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ABSTRACT

Outdoor thermal comfort plays an important role in human health and daily activities, and is strongly affected by
solar radiation, a primary source of heat stress in daily life. However, conventional Fourier-based models may
oversimplify skin heat transfer, and neglect tissue inhomogeneity and temporal lag effects, especially under
dynamic solar exposures. In this study, we developed a thermophysiological model based on dual phase-lag
(DPL) theory to capture skin heat transfer under dynamic solar exposures. The model was solved using finite
difference methods and validated against experimental data from 15 healthy participants exposed to intermittent
solar radiation cycles. Results showed that the DPL-based thermophysiological model outperformed the con-
ventional Pennes model, achieving 30% lower predictive errors (RMSE = 0.28 vs 0.40). While both models
reproduced similar rising and falling patterns of skin temperature, the DPL approach better accounted for
temporal lag effects, leading to more accurate predictions of thermal sensation. Moreover, analysis revealed that
inner skin layers remained thermally stable under lower radiation levels, while the thermal stability became
disrupted when radiation intensity exceeded 800 W/m?. The influences of solar radiation duration and intensity
on surface and inner skin temperatures were also systematically evaluated. Overall, the findings demonstrate that
the proposed thermophysiological model could enhance the accuracy of thermal response prediction under
dynamic solar radiation conditions and provide a strong basis for outdoor thermal comfort assessment and
environmental design.
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1. Introduction

As ongoing climate change and urbanization affects the urban built
environment [1,2], engaging in outdoor activities plays a crucial role in
maintaining both physical and mental health. Thermal comfort is a key
factor influencing individuals’ choices regarding outdoor environments
[3-5]. Among various environmental factors, solar radiation present a
strong influence on human thermal comfort [6]. Solar radiation is a
primary driver of hot outdoor conditions and directly impacts thermal
physiological responses [7,8] and thermal perceptions [9]. While mod-
erate solar radiation can be beneficial, such as UVB-induced vitamin D
synthesis, excessive exposure poses serious health risks, and even lead to
skin cancer [10]. In addition to ultraviolet damage, visible and infrared
radiation can also cause skin injuries like sunburn [11]. As irradiation
intensity increases, the permissible exposure duration decreases mark-
edly. Beyond physiological risks, excessive solar radiation can lead to
both thermophysiological strain and psychological discomfort [12].
Therefore, understanding the impact of solar radiation on human ther-
mal comfort is of great importance.

In the outdoor environment, solar radiation varies considerably
across seasonal, daily, and hourly timescales due to earth’s orbital rev-
olution around sun and its axial rotation. Seasonal variations are driven
by Earth's orbital revolution around the Sun and its axial tilt, whereas
daily and hourly variations result from Earth's axial rotation, which
modulates the solar zenith angle [13]. In addition, individual exposure
also fluctuates depending on activity type, behavioral patterns [14] and
clothing properties (e.g., thermal insulation and color) [8] . From the
psychological view, there could be time lag or advance between the
human psychological response and the current environment in the dy-
namic environment. Physiologically, the heterogeneous structure of skin
tissue leads to non-Fourier heat transfer behaviors, including tempera-
ture oscillations and fluctuations [15,16]. Both the environment and
biological factors highlight the necessity of examining the effects of
dynamic solar radiation on human thermal comfort from both psycho-
logical and physiological perspectives.

1.1. Thermophysiological mechanism of thermal comfort

Thermal sensation arises from nerve activity at thermoreceptors,
which detect external thermal stimuli and transmit information to the
brain, triggering perceptions of warmth or cold and activating thermo-
regulatory responses [17]. The heat transfer exchange between the
human body and the thermal environment and nerve signal transmission
forms the physiological mechanism of human body's thermal sensation,
and thus thermal comfort is an inherently physiological and psycho-
logical construct [18-20].

