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Abstract

Under heat-stressful conditions, occupants can adapt to
the environment by regulating sweating or blood flow to
the surface of the skin. However, the ability of the human
body thermoregulation declines with age due to age-
related physiological and thermoregulatory changes such
as the delay in vasodilation and sweating and lower
metabolism. Therefore, elderly people (>60 years old) are
more vulnerable during indoor overheating events than
younger people. This study addressed the development of
a general two-node bioheat model for the elderly to
predict their thermal response under hot exposure. The
elderly model is built on an improved two-node model for
young adults but considers the delayed threshold
temperatures for vasodilation and sweating suitable for
the average elderly. Both models for the young (by
turning off age-related physiological changes) and elderly
people were validated using third-party experimental
data. The discrepancy between the model predictions and
measurement data for the core and mean skin
temperatures are within 0.15 ‘C and 0.5 C, respectively.

Key Innovations

e Improved thermoregulatory models for young
adults and elderly people

e New validated physiological models for young
and elderly people

Practical Implications

During the design and operations of built environments
for seniors, and mixed-occupant spaces (such as houses,
apartments, hospitals, etc.), the proposed young and
elderly thermal response models can predict thermal
stress and associated comfort/discomfort levels and heat-
related health outcomes (body dehydration, and critical
core temperature). The models can be included in built
environment standards as heat stress models for hot
exposure in workplaces. Furthermore, the models can be
integrated into building simulation software to calculate
the occupant thermal indices and evaluate building
overheating risks.

Introduction

Physiological models for the human body are essential to
study the effect of heat on people's thermal comfort and
health in built environments or workplaces. Through the
regulation of sweating or the increase in blood flow to the
surface of the skin, occupants of built environments under

conditions of heat-stress can adapt to the heat exposure.
However, the human body thermoregulation ability
declines with age (Itani et al., 2020). Due to age-related
physiological changes such as delayed vasodilation and
sweating, lower metabolism, etc., elderly people (>60
years old) are more vulnerable during extreme heat events
than younger people (Rida et al., 2014; Hirata, Nomura
and Laakso, 2015). Although the elderly population has
been increasing worldwide (Li et al., 2016), there is a
limited number of modeling studies to predict the elderly
thermal response, particularly under high heat stress
conditions (Zhao, Lian and Lai, 2020).

The two-node bioheat model is widely used in thermal
comfort studies in built environments (Takada, Kobayashi
and Matsushita, 2009). Gagge et al. (1971, 1986)
developed the foundation of the two-node model for
young (average age) adults. During the past years, the
two-node model's development and improvement mainly
have focused on the heat balance equations (Zolfaghari
and Maerefat, 2010) and adjusting the two-node model for
individual body parts (Kohri and Mochida, 2002; Foda et
al., 2011). However, the thermoregulatory functions,
including sweating, vasodilation and vasoconstriction,
and shivering, have not received enough attention.

A limited number of physiological models have been
developed for the elderly. Novieto (2013) explained the
reasons for the differences in the mechanism, including
basal metabolic rate, blood flow, cardiac pumping
capacity, fat distribution, surface area and so on, resulting
in hot and cold differences between the elderly and young
people. Rida et al. (2014) developed a multi-node
segmental model for the elderly, focusing on blood flow
circulatory changes to predict the thermal response for
different body segments, especially for the fingers. Hirata,
et al. (2015) developed a multi-node model mainly
considering the reduced thermal sensitivity of elderly
people. They compared the core temperature and total
perspiration between the elder and the young. Ma et al.
(2017) developed a model for Chinese elders by
modifying the physiological parameters of the model for
young people. Wang et al.(2018) established a thermal
comfort model for the elderly based on a data-driven
model. However, the model training data were taken from
field studies in a specific climate zone in China, and
therefore cannot be applied to other locations due to
people’'s heat acclimatization effect. Those multi-node
models are not suitable for integration in building
computer simulation programs due to their complexity
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and calculation time. Therefore, the development of a
simple two-node model for the elderly is encouraged for
carrying out thermal comfort and heat stress calculation
in a built environment using building simulation.

The objectives of this study include (1) Improve the
thermoregulatory system of the two-node model for
young adults and (2) Develop a physiological model for
the elderly by taking into account the age-related
physiological changes for average elderly people.

