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Abstract
Thermal comfort indexes based on physiological models are generally based on the morphology of an average, male individual. The present work explores
the effects of physiological variability on the calculation of thermal comfort using the Standard Effective
Temperature (SET* ). A semi-probabilistic approach
is used for the study, with French population demographics as input. Parameters in the physiological
model behind the SET* index that vary with human
physiology were generated according to probabilistic
laws and data from the literature.
The results demonstrate that the temperature acceptability range determined by the model is exceeded for
this population. However, standard deviations obtained proved to be relatively low compared to field
data from literature. A sensitivity analysis showed
that the most influential parameters of the model are
sex, age, height and BMI.

Introduction
The SET* comfort index is based on the “two-node
model” of human thermoregulatory system Gagge
et al. (1971) and usable for both indoors or outdoors Pickup et al. (2000). Under given environmental conditions, the model yields thermal comfort
indicators, such as core temperature, skin temperature and skin wettedness. In steady state, for near
sedentary occupants, the two-nodel model is known
to yield reasonably accurate estimates for skin and
core temperature Doherty and Arens (1988); Takada
et al. (2011). It uses heat and mass balance equations,
human thermoregulatory functions, and the following
six environmental and personal parameters:
- Air temperature Ta : convective heat transfer
- Mean radiant temperature Tr : radiative transfer
- Air velocity v: convective and evaporative heat
transfer
- Relative humidity RH: evaporative heat transfer
- Clothing insulation [clo]: resistance to heat loss
- Individual metabolic rate [met]: generated body
heat

For long, the SET* thermal comfort index has been
associated with the two-node model. By definition,
SET* is “the temperature of an imaginary environment at 50% relative humidity, <0.1 m/s average air
speed, and mean radiant temperature equal to average air temperature, in which total heat loss from the
skin of an imaginary occupant with an activity level
of 1.0 met and a clothing level of 0.6 clo is the same
as that from a person in the actual environment, with
actual clothing and activity level” ASHRAE (2013),
resembling the conditions of a typical indoor.
Earlier works have looked at how a comfort model’s
physiological parameters may be adapted to individual physiology, fitting measured body temperatures Zhou et al. (2014). A more recent study explored how including individual’s physiological parameters can improve a model’s predictive ability for
a group of human subjects Davoodi et al. (2018). This
work addresses how physiological parameter variability across a population affects the evaluation of SET* ,
in the spirit of Bruse (2007), thus giving an estimation of individual thermal comfort needs.
Translating from the comfort requirements as specified from the PMV-PPD model for sedentary office
workers, the comfortable SET* values range from 22.2
to 25.6 (a mere conversion from the 72-78 F range
from ASHRAE 55-74) Nishi and Gagge (1977). In
order to verify this comfort range for a given population, Monte-Carlo simulations were led using sets of
physiological parameters following aleatory distributions around the physiological values garnered from
literature.



°

Two-node model
We briefly present here the two-node heat balance
model and the integration of physiological variability.
Heat balance equations
Considering the human body as a cylinder, the core
and skin temperatures Tc and Ts may be derived
using heat balance equations of the core and skin
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metabolic activity M [W.m−2 ], acting as a cold defence mechanism:

nodes ASHRAE (2009):
mcp dTc
A dt
mcp dTs
(1 − α)
A dt
α

= M − UT × (Tc − Ts ) − Qr(1)
= UT × (Tc − Ts ) − H − E (2)

where M is the metabolic rate [W.m−2 ], A the body
heat exchange surface area [m2 ], m the body mass
[kg], Qr the total respiratory heat loss [W.m−2 ], H
the sum of convective and radiative losses [W.m−2 ],
E the evaporative heat loss at skin surface: diffusion plus sweating [W.m−2 ], α the skin mass fraction of total body mass and UT = Uc-sk + ṁb cb the
two-node model’s total conductance [W.m−2 .K−1 ],
including tissue conductance and heat transfer via
specific blood flow ṁb [kg.m−2 .s−1 ].
Herein, skin blood flow has been defined as the skin
blood flow on body surface qb [L.m−2 .h−1 ],where
/1000
× qb .
ṁb = ρb3600
Body surface area and metabolic rate
The Dubois equation was used to determine body
heat exchange surface area, based on a person’s height
(in meters) and mass (in kg):
A = 0.203 × m0.425 × h0.725