Human thermophysiological model (such as Gagge’s two-node
model, Tanabe’s model and Fiala’s model) based on the heat balance
equation and heat transfer theory are used to study the thermophysio-
logical state of the human body [21-23]. When the environmental pa-
rameters are determined, the thermophysiological parameters (skin
temperature, core temperature) of the human body can be determined
by the thermophysiological models. Thus, the thermal comfort state can
be determined by the thermophysiological parameters of the human
body [14]. For example, in Gagge's two-node model, the thermophy-
siological model of the human body consists of passive and active sys-
tems. The passive system model is built based on body heat balance,
including heat transfer between the environment and skin layer, and
transfer between core layer and skin layer. Four active regulations,
namely vasoconstriction, vasodilation, shivering and sweating, are
considered, using the temperature difference between skin or core
temperature and the reference temperature as the input signal to a linear
regulation model [21]. When the air temperature changes abruptly,
changes in the body's psychological responses, such as thermal sensa-
tions, will precede thermophysiological responses (skin temperature),
especially when the temperature drops sharply. When the temperature
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rises suddenly, the physiological regulation of the human body is very
rapid, the skin temperature rise is small, and the stabilization time is
short, while the opposite is true when the temperature drops sharply
[24]. For example, studies by Jacques B. Malchaire under fluctuating
thermal conditions showed that rapid heating triggers prompt sweating
responses that limit skin temperature rise and enable fast stabilization,
whereas during rapid cooling sweating persists due to physiological
delay, leading to larger skin temperature changes and longer stabiliza-
tion times [25]. Zhang et al. verified the psychological advance phe-
nomenon through experimental research, and established a binomial
relationship between thermal sensation and skin temperature [26]. The
phenomenon of physiological lag may be related to physiological
regulation, and the weaker the physiological regulation, the more
obvious the physiological lag. In addition, there are wave-like behavior
and oscillations in the heat transfer process of the human body under
dynamic radiation exposures, which deviates from the Fourier heat
transfer theory [15,16]. Therefore, in the dynamic solar thermal comfort
evaluation model, skin temperatures as a dynamic indicator of the
model may cause a temporal bias for thermal comfort.

In thermal comfort evaluations, Predicted Mean Vote and Predicted
Percentage of the Dissatisfied (PMV-PPD) is currently the most widely
used steady-state predictive thermal comfort model [27]. However,
PMV models are often biased in predicting thermal sensation in people's
real-world environments, especially in naturally ventilated buildings
and buildings where people can adjust themselves [28,29]. In addition,
UTCI is a comprehensive strain index evaluating thermal comfort state
[23], intended for steady or slowly varying outdoor conditions [30],
limiting its applicability for evaluating dynamic outdoor thermal com-
fort. In a dynamic environment, human physiological and psychological
responses lag or advance in time from the current environment, and
thermal sensation and thermal comfort evaluation are not stable in a
dynamic environment [31]. Currently, existing dynamic evaluation
models primarily focus on thermal perception assessment related to
changes in air temperature, such as the DTS model [32] and the R model
[33]. However, the predictions of the modified TSV models were similar
to those of the PMV model, whereas the DTS model exhibited significant
discrepancies. Therefore, for dynamic thermal environments, especially
dynamic solar radiation environments, traditional thermal sensation
prediction models cannot derive additional thermal sensation changes
due to dynamic temporal changes.

1.2. Thermal response of skin under solar radiation exposure

Various factors can affect thermal comfort and perception in the
outdoor environment [34]. Among them, solar radiation is an influential
factor considering its effect on human body heat balance [35], and its
impact varies across regions and weather conditions, as evidenced in
outdoor field studies [36]. Even in the same region, the solar radiation
load can vary due to clothing factors, the position or activity [37-39].
Blazejczyk et al. found a strong correlation between physiological pa-
rameters and solar radiation as well as air temperature [8]. For standing
people with 1 clo thermal insulation, approximately 68% of the varia-
tion in skin temperature can be explained by the combination of air
temperature and solar radiation. 55% of the contribution can be
attributed entirely to solar radiation. However, there exist discrepancies
between predictions from thermophysiological models and experi-
mental data [40-42].