The methodology includes three main steps. First,
improve the thermoregulatory models in the original two-
node model. Second, analyze the age-related
physiological changes of the elderly and apply them to the
improved model for young adults to develop a model for
the elderly. Third, validate the young and elderly models
with published experimental data.

Methodology
Two-node model

The two-node model treats the human body as two
concentric cylinders for the core and skin layers. The core
and skin layers are represented by one node each ( Figure
1). A uniform layer of clothing covers the skin layer
throughout the body. Metabolic heat is generated at the
core layer. A small portion of that heat is dissipated
through respiration by convection and evaporation, and
the remainder is transported by conduction and skin blood
flow to the skin surface. The heat exchange between the
skin surface and the environment is divided into two parts:
1) the sensible heat by conduction, radiation, and
convection from the skin surface to the clothing layer and
then to the environment; 2) the insensible heat by the
evaporation of sweat and moisture diffusion from the skin
surface.

The heat balance equations for the core and skin layers are
given below.

dTer

MerCer dar /Ab = Mcr -w- Qres - hsk(Tcr - Tsk) (1)
dTs

M Csie drk [Ap = Mg, — hyg(Ter. — T) — Dry — Evap (2)

Where m,, is the mass of the core node (kg), mg is the
mass of skin node (kg), c.,. is the specific thermal capacity
of the core node (Wikg°C), cg IS the specific thermal
capacity of the skin node (Wikg°C), T, is core temperature
(°C), Ty, is the mean skin temperature (°C), dt is the time
step (1 min), A4, is the Dubois body surface area (m?), M.,
is the metabolic rate of the core node (W/m?), My, is the
metabolic rate of the skin node (w/m?, w is the mechanical
work done by the body (w/m?), Q.. is the heat loss through
respiration (W/m?), hg, is the skin thermal conductance
that accounts for the blood flow (W/m2.C), Dry is the
sensible heat exchange of skin node (w/m?), Evap is the
evaporative heat exchange of skin node (w/m?).

To evaluate the skin dry heat (Dry), the clothing
temperature (T¢) needs to be calculated first. T is given
by Equation 3.

Where R, 4; and R, ¢, are the dry thermal resistances of
the air layer and clothing layer (m?-°C/W) respectively, T,
is the ambient air temperature (°C), h. is the convective
heat transfer coefficient of ambient air W/(m?-°C), h,. is
the radiative heat transfer coefficient W/(m?-°C).

The skin evaporative heat loss (Evap) consists of heat loss
due to regulatory sweating (Ersw) and moisture diffusion
(Edif) from the skin surface. The Evap is given by
Equation 4.

Evap = Neygp X 0.68 X SWR + Edif = w X Emax 4)
Where SWR is the sweating rate (g/m?-h), w is the skin
wettedness defined as the ratio of the evaporative heat
flux to the maximum evaporative heat flux (Emax ), epqp
is the evaporative efficiency.

Q¢ Heat transfer T,
through blood flow

Dry:

Q,..: Heat loss Sensible heat loss
through respiration
Evap:

Evaporative heat loss

‘W: Mechanical work

Clothing

Figure 1 Schematic of the two-node model representation of
human body

Thermoregulatory controls

Under heat or cold conditions, the deviation of the T,,
Ty or T, (body temperature) from their threshold values
(Tero, Tgio OF Tpo) Would be set as the thermoregulatory
control signals. The warm signal is given by AT, =
(T —Ty)* while the cold signal is given by AT, =
(Ty — T)*, where (+) means the only positive value will
be taken. Those signals would trigger the regulatory
sweating, vasodilation, and vasoconstriction, and
shivering. As the ambient conditions become hotter
and/or more humid with an increased activity level, the
human body tends to depend on sweat evaporation from
the skin surface to cool and maintain its core temperature.
The sweating rate may be expressed as a function of the
body and skin temperature control signals, as shown in
Equation 5.

SWR = CSW X (BTp,zy + Acof - ATg ) X exp (2252) (5)

Where Acof and CSW are model constants, SWR is the
sweating rate (g/m?h), AT}, ,,, is the body temperature control
signal for sweating (°C), ATy 5, IS the skin temperature
control signal for sweating (°C). It should be noted that
Equation 5 includes an additional term (Acof - AT ) tO
the original Gagge et al. (1986) model, which will be
discussed in the later sections.

