-
able tool to protect older people from exposure to thermal condi-
tions that pose a risk to their health.
Table 1
Quantitative thermal sensation scale of the SET index [39]

SET (�C) Thermal sensation Physiological state

>37.5 Very hot, very uncomfortable Failure of
thermoregulation

34.5–37.5 Hot, very unacceptable Profuse sweating
30.0–34.5 Warm, uncomfortable,

unacceptable
Sweating

25.6–30.0 Slightly warm, slightly Slight sweating,
2. Methodology

In the upcoming sections, the rationale for developing older
people heat stress indices is presented along with the simulations
conducted for the range of typical indoor climate conditions, cloth-
ing insulation (Iclo) and activity levels identified for summer expo-
sure. Moreover, the criteria for assessing the level of older people
heat stress using the developed indices and predicted Tcr, percent-
age of body water loss and skin wettedness (w) are presented. In
addition, a brief description of the utilized bioheat model for older
people [35] is provided with its main input and output parameters.
unacceptable vasodilation
22.2–25.6 Comfortable and acceptable Neutrality
17.5–22.2 Slightly cool, slightly

unacceptable
Vasoconstriction

14.5–17.5 Cool and unacceptable Slow body cooling
10.0–14.5 Cold, very unacceptable Shivering
2.1. Rationale for developing older people heat stress indices

Developing older people heat stress indices was done following
the concept of the standard effective temperature (SET). The heat
stress index was first modified to consider the reduction in meta-
bolic rate for the average older person compared to a younger per-
son by 21% as presented based on sensitivity analysis by Itani et al.
[35]. However, the SET index requires a reference case to which the
equivalent air temperature can be found of an environment caus-
ing the same total heat loss from the skin as the actual conditions.

The reference case adopted in this study assumed fixed ambient
air with RH of 50%, Va of 0.1 m/s, metabolic rate MET equivalent to
that of the actual simulated environment, clothing for active older
person as a function of the modified older people MET [26] and
TMRT equal to the indoor Tamb. Table 1 presents the thermal sensa-
tion scale of the SET index as reported by Parsons [39].

The older people exposure limits of indoor Tamb and RH were
found based on threshold values of older people SET and following
the sensation scale reported in Table 1 as follows:

� SET threshold of 26 �C corresponding to the upper limit of ther-
mal comfort as reported by Parsons [39], which might protect
sick people or those with limited mobility and adaptation
capabilities.

� SET threshold of 30 �C corresponding to the slight sweating or
slightly warm and slightly unacceptable conditions as reported
by Parsons [39], which might protect people who are capable to
adapt to restore thermal comfort by for example increasing ven-
tilation air speed, reducing clothing insulation Iclo, etc.

� SET threshold of 35 �C corresponding to sweating, or the start of
hot and very unacceptable conditions [39].

To further assess the heat stress level of older people, the fol-
lowing physiological parameters were considered as indicators/
indices: i) the core temperature Tcr, ii) the percentage of body
water loss, and iii) skin wettedness w. Thus, the adopted threshold
values of the physiological parameters for older people exposure to
indoor conditions (Tamb and RH) were as follows:

� Skin wettedness threshold values corresponding to w = 0.5, 0.85
and 1. These values were selected to reflect the states of the
start of 1) the depreciation in sweat evaporation effectiveness,
2) the limit of w for un-acclimatized people [25], and 3) the
limit of w for acclimatized people [25], respectively.

� A threshold value of 2% for percentage of body water loss was
selected. Begum and Johnson [40] stated that dehydration can
severely impact older people’s quality of life and that they are
particularly at risk because losing as little as 2% of their body
weight can lower their endurance and increase their risk of heat
exhaustion. On the other hand, the ISO 7933 standard [25] uses
a threshold of 3% for healthy younger people.

� A core temperature threshold value Tcr = 38 �C was selected
according to ISO 7933 [25]. An elevated Tcr subjects the older
person to many risks that could eventually lead to heat exhaus-
tion or heat stroke [41].
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Moreover, and according to ASHRAE [27], the relative humidity
(RH) of 60% was recommended to avoid discomfort in warm or hot
environments. Hence, threshold values of heat stress indices are
evaluated for the case of RH = 60%.

Using a validated transient bioheat model for older people
under heat-stressful conditions, the physiological parameters (Tcr,
percentage of body water loss, and w) as well as the total skin heat
losses can be predicted to calculate the older people SET. The bio-
heat model for older people adopted in this study was developed
and validated with published experimental data under hot expo-
sure by Itani et al. [35]. The following section provides a brief
description of the model along with discussions on its accuracy
and importance.
Fig. 1. Schematic of the (a) multi-segmented human body and (b) cross-section of a
cylindrical segment with multi-nodes.
2.2. Brief description of the bioheat model for older people

The bioheat model of Itani et al. [35] was developed to consider
changes in physiology and thermoregulation due to aging and
exposure to heat-stressful conditions. In addition, due to the vari-
ability among the older population, the characteristics of the refer-
ence older person used in the bioheat model were selected after
conducting a sensitivity analysis. The sensitivity analysis consid-
ered changes in the basal metabolic rate, cardiac output, abdomen
fat thickness, and threshold temperatures for the onset of vasodila-
tion and sweating in older people from younger people [35]. Itani
et al. changed one parameter at a time while the other parameters
remained fixed, which allowed assessing which parameter had the
most significant effect on the predicted core and skin temperatures
[35]. They reported that the basal metabolism was the most influ-
ential parameter that affected the core temperature (reducing it by
21% from younger people resulted in a closer prediction to mea-
sured temperature), followed by the threshold temperature for
onset of sweating (adopting 37.06 �C instead of 36.85 �C had better
agreement of predicted and measured core temperature) [35]. The
third influential parameter was the threshold temperature for
onset of vasodilation (adopting 37.7 �C instead of 37.2 �C had bet-
ter agreement with measured temperature), followed by the car-
diac output (decreasing it by 14.4% from younger people had
better predictions). Finally, the minimal effect on the predicted
temperatures was associated with the increased abdomen fat
thickness (increasing it by 60% from younger people showed better
predictions but with the minimal effect among the other parame-
ters) [35]. Accordingly, the results of the sensitivity analysis led to
the adoption of the following characteristics of the reference older
person to be used in the simulations and development of heat
stress indices:

� Body mass of 72.335 kg and height of 180 cm [18]
� Age group of 65–70 years as obtained from the correlation of
Harris and Benedict [42]

� Body fat percentage of around 24%
� Reduced basal metabolism from the younger adult by 21% (in
the range adopted in the older people model of Ma et al. [32]
and reported by Novieto and Zhang [30]).

� Reduced cardiac output from the younger person by 14.4% (sim-
ilar to the reduction reported by Novieto and Zhang [30]).

� Onset of sweating at 37.06 �C (similar to that reported by
Sagawa et al. [43]).

� Delay in onset of vasodilation by 0.5 �C from the younger person
(in the range reported and adopted in the older people model of
Hirata et al. [44]).

