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Abstract

A thermally comfortable indoor environment is crit-
ical for ensuring the health and productivity of the
occupants. This study aims to develop a combined
CFD-based genetic algorithm and human body ther-
moregulation model for the inverse design of indoor
thermal environment. This investigation developed
the CFD solver in OpenFOAM, the genetic algorithm
by GenOpt, and the human body thermoregulation
model in Matlab. A shell file was used to run those
three parts in need automatically. The developed
model was validated by the measured human skin
temperature from literature. The model was further
applied to design the thermal environments in an of-
fice with displacement ventilation for demonstration.
In the office case with displacement ventilation, the
thermal comfort was maximized when the air supply
air temperature and velocity was 25 oC, and 0.08 m/s.
Coupling thermoregulation model with CFD inverse
design provides a more detailed way to optimize the
indoor thermal environment, and at the same time,
local thermal discomfort can be reduced.

Key Innovations

• Interactive simulation of human skin tempera-
ture and indoor air distribution

• Reliable estimation of the occupants’ thermal
comfort level

Practical Implications

This study implemented a new way for evaluating
the thermal comfort level in the inverse design of in-
door environment. On the one hand, the developed
model considered the heterogeneous thermal environ-
ments, such as vertical air temperature gradient, non-
uniform radiation, and spatially different air distribu-
tion, which improves the accuracy in estimating the
thermal comfort level. On the other hand, the cou-
pling would not only overcome the inaccurate CFD
prediction due to fixed surface temperature of the oc-
cupants, but also lead to reliable estimation of the
occupants’ thermal comfort level.

Introduction

Thermal comfort is basically related to the well-being
and health of the occupants. In general, a dissatis-
fied thermal environment would cause stress since an
occupant would feel tired when it too warm and rest-
less and distracted when it is too cold. The senior
people are especially more vulnerable to uncomfort-
able thermal environment (Van Hoof et al., 2017). In
nowadays building sciences, the thermal comfort has
been also related to the productivity. Geng et al.
(2017) conducted experimental study and found that
the increase of thermal satisfaction had a positive ef-
fect on productivity and the occupants’ thermal sen-
sation had an impact on the perception of indoor air
quality, lighting and acoustic environment. Tarantini
et al. (2017) applied co-citation analysis of literature
and found that thermally comfortable indoor envi-
ronment would improve workers’ well-being and pro-
ductivity, such as higher operational rates, lower pro-
duction losses, fewer sick leaves, and reduced health
related costs. A thermally comfortable indoor envi-
ronment is critical for ensuring the health and pro-
ductivity of the occupants (Schellen et al., 2010).

In order to design a thermally comfortable indoor
environment, design engineers traditionally calculate
the cooling/heating load to determine the air sup-
ply conditions/capacity of radiators and ensure the
indoor air temperature is within the comfort zone
(Standard, 2017). Such a method can generally en-
sure the thermal comfort of 80% occupants (Stan-
dard, 2010). This is because the difference between
the perception of individuals as well as the ther-
mal comfort is also dependent on other environmen-
tal parameters such as mean radiant temperature,
air speed, and humidity. To further improve ther-
mal comfort, researchers adopted the optimization
algorithm to design or control the heating, ventila-
tion, and air-conditioning (HVAC) system based on
a combination of thermal environment parameters.
Satrio et al. (2019) designed a combined HVAC sys-
tem using genetic algorithm for creating better ther-
mal environment. Pombeiro et al. (2017) coupled
the genetic algorithm and energy simulation tool for
controlling the HVAC system that achieve maximal
thermal comfort with minimum energy consumption.
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Those studies only estimate mean indoor thermal en-
vironment parameters, however, many enclosed envi-
ronments are characterized by heterogeneous thermal
environments, such as vertical air temperature gradi-
ent, non-uniform radiation, and spatially different air
distribution. Neglecting the non-uniformity and us-
ing averaged parameter in the design process is less
informative and may lead to errors.