The average temperature of the human body T, can be
calculated by the weighted average of the skin and core
temperatures:

1
Ra,airtRa,clo (TSk a Ta) - (hc + hT)(TCl h Ta) (3) Tb = aTSk + (1 - a)TCT (6)
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Where « is the ratio of the thermal mass of the skin layer
to total body mass, which depends on the rate of the skin
blood flow SBF:

a = 0.0417737 + 0.7451832/(SBF + 0.5854417) @)

Similarly, the warm or cold control signal for body temp
(AT,) is obtained from Equation 6 as a function of the core
and skin control signals.

Skin blood flow rate (SBF) depends on the body's thermal
state and varies between the minimum and maximum
values. Under heat-stressful conditions, skin blood flow is
increased by vasodilatation. Under cold conditions, skin
blood flow is, however, controlled by vasoconstriction.
The skin blood flow rate is expressed by the following
formulation:

SBF = [SBFpqsq; + CDIL X AT ¢ 441/[1 + CSE - CSTR X
ATsk,cons] (8)

Where SBF is the skin blood flow rate (L/m?hr),
SBFpqsq; 1S the basal (neutral) skin blood flow rate
(L/m?/hr), CDIL and CSTR are model constants, CSE is
a constricted blood flow factor added to the original
formulation of Gagge et al. (1986) to account for the
effect of aging on blood vasoconstriction (discussed in a
later section), AT, 4; is the core temperature control
signal for wvasodilation (°C), ATy cons IS the skin
temperature control signal for vasoconstriction (°C).

As body cooling progresses, when the non-shivering
thermogenesis during vasoconstriction is not enough to
maintain the body heat balance, the second line of defense
is by shivering. Shivering is the random involuntary
contraction of superficial muscle fibers, which increases
heat production. The original two-node model adopted the
shivering rate model developed by StolwiJk et al. (1971),
in which the shivering is triggered by a multiplicative
error signal, which means shivering starts until both skin
and core vasoconstriction thresholds are exceeded.
However, the shivering might be triggered by additive
control signals, which means shivering starts until the skin
or core vasoconstriction threshold is exceeded. With this
assumption, the shivering metabolic rate is expressed by
the following Equation:

Mshiv =194 x ATcr,sh X ATsk,cons + Cofsc X ATcr,sh +
Cofss X ATk cons (9)
Where AT, g5, is the core temperature control signal for
shivering (°C), Cof,. and Cof;, are constants added to the
original model of Gagge et al. (1986).

Numerical procedure

The time-explicit scheme is used to solve Equations 1 and
2, where the future values of the nodal temperatures are
calculated based on the present thermal state of the human
body. Equations (1) and (2) are thus expressed as follows:
Tori = ATeri + Terics = [Meri = Wi — Qres; — R (Terimq —

Figure 2 shows the flow chart to solve for T, and Tg.
The environmental parameters, physiological values, and
temperature threshold values are defined in the first step.
The clothing surface temperature T,; can be calculated
iteratively at each time step as shown in the chart.

Calculations of the nodal temperatures and control signals
are performed each time step until reaching the exposure
time (i = N). Steady-state conditions may be achieved
within 60 minutes or more. The core temperatureT,,., skin
temperature Ty, skin heat loss Qs, body water loss by
sweating and respiration, skin wettedness (w), and skin
blood flow rate, plus other relevant quantities are the
model outputs.
Inputs (i=0):

T, Vo, RH, MET, CLO, Age, Body height

Threshold temperatures for vaso-
dilation/constriction, sweating, shivering

Calculation *
block J Cloth layer temperature

(Equation 3)

no

= Jargl<0orc

Tyes p—
=

Compute nodal temperatures
(Equations 10 and 11)

1
Toi=dTeri+Ter iy
Tsii = dTspei + Tspi-1

]
Compute control signals:
T crswe Tsk,swe Terditv T skdits Tsk.cons: Tersh

Skin blood flow rate Sweatingrate || Shivering metabolic rate
SBF : SWR

Mni

—__ 1o

Jyes

| Qutputs: Tgy, T, water loss, Qg etc. ]

Figure 2 Numerical solution procedure and model outputs

Improvement of the thermoregulatory models

The two-node model's performance is tested by
comparing the predictions with selected high-quality
experimental data publicly available. These include the
experiments of Stapleton et al. (2014) for hot exposure
and Tsuzuki et al. (2002) and Inoue et al. (1992) for cold
exposure. Since this paper focuses on heat-stressful
conditions, the cold exposure comparison will not be
discussed.