The developed older people bioheat model divides the human
body into 25 segments, as shown in Fig. 1(a), which include the
head, upper and lower trunk and arms, palms, fingers, thighs,
calves, and feet. Each segment, modeled as a cylinder, is composed
of a core node, skin node, artery node, vein node, and, when appli-
cable, a superficial vein node, as shown in the cross-sectional view
in Fig. 1(b). Moreover, each segment interacts with its surrounding
environment through convection, radiation, respiration and sweat
evaporation, whenever applicable. The modeling of blood flow was
based on a modified multi-branched arterial tree model of Avolio
[36] to include the five fingers for each hand. In hot conditions,
the limbs play an important role in removing the body heat, so
these segments need to be well represented [35]. In addition, the
AVA mechanism is implemented in the peripheral body segments:
forearms, palms, fingers, calves, and feet [38]. Using lumped capac-
itance, energy balance calculations were performed for the nodes
of the core, skin, artery, and vein and for the superficial vein as
applicable for each body segment following the formulation of Kar-
aki et al. [38] while introducing modifications reflecting older peo-
ple changes in the physiology of the circulatory system [35]. These
changes include reduced MET proportionally for each segment and
the change in physiology for the AVA blood flow for the diminished
vasoconstriction in the extremities. The body segments are con-
nected through blood flow in the arteries and veins offering an
improved representation of the circulatory system and the distri-
bution of heat within the body. Thus, the energy balances of a body
segment take into consideration the heat transported by the blood
from an adjacent segment. The developed model [35] accounts for
non-uniform distribution of body fat as well as sweat glands in the
human body. In addition, the model considers the restriction in
sweat evaporation as w increases in heat-stressful conditions and
the increase in MET as Tcr increases, along with the decrease in
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sweating and blood flow as the body loses water. The developed
model input and output parameters are summarized in Table 2.
Solving the bioheat model equations was done using a fully explicit
first order Euler-Forward integration scheme with a time step of
0.05 s. The energy balances were constrained by the modified ther-
moregulatory controls to predict segmental core and skin temper-
atures and arterial blood flows for given metabolic rate and
environmental conditions. Initialization of the different parame-
ters related to blood flows and temperatures was first done for a
preconditioning period and then the steady state results are taken
as initial values for the exposure period.

The model predictions of Tcr and mean Tsk were validated with
six published independent experimental data under steady state
and transient conditions [35]. The discrepancy between the model
predictions and the measured data of Tcr and mean Tsk was
reported to be within 0.1 �C and 0.3 �C, respectively, for indoor
temperatures between 23 �C and 31 �C. For indoor temperatures
between 31 �C and 40 �C, the discrepancy between the model pre-
dictions and the measured data of Tcr and mean Tsk was within
0.06 �C and 0.50 �C, respectively [35]. Hence, a validated bioheat
model for older people applicable to hot conditions can be used
to bridge the gap for predicting physiological and thermal param-
eters that are needed to assess the heat stress state in order to
make recommendations on thermally acceptable indoor
conditions.

Although the model was based on an average older male person
of good health, the model validation was not restricted to average
characteristics. The six studies that were used for the model valida-
tion had experiments on older males and females with ages
between 64 and 79 years, weights between 47.8 and 85.4 kg,
heights between 1.471 m and 1.81 m, and percentage body fat
between 16.2 and 24%. In addition, the older people participants
in the published experimental studies lived in different regions,
mainly, Canada, China, Japan and the Netherlands. It should be
noted that contradictory effects were reported in literature
whether the difference in the preferred indoor conditions differ
significantly between females and males. A recent review con-
ducted by Wang et al. [46] on individual differences based on gen-
der and weight reported that no consistent conclusion could be
drawn on this matter. However, they stated that females are more
sensitive to deviations from their preferred thermal conditions,
especially in colder conditions. Moreover, Rupp et al. [47] reported
that overweight people (with body mass index >25 kg/m2) express
warm thermal discomfort more than non-overweight people, how-
ever, this factor was not accounted for as a variable in the current
study for an average older person. Further details about the valida-
tion and development of the older people bioheat model can be
found in the study of Itani et al. [35].

The older person model is applicable for the studied exposure
ranges but should not be applied to extreme exposure conditions
when the thermoregulation starts to fail. Moreover, the model
can be further improved to account for individual differences such
Table 2
List of input and output parameters of the older people bioheat model.

Model input parameters Model

Ambient conditions (Tamb, TMRT, RH and Va) and exposure duration Skin a
Metabolic rate that reflects the activity level Total
Clothing insulation and vapor diffusion characteristics of each body segment Sweat

percen
Older people physiological body data: basal MET and skin blood flow,

minimum and maximum skin blood flow, sweating factor, cold shivering
factor, surface area, and fat thickness of each body segment

Avera
DuBoi
(Tsk =
[45] a

Cardiac output for maximum vasoconstriction, basal conditions, and
maximum vasodilation

Dry an
as gender, body weight and height, and percentage of body fat that
were found to affect the thermal sensation and preferences of peo-
ple [48].
2.3. Simulated cases for determination of the thresholds of SET, w, Tcr
and percentage body water loss

The older people exposure limits of indoor environment ranges
of Tamb and RH were obtained at different MET, Va and Iclo. The fol-
lowing summarizes a total of 540 simulations that were done at
the various possible summer indoor conditions (Tamb, RH and Va),
older people MET (sedentary to medium) and Iclo. The simulations
assumed a mean radiant temperature equal to the indoor Tamb.

� The range of Tamb (�C) = [20, 25, 30, 35, 40]
� The range of RH (%) = [30, 40, 50, 60, 70, 80]
� The range of Va (m/s) = [0.1, 0.3, 0.5]
� The range ofMET = [0.79 met (seated older person at rest), 0.948
met (standing older person), 1.106 met (older person doing
light work)]

� The range of Iclo (clo) = [0.5, 1]

The older people physiological responses (Tcr, mean Tsk, percent-
age of body water loss and w) and SET results for the different sim-
ulations were obtained after a pre-conditioning period of 1 h (at
Tamb of 25 �C, 50% RH, resting MET of 0.79 met and Va of 0.1 m/s)
to initialize the skin and core temperatures and a conditioning or

exposure period of 2 h, with a time step of 0.05 s. The mean Tsk
was calculated using the Hardy and DuBois formula [45]. In addi-
tion, the SET values for younger people and their physiological
responses were calculated using a similar code to the online ASH-
RAE CBE Thermal Comfort Tool [49] at the same ambient condi-
tions and exposure period as the older people but with MET
reflecting younger people.

The output data from the simulations were compiled in master
excel sheets, as shown in Fig. 2. Then, charts of contour lines of
older people SET, percentage of body water loss, w and younger
SET, at specific MET, Va and Iclo were generated as a function of Tamb

and RH. Moreover, older people and younger people isoline equa-
tions were generated corresponding to the same threshold values
of SET (26 �C, 30 �C and 35 �C) and w, at specified MET, Va and Iclo.

In addition, older and younger people Tamb and RH correspond-
ing to same Tcr of 38 �C, at given MET, Va and Iclo, were identified.
Values of indoor temperatures Tamb at RH = 60% were determined
for older and younger people for the three threshold values of
SET (26 �C, 30 �C and 35 �C) and w (0.5, 0.85 and 1) for Tcr = 38 �C,
at various MET, Va and Iclo.

Finally, plots were generated for the older people SET, mean Tsk,
and Tcr versus values corresponding to younger people for all sim-
ulation cases and linear and nonlinear correlations were developed
within 90% confidence interval limits.
output parameters

nd core temperature of each body segment
skin and perfusion blood flow rates
rate of each body segment, total body sweat rate, skin wettedness and
tage of body water loss
ge values of skin and core temperature (average Tsk is calculated using Hardy and
s formula
0.07Thead + 0.14Tarms + 0.05Thands + 0.35Ttrunk + 0.19Tthighs + 0.13Tclaves + 0.07Tfeet)
nd Tcr is that of the lower torso segment)
d latent heat loss or gain



Fig. 2. Flow chart of the presented results.
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3. Results and discussion

In this section, the aim is to identify exposure conditions for
older people at typical ranges of indoor conditions (Tamb and RH),
MET, Va and Iclo. The results of the 540 conducted simulations are
presented as follows:

� Plots of the older people mean Tsk or Tcr versus the younger
mean Tsk or Tcr for all simulation inputs, where linear and non-
linear correlations were developed within 90% confidence inter-
val limits.