In the context of outdoor thermal comfort, short-wave radiation
(SWR) and long-wave radiation (LWR) exert distinct influences on the
human body. LWR remains stable and primarily contributes as a con-
stant background heat load [43]. In contrast, SWR exhibits pronounced
temporal and spatial variability, governed by meteorological conditions,
surrounding surfaces, and solar elevation, which together determine the
fraction of radiation absorbed by the human body and strongly influence
skin temperature responses. Infrared components of SWR further elevate
skin temperature, and once thresholds exceeding 39 °C are reached,
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thermal strain is markedly intensified [44]. By comparison, the influ-
ence of LWR on thermal comfort is limited. Collectively, these findings
indicate that SWR constitutes the dominant driver of both thermal and
biological responses, whereas LWR exerts only a secondary, steady
effect.

Considering the atmosphere, solar radiation reaches the human body
through both direct and diffuse components. Direct radiation delivers
concentrated energy from the sun, producing intense localized heating
and glare when exposure is unobstructed. By contrast, diffuse radiation
is scattered by molecules, aerosols, and clouds, arriving uniformly from
the sky dome. as well as by diffuse reflection from the ground surface
(ground scattering). Although less intense, diffuse radiation is persistent,
even under shading or cloudy conditions, and therefore contributes to a
continuous background load [45,46]. For human thermal comfort,
direct radiation largely determines peak heat stress, while diffuse radi-
ation sustains overall thermal exposure [47]. Since it is difficult to get
the data of direct, diffuse and reflected solar radiation separately, solar
radiation was simplified in the thermophysiological models, for
example, in Fiala’s model [23], radiation heat transfer was separated as
SWR and LWR.

1.3. Thermophysiological model for skin temperature simulation

Mathematical thermobiological model can describe and predict body
temperature distribution with environmental inputs. The most widely
used model method is to apply the basic physical laws such as mass
conservation, momentum conservation and energy conservation to any
microelement of biological organism according to the continuum
assumption and derive the biological heat and mass transfer equation by
combining the constitutive equation reflecting various mass and energy
transfer laws. These equations are usually expressed as a set of partial
differential equations [48-55], which can be used to calculate the
temperature distribution in the decomposition under certain initial and
boundary conditions. However, we cannot fully understand all the
relevant physical properties of various parts of the body, and the
quantitative study of metabolic heat cannot meet the requirements of
practical application. Therefore, simplified models are used in the actual
research, such as the Pennes model [56], which assumes that the venous
blood in the capillary seepage area is equal to the local body tempera-
ture, the Weinbaum anisotropic medium model, which classifies the
blood flow effect into heat conduction, and the porous body model,
which regards human tissues as porous media.

In typical thermophysiological models, such as the Gagge two-node
model and the Tanabe multi-node model, the radiation heat exchange
between the human body and the environment is only a function of the
skin temperature and air temperature, and the solar radiation intensity
is not directly added to the human body thermal balance model. Studies
have shown that when considering the impact of direct solar radiation
on human thermal comfort, it should be considered as a separate radi-
ation component [57-59]. Therefore, in the Fiala-UTCI model and UC
Berkeley physiological model, radiation heat exchange is regarded as an
independent component in the heat balance equation. In addition,
Gennusa et al. subdivided solar radiation into direct irradiation, diffuse
and ambient radiation heat exchange, and correct the mean radiation
temperature to explain the impact of solar radiation on human physi-
ology [57]. Similarly, Blazejczyk et al. proposed a skin temperature
assessment approach incorporating mean radiant temperature based on
both SWR and LWR [60].

The above thermal physiological models are all based on the Pennes
physiological model of the Fourier principle[21-23,61]. The Pennes
equation distinguishes the heat transfer of biological tissues from that of
general engineering materials for the first time, in the form of Equation
(1). The model can reflect the heat transfer law of organisms, and only
two parameters related to blood, namely, volume blood perfusion rate
and local arterial blood temperature, are used to describe the results.
Pennes model is based on the Fourier’s law with an assumption of
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infinite speed of thermal energy transfer. In fact heat propagates with a
finite speed in each medium like skin tissue with a non-homogeneous
inner structure where the Pennes model fails to describe heat transfer
process [62].