2

[m ]

(3)

Individuals’ basal metabolic activity, M [W.m−2 ] was
computed from the equation for resting energy expenditure Mifflin et al. (1990):
4184
3600 × 24A
(4)
where c = 5 for men and c = −161 for women.
Thermoregulatory model
M = (10×m+6.25×h×100−5×age+c)×

For mathematical tractability, thermophysiological
models, including the two-node model, represent the
human body as a regulated thermal system, with
vasoregulation, sweating, and shivering actions triggered by deviations of body temperature from the
set-points. The thermoregulatory constants Cd and
Cst influence blood flow rate qb :
qb =

qbset + Cd (Tc − Tcset )
1 + Cst (Tsset − Ts )

[L.m−2 .h−1 ]

(5)

where Cd [L.m−2 .h−1 .K−1 ] and Cs [K−1 ] are the dilation and constriction constants, qbset the set (default)
blood flow rate [L.m−2 .h−1 ], Tc and Ts the core and
skin temperatures [ ], and Tc set , Ts set the core and
skin set-point temperatures [ ]. Sweating thermoregulation is governed as:





(Ts −Tsset )
10.7

[g.m−2 .h−1 ]
(6)
−2 −1
where Csw is the sweating coefficient [g.m .h ].
For cold environments, shivering allows for internal heat generation Msh [W.m−2 ], additional to
ṁsw = Csw × (Tb − Tbset ) × e

set
Msh = Csh × (Tset
s − Ts )(Tc − Tc )

(7)

where Csh is the shivering coefficient [W.m−2 .K−2 ].
Body specific heat capacity (cb ) varies, with skin
mass fraction and specific heat capacities of fat and
body tissues (respectively cf = 2510 [J.kg−1 .K−1 ] and
ct = 3650 [J.kg−1 .K−1 ]):
cb = β × cf + (1 − β) × ct

(8)

where β is the body fat percentage [%].

Random sampling of parameters
The model inputs affected by physiological variations
are divided into “primary parameters”, directly taken
from the literature and “secondary parameters”, computed from the primary ones.
Primary parameters
These parameters are directly affected by physiological variations: sex (as assigned at birth), age, height
h, body mass index and the core and skin set-point
temperatures, respectively Tcset , Tsset . When parameters exhibit a Gaussian distribution, they are defined
by (µ, σ), respectively their mean value and standard
deviation.
Height (h)
Height follows a normal distribution, as observed in
Duclos et al. (2011); Koepke et al. (2018). The average value and the standard deviation for height were
taken from the French national campaign de Saint Pol
(2007): (µ, σ) = (1.63, 0.09) [m] for women and
(µ, σ) = (1.75, 0.10) [m] for men. An overview of
height distribution by sex for 10000 individuals is
given in Figure 1 b).
Body Mass Index (BMI)
The actual BMI among French taken in de Saint Pol
(2007) was best matched by a Weibull distribution,
defined by Eqn. (9):
p(x, k, n, x0 ) =

k
n



x − x0
n

k−1

e−(

x−x0
n

)

k

(9)

The form and scale parameters (k, n) were determined using logarithmic regression on the data. x0
was fixed to x0 = BMI0 = 16 [kg.m−2 ]. Both female
and male BMI distributions are shown in Figure 1 c).
To the best of the authors’ knowledge, the French
age-wise BMI distribution is not available in the literature. The hypothesis was made that the BMI distribution is the same for different age groups.
Age distribution (age)
The age distribution from the 2018 official French census de Saint Pol (2007) is shown in Figure 1 a). Given
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Correlations between body fat percentage β [%] and
BMI [kg.m−2 ] have been derived for different population groups Pasco et al. (2012); Ranasinghe et al.
(2013). In absence of a specific correlation for the
French, the formula by Deurenberg et al. (1991) appeared to be the most appropriate:
β = 1.2×BMI+0.23×age−10.8×sex−5.4 [%] (11)