� The contour lines of the predicted older people SET, percentage
body water loss, andwwere plotted as a function of Tamb and RH
at three values of MET (0.79 met; seated older person at rest,
0.948 met; standing older person, and 1.106 met; older person
doing light work), at Va of 0.1 m/s, and 0.5 clo. Moreover, the
contour lines of the predicted older people SET and younger
SET were plotted on the same graph as a function of Tamb and
RH.

� The results of the isoline equations corresponding to three
threshold values of SET, w and Tcr of 38 �C, as well as corre-
sponding values of Tamb at RH � 60% were summarized in Tables
at different values of MET, Va and Iclo.

In addition to the above, the use of the developed heat stress
charts and isoline equations is demonstrated while also validating
the results obtained from the charts using available (two) experi-
mental studies [31,54] that reported physiological data on seated
older and younger people in hot and thermoneutral conditions.
The referenced experimental studies data are superimposed on
the charts as will be described in Section 3.4.
3.1. Comparison of body temperatures of older and younger people

Fig. 3 shows the mean Tsk-older versus Tsk-younger for all sim-
ulation cases (data points = 540: MET = 0.79 to 1.106 met,
Tamb = 20 to 40 �C; Va = 0.1 to 0.5 m/s; and Iclo = 0.5, 1 clo).
The skin and core temperatures for younger people were obtained
using the two-node bioheat model of SET [29]. Using linear
regression, the data was fitted for cool conditions (Tsk < 32 �C)
with R2 = 0.3526 (90% confidence interval with Tsk ± 0.43 �C)
and for warm conditions (Tsk > 32 �C) with R2 = 0.6348 (90% con-
fidence interval with Tsk ± 2.21 �C). Fig. 3 shows that at low ambi-
ent conditions the older people mean Tsk was higher than that of
the younger people. This was observed at MET below 1.106 met
and it is consistent with published experimental data that
reported older people mean Tsk higher than those of younger peo-
ple when subjected to cool conditions [18,38,50–53]. At warmer
conditions, the older people mean Tsk became lower than that
of younger people (older people accumulate dry heat), which is
consistent with the results of Stapleton et al. [54] at the hot-
dry and hot-humid experimental conditions.

Fig. 4 shows the profile of Tcr-older versus Tcr-younger for all
simulation cases (data points = 540: MET = 0.79 to 1.106 met,
Tamb = 20 to 40 �C; Va = 0.1 to 0.5 m/s; and Iclo = 0.5, 1 clo). Using
linear regression, the data was fitted with R2 = 0.8284 (90% confi-
dence interval with Tcr ± 1.29 �C). The figure shows that at low
ambient conditions the older people Tcr was comparable to that
of younger people. However, as the ambient conditions and MET
became more severe, the older people Tcr turned out to be higher
than those of younger people. This is consistent with published
experimental data that reported older people Tcr higher than those
of younger people when subjected to warm conditions [33,54–56].



Fig. 3. Plots of older people mean skin temperature versus younger people (for all simulation cases of 540 data points: MET = 0.79 to 1.106 met; Tamb = 20 to 40 �C; Va = 0.1 to
0.5 m/s; Iclo = 0.5, 1 clo).

Fig. 4. Plot of older people core temperature versus younger people (for all simulation cases; data points = 540:MET = 0.79 to 1.106 met; Tamb = 20 to 40 �C; Va = 0.1 to 0.5 m/s;
Iclo = 0.5, 1 clo).
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3.2. SET charts

In this subsection, SET charts are presented for the activity
levels of 0.79 met (seated older person at rest), 0.948 met (standing
older person), and 1.106 met (older person doing light work) at
fixed Va = 0.1 m/s and Iclo = 0.5 clo. Comparison between SET-
older people and SET-younger is also presented.

Fig. 5 (a-c) shows the older people SET (solid contours) with
shaded region in red indicating Tcr above 38 �C at Va of 0.1 m/s
and 0.5 clo for (a) 0.79 met (seated older person at rest), (b)
0.948 met (standing older person), and (c) 1.106 met (older person
doing light work). The results showed that at low Tamb and RH, the
SET values were close to Tamb indicating that the older person was
under no heat stress. As Tamb and/or RH increased, SET values also
increased. This increase became more significant at relatively high
RH and Tamb, due to hindrance of sweat evaporation from the skin,
which was reflected by a change in the slope of the constant SET
contour lines. The shaded region in red shown in Fig. 5(a) at
Tamb = 40 �C and RH greater than 50%, indicate that Tcr is above
38 �C. This shaded region at the higher metabolic rates of 0.948
met and 1.106 met became larger indicating a higher risk of heat
stress.

Fig. 6(a-c) shows the older people SET (solid contour lines) and
percentage of body water loss for a two-hour exposure time
(dashed contour lines) with shaded region in red indicating values
above 2% for (a) 0.79 met (seated older person at rest), (b) 0.948
met (standing older person), and (c) 1.106 met (older person doing
light work). Along with the elevated SET, dehydration due to
sweating and inadequate liquid intake can also subject the older
person to the stated risks [41,57,58]. Schols et al. [59] reported that
during periods of warm weather, the number of dehydrated older
people increases substantially, and failure of proper treatment can



Fig. 5. Plot of older people SET (solid contours) with shaded region in red indicating
Tcr above 38 �C at Va of 0.1 m/s and 0.5 clo for: (a) 0.79 met (seated older person at
rest); (b) 0.948 met (standing older person); and (c) 1.106 met (older person doing
light work). In 5(a) chart, point 1 is superimposed from the experimental data of
Stapleton et al. [54] while point 2 is superimposed from the experimental data of
Tsuzuki and Ohfuku [31]
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increase mortality rates. Fig. 6(a-c) indicates that as Tamb increases,
similar to SET, the percentage of body water loss increases. This
increase becomes more significant as RH increases due to hin-
drance of sweat evaporation from the skin and an increase in Tcr
that induces more sweat secretion. This is reflected by a change
in the slope of the SET and percentage of body water loss contour
lines as RH and Tamb increase. As shown in Fig. 6(a), the percentage
of body water loss at 0.79 met, at Tamb = 40 �C and RH above 70%,
reaches values greater than the older people dehydration threshold
of 2%. Increasing MET to 1.106 met leads to higher body water loss,
and the threshold of 2% starts at lower Tamb of about 38 �C at RH
80%, and lower RH of about 38% at Tamb = 40 �C.

Fig. 7(a-c) shows the older people SET (solid contour lines) and
w (dashed contour lines) for: (a) 0.79 met (seated older person at
rest), (b) 0.948 met (standing older person), and (c) 1.106 met
(older person doing light work). It is clear that as Tamb increases,
the SET and w values increase. This increase becomes more signif-
icant as RH increases due a limited maximum possible amount of
sweat evaporation from the skin. This is reflected by a change in
the slope of the w contour lines as RH and Tamb increase. Skin wet-
tedness is also equivalent to HSI whose values if greater than 40%
would indicate the start of severe heat strain for un-acclimatized
persons and those with medical issues such as cardiovascular or
respiratory impairment [27]. Therefore, such conditions should
be avoided for vulnerable people. Moreover, as MET increases the
values of w and SET increase too, indicating a higher level of older
people heat stress.