ﬂc(;—f: A(KAT) + Qb + Qm + Qext @

in which, p represents the density of biological tissue (kg/m®), c is
the specific heat capacity of the tissue (J/(kg-K)), T denotes the tem-
perature of the biological tissue (K), t is time (s), k is the thermal con-
ductivity of the tissue (W/(m-K)), Qp is the heat exchange due to blood
perfusion (W/m3), Qn is the metabolic heat generation rate of the tissue
(W/m3), and Q. is external heat source (W/m?’).

In the outdoor environment, the solar radiation exposure to the
human body is dynamic, and due to the non-uniform internal structure
of biological tissues, as shown in Fig. 1. The epidermis is the outermost
layer of the skin (thickness is about 0.4~0.2mm), and from the outside
to the inside are the stratum corneum, the transparent layer, the gran-
ular layer, the spinous layer and the basal layer [63]. Below the
epidermis is the dermis, which contains abundant accessory organs,
blood vessels, nerves, etc. Due to the inhomogeneity of skin tissue, its
heat transfer process exhibits non-Fourier behavior, and temperature
oscillations and fluctuations in biological tissues have been observed in
experiments [15 64]. Compared with the Fourier heat transfer model,
the non-Fourier heat transfer model can better describe its thermal
behavior [65,66]. Talukdar et al. employed a non-Fourier heat transfer
model (specifically, the Dual Phase Lag (DPL) model) to analyze heat
transfer in human skin under exposure to flame and radiant heat,
emphasizing its accuracy in predicting thermal responses under short-
term, high-intensity heat exposure [67]. In DPL models, two relaxa-
tion times are introduced to capture non-Fourier effects. Specifically, 7,
denotes the phase lag time for heat flux, which in biological tissues is
interpreted as the interfacial resistance to heat transfer between
different tissue constituents. Similarly, the time delay zr represents the
characteristic time required for thermal activation at the microscale,
arising from microstructural interactions within the tissue matrix [65].
The wave-dominated behavior (z4/7r > 1) observed with these param-
eter values is particularly relevant for skin tissue, where the heteroge-
neous structure creates preferential heat conduction pathways that lead
to finite-speed thermal wave propagation rather than instantaneous
diffusion-based heat transfer. Rapid changes in surface heating create
steep temperature gradients that cannot be instantaneously established
throughout the tissue depth. The multi-layered skin structure, consisting
of the stratum corneum, epidermis, and dermis, exhibits different ther-
mal responses due to varying thermal properties and vascular densities.
In addition to conductive heat transfer within tissue layers, internal heat
transport is strongly influenced by blood perfusion and vascular heat
exchange. Research has consistently emphasized that internal human
heat transfer is governed by the coupled effects of tissue conduction,
blood perfusion, and active thermoregulation, commonly represented
through Pennes bioheat equations embedded in multi-node thermo-
physiological models [23]. Vascular heat transfer plays a dominant role
in rapidly redistributing heat between the body core and skin surface,
thereby introducing additional temporal delays and spatial heteroge-
neity in skin temperature responses under dynamic thermal exposures
[68]. Therefore, , blood flow regulation introduces additional temporal
delays as the circulatory system responds to thermal stimuli through
vasodilation and vasoconstriction mechanisms [56,69].

It is noteworthy that the 2021 Nobel Prize in Physiology or Medicine
recognizes the discovery of a thermal receptor - the capsaicin receptor
(TPRV1), as illustrated in Fig. 1 [70]. This receptor is not only related to
the pain pathway, but also a heat-sensitive receptor. The discovery of
this receptor explains the mechanism of thermal pain and is a crucial
modality of thermal pain sensation [71]. In general, the multilayered
and non-uniform structure of human skin leads to non-Fourier heat
transfer behavior, and the thermal receptor (TPRV1) may play a critical
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stratum comeum
transparent layer

Fig. 1. Structure of skin layers and location of TPRV1 receptor.

role in thermal comfort under solar radiation exposure.

Therefore, to explore the mechanism of thermophysiological
response under dynamic solar radiation exposure and describe the time
lag effect of heat transfer in n non-homogeneous skin tissues, we pro-
posed a heat transfer model based on a dual phase-lag model. To validate
the model, we compared the simulated results with experiment data. In
addition, the influences of solar radiation duration and intensity on the
skin temperature of the inner and outer layers were explored. The
research provides deeper insight into the transient thermal behavior of
human skin, offering a valuable tool for both theoretical analysis and
practical applications in health, safety, and environmental design.