Figure 1: Population characteristics a) French pyramid of ages in thousands per year of age from
de Saint Pol (2007), Distributions of b) Height c)
BMI d) Mass (n = 10000).

the Deurenberg Equation (11) is applicable only between 18 and 65 years, variability was not studied
beyond this age range.
Set-point temperatures (Tsset and Tcset )
The experiment of Chudecka et al. (2014) reports
skin temperature as being normally distributed. In
Gagge’s original model, Tsset and Tcset are respectively
33.7 and 36.8 while other references quote slightly
different values Gagge et al. (1971); ASHRAE (2013).
Standard deviation was taken as 0.337 [K] for Tsset in
order to respect the temperature criteria of Mackowiak et al. (1992) and 0.166 [K] for Tcset so as to
remain within 1 of variation for the core set temperature for 99% of the Gaussian distribution.
Secondary parameters







Secondary physiological parameters such as mass m,
body fat percentage β, mean skinfold thickness esk
and tissue conductance Uc−sk were derived from the
primary parameters. The evaluation of model parameters Cd , Cst , Csw , Csh and qbset is also possible using
primary parameters.
Mass
Mass m [kg] is derived from the BMI and height :
m
BMI = 2
h

Body tissues conductance (Uc-sk ) and mean skinfold
thickness (esk )
Body tissues conductance Uc-sk in the Gagge model is
constant at Uc-sk = 5.28 [W.m−2 .K−1 ]. In this study,
it was made dependent on the individual’s physiology, as also explored in other works Bruse (2007);
Havenith (2001). Dependence of body tissues conductance on the skin tissue average thickness was computed as following equivalent conductance:
1
1
1
=
+
Uc-sk
Ufat+skin
Umuscle
With
Umuscle

=

Ufat+skin

=

0.05
−65
1 + M130

BMI is a consistent indicator of body morphology
when within 17 < BMI < 32 [kg.m−2 ] and hence
was not used without these bounds.
The obtained average mass for men and women was
respectively 60.5 [kg] and 77.2 [kg] (Figure 1 d), which
compares well with the values given by the national
statistical institute de Saint Pol (2007): µ = 63 [kg]
for women and µ = 77 [kg] for men.
Body fat percentage (β)

!−1
[W.m−2 .K−1 ]

(13)

((0.5 × esk − 2) × 0.0048 + 0.0044)

−1

−1
[W.m−2 .K(14)
]

where esk [mm] is the average of skinfold thickness ek
measured at 7 sites:
!
7
X
1
esk = ×
ek
[mm]
(15)
7
k=1

The Jackson and Pollock’s equation of body density
ρ provides a relationship between ρ [kg.m−3 ] and esk :
ρ = C − B × esk +A × esk 2

(16)

where
A = 5, 5.10−7
,
B = 4.3499.10−4
,
C = 1.1125075 and D = 2.8826.10−4 for both
men an women.
Equation (16) can hence be solved for esk , provided
the body density is known. The latter was derived
from the relationship by Siri (1993):


(10)

(12)

ρ=

β + 4.5
4.95

−1

[kg.m−3 ]

(17)

The resulting distribution of Uc-sk (Figure 2 a), ranges
from ∼ 6 − 15 [W.m−2 .K−1 ].
Values reported in literature range between UT =
8.3−33.3 [W.m−2 .K−1 ] Schweiker et al. (2017). However these published values relate to both the contribution of body tissues conductance and blood flowrelated heat transfer.
Values obtained for esk (Figure 2 b) compare well to
the measurements of Durnin and Womersley (1974)
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- Reference values for sweating Csw and shivering
Csh coefficients were taken as per the original
model, 170 [g.m−2 .h−1 ] and 19.4 [W.m−2 .K−2 ].
As these model coefficients cannot be measured
directly, we implement here the approach used
by Davoodi et al. (2018), introducing a dependency
between body surface and blood flow or sweating rate.
CF A =

Figure 2: Individual physiological characteristics distributions for the French population (n = 10 000)
a) Uc-sk b) Mean skinfold thickness esk c) Basal
metabolic rate derived from Mifflin et al. (1990) for
indoor activity.