Fig. 8(a-c) shows the older people SET (solid contours) and
younger SET (dashed contours) at: (a) 0.79 met (seated older per-
son at rest) vs. 1 met (seated younger person at rest); (b) 0.948
met (standing older person) vs. 1.2 met (standing younger person)
and (c) 1.106 met (older person doing light work) vs. 1.4 met
(younger person doing light work) at fixed Va of 0.1 m/s and 0.5
clo. At the same Tamb and RH, the results of the older people and
younger SET show that the older people SET is higher than of the
younger people at Tamb above 25 �C. This indicates that older peo-
ple perceive the environment as warmer than younger people
when the ambient conditions are above the thermoneutral condi-
tions, which is consistent with the published experimental data
of Stapleton et al. [54]. Stapleton et al. [54] found that older adults
stored more heat during both the hot-dry and hot-humid condi-
tions due to more dry heat gain (skin temperature lower than
ambient) and less evaporative heat loss, which resulted in consis-
tently higher Tcr for the older people. In addition, older people per-
ceived a higher thermal sensation than the younger people, with a
difference in thermal sensation = 0.8 to 1.2 (equivalent to SET units
of 1.5 to 3.2 �C). Thus, under hot conditions, older people would
prefer cooler conditions to get the same comfort level of the
younger people at the same environmental conditions, which is
also consistent with the experimental data of Hwang & Chen
[60]. The latter stated that older people perceived a hot thermal
sensation at operative temperatures ranging between 30.4 �C and
33 �C, while the younger people perceived a hot thermal sensation
at operative temperatures ranging between 32.3 �C and 35.6 �C.

3.3. Ranges of Tamb and RH corresponding to threshold values of SET,
w, and Tcr

In this sub-section, the isoline equations of Tamb as a function of
RH corresponding to threshold values of SET, w, and Tcr are pre-
sented for all simulation cases. Isoline equations are generated
using MATLAB� [61]. Table 3 summarizes the ranges of Tamb and
RH, represented by isoline equations, for the older and younger
people at 0.79 met (1 met for younger people), at Va of 0.1 and
0.5 m/s and 0.5 and 1 clo that correspond to threshold values of
SET and w, as well as corresponding values of Tamb at RH = 60% (up-
per comfort recommended value for warm or hot environments
[27]). For the older people to be comfortable at 0.1 m/s, 0.5 clo
and SET threshold of 26 �C, Tamb should be below 24.7 �C at RH of
60%, while younger people are comfortable if Tamb is below



Fig. 6. Plot of older people SET (solid contours) and percentage water loss (dashed contours) with shaded region in red indicating values above 2% at Va = 0.1 m/s and Iclo = 0.5
clo for (a) 0.79 met (seated older person at rest), (b) 0.948 met (standing older person), and (c) 1.106 met (older person doing light work). In 6(a) chart, point 1 is
superimposed from the experimental data of Stapleton et al. [54] while point 2 is superimposed from the experimental data of Tsuzuki and Ohfuku [31].
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26.5 �C. At SET threshold of 30 �C, Tamb should be below 27.3 �C at
RH of 60%, while for younger people, Tamb should be below 29.9 �C.

These results reveal that the older people should be exposed to
ambient conditions that are less warm and less humid to get the
same comfort level as the younger people. Increasing Va by
0.4 m/s allows for more flexibility in exposure to warmer and more
humid ambient conditions. For example, at the SET threshold of
30 �C, 0.5 clo and RH = 60%, the corresponding exposure tempera-
ture range for the older people is extended to Tamb < 28.4 �C at
Va = 0.5 m/s, versus Tamb < 27.3 �C at Va = 0.1 m/s. On the other
hand, increasing clothing insulation by 0.5 clo leads to more
restrictive exposure temperature ranges as conditions get warmer



Fig. 7. Plot of older people SET (solid contours) and skin wittedness w (dashed contours at Va = 0.1 m/s and Iclo = 0.5 clo for (a) 0.79 met (seated older person at rest), (b) 0.948
met (standing older person), and (c) 1.106 met (older person doing light work). In 7(a) chart, point 1 is superimposed from the experimental data of Stapleton et al. [54] while
point 2 is superimposed from the experimental data of Tsuzuki and Ohfuku [31].
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and more humid. For example, at the SET threshold of 30 �C,
Va = 0.1 m/s, and RH = 60%, the corresponding exposure tempera-
ture range for the older people is limited to Tamb < 25.4 �C at 1
clo, versus Tamb < 27.3 �C at 0.5 clo. Similarly, at 0.5 clo,
RH = 60%, and w threshold value of 0.5, increasing Va by 0.4 m/s
extends the exposure temperature range for the older people to
Tamb < 27.6 �C at Va = 0.5 m/s, versus Tamb < 25.6 �C at Va = 0.1 m/
s. In contrast, increasing the clothing insulation by 0.5 clo at the w



Fig. 8. Plot of older people SET (solid contours) and younger people SET (dashed contours) at Va = 0.1 m/s and Iclo = 0.5 clo for (a) 0.79 met (seated older person at rest) vs. 1
met (seated younger person at rest), (b) 0.948 met (standing older person) vs. 1.2 met (standing younger person), and (c) 1.106 met (older person doing light work) vs. 1.4 met
(younger person doing light work). In 8(a) chart, point 1 is superimposed from the experimental data of Stapleton et al. [54] while point 2 is superimposed from the
experimental data of Tsuzuki and Ohfuku [31].

M. Itani et al. / Energy & Buildings 224 (2020) 110274 11
threshold of 0.5, Va = 0.5 m/s, and RH = 60%, the corresponding
exposure temperature range for older people is limited to Tamb < 26.
4 �C at 1 clo, versus Tamb < 27.6 �C at 0.5 clo.
Table 4 summarizes the ranges of Tamb and RH, represented by
isoline equations, for the older and younger people at 0.948 met
(1.2 met for younger people), at Va of 0.1 and 0.5 m/s and 0.5



Table 3
Isoline equations corresponding to threshold values of SET and w and corresponding values of Tamb at RH = 60% at 0.79 met.

Va (m/s) & Iclo
(clo)

Parameter Older people Younger people

Isoline Equation Tamb (�C) for
RH < 60%

Isoline Equation Tamb (�C) for
RH < 60%

0.1 m/s and
0.5 clo

SET
(�C)

26 Tamb = 0.0006 � RH2 � 0.1376 � RH + 30.742 <24.7 Tamb = �9 � 10�6 � RH
2 � 0.0339 � RH + 28.579

<26.5

30 Tamb = 0.0001 � RH2 � 0.1109 � RH + 33.583 <27.3 Tamb = 7 � 10�5 � RH
2 � 0.0798 � RH + 34.427

<29.9

35 Tamb = 0.0012 � RH2 � 0.2909 � RH + 43.778 <30.64 Tamb = 0.0007 � RH2 � 0.206 � RH + 43.701 <33.9
w 0.5 Tamb = 0.0006 � RH2 � 0.1599 � RH + 33.034 <25.6 Tamb = 0.0014 � RH2 � 0.2848 � RH + 45.238 <33.2

0.85 Tamb = 0.0049 � RH 2 � 0.7824 � RH + 59.896 <30.6 – 40 < with
wmax = 0.71

1 Tamb = �0.0025 � RH2 + 0.0441 � RH + 42.353 <36.0 – 40 < with
wmax = 0.71

0.5 m/s and
0.5 clo

SET
(�C)