Therefore, researchers recently integrated the opti-
mization algorithms and artificial intelligence with
computational fluid dynamics (CFD) (Liu et al.,
2015). On the one hand, the CFD with an appropri-
ate turbulence model is able to efficiently provide in-
formative and accurate indoor air distribution, which
further determines the thermal environment. On the
other hand, the optimization algorithms are able to
identify the optimal solutions to the design objec-
tives. For example, Zhao et al. (2018) designed the
thermal environment in an office with the CFD-based
adjoint method. Chiang et al. (2012) integrated the
genetic algorithm with CFD to design the thermo-
fluid boundary conditions in an office for better ther-
mal environment. Wei et al. (2019) integrated multi-
ple optimization algorithms with CFD to design the
thermal environment in an aircraft cabin. In applying
the above-mentioned methods, the CFD simulations
generally assumed the occupants’ surface tempera-
ture to be fixed values for simplicity. However, the
occupants’ surface temperature would vary with the
design parameters. Such an assumption would lead
to inaccurate prediction of the indoor environment.
Further, to quantify the thermal comfort level, the
previous studies mainly used the most widely used
thermal comfort index predicted mean vote (PMV)
Fanger (1967) or tuned PMV for a specific environ-
ment Cui et al. (2014). Using PMV to estimate ther-
mal comfort actually would lead to a waste of the rich
spatial information calculated by CFD, since PMV
only predicts the whole-body thermal sensation and
cannot be accurately applied in non-uniform ther-
mal environments. One way to take advantage of the
non-uniform thermal environment provided by CFD
is to couple it with a multi-node human thermoreg-
ulation model (HTM). The coupling would not only
overcome the inaccurate CFD prediction due to fixed
surface temperature of the occupants, but also lead
to reliable estimation of the occupants’ thermal com-
fort level. Tanabe et al. (2002); Gao et al. (2006);
Voelker and Alsaad (2018) have successfully coupled
CFD with thermoregulation models, but their main
efforts were to report the coupling procedure rather
than to apply the approach in the optimization design
of enclosed environments.

In this paper, the coupled CFD and a multi-node
HTM was integrated with genetic algorithm for de-
signing the thermal environment in an office with dis-
placement ventilation.

Method

This section briefly introduces CFD, human body
thermoregulation model, genetic algorithm, and the
integration of those methods.

Computational fluid dynamics

The CFD in this study solves the Navier-Stokes equa-
tions for incompressible viscous flow in indoor envi-
ronment. The governing equations are:

∇ ·U = 0 (1)

∂U

∂t
+(U ·∇)U = −∇p+∇·(2νD(U))−γg(T−Tref )

(2)
∂T

∂t
+∇ · (UT ) = ∇ · (κ∇T ) (3)

where U is the air velocity (m/s) in vector form, t the
time (s), p the air pressure (Pa), ν the effective vis-
cosity (m2/s), D the rate of strain tensor, γ the ther-
mal expansion coefficient (K−1), g the gravity vector
(m2/s), T the air temperature (K), Tref the refer-
ence temperature (K), and κ the effective conductiv-
ity (m2/s). The source term in Eq. (1) is constructed
by using the Boussinesq approximation (Boussinesq,
1903) for considering the buoyancy effect.

This study adopted a standard incremental pressure-
correction (SIPC) scheme (Goda, 1979; Guermond
et al., 2006) to couple the pressure and velocity. The
SIPC scheme firstly solves the momentum equations
with pressure term included explicitly. It then solves
the pressure term together with the continuity equa-
tion by a pressure projection method (Chorin, 1967)
implicitly. The solved pressure was further used to
correct the air velocity. Since there was no external
iteration in coupling the air velocity and pressure,
this scheme could be fast (Liu et al., 2017).

The indoor airflow is generally turbulent, therefore,
this investigation adopted the re-normalization group
(RNG) k−ε model (Yakhot and Orszag, 1986) to sim-
ulate the turbulence (Zhang et al., 2007). The scalar
equations for parameters k, ε, and T were solved
iteratively with an implicit scheme. Overall, this
study discretized the convection terms by a bounded
second-order upwind scheme.

The input for the governing equations were thermo-
fluid boundary conditions. Within those thermo-fluid
boundary conditions, this investigation assigned the
air velocity Uinlet and temperature Tinlet from the
inlet as the design variables for demonstration. The
surface temperature of the occupants was initialized
by a uniform value Tsk. During the simulations, a
multi-node HTM was ran to update the surface tem-
perature of the occupants.

Human body thermoregulation model

The 12-segment HTM by Lai and Chen (2016) was
employed for the inverse-design of enclosed environ-
ment. The model was developed based on the multi-
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Figure 1: Solution flow chart of the coupled simula-
tion by CFD and HTM.

node model of Fiala (1998) with several improve-
ments, such as the considering of two-dimensional
heat transfer, non-uniform clothing, and arterial
blood temperature drop along extremities. The heat
transfer within the human body is governed by the
bio-heat transfer equation (Pennes, 1948):

ρc
∂T

∂t
= ∇ · (k∇T ) + qm + ωblρblcbl(Tbla − T ) (4)

where ρ is the tissue density (kg/m3), c the specific
heat of the tissue (J/kg/K), T the tissue tempera-
ture (K), t the time (s), k the tissue thermal con-
ductivity (W/m/K), qm the metabolic heat gener-
ation (W/m3), ωbl the blood perfusion rate (s−1),
ρbl the density of the blood (kg/m3), cbl the spe-
cific heat of the blood (J/kg/K), and Tbla the arte-
rial blood temperature (K). At the boundary of the
human body, convective, radiative, evaporative, and
respiratory heat exchanges are considered (Lai and
Chen, 2016). In addition, the thermoregulation pro-
cesses such as the sweating, shivering, vasoconstric-
tion, and vasodilation were taken into consideration
in the model.