who reported the sum of individuals’ skinfold thickness, the average rangeing between ∼ 10 and ∼ 45
[mm] — both male and female.
Set value of the skin blood flow (qbset )
In the original model, the reference blood flow is calculated after Equation (5). However, the blood flow
rate qb can be linearly corrected with the cardiac output factor (COF) Davoodi et al. (2018) as:
COF =

CO
COref

(18)

where COref and CO are respectively the cardiac outputs for the reference individual and the actual individual, calculated after Taylor et al. (1952):
β
)+0.034×100×h−4.313 [L/min]
100
(19)
The reference individual is a 40 year old European
male, weighing 73.5 [kg], and 1.71 [m] tall van
Marken Lichtenbelt et al. (2007); ASHRAE (2009).
COF then applies to the blood flow Equation (5) as
well as the maximum blood flow rate.
CO = 0.061×m(1−

Dilation, striction, sweating & shivering coefficients
Different values can be found in the literature for the
model coefficients Cd , Cst , Csw and Csh :
- Dilation coefficient Cd : references Doherty and
Arens (1988); Gagge et al. (1986) propose Cd =
200, whereas in Höppe (1993) the preferred value
is Cd = 75 and ASHRAE (2013) provides a value
of Cd = 120 [L.m−2 .h−1 .K−1 ].
- References regarding the striction coefficient Cst
ASHRAE (2013); Gagge et al. (1971) agree on
Cst = 0.5 [K−1 ].

A
Aref

(20)

where Aref is the Dubois body surface area of the
reference individual. CFA applies to Equations (5),
(6) and (7).
With 14 variable parameters in the model, a sufficient
number of evaluations is required. The number of
individuals was hence increased until both average
value and standard deviation stabilized under various
conditions, which occurred for ∼ 10000 samples.
Limitations of the method
Individual adaptation, such as adapting the clothing
level based on preferred temperatures, and acclimatization or fitness of individuals were not considered.
The correlations established for the breathing heat
loss were not modified as their influence was considered as limited.
BMI distribution was not defined per age groups, the
hypothesis being that it remained the same for all of
them. This assumption may easily be challenged.
The skin blood flow equation (5) has not been modified in order to best fit the original model, though
others were found in the literature.

Results
The standard deviation of SET* is presented on psychrometric charts for four different conditions.
Psychrometric charts
The average SET* and its standard deviation were
computed on psychrometric charts for different air velocity conditions and mean radiant temperatures. For
each point on the charts presented in Figure 3, 10000
random drawings were performed. The standard deviation related to the variations among individuals
of both sexes was calculated for each of the series of
SET* obtained, an equal number of individuals being
drawn for each sex.
Four types of conditions were studied on the psychrometric chart for relative humidities ranging from 0 to
100%:
- Operative temperature: equal air and radiant
temperatures (Ta = Tr )
- High mean radiant temperature (MRT): radiant
temperature 30 [K] higher than the air temperature (id est for each abscissa : Tr = Ta + 30),
simulating high solar irradiation
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- Wind: operative temperature with 0.7 [m/s] air
velocity
- High mean radiant temperature and wind: high
MRT with 0.7 [m/s] air velocity
Operative temperature conditions
Operative conditions studied corresponded to: Ta =
Tr and v = 0.1 m.s−1 . Results presented in Figure 3
a) show the standard deviation σSET ∗ [ ]. For these
conditions, σSET ∗ ∈ [0.25, 0.9].
Even under ideal temperature and humidity conditions (in the vicinity of 19-25 [ ], 50 [%] relative humidity) variability amongst individuals has an influence on evaluation of comfort through the model. The
standard deviation reaches σSET ∗ ∼ 0.35 − 0.5 [ ].
This could allow SET* to get out of the 22.2-25.6 [ ]
comfort zone of the original model for at least a part
of the population when the average SET* reaches the
edge of these bounds (the proportion of which will be
examined further in this paper). This is in line with
the findings that examining a wide group of building occupants, it was seen that they do not have a
predilection for narrowly controlled indoor temperatures Arens et al. (2010).
The winter conditions (Ta = 0−10 [ ]) exhibit a significant standard deviation (σSET ∗ ∼ 0.7 − 0.9 [ ]),
hence indicating a diverse physiological reponse under
low temperatures conditions.
The standard deviations under high temperatures are
the lowest (σ ∼ 0.25 − 0.35 [ ]). From a thermal
comfort point of view, the population behaves more
homogeneously under hot conditions than under cold
conditions. This relates at least partly to skin blood
vessels being dilated under warm conditions, leading
to a more uniform skin temperature.
High mean radiant temperature conditions