26 Tamb = 2 � 10�5 � RH2 � 0.0796 � RH + 30.766 <26.1 Tamb = �0.0002 � RH
2 � 0.0271 � RH + 31.039

<28.7

30 Tamb = 0.0004 � RH 2 � 0.1484 � RH + 35.834 <28.4 Tamb = 0.0002 � RH 2 � 0.1108 � RH + 38.084 <32.2
35 Tamb = 0.0006 � RH 2 � 0.2409 � RH + 44.398 <32.1 Tamb = 0.0008 � RH 2 � 0.2434 � RH + 47.684 <36.0

w 0.5 Tamb = 0.0034 � RH 2 � 0.5474 � RH + 48.215 <27.6 Tamb = 0.0009 � RH 2 � 0.2647 � RH + 48.604 <36.0
0.85 Tamb = �0.0002 � RH 2 � 0.218 � RH + 48.395 <34.6 – 35 < with

wmax = 0.624
1 Tamb = 0.0017 � RH 2 � 0.4167 � RH + 57 <38.1 – 35 < with

wmax = 0.624
0.1 m/s and 1

clo
SET
(�C)

26 Tamb = �0.0002 � RH 2 � 0.0063 � RH + 24.685 <23.6 Tamb = -3 � 10-5 � RH
2 � 0.0289 � RH + 25.134

<23.3

30 Tamb = 0.0004 � RH 2 � 0.0996 � RH + 29.922 <25.4 Tamb = 1 � 10-4 � RH
2 � 0.0755 � RH + 31.296

<27.1

35 Tamb = 0.0018 � RH 2 � 0.2625 � RH + 37.154 <27.9 Tamb = 0.0004 � RH 2 � 0.1654 � RH + 40.329 <31.8
w 0.5 Tamb = �0.001 � RH 2 + 0.0665 � RH + 25.115 <25.5 Tamb = 0.0006 � RH 2 � 0.1994 � RH + 40.452 <30.6

0.85 Tamb = �0.0006 � RH 2 + 0.0447 � RH + 28 <28.5 – 35 < with
wmax = 0.71

1 – <30.0 – 35 < with
wmax = 0.71

0.5 m/s and 1
clo

SET
(�C)

26 Tamb = 0.0003 � RH 2 � 0.0612 � RH + 27.761 <25.2 Tamb = -6 � 10-6 � RH
2 � 0.0345 � RH + 27.511

<25.4

30 Tamb = 0.0015 � RH 2 � 0.2138 � RH + 33.893 <26.5 Tamb = 9 � 10-5 � RH
2 � 0.0871 � RH + 34.075

<29.2

35 Tamb = 0.0025 � RH 2 � 0.3277 � RH + 39.094 <28.4 Tamb = 0.0008 � RH 2 � 0.2242 � RH + 44.244 <33.7
w 0.5 Tamb = �0.0006 � RH 2 + 0.0406 � RH + 26.084 <26.4 Tamb = 0.0013 � RH 2 � 0.2786 � RH + 45.205 <33.2

0.85 Tamb = �0.0002 � RH 2 + 0.0122 � RH + 28.825 <28.8 – 35 < with
wmax = 0.624

1 – <30.0 – 35 < with
wmax = 0.624
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and 1 clo that correspond to threshold values of SET andw, and cor-
responding values of Tamb at RH = 60%. Increasing the MET by 20%
leads to more restrictive exposure temperature ranges of Tamb

and RH. For example, at the SET threshold of 30 �C, 0.1 m/s, 0.5
clo, and RH = 60%, the corresponding exposure temperature range
for the older people is limited to Tamb < 25.3 �C at 0.948 met, versus
Tamb < 27.3 �C at 0.79 met. Similarly, at the w threshold of 0.5,
0.1 m/s, 0.5 clo, and RH = 60%, the corresponding exposure temper-
ature range for the older people is limited to Tamb < 24.5 �C at 0.948
met, versus Tamb < 25.6 �C at 0.79 met. Moreover, at the same activ-
ity level of 0.948 met, increasing Va by 0.4 m/s allows for more flex-
ibility in exposure to warmer and more humid ambient conditions.
For example, at the SET threshold of 30 �C, 0.5 clo, and RH = 60% the
corresponding exposure temperature range for the older people is
extended to Tamb < 26.8 �C at Va = 0.5 m/s, versus Tamb < 25.3 �C at
Va = 0.1 m/s. In contrast, increasing the clothing insulation by 0.5
clo leads to more restrictive ranges as conditions get warmer and
more humid. For example, at the SET threshold of 30 �C,
Va = 0.1 m/s, and RH = 60%, the corresponding exposure tempera-
ture range for the older people is limited to Tamb < 24.5 �C at 1
clo, versus Tamb < 25.3 �C at 0.5 clo.

Table 5 summarizes the ranges of Tamb and RH, represented by
isoline equations, for the older and younger people at 1.106 met
(1.4 met for younger people), at Va of 0.1 and 0.5 m/s and Iclo of
0.5 and 1 clo that correspond to threshold values of SET and w,
and corresponding values of Tamb at RH = 60%. The results show
that increasing Va by 0.4 m/s allows for more flexibility in exposure
to warmer and more humid ambient conditions. For example, at
the SET threshold of 30 �C, RH = 60%, and 0.5 clo, the corresponding
exposure temperature range for the older people is extended to
Tamb < 25.6 �C at Va = 0.5 m/s, versus Tamb < 24.3 �C at Va = 0.1 m/
s. In contrast, increasing the clothing insulation by 0.5 clo leads
to more restrictive temperature exposure ranges as conditions
get warmer and more humid. For example, at the SET threshold
of 30 �C, RH = 60%, and Va = 0.1 m/s, the corresponding exposure
temperature range for the older people is limited to Tamb < 23.5 �C
at 1 clo, versus Tamb < 24.3 �C at 0.5 clo.

Table 6 shows the corresponding temperature ranges of expo-
sure when considering a maximum allowable Tcr of 38 �C for
0.79, 0.948 and 1.106 met, Va = 0.1 and 0.5 m/s and Iclo = 0.5 clo
and 1 clo. The results show that as the activity level increases,
the range of exposure gets more limited for both the older and
younger people, with more restriction on the older people expo-
sure due to higher Tcr at the same indoor conditions. For example,
at 0.79 met (1 met for younger people), 0.1 m/s, 0.5 clo and
RH = 60%, the corresponding temperature range of older people
exposure is Tamb < 37.5 �C compared to Tamb < 39.6 �C for the
younger people. An elevated Tcr subjects older people, more than
younger people to many risks that could eventually lead to heat
exhaustion or heat stroke [41]. These risks include reduced capac-
ity for physical work, reduced cognition and mental task ability,
and increased susceptibility to accidents [57,58]. Moreover,



Table 4
Isoline equations corresponding to threshold values of SET and w at 0.948 met, and corresponding values of Tamb at RH < 60%

Va (m/s) &
Iclo (clo)

Parameter Older people Younger people

Isoline Equation Tamb (�C) for
RH < 60%

Isoline Equation Tamb (�C) for
RH < 60%

0.1 m/s and
0.5 clo

SET
(�C)

26 Tamb = 0.0002 � RH2 � 0.0546 � RH + 26.37 <23.8 Tamb = �2 � 10�5 � RH 2 � 0.0368 � RH + 27.585 <25.3
30 Tamb = 0.0006 � RH 2 � 0.1438 � RH + 31.807 <25.3 Tamb = 0.0001 � RH 2 � 0.0876 � RH + 33.642 <28.7
35 Tamb = 0.0007 � RH 2 � 0.1849 � RH + 37.161 <28.6 Tamb = 0.0007 � RH 2 � 0.202 � RH + 42.828 <33.2

w 0.5 Tamb = 0.0008 � RH 2 � 0.152 � RH + 30.768 <24.5 Tamb = 0.0007 � RH 2 � 0.2126 � RH + 41.887 <31.7
0.85 Tamb = 0.0021 � RH 2 � 0.3547 � RH + 42.616 <28.9 – 35 < with

wmax = 0.71
1 Tamb = 0.0013 � RH 2 � 0.3266 � RH + 47.368 <32.5 – 35 < with

wmax = 0.71
0.5 m/s and

0.5 clo
SET
(�C)