Stapleton et al. (2014) conducted laboratory experiments
in a calorimeter chamber on 12 young people (males and
females) aged below 24 years and 12 elders (males and
females) aged above 60 years while wearing light athletic
shorts and sandals. While seated, the subjects were
exposed to 36.5 °C and 20% RH (hot-dry condition) or
36.5 °C and 60% RH (hot-humid condition) for 120 min.

Taiz1)] X Ap X AT/MeyCor + Ter iy (10) Table 1 summarises the two experimental scenarios.
Toii = dToii + Tt = [Maei + hope(Terioa = Towima) = Dryims — Table 1 Benchmark experiment settings
Evapi—l] X Ap X At/mgCo + T i1 (11)
.. . Age Height
where i is the number of the time step. ) Ta  Va RH young/  young /
Scenarios ©C) (mis) ) MET  CLO elder elder
(year) (m)
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1 36.5 0.25 20 0.93 0.1 24/65 1.7/1.8
2 36.5 0.25 60 0.94 0.1 24165 1.7/1.8

CDIL [50,225] 125 15
CSTR [0.25,0.75] 0.05 11

At first, simulations are carried out using the original
model of Gagge et al. (1986) with default values of the
model constants. Table 2 shows the deviation between the
simulated and measured core (Te) and skin (Ts)
temperatures at the end of the exposure time. Evidently,
under hot exposure, the original two-node model tends to
underestimate the core temperature and overestimate the
skin temperature. Therefore, the original two-node model
under heat stressful conditions needs further improvement
to accurately predict the skin temperature, in particular, to
avoid under/over-estimating of skin heat exchange with
the environments.

Table 2 Deviation between simulated and measured core and
skin temperatures using the original two-node model

Body Scenario 1 Scenario 2

Temp.  Exp.  Sim. AT Exp. Sim. AT

Ter 3713  36.98 -0.15 37.17 37.05 -0.12
Tsk 3469 3524 0.55 34.87 35.45 0.58

Since the evaporative heat of sweating is the primary
process to release heat from the skin surface to the
environment, the overestimation of skin temperature
under hot exposure might be caused by the
underestimation of sweating rate. Therefore, a modifier
term Acof X ATy, is added to the original sweating
model to emphasize the effect of the skin temperature
control signal. The assumed domain of the value of Acof
is0to0.5.

As skin blood flow is important to the heat transfer
between the core node and the skin node, the constants
CDIL and CSTR in the skin blood flow model also need
to be further improved. CDIL is a constant involved in the
dilation of blood vessels and is affected by human
subjects' fitness. Gagge indicates that the value of CDIL
varies between 50 and 225 litre/(m2.hr.°C) (ASHRAE,
2013). CSTR is a constant involved in vasoconstriction,
which may vary between 0.25 and 0.75.

Therefore, the coefficient Acof in the sweating model
(Equation 5) and the constants CDIL and CSTR in
(Equation 8) need to be fine-tuned so that the differences
between the calculated and experimental core and skin
temperatures throughout the thermal transient process are
minimized. A series of numerical experiments are
designed to investigate the effects of these constants. As
shown in Table 3, several values in their ranges with a
certain interval are sampled to cover at least 10 values for
each parameter. 165 possible combinations of Acof and
CDIL for hot exposure are tested (CSTR works under cold
exposure). The final values are presented in the results
section.

Table 3 Ranges and sampling of possible constants values

Constants Ranges Sampling Number of
interval possible values
Acof [0,0.5] 0.05 11

Another further improvement of the original two-node
model is to account for the sweat evaporation heat's
efficiency. In hot and humid conditions where sweat
evaporation becomes restricted, the sweat secreted by the
human body would accumulate on the skin surface, thus
raising the skin wettedness and causing sweat to start
dripping instead of evaporating. This leads to a decrease
in sweat evaporation efficiency (Candas et al., 1979).
Evaporative efficiency is defined as the ratio of
evaporative heat to the total secreted sweat rate.
According to the experimental data of Candas et al.
(1979), sweat evaporation efficiency is a function of skin
wettedness (w) as it varies and approaches a critical value
of 0.85. (ISO7933, 2004; Candas et al., 1979). 1ISO 7933
(1989) adopted an expression for the computation of the
evaporative efficiency as a function of skin wettedness for
most workplaces, as shown in Equation 10, for required
skin wettedness smaller or equal to 1. In this model, the
evaporation efficiency is assumed to remain equal to 0.5
when the wettedness reaches 1.
2

Nevap = 1- WT (12)
Candas et al. (1979) proposed the variation of Nevap With
w based on the experimental data given as Equation 13.