2. Method
2.1. Dual Phase Lag (DPL) thermophysiological model development

2.1.1. Integration of DPL theory into thermophysiological framework

The conventional Pennes model assumes instantaneous heat propa-
gation following Fourier's law, which may not adequately capture the
thermal behavior of biological tissues under dynamic solar radiation
exposure. Biological tissues exhibit non-Fourier behavior due to their
heterogeneous structure, particularly in the skin where multiple layers
with distinct thermal properties create complex heat transfer patterns.
To address this limitation, we integrate the dual phase-lag (DPL) theory
into the thermophysiological framework by replacing the traditional
Fourier heat conduction formulation in the skin layer with the DPL
constitutive equation.

The integration process involves modifying how heat flux within skin
tissue is treated. Rather than employing the instantaneous relationship
q = —kVT, we utilize the DPL constitutive equation to account for finite
relaxation times in both heat flux establishment and temperature
gradient formation. The radiative heat exchange rate Q, represents the
net solar radiation absorption and becomes the critical component
where non-Fourier behavior manifests under dynamic solar exposure
conditions. While scattering alters the directionality of the radiation, it
does not significantly shift its spectral composition. According to
wavelength distribution, diffuse solar radiation is still classified as SWR,
within the 0.3-3 pm range [72]. Besides, it is technically difficult in field
comfort studies to partition global solar radiation into direct, diffuse
solar radiation. Therefore, only the difference of heat transfer theory
between SWR and LWR were considered in the study, and direct and
diffuse solar radiation were not separated.

2.1.2. Dual Phase Lag constitutive equation

Due to the inhomogeneity of biological tissue, the heat transfer
process cannot be fully explained by traditional Fourier theory. The DPL
model, proposed by Tzou [65], accounts for the finite time required for
heat flux (conductive heat transfer through heterogeneous tissue layers)
establishment (7;) and temperature gradient development (z7):

granular layer
spinous layer epidermis
basal layer
dermis
q(r,t+17y) = —kVT(r,t+17) 2)

In this formulation, 7, represents the relaxation time for heat flux
establishment, also known as the phase lag of heat flux, while 7z rep-
resents the relaxation time for temperature gradient formation, referred
to as the phase lag of temperature gradient. These parameters capture
the finite speed of thermal signal propagation in heterogeneous bio-
logical tissues, which become particularly significant during rapid
thermal transients such as those encountered during dynamic solar ra-
diation exposure.

2.1.3. Mathematical development of the DPL-based governing equation
The development of the complete thermophysiological model
incorporating DPL effects follows a systematic derivation process. First,
we expand Equation (2) using Taylor series for small time increments,

yielding:
9q

ovVT
q(r,t) gy, = —k|VT(r,t)+ 77

R (2a)

The energy conservation principle for biological tissue provides the
fundamental relationship:

oT
Peor= ~Via+QitQn (2b)

where Qu and Q,, represent blood perfusion and metabolic heat
generation, respectively. Taking the divergence of Equation (2a) and
substituting into (2b) results in:

oT o°T V2T d
P+ PCTys = kV2T +krr——+pyWiicoi(Tor — T) + Qu + Ty, (Qu+Qm)

0
Jat
(20)

where, p,; is the blood density (kg/ms), wy is the blood perfusion rate
(1/s), cy is the specific heat capacity of blood (J/(kg-K)), Ty is the
arterial blood temperature (K).

For practical implementation, we introduce dimensionless variables
and assume quasi-steady blood perfusion and metabolic terms, leading
to the final governing equation as described in the next subsection.