26 Tamb = 0.0005 � RH 2 � 0.1028 � RH + 29.13 <24.8 Tamb = �5 � 10�5 � RH2 � 0.0451 � RH + 30.901 <28.0
30 Tamb = �0.0003 � RH 2 � 0.0497 � RH + 30.896 <26.8 Tamb = 0.0002 � RH2 � 0.1169 � RH + 37.728 <31.4
35 Tamb = 0.0006 � RH 2 � 0.1798 � RH + 38.832 <30.2 Tamb = 0.001 � RH 2 � 0.2574 � RH + 47.578 <35.7

w 0.5 Tamb = 0.0003 � RH 2 � 0.1364 � RH + 33.797 <26.7 Tamb = 0.0017 � RH2 � 0.3417 � RH + 49.179 <34.8
0.85 Tamb = 0.0024 � RH 2 � 0.4736 � RH + 51.1 <31.3 – 35 < with

wmax = 0.624
1 Tamb = 0.0142 � RH 2 � 1.9917 � RH + 104 <35.6 – 35 < with

wmax = 0.624
0.1 m/s and

1 clo
SET
(�C)

26 Tamb = �0.0002 � RH 2 � 0.0114 � RH + 24.007 <22.6 Tamb = 2 � 10�5 � RH2 � 0.0357 � RH + 23.619 <21.5
30 Tamb = 4 � 10�5 � RH 2 � 0.0562 � RH + 27.678 <24.5 Tamb = 0.0001 � RH2 � 0.0809 � RH + 29.925 <25.4
35 Tamb = 2 � 10�5 � RH 2 � 0.0883 � RH + 32.637 <27.4 Tamb = 0.0006 � RH2 � 0.1835 � RH + 39.543 <30.7

w 0.5 Tamb = �0.0008 � RH 2 + 0.0204 � RH + 25.963 <24.3 Tamb = 0.0008 � RH2 � 0.2072 � RH + 38.165 <28.6
0.85 Tamb = �0.0033 � RH 2 + 0.2797 � RH + 23.076 <28.0 – 35 < with

wmax = 0.71
1 – <30.0 – 35 < with

wmax = 0.71
0.5 m/s and

1 clo
SET
(�C)

26 Tamb = �0.0003 � RH 2 + 0.0006 � RH + 25.189 <24.1 Tamb = �3 � 10�5 � RH2 � 0.0369 � RH + 26.352 <24.0
30 Tamb = 5 � 10�5 � RH 2 � 0.0471 � RH + 28.746 <26.1 Tamb = 0.0001 � RH2 � 0.0929 � RH + 33.083 <27.9
35 Tamb = 0.0014 � RH 2 � 0.1967 � RH + 35.215 <28.5 Tamb = 0.0006 � RH2 � 0.2055 � RH + 42.864 <32.7

w 0.5 Tamb = �0.0006 � RH 2 + 0.0288 � RH + 26.321 <25.9 Tamb = 0.0004 � RH2 � 0.1983 � RH + 41.599 <31.1
0.85 Tamb = �0.0002 � RH2 + 0.0084 � RH + 28.901 <28.7 – 35 < with

wmax = 0.624
1 – <30.0 – 35 < with

wmax = 0.624

Table 5
Isoline equations corresponding to threshold values of SET and w at 1.106 met, and corresponding values of Tamb at RH = 60%

Va (m/s) &
Iclo (clo)

Parameter Older people Younger people

Isoline Equation Tamb (�C) for
RH < 60%

Isoline Equation Tamb (�C) for
RH < 60%

0.1 m/s and
0.5 clo

SET
(�C)

26 Tamb = 5 � 10�5 � RH2 � 0.0286 � RH + 24.527 <23.0 Tamb = 9 � 10�5 � RH2 � 0.0576 � RH + 26.841 <23.7
30 Tamb = 0.0004 � RH2 � 0.0858 � RH + 28.012 <24.3 Tamb = �0.0007 � RH2 � 0.0049 � RH + 30.334 <27.5
35 Tamb = 0.0004 � RH2 � 0.1137 � RH + 32.747 <27.4 Tamb = 0.0042 � RH2 � 0.5781 � RH + 49.241 <29.7

w 0.5 Tamb = �2 � 10�5 � RH2 � 0.0391 � RH + 26.397 <24.0 Tamb = 0.0004 � RH2 � 0.1836 � RH + 39.541 <30.0
0.85 Tamb = 0.0001 � RH2 � 0.0876 � RH + 32.515 <27.6 – 35 < with

wmax = 0.71
1 Tamb = 0.0004 � RH2 � 0.1769 � RH + 41.333 <32.2 – 35 < with

wmax = 0.71
0.5 m/s and

0.5 clo
SET
(�C)

26 Tamb = 9 � 10�5 � RH 2 � 0.0402 � RH + 25.864 <23.8 Tamb = 1 � 10�5 � RH 2 � 0.055 � RH + 30.39 <27.1
30 Tamb = 0.0003 � RH 2 � 0.0865 � RH + 29.72 <25.6 Tamb = 0.0002 � RH2 � 0.1141 � RH + 37.006 <30.9
35 Tamb = 0.0002 � RH2 � 0.1053 � RH + 34.072 <28.5 Tamb = 0.001 � RH 2 � 0.2656 � RH + 47.216 <34.9

w 0.5 Tamb = �0.0004 � RH2 � 0.0118 � RH + 27.886 <25.7 Tamb = 0.0017 � RH 2 � 0.342 � RH + 47.879 <33.5
0.85 Tamb = 0.0036 � RH 2 � 0.53 � RH + 47.818 <29.0 – 35 < with

wmax = 0.624
1 Tamb = 0.005 � RH 2 � 0.941 � RH + 70.562 <32.1 – 35 < with

wmax = 0.624
0.1 m/s and

1 clo
SET
(�C)

26 Tamb = 0.0001 � RH 2 � 0.0368 � RH + 23.68 <21.8 Tamb = 4 � 10�5 � RH 2 � 0.0384 � RH + 21.813 <19.7
30 Tamb = 0.0002 � RH2 � 0.0638 � RH + 26.614 <23.5 Tamb = 0.0001 � RH 2 � 0.08 � RH + 28.195 <23.8
35 Tamb = 0.0008 � RH2 � 0.1916 � RH + 34.465 <25.9 Tamb = 0.0007 � RH 2-–0.1888 � RH + 38.269 <29.5

w 0.5 Tamb = 0.0007 � RH2 � 0.1395 � RH + 28.67 <22.8 Tamb = 0.0008 � RH2 � 0.2047 � RH + 35.747 <26.3
0.85 Tamb = 0.0005 � RH2 � 0.1581 � RH + 33.376 <25.7 – 30 < with

wmax = 0.71
1 Tamb = �0.0033 � RH2 + 0.2385 � RH + 25.984 <28.4 – 30 < with

wmax = 0.71
0.5 m/s and

1 clo
SET
(�C)

26 Tamb = �8 � 10�6 � RH2 � 0.0364 � RH + 25.519 <23.3 Tamb = 1 � 10�5 � RH2 � 0.0437 � RH + 25.141 <22.6
30 Tamb = 0.0001 � RH2 � 0.0692 � RH + 28.897 <25.1 Tamb = 0.0002 � RH2 � 0.0996 � RH + 31.983 <26.7
35 Tamb = 0.0003 � RH2 � 0.0974 � RH + 32.684 <27.9 Tamb = 0.0006 � RH2 � 0.2054 � RH + 41.824 <31.7

w 0.5 Tamb = �0.0012 � RH 2 + 0.0798 � RH + 24.448 <24.9 Tamb = 0.001 � RH2 � 0.2405 � RH + 40.518 <29.7
0.85 Tamb = �0.0017 � RH2 + 0.1503 � RH + 25.588 <28.5 – 30 < with

wmax = 0.624
1 – <30.0 – 30 < with

wmax = 0.624
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Table 6
Value of Tamb and RH corresponding to threshold Tcr of 38 �C at all MET, Va and clothing insulation, and corresponding values of Tamb at RH < 60%