σSET ∗ ∈ [0.1, 0.6]. Wind changes the threshold for
critical skin wettedness occurrence. Compared to
Figure 3 b), the increased variability zone (oblique
yellow zone) shifted to the right, implying that when
windy, critical sudation was reached at warmer temperature.














The σSET ∗ ∈ [0.1, 0.5] (Figure 3 b) is smaller than
those for operative conditions. The oblique yellow
zone on the chart corresponds to the split between
individuals having reached critical skin wettedness
or not (for concision reasons this point will not be
adressed here). Beyond this zone, the entire population has reached critical sudation and σSET ∗ decreases. Air temperatures around 0 also exhibit a
higher variability.
Windy conditions



Interestingly, in windy conditions, Figure 3 c), the
standard deviation resembles that of operative conditions, σSET ∗ ∈ [0.15, 1.0], meaning the population
studied with the model shows a rather homogenous
dispersion of SET* around the average for both windy
and windless conditions (the average SETv alues being lower for windy conditions).
High mean radiant temperature and windy
conditions
In windy, high mean radiant temperature conditions,
according to Figure 3 d), the standard deviation is:

(a) Windless conditions

(b) High MRT conditions

(c) Windy conditions

(d) High MRT + wind

Figure 3: Standard deviation for high mean radiant
temperature and windy conditions with iso-σSET ∗ values every 0.1 [K].
The literature review by Van Hoof (2008) quotes
preferred temperature ranges in various field studies
varying from a few degrees to ∼ 10 [K] and standard deviations of 1 to 2 [K]. Such a range is noticeably higher than the results presented here. Thermal comfort sensation can be due to factors other
than the physical, thermal environment. The current work did not take into consideration variability
of clothing and other behavioural or psychological adjustments among the population. This study presents
the physiological aspects of variability over a population, which would be complemented by behavioural
and psychological aspects. Nevertheless, the physiological component of variability does exist.
Percentage of individuals within comfort zone



The SET* comfort range, between 22.2 and 25.6 ,
is taken from Nishi and Gagge (1977) and represents ∼ 80% individuals satisfied with indoor conditions. Using mean and standard deviation of SET*
obtained in Section for indoor operative temperature
conditions (Figure 3 a), the percentage of individuals within comfort was computed by integrating the
analytical Gaussian distributions. For the values between −∞ and x, with x = 22.2, this percentage is:
!

−(x−µ)2
1
1
x
−
µ
√
F (x) =
e 2σ2 dx =
1 + erf √
2
2πσ
σ 2
−∞
(21)
The ”right hand side” of integral F (x), i.e., the percentage of a distribution beyond the upper limit of
the comfortable SET* (x = 25.6), may be calculated
Z

x
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similarly.
On the warmer side of the comfort zone, i.e., SET*
= 25.6 , the 10, 80 and 95% isopercentages lines
of comfortable individuals are in a relatively narrow
range (Figure 4). The dashed lines for 95% and 80%
lay on both sides of the 25.6 SET* limit. Comfort
percentage rapidly drops as this limit is passed.
In the vicinity of the cooler threshold of the comfort
zone, the percentage of comfortable people is spread
wider. One can see on Figure 4 that the 95% limit
stands within the generally accepted SET* comfort
zone. At the lower limit of the comfortable SET* ,
50% of the studied population is outside the comfort
range (the 50% line and the 22.2 SET* actually coincide). The behaviour observed in Figure 4 suggests







conducted. Morris’ method Morris (1991) using the
Python SALib package Herman and Usher (2017) was
chosen. The method’s principle is briefly described
here, however a thorough explanation can be found
in Saltelli et al. (2008). It relies on the computation
of the elementary effect EEk related to parameter xk
on the output using a finite difference between two
SET* calculations, changing one parameter xk at a
time. This evaluation is repeated a number of times
r and the average µk of all elementary effects EEk
for parameter xk is computed:
r