1{11”:%076 x w3 +8.3638 x w? — 5.0536 X w+ 2; if 04143 <w <1 (13)
1; if w<0.4143
Kubota et al. (2014) applied the approximate expression
of evaporative efficiency shown in Equation 14. The
efficiency has a linear relationship with the 'virtual skin
037 +0.31/w'; if 049<w'<1
1, if w <049

(14) Where w' is equal
to the skin wettedness (w) when the evaporative
efficiency is unity.

The simulation results of the model without considering
the efficiency (E1: 7., =1) and considering the
efficiency with the above three methods (E2-E4) are
compared with the experimental data of skin temperature
from Ooka et al. (2010), as shown in Figure 3. In this
experiment, the subjects were exposed to 35°C and 70%
RH for 60 minutes.

wettedness' . nepap = {

34.0

1 =El +E2 +«E3 <«E4 = Measured

335

0 5 10 15 20 25 30 35 40 45 50 55 60
Time (min)

Figure 3 Comparison of the evaporation efficiency models
(discontinued lines are the margins of he experimental error)
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Figure 3 indicates that E4 (Kubota et al., 2014) and E2
perform better than the other methods. This study adopts
the E4 model. The effect of the sweat evaporation
efficiency model is perceptible and significant only if the
skin wettedness reaches above the critical value 0.49.

Age-related physiological changes

The physiological changes involve the basal metabolic
rate, sweating rate, and skin blood flow with aging. Figure
4 shows the percentage of these changes when compared
to young people, according to our literature review.
Compared to young people, the basal metabolic rate of
elderly people can be as equal as that of young adults
(Stapleton et al., 2014) or as low as 70% of young adults
(Tsuzuki and Ohfuku, 2002; Novieto and Zhang, 2010).
The percentage of basal metabolic rate in the skin node is
also changed from 4% to 5% (Rida et al., 2014). Sagawa
et al. (1988) reported that different sweating responses
existed between the elderly and young people during heat
exposure. The possible sweating rate of elderly people
would be reduced by about 10% (Hirata et al., 2012).
Humans also show a weakening in skin blood flow with
respect to age, and this varies from 25 to 50 % when
comparing young people of 18 to 30 years old and healthy
adults aged above 60 years old (Holowatz and Kenney
2010). The narrower range of skin blood flow means the
weakened regulation of vasodilation and vasoconstriction
under a non-neutral environment.

60%

50%
40%

20%

0% .

20% -10%

-10%

Percentage of changes

-30% -30¢
0% o 30%

Metabolic Sweating Min Skin Max Skin Shivering
rate rate blood flow blood flow rate

Figure 4 Age-related thermoregulation intensity change ranges

Besides the thermoregulation intensity, threshold
parameters related to core or skin temperatures, which
trigger thermoregulatory actions for sweating, maximum
dilatation, and maximum constriction, are also changed
with aging. The ranges of thermoregulatory thresholds
deviation from young adults are shown in Figure 5.

2

o
< 15
< 1.5
i B
E 05 ™
o
g 05
3 1
a -
ol
=15
z
a 2
Sweating Vasedilation  Vasoconstruction Shivering

threshold threshold threshold threshold

=Ta =Tsk

Figure 5 Age-related regulation thresholds change ranges

Hirata et al. (2012) reported that the skin threshold
temperature for sweating of the elderly is up to 1.5 °C
higher than the young people, and the core threshold
temperature is 0.4°C-0.6°C higher compared to young
people. Compared to young people, it takes more time for
elderly people to reach the sweating threshold
temperature, so that the heat tends to accumulate within
the body and increase the risk of heat injury.

Vasodilation for a typical young adult occurs when the
core temperature increases above the neutral values of
36.8 °C for core temperature and 33.7 °C for skin
temperature. The maximum vasodilation happens when
the body temperature is 37.2 °C (Karakietal. 2013). The
maximum vasoconstriction happens when the skin
temperature reaches 27.8 °C (Smith et al., 1993).
Threshold core temperature for the onset of vasodilation
increased by up to 0.6°C (Itani et al., 2020) compared to
those adopted in young adult models. According to
Sesseler et al.'s (2008) experimental study, the threshold
core temperature for the onset of wvasoconstriction
increased by up to 1.6°C.