MET, Va, Iclo Older people Younger people

Threshold Values of Tamb and RH Tamb (�C) for RH < 60% Threshold Values of Tamb and RH Tamb (�C) for RH < 60%

0.79 met, 0.1 m/s, 0.5 clo Tamb < 40 �C and RH < 50% <37.5 Tamb < 40 �C and RH < 60% <39.6
0.79 met, 0.5 m/s, 0.5 clo Tamb < 40 �C and RH < 50% <37.5 Tamb < 40 �C and RH < 70% <41.3
0.79 met, 0.1 m/s, 1 clo Tamb < 40 �C and RH < 50% <37.0 Tamb < 40 �C and RH < 60% <38.5
0.79 met, 0.5 m/s, 1 clo Tamb < 40 �C and RH < 50% <37.1 Tamb < 40 �C and RH < 58% <39.0
0.948 met, 0.1 m/s, 0.5 clo Tamb < 40 �C and RH < 30% <35.5 Tamb < 40 �C and RH < 60% <38.1
0.948 met, 0.5 m/s, 0.5 clo Tamb < 40 �C and RH < 35% <35.6 Tamb < 40 �C and RH < 57% <39.2
0.948 met, 0.1 m/s, 1 clo Tamb < 35 �C and RH < 55% <30.0 Tamb < 35 �C and RH < 77% <37.0
0.948 met, 0.5 m/s, 1 clo Tamb < 35 �C and RH < 60% <34.4 Tamb < 40 �C and RH < 47% <37.6
1.106 met, 0.1 m/s, 0.5 clo Tamb < 30 �C and RH < 90% <31.1 Tamb < 35 �C and RH < 75% <37.0
1.106 met, 0.5 m/s, 0.5 clo Tamb < 35 �C and RH < 30% <31.7 Tamb < 40 �C and RH < 53% <38.0
1.106 met, 0.1 m/s, 1 clo Tamb < 25 �C and RH < 60% <24.6 Tamb < 35 �C and RH < 65% <35.5
1.106 met, 0.5 m/s, 1 clo Tamb < 25 �C and RH < 80% <27.7 Tamb < 35 �C and RH < 70% <36.3
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increasing Va by 0.4 m/s leads to extended exposure temperature
ranges while increasing the clothing insulation by 0.5 clo leads to
more restrictive exposure temperature ranges.

Fig. 9 shows a chart of the older and younger people SET values
at all simulation cases (540 data points) of 0.79 to 1.106 met,
Tamb = 20 to 40 �C; Va = 0.1 to 0.5 m/s; and Iclo = 0.5 and 1. Using
linear regression, the data are fitted for cool conditions (SET < 21 �C)
with R2 = 0.9252. Using nonlinear regression with second-order
polynomial fit, the data are fitted for warm conditions (SET > 21 �C)
with R2 = 0.9357 and the 90% confidence interval (SET-Older people
ly ± 2.31 �C). At low ambient conditions with SET less than 21 �C,
the older people feel cooler than the younger people, which is con-
sistent with the findings of Schellen et al. [62]. In their study, the
older people thermal sensation votes under steady indoor temper-
ature of 21.5 �C at 40% RH for 8 h were 0.5 scale-units (equivalent
to SET units of 1.8 �C) less than younger people’s votes. In addition,
Schellen et al. [62] found that thermal sensation was significantly
related to the mean Tsk for both older and younger people at the
relatively cool conditions. Thus, older people at these conditions
might require, for example, a higher clothing insulation to have
the same comfort level as the younger people. As the ambient con-
ditions become warmer, the older people SET values become
greater than those of the younger people, which means that older
people would rate their indoor conditions to be more stressful than
Fig. 9. SET-Older people versus SET-Young (active older person: for all simulation cases;
Iclo = 0.5, 1 clo).
younger people. Under warm conditions, the results of SET become
non-linear and more scattered, which could be attributed to high
Tcr and consequent changes in physiology and wettedness w. This
was reflected in the laboratory measurement of Stapleton et al.
[54], where older people stored more heat during both the hot-
dry and hot-humid conditions thus had higher Tcr and rated their
environment as hotter. Consequently, to get the same comfort
levels as younger people, the older people would need cooler tem-
peratures when exposed to warm or hot conditions. Similarly,
younger people would need warmer temperatures to get the same
comfort level as older people. This is reflected in the field measure-
ment results of Hwang and Chen [60]. For the warm conditions, the
curve fits of the SET data are expressed by the following
relationships:
SETolder ¼ �0:0236�SET2
Young þ 2:6393 � SETyoung � 23:332 ð1Þ

Eq. (2) for the upper limit of the confidence interval,

SETolder ¼ �0:0207�SET2
Young þ 2:4363 � SETyoung � 17:6033 ð2Þ

Eq. (3) for the lower limit of the confidence interval,

SETolder ¼ �0:0266�SET2
Young þ 2:8509 � SETyoung � 29:2552 ð3Þ
data points = 540: MET = 0.79 to 1.106 met; Tamb = 20 to 40 �C; Va = 0.1 to 0.5 m/s;
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3.4. Use and validation of heat stress charts and isoline equations

The developed heat stress charts and isoline equations can be
used to check if an older person at a specific input values of Tamb,
RH, MET, Va and Iclo is under risk of heat stress. The charts (Figs. 6–
9) reflect the level of heat stress of an older person using four main
indicators linked to the physiology of older people (core tempera-
ture, percentage body water loss, skin wettedness and SET). After
specifying the parameters Tamb, RH, MET, Va and Iclo, Fig. 5 can be
used to read off the corresponding SET for an older person and
check if Tcr is above 38 �C. Fig. 6 can then be used to deduce the
percentage body water loss, while Fig. 7 can be used to find the
skin wettedness of an older person at the same input parameters.
Fig. 8 provides the deviation in predicted SET between older and
younger person. The presented figures apply to the case with
MET = 0.79 met, Va = 0.1 m/s and Iclo = 0.5 clo. For all the covered
cases withMET = 0.79 to 1.106 met, Va = 0.1 to 0.5 m/s and Iclo = 0.5,
1 clo, Tables 3–5 show the isoline equations to find Tamb at a speci-
fic RH that correspond to threshold values of SET and w. Then,
Table 6 can be used to check if under those input conditions, the
predicted Tcr is in the acceptable range of Tamb and RH that corre-
spond to Tcr less than 38 �C. However, to demonstrate the use
and validate the developed charts and equations, benchmarking
was done with two studies that conducted experiments on older
and younger people and reported the measured Tcr [31,54].