µk =

1X
|EEki |
r i=1

(22)

The standard deviation of the series of elementary
effect σk is also computed.
The importance of each parameter, xk , on the SET*
is evaluated by plotting the average elementary effect
µk against the standard deviation σk . Parameters’
ranking is determined by the ratio of magnitudes of
the computed average and standard deviation. There
are roughly two types of influences:
- Linear influence of a parameter: characterized
by points below the first bisector.
- Non-linear influence of a parameter: characterized by a position above the first bisector: the
dispersion of the distribution is of the same order or above the elementary effect, meaning there
could be an interaction with other parameters.

Figure 4: Percentage of individuals within the comfort zone in windless, operative temperature conditions (solid lines : SET* limit values for comfort,
dashed lines : isopercentages 10, 80 and 95%).
a narrower comfort zone, after the SET* model: a
similar upper bound but a 0.5 [K] greater lower bound
for 80% acceptability, i.e. 22.7 . Beyond the limits of comfort, on both warm and cool side, comfort
percentages rapidly drop off, similar to findings from
analysis of field study data Zhang et al. (2011). The
80 and 90% comfort lines are much closer on the warm
side than on the cool side. We hypothesize this asymmetry originates from a more homogeneous vasodilation under warm conditions Huizenga et al. (2004),
leading to more consistency in perception. Deviation
of the SET* lower comfort limit (22.2 to 22.7), compared to PMV evaluations, could be interpreted in
the light of the recent compilation of worldwide field
studies, ASHRAE Database II Földváry et al. (2018),
where the percentage satisfaction-thermal sensation
vote curve also shows a slight asymmetry with the
minima not being on the neutral point of the thermal
sensation scale but slightly to the warmer side.



Sensitivity analysis
Complementing the study of physiological variability, a sensitivity analysis of the SET* model was



Results presented are for 20 [ ] air and radiant temperatures, 50 [%] relative humidity and 0.1 [m/s] air
velocity (n = 10000). Various conditions were tested
and yielded similar results.
Figure 5a and 5b show that age has a linear influence
on SET* , is the predominant factor for both sexes.
Age affects several key parameters — metabolic activity according to the Mifflin equation (4), body fat percentage according to the Deurenberg equation (11),
and cardiac output equation (19) — consequently impacting the model results. However, it may be added
here that the results of the simulations, that find a
significant impact of age, may not translate well to
the findings from field studies. The limitation lies
in how the impact of age is factored into the model.
More accurate models of the future may not have this
shortcoming and would benefit better from the analysis scheme presented in this work.
Height is the second most influential parameter for
women, while BMI comes second for men. Both parameters have a large span of variation across individuals, explaining their ranks. They also affect the
calculation of mass and body surface area, Equations
(10) and (3), which stand for the inertial terms in the
differential equations solved for skin and core temperature (1) and (2).
Interestingly, corpulence parameters (height and
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BMI) have more influence on the average SET* for
women than for men: respectively σ ∼ 0.25 versus
σ ∼ 0.9 and also σ/µ∗ ∼ 0.5 for women and σ/µ∗ ∼ 1
for men. These parameters induce a non-linear behaviour, or may have interactions with other parameters for men. For men, height was fourth, behind
the skin set temperature.
For both sexes, skin and core set temperatures’ elementary effects are such that σ/µ∗ ∼ 0.5, meaning
the model behaves monotonously with the evolution
of these parameters. Similarly to these results, a recent field study showed that sex, age, and BMI have
a significant impact on the deviations from neutral
conditions occupants can be comfortable with Rupp
et al. (2018).

perienced by individuals is more spread-out in cold
environments.
The sensitivity analysis revealed that, as examined
from the two-node model, sex and age are the most
influential parameters on the SET* and female individuals exhibit more individual variability.
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