Under hot exposure, the thresholds of sweating and
vasodilation are important. To find the thresholds values
in the elderly two-node model, a series of numerical
experiments are designed to investigate the effect of these
threshold values. As shown in Table 4, several values in
these ranges are sampled to cover at least 10 values for
each parameter. 2250 possible combinations of these
values for hot exposure are tested.

Table 4 Ranges and sampling of age-related parameters

Sampling  Number of

Parameters Range interval possible values
Deviation of T sw (°C) (0, 1.5) 0.1 15

Deviation of T, 5w (°C) (0, 0.5) 0.05 10

Deviation of T, 45 (°C) (0, 1.5) 0.1 15
Results

Improved two-node model for young adults

165 simulations are conducted with all the possible value
combinations of Acof and CDIL shown in Table 3, and
the RMSE between simulated and experiments of core
temperature and skin temperature of young adults are
calculated. As shown in Figure 6, The RMSE_Tcr and
RMSE_Tsk in the hot-humid (36.5°C, 60% RH) scenario
are plotted. In this scenario, the best combination of these
constants corresponds to the point with the smallest
distance from the origin. To consider various scenarios,
the Multi_RMSE is defined as shown in Equation 15.

Multi_ RMSE = \/Z?zl(RMSETmz + RMSErg,”) (15)

Where i is a particular scenario, n is the number of
scenarios, RMSEr.,, is the RMSE between simulated and
experimental core temperature in a specific scenario,
RMSErg, is the RMSE between the simulated and
experimental skin temperature in a certain scenario. The
values corresponding to the smallest Multi RMSE are
regarded as the optimized values. Table 5 compares the
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optimized values of the model constants with original
values of Gagge et al. (1986) and ASHRAE (2017).

= .
@ 0.6 . o _/
L) L]
0.4 T L. "’.,...-"
02 *, o5 {%
R P

0 005 01 015 02 025 03 035
RMSE_Ter (°C)

Figure 6 RMSE between simulations and experiments of young
adults

Table 5. Comparison of model constants for young adults

Model Gagge et al. (1986) Proposed model
constants | ASHRAE(2017)

CSW [g/(m*h)] 170 170

Acof 0 0.2
E:L?(”n;z-hr-"C)] 200/120 50

CSTR 0.1/0.5 0.75

Cof.. 0 50

Cof.s 0 15

Nevp 1 (W<Wiax) Function of w

Note: The values of CSTR, COF; , and COF are determined under
cold exposure

Two node model for the elderly

After the 2250 simulations with all the possible threshold
values as in Table 4, the RMSE between simulated and
measured data of core and skin temperatures are
calculated. The RMSE_Tcr and RMSE_Tsk in the hot-
humid (36.5°C, 60% RH) scenario are plotted in Figure 7.
The distance of the points to the origin of this figure
shows the model's overall performance in this scenario.
The point with the smallest distance can be identified to
be the best parameter combination. The Multi-RMSE in
both hot-dry (36.5°C, 20% RH) and hot-humid (36.5°C,
20% RH) to select the best thresholds combination for our
model.

Table 6 lists the results of threshold values used in the
elderly people's model and their deviation from young
people's neutral temperatures. Besides the threshold
values, the constricted blood flow factor CSE added to the
skin blood flow model (Equation 6) also affects the
performance of the elderly model. According to the study
of experimental study of DeGroot and Kenney (2007) and
Coccarelli et al. (2018), constricted blood flow is
attenuated by 25 to 50% in old people. Thus, CSE's value
varies between 0 (50% attenuation) and 1 (no
attenuation). The value of CSE is determined with a
similar methodology, and the optimized value of CSE is
shown in Table 6. The maximum sweating rate changes,
minimum and maximum skin blood flow rates are also
listed in Table 6.

~

RNSE_Tsk (°C)
i

0 0.1 0.2 0.3 0.4 05
RMSE_Ter (°C)

Figure 7 RMSE between simulations and experiments for the
elderly model

Table 6 Age-related changes and optimized parameter values
used in the elderly model

Parameters ::(;J;:g Deviation iLdoegllg/

Theholdsnempeaieor  g37 w02 329
Thresgxéit?sge;ir:f;(rsét;re for 36.8 +01 36.9
T odiiton T | %8 %05 313
Constricted lgg%d flow factor 1 05 05
Minimzrg;::: (bll%)/t:nle)ow rate 05 +50% 075
Maximt;rg ;"I::(bl_llcr)]c;dm ;‘;ow rate 90 -30% 63
Maximum sweating rate factor 1 -10% 0.9

The comparison of the original two-node model's
simulation results and the proposed models for young and
elderly people for Tc and Tsk against the experimental
data of Stapleton et al., (2014) are plotted in Figure 8.