The inputs of the thermoregulation model are air
temperature, air velocity, wall surface temperature,
humidity, the clothing insulations and metabolic heat
generation at various segment. In this study, the hu-
midity, wall surface temperature, clothing insulation,
and metabolic heat generation are assumed constant
for different body parts. In the coupled simulation,
the multi-segment model inputs air temperature and
air speed at various segments from CFD, and outputs
surface temperature at various segments as bound-
ary condition in CFD. Refering to Figure 1, the CFD
simulation starts at t = 0 with uniform and constant
surface temperature Tsk for the occupants as input.
For each segment, the air temperature and air speed
used the mean values on the surface that was 10 cm
away from the segment. If a data synchronization
time step was ∆tsyn, at t = ∆tsyn, the exchanged
data Ψ1 from CFD represents the air speeds and tem-
peratures and Ψ2 from HTM represents the surface
temperature of the occupants. These data exchanges
happens every ∆tsyn until the end of the simulation
when t = n∆tsyn.

At the end of the coupled simulation, the thermal
comfort level would be quantified by an objective
function (OF). Since it is normally assumed that max-
imum thermal comfort of a segment is reached if the

skin temperature of that segment (Zhang et al., 2010),
the OF for the inverse design is constructed in order
to minimize deviations from local neutral skin tem-
perature of human body parts during the inverse de-
sign process:

OF =

[∑12
i=1 ask,i(Tsk,i − Tsk,i,set)2∑12

i=1 ask,i

]1/2

(5)

where Tsk,i and Tsk,i,set are the skin temperature and
neutral skin temperature for ith segment, ask,i is the
weight for calculating mean skin temperature Fiala
(1998). The neutral skin temperature was calculated
by human theroregulation model using the thermally
neutral boundary condition (air temperature = 30
oC, wall surface temperature = 30 oC, relative hu-
midity = 40%, air velocity = 0.05 m/s, activity =
0.8 met, wall surface emissivity = 0.93) for unclothed
body (Fiala, 1998). Table 1 lists the neutral skin tem-
peratures for different segments used in the objective
function. At t = n∆tsyn, there was only data transfer
from CFD to THM. The CFD and THM simulations
were conducted in OpenFOAM (Jasak et al., 2007)
and MATLAB (MATLAB, 2019), respectively.

Table 1: Neutral skin temperature (Tsk,i,set) for dif-
ferent segments.

Segment Tsk,i,set (oC) Segment Tsk,i,set (oC)

Head 36.2 Face 35.7
Neck 35.3 Shoulder 34.0

Thorax 35.4 Abdomen 34.4
Upper arms 34.3 Lower arms 34.2
Upper legs 34.6 Lower legs 34.1

Hands 35.5 Feet 32.4

Genetic algorithm

The inverse design was to identify the design vari-
ables Uinlet and Tinlet for optimum thermal comfort
for each human body segment, which was quantified
by the objective function in Eq. (5). This investi-
gation used the genetic algorithm to accomplish the
inverse design. Genetic algorithm was developed by
imitating the evolution theory (Holland et al., 1992)
and identified the optimum solutions by the evolution
of population. Each population consists of numbers
of individuals. An individual is a design scenario with
independent design variables. In the current genera-
tion, the coupled CFD and HTM simulations deter-
mine the objective function or so-called fitness value
for each individual. The genetic algorithm conducted
selection, crossover, and mutation on the design vari-
ables of individuals by using the objective functions
in the current generation to generate a new popula-
tion. The design variables were encoded into binary
codes for genetic operations. For the first generation,
the design variables for each individual were created
randomly within their given ranges. The convergence
criterion was that the calculation stopped if the best
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Figure 2: Schematic of a room with an occupant.

individuals in consecutive five generations were the
same.

According to Xue et al. (2019), this study assigned
16 individuals in a generation, with crossover rate 0.8
and mutation rate 0.1. The selection process adopted
a tournament-selection-method (Deb, 2000) that re-
peatedly select for eight times. Each selection as-
signed the best individual within eight random indi-
viduals in the current generation to the new genera-
tion. The crossover process randomly exchange the
binary codes between two selected individuals with
the prescribed crossover rate to generate new individ-
uals. This investigation used a “the only son crossover
method” developed by Xue et al. (2013). The last
step was mutation that randomly switched the binary
digits of the binary codes for design variables with a
mutation rate. The design stopped if the least objec-
tive function did not change for four generations. The
developed solver could run the 16 individuals in par-
allel. The computing for one generation was about
four hours.