2.1.4. Complete DPL-based thermophysiological equation
The dimensionless parameters are defined as follows: 6 = T}OT"

resents the dimensionless temperature, x = T is the dimensionless spatial

. . k
coordinate, F, = pi% denotes the Fourier number, Fo; = pc% and F,r =

rep-

ktr

oz Tepresent the dimensionless heat flux and temperature gradient

relaxation times, respectively. Additionally, P, :Qﬁsz represents

dimensionless metabolic heat generation, and Py = ,/*2%[, represents

the dimensionless blood perfusion parameter, f(6) represents blood
perfusion rate coefficient [73]. The complete governing equation (4c)
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for skin temperature under DPL theory becomes:

’e oo, 0
qu 0 +Prf(0)(0p — 6) + FOT—OFU()XZ @
20
+ [FogPif (0) ~ FugPEf(0) =1 | =+ Pr

An important verification of our formulation is that when Fy; =
For = 0, Equation (3) can be reduced to the classical Pennes equation,
confirming the consistency of our mathematical development.

The selection of DPL relaxation time parameters requires careful
consideration of the physical characteristics of biological tissues under
thermal loading. In this study, we employed 7 =28 s and 7r = 20 s
based on established literature values for skin tissue applications [74].
Kumar et al. validated that the two parameter ranges are appropriate for
dual-phase lag bioheat transfer modeling in thermal therapy applica-
tions, where the ratio 7,/7r > 1 indicates wave-like behavior dominates
over diffusion-like behavior in the heat transfer process [74]. The
selected parameter values (74 /7r = 1.4) fall within the wave-dominated
regime, which is consistent with the non-Fourier behavior expected in
heterogeneous biological tissues under dynamic solar radiation expo-
sure. These values have been validated in similar bioheat transfer ap-
plications involving rapid thermal transients and provide a reasonable
foundation for modeling skin thermal response under solar radiation
conditions [74,75]. Under dynamic solar radiation conditions, these lag
times become particularly significant.

2.1.5. Numerical implementation and finite difference scheme

The numerical solution of the DPL-based thermophysiological
equation requires careful discretization due to the presence of mixed
temporal-spatial derivatives. We employ a finite difference approach
where the temporal and spatial derivatives are approximated using
central difference schemes. The temporal derivatives are discretized as

90 _ Oikr1—0ik %0 Oikr1 =203 +0ix1
i +T i, and = + é i,

oFg 0Fo?

20 _ Oi1k—20ix+0i 1k
o T h? .
The mixed temporal-spatial derivative requires special attention and

is approximated as:

, while the spatial derivative fol-

lows

(6)

0°0 _ 1 61k — Ok 9 Oix — Oix—1 i 01k — Oii1k1
0Fy0x2  h? T T T

where 0, represents the dimensionless temperature at the i-th spatial
node and k-th time step, 7 denotes the time step, and h represents the
spatial step. The stability criterion for this mixed-derivative system re-
quires F, = p’% < —1 - to ensure numerical stability while account-
2( 145
+
ing for the additional temporal derivative terms introduced by the DPL
formulation [76].

2.1.6. Solution algorithm and implementation strategy

The solution procedure follows a systematic approach beginning
with the initialization of the temperature distribution and boundary
conditions. For each time step, the discretized equation system is solved
iteratively, with convergence checks ensuring that temperature changes
between iterations remain below the specified tolerance. Dynamic solar
radiation boundary conditions are updated at each time step to reflect
the varying environmental conditions, and post-processing converts the
dimensionless results back to physical temperatures. This approach en-
sures the capture of both the surface temperature responses governed by
both body-environment heat exchange and internal heat transfer, and
the delayed inner layer response that characterizes non-Fourier heat
transfer in biological tissues. The implementation accounts for the
complex interplay between surface heating from solar radiation and the
depth-dependent thermal response of the multilayered skin structure.
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2.2. Experiment validation

A total of 15 healthy and neat participants were recruited in this
study, including 7 males and 8 females. During the experiment, the
subjects stood still, wearing uniform clothes to ensure equal thermal
insulation, which was about 0.6 clo (wearing white, polyester fiber short
sleeved T-shirt and light-colored, cotton thin trousers). Demographic
information is shown in Table 1. In each experiment, two subjects
participated except for the last group with only one participant, and
eight groups of experiments were conducted around 10 a.m. and 2 p.m.