The original two-node model for young adults
overestimates Tsk by up to 0.76°C and underestimates Tcr
by up to 0.15°C. However, the predictions of the two
proposed models for young and elderly people are in good
agreement with the experimental data with a maximum
discrepancy of 0.42 °C and 0.41 °C in the Tsk, and 0.11 °C
and 0.13°C in Tcr of the elderly and young, respectively.
The higher error in the mean skin temperature than the
core temperature of elderly people is within the expected
error margins. In the experiments, the core temperature
measurement used only one sensor, whereas the mean
skin temperature was calculated as the weighted average
of four sensors at the main points in the body (bicep,
chest, quadriceps, and back calf). Furthermore, the
simulated skin temperature depends on the convection
coefficient calculation method used in the model, which
uses the air velocity as inputs; natural convection effects
which might be significant (high convection coefficient)
under hot exposure are not included.
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Figure 8 Comparison of predictions of the original young model
and proposed young and elderly models with experimental data
of Stapleton et al. (2014) for core and skin temperature. (a) and
(c): Hot-dry exposure (36.5 € and 20%). (b) and (d): Hot-humid
exposure (36.5 T and 60%).

Another validation study of the elderly model uses the
experiments of Xiong et al. (2019). The latter conducted
experiments on 16 elders aged above 65 years wearing
clothing with an insulation value of 0.55 clo. The elders
were exposed to 30.9°C and 69.2% RH at an air velocity

below 0.1 m/s for 60 min while seated and relaxed. The
comparison results for the transient mean skin
temperature Ts are shown in Figure 9. The model
predictions show a good agreement with the experimental
data with a discrepancy of 0.24 °C at the end of exposure
time.

37

Tsk (°C)
w  w
o

33 ® Measured-Older
—— Simulated-Older

0 10 20 30 40 50 60
Time (min)

Figure 9 Comparison of the elderly model predictions with
experimental data of Xiong et al. (2019) for skin temperature

Conclusion

This paper developed two two-node bioheat models for
young and elderly people under hot and cold exposures.

The proposed two-node model for young adults improved
formulations for thermoregulatory controls of sweating,
blood flow, and shivering. The values of the model
constants were optimized using a series of simulation
experiments. The constants values that correspond to the
lowest RMSE between simulations and measured
benchmark data were chosen.

The two-node model for the elderly was built around the
improved model for young adults but accounting for age-
related changes in physiology and thermoregulation for
sweating, vasomotor, and shivering. A series of numerical
experiments were conducted for all possible values of
threshold temperatures (collected from published
experiments) for thermoregulatory controls, and the
RMSE between the simulations and benchmark
experimental data were calculated. The values that
minimized RSME were chosen for the model.

Comparing the model predictions for young adults
showed that the original two-node model of Gagge et al.
(1986) and ASHRAE (2017) overestimated mean skin
temperature by up to 0.76°C and underestimated the core
temperature by up to 0.15°C. However, the proposed
model's predictions were in good agreement with the
experimental data with a maximum deviation of 0.41 °C
in the mean skin temperature and 0.13°C in the core
temperature. Similarly, the predictions of the proposed
model for the elderly were in good agreement with the
experimental data with a maximum deviation of 0.42 °C
in Tskand 0.11 °C in T

Given the obtained results, the developed young and
elderly models are suitable tools to predict thermal stress
and associated comfort/discomfort levels and heat-related
health outcomes (body dehydration and critical core
temperature) with great accuracy. Therefore, it is
recommended to include those new models in applicable
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standards for thermal comfort and heat stress in built
environments, such as ASHARE 55 (2017), to replace the
original Gagge's model and I1SO 7933 (2018) heat stress
models for hot exposure in workplaces. Those two
industry standards do not have any heat stress model for
the elderly. Besides, the models can be intergrated in
currently available building simulation software, such as
Energyplus, ESP-r, etc., to calculate occupant thermal
response and thermal comfort and heat stress indices, to
analyze space overheating risk in buildings.
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