Results

Model validation

This study uses one case in a climate chamber to val-
idate the performance of the thermoregulation model
coupled with CFD for estimating human skin tem-
perature. As shown in Figure 2 shows, the validation
case was performed by Olesen (1973) in the environ-
mental chamber of Technical University of Denmark
on thirty-two college-aged subjects. The subjects
kept sedentary activity and were dressed in KSU-
standard uniform with a clothing insulation of 0.6 clo
(Nevins, 1966). The air temperature in the chamber
were set to 25.6 oC, the mean radiant temperature
was equal to air temperature, the relative humidity
was set to 50%, and the air movement was kept to
minimum(< 0.1 m/s).

This investigation conducted the coupled simula-
tions with different update intervals ∆tsyn = 100∆t,
500∆t, and 1000∆t. All the calculations led to the
same temperature for each segment as Figure 3 shows,
the further simulations thus used ∆tsyn = 1000∆t to
reduce the computing time. Figure 4 compares the
mean skin temperature and the skin temperatures at
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Figure 4: Comparison on the measured and predict
skin temperature.

different body segments between prediction and mea-
surements. The error bars around the measured val-
ues are the individual difference for the skin temper-
atures of the 32 tested subjects. The mean skin tem-
perature was accurately estimated by the CFD-based
thermoregulation model. However, the skin tempera-
ture of the feet and hand were largely underestimated.
The large deviations may be due to the high counter-
current heat transfer coefficient for the feet and hand
used the thermoregulation model. The predicted skin
temperatures for segments other than feet and hand
were reasonable. The validation showed that it is ac-
ceptable to couple the thermoregulation model with
CFD to predict human skin temperature. The couple
scheme was then used to inverse design the environ-
ment in an office.

Office with displacement ventilation

For demonstration, this investigation applied the
CFD-HTM-based GA to design the thermal environ-
ment in an office with displacement ventilation. Fig-
ure 5 provides the schematic of the office with the di-
mensions of 5.16m×3.65m×2.43m. Air was supplied
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Figure 5: Schematic of an office with two occupants.

from a displacement diffuser with four air changes
per hour (the corresponding air supply velocity was
Ux = 0.09m/s). There were two occupants, two com-
puters, two tables, two boxes, and six lamps in the
room. The heat generation by the computers were
108 W and 173 W, respectively. The power of the
lamps were 34 W. For detailed sizes and locations of
these items and other thermo-fluid boundary condi-
tions, one can refer to Yuan et al. (1999). The occu-
pants were replaced by the manikin model showed in
Figure 2.

The design variables included the air supply direction
that was determined by the velocity components Uy

and Uz and the air supply temperature. Our grid
independence test found that the grid with 113, 000
hexahedral cells was sufficiently fine. With time step
size of 0.1 s, the numerical simulations ran FFD sim-
ulation for 400 s that is sufficient long for obtaining
steady-state results.

Figure 6 shows the calculated objective function ver-
sus the number of generations. The objective func-
tion gave an averaged estimation of the differences
between the calculated skin temperature and the neu-
tral skin temperature. The design converged after
seven generations and the improvement by the de-
sign was minor. One possible reason was that the skin
temperature was not sensitive to the room air temper-
ature. The optimal design led to the air supply con-
ditions of Ux = 0.09 m/s, Uy = 0.085 m/s, Uz = 0.06
m/s, and Tin = 25 oC. With those thermo-fluid
boundary conditions, this investigation conducted the
forward simulation. Figure 7 shows the predicted skin
temperature for the two occupants. The skin temper-
ature of the upper parts was greater than that of the
lower parts, which agreed well the general trend of
the neural skin temperature.

Conclusion

This study proposed a coupled CFD and HTM sim-
ulation for predicting the indoor air distribution
and human skin temperature. The coupled simu-
lation was validated by experimental data from lit-
erature.The validation showed that it is acceptable
to couple the HTM with CFD to predict human
skin temperature for quantifying the thermal comfort
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Figure 6: Objective function vs. generations.

Figure 7: Skin temperature of the two occupants.

level.

The coupled CFD and HTM simulation was further
integrated with a genetic algorithm for the inverse de-
sign. For demonstration, this investigation designed
the thermal environment in an office with displace-
ment ventilation. The results showed that the occu-
pants’ skin temperature was insensitive to the sur-
rounding air velocity and temperature. A possible
reason was the thermal storage of the human body.
After the first generation, the design made minor
improvements. With optimal solutions to the de-
sign variables, the average difference between the pre-
dicted skin temperature and the neutral skin temper-
ature was 0.8 oC.
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