Stapleton et al. [54] performed experiments at 36.5 �C and 60%
RH, which resembles a hot and humid condition, where subjects
wearing athletic shorts and sandals remained seated for two hours.
The reported Tcr at the end of the experiment was 37.5 ± 0.1 �C and
37.2 ± 0.1 �C for older and younger people, respectively. From Fig. 5
(a), at similar input conditions (Tamb, RH, MET, Va and Iclo), the cor-
responding point on the chart that reflects the older person state is
indicated in green as point 1. Point 1 indicates that Tcr is outside
the 38 �C region so it agrees with the reported measured data
[54]. In addition, point 1 in Fig. 5(a) shows that SET for an older
person is 42 �C, reflecting a hot and unacceptable state where
sweating is present [39]. Point 1 in Fig. 6(a), shows the percentage
body water loss to be about 1.43%, which is less than the limit of
2%, but nonetheless it is not an insignificant value. In Fig. 7(a),
point 1 indicates the skin wettedness to be equal to 1, which is
the maximum possible value reflecting a heat stressful state.
Finally, point 1 in Fig. 8(a) shows the SET value for younger people
to be about 38 �C, which is less stressful than the older people SET.
These findings agree with the conclusions of Stapleton et al. [54],
which that older adults stored more heat than younger people
due to more dry heat gain and less evaporative heat loss, which
resulted in consistently higher Tcr for the older people.

In another study by Tsuzuki and Ohfuku [31], experiments were
conducted on older and younger people at 23 �C and 60% RH, which
resembles a thermoneutral condition, where subjects wearing
clothing of about 0.63 clo remained seated for 1.5 h. The reported
Tcr at the end of the experiment was 37.0 �C and 36.9 �C for older
and younger people, respectively. From Fig. 5(a), at similar input
conditions (Tamb, RH, MET, Va and Iclo), the corresponding point on
the chart that reflects the older person state is indicated in green
as point 2. Point 2 indicates that Tcr is very far from the 38 �C region
so it agrees with the reported measured data [31]. In addition,
point 2 in Fig. 5(a) shows that SET for an older person is about
22.3 �C, reflecting an acceptable state [39]. Point 2 in Fig. 6(a),
shows the percentage body water loss to be about 0.42%, which
is much less than the limit of 2%. In Fig. 7(a), point 2 indicates
the skin wettedness to be equal to 0.3, which is much less than
0.5 indicating the sweat evaporation is still efficient [39]. Finally,
point 2 in Fig. 8(a) shows the SET value for younger people to be
about 22.1 �C, which is similar to the heat stress level of the older
people. These findings reflect that at thermoneutral conditions,
there are no significant differences between older and younger
people, however, at hot and stressful conditions older people are
subjected to a higher level of heat stress [31,54].
4. Conclusions

In this study, older people heat stress indices equivalent to the
Standard Effective Temperature (SET) were developed. The devel-
oped heat stress indices along with the validated older people bio-
heat model of Itani et al. [35] were used to set acceptable indoor
conditions of ambient temperature and relative humidity corre-
sponding to threshold values of SET. In addition, other heat stress
indices have been used to set ranges of acceptable exposure, such
as the percentage body water loss, skin wettedness and core tem-
perature. These exposure ranges for the older people were com-
pared with those of younger people for an exposure period of
two hours following a preconditioning period of one hour. Con-
tours of SET, skin wettedness and percentage body water loss ver-
sus Tamb and RH have been developed. The ranges of exposure
represented as isoline equations for the older and younger people
corresponding to the thresholds of SET, skin wettedness, percent-
age body water loss and core temperature were summarized for
the different simulation cases at variable ambient temperature
and relative humidity, metabolic rate, air velocity and clothing
insulation. Body temperature were also plotted to compare older
and younger people thermal responses. The main conclusions of
the study are summarized as follows:

� As Tamb increases, SET, percentage body water loss and skin wet-
tedness increase. This increase becomes more significant as RH
increases due to hindrance of sweat evaporation from the skin
and an increase in the core temperature that induces more
sweat secretion.

� Dehydration can severely impact the older people’s quality of
life and they are particularly at risk because losing as little as
2% of their body weight can lower their endurance and increase
their risk of heat exhaustion. In addition, skin wettedness
greater than 40% would indicate the start of severe heat strain
for un-acclimatized persons and those with medical issues such
as cardiovascular or respiratory impairment and such condi-
tions should be avoided for vulnerable people.

� At relatively cool ambient conditions with Tamb less than 21 �C,
older people doing light work feel cooler than younger people
(at same activity level) with higher mean skin temperatures,
which is consistent with previous studies. Thus, older people
at these conditions might require, for example, a higher clothing
insulation to have the same comfort level as younger people. As
the ambient conditions becomewarmer or hotter (Tamb � 25 �C),
the older people SET values become greater than those of
younger people, which means that older people would rate
their indoor conditions to be to be more stressful than younger
people. Consequently, to get the same comfort levels as younger
people, the older people would need cooler temperatures when
exposed to warm and hot conditions.

� At metabolic rate of 0.79 met (older person seated at rest) and
for a threshold SET of 30 �C (upper limit of slightly warm ther-
mal sensation; at 0.1 m/s and 0.5 clo, the corresponding ranges
of exposure fall below the isoline: Tamb = 0.0001 � RH2 � 0.11
09 � RH + 33.583 (RH in %). At RH = 60%, the corresponding
upper limit of Tamb is 27.3 �C. Increasing the air velocity to
0.5 m/s at 0.5 clo and RH = 60%, extends the corresponding
ranges of exposure to Tamb < 28.4 �C. On the other hand, increas-
ing the clothing insulation to 1 clo at 0.1 m/s, leads to more
restrictive ranges for exposure as conditions get warmer and
more humid to Tamb < 25.4 �C, at RH = 60%.



16 M. Itani et al. / Energy & Buildings 224 (2020) 110274
� At metabolic rate of 0.948 met (standing older person) and for a
threshold SET of 30 �C at 0.1 m/s and 0.5 clo, the corresponding
ranges of exposure fall below the isoline: Tamb = 0.0006 � RH2-
� 0.1438 � RH + 31.807. At RH = 60%, with the upper limit of
Tamb of 25.3 �C. Increasing the air velocity to 0.5 m/s at 0.5 clo
and RH = 60%, extended the corresponding ranges of exposure
to Tamb < 26.8 �C. On the other hand, increasing the clothing
insulation to 1 clo at 0.1 m/s, leads to more restrictive ranges
for the corresponding temperature exposure to Tamb < 24.5 �C,
at RH = 60%.

� At metabolic rate of 1.106 met (older person doing light work)
and for a threshold SET of 30 �C at 0.1 m/s and 0.5 clo, the cor-
responding temperature ranges of exposure fall below the iso-
line: Tamb = 0.0004 � RH2 � 0.0858 � RH + 28.012. At
RH = 60%, the corresponding upper limit of Tamb is 24.3 �C.
Increasing the air velocity to 0.5 m/s at 0.5 clo and RH = 60%,
extends the corresponding temperature ranges of exposure to
Tamb < 25.6 �C. On the other hand, increasing the clothing insu-
lation to 1 clo at 0.1 m/s, leads to more restrictive ranges of
exposure Tamb < 23.5 �C at RH = 60%, as conditions get warmer
and more humid.

5. Results implications

The obtained results have important implications on the design
and operations of the built environments for seniors and mixed-
occupancy (such as in houses, apartments, hospitals, etc.), and cur-
rent comfort standards which are mainly based on comfort needs
of younger people. The results showed that older people have
higher SET values than younger people as the ambient conditions
get warmer or hotter and more humid. This implies that older peo-
ple have narrower range of ambient conditions (Tamb, RH, and Va) at
similar types of activities and clothing insulation that would
ensure thermal comfort and a healthy environment for the older
people. This means that air-conditioned buildings would require
more energy to provide comfortable environmental conditions
for older people. For mixed occupancy (older and younger people)
spaces, adjusting room conditions to older people’s need may bring
discomfort to younger people if living in the same household, for
example. To overcome these issues, the use of passive cooling
strategies such as natural ventilation through opening windows,
nighttime ventilation, and deployment of effective solar shading
devices during daytime as well as local or personal cooling for
older people (especially that older people tend to stay seated in
one place for extended periods) would be viable alternatives.
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