Considering the influence of solar radiation intensity and outdoor
stay time on physiological parameters, the objective outdoor thermal
environment parameters (solar radiation intensity, air temperature,
relative humidity, wind speed) are recorded as shown in Fig. 3. The skin
temperature of the forehead, back, abdomen, back of the hand and calf is
measured. Instrument information is listed in Table 2. Intermittent solar
radiation exposures were designed in the field experiment. A 5-min solar
exposure followed by a 5-min shadow stay for three loops was set, as
illustrated in Fig. 2.

2.3. Environmental conditions

2.3.1. Air temperature and relative humidity

The air temperature and relative humidity during the eight experi-
mental tests are shown in Fig. 4, in which the numbers 1-8 represent the
eight experiment groups. In groups (1) and (2), the air temperature
ranged from 28.5 to 30.0 °C, while in groups 3 to 5 the air temperature
range varied from 32.3 to 34.1 °C. The maximum temperature change in
the five groups was 1.1 °C, and the standard deviations were 0.09, 0.43,
0.33, 0.28, and 0.34 °C, respectively. The variation range of relative
humidity was between 52% and 61%. Although there were some fluc-
tuations, the overall range of variation was relatively small.

2.3.2. Wind speed

Table 3 summarizes the wind speed of the eight experiment groups.
The wind speed varies mainly in 0.34 to 1.81 m/s, without a rule in time
scale. The distributions of wind speed in groups (1), 2, 7 and 8 are
similar, and groups 4, 5, and groups (3), 6 have a similar distribution,
respectively.

2.3.3. Global solar radiation intensity and long-wave radiation

Solar radiation is an important factor affecting human thermal
comfort, and its variation range is an important factor affecting human
thermal responses in this experiment. The variation values of total solar
radiation in the five groups of experiments are shown in Fig. 5. The
global solar radiation intensity of groups (1) and (2) is about 700 W/rnz,
and the global solar radiation intensity of the third to fifth groups is
about 800, 900, and 1000 W/m?, respectively. Due to the shading of
clouds, the global solar radiation intensity is relatively low in the solar
exposure stage of the sun in some working conditions.

The absorbed solar radiation load on the human body was estimated
using six-directional solar radiation measurements, which provide
irradiance incident on six orthogonal planes. For a standing human
subject, the body was approximated as an upright convex geometry, for
which radiative exposure is dominated by vertically oriented surfaces.
Following established outdoor radiation-balance formulations and ISO
7726 recommendations [78], greater weighting was assigned to lateral

Table 1
Demographic information.
Age Height(cm) Weight(kg) BMI(kg/m2)
Max 27 179 80 28.7
Min 19 158 45 17.3
Mean 23.9 167.5 58.1 20.68

Std. Dev. 1.69 5.91 10.01 3.33
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ﬁ Direct solar exposure

& Shadow

Fig. 2. Experiment procedure.

Anemometer

7

Thermometer screen <€—

Pyranometer (short-wave) €——

Pyranometer (long-wave)

Fig. 3. Experiment instrument prototype and illustration.

Table 2
Instrument information.
Type Parameter Precision Range
Thermometer  HOBO Ul2- Air +0.35°C -20~70°C
012 temperature
RH +2.5% 5% ~ 95%
Anemometer TJHY Wind speed 5% + 0.05~30m/s
WFWZY1 0.05m/s
Pyranometer DELAOHM Short-wave 10uV/(W/ 0~2000W/
LPPYRAO02S radiation m2) m2
Pyranometer Apogee SL- Long-wave 0.12mV/ -200 to
510-SS radiation (W/m2) 200W/ m2
Ibutton i Button Surface +0.5°C -20~85°C
DS1923 temperature

(vertical) irradiance components than to upward and downward com-
ponents. The absorbed solar radiation load averaged over the body
surface was calculated as Equation (7).

st.abs = Osw (015 X (st.down + stup) +0.175 x (st,left + st.right
+ st,fore + st,back)) (7)

where, Ry, s is the absorbed solar radiation load (W/m?3), as, is
short-wave absorptivity of clothing (set to 0.4 according light-colored
clothing), Ry down, Rswup> Rsw.iefes Row.right> Rsw fore; Rowpack are solar radiation
in six directions. The absorbed solar radiation was calculated in Fig. 6.
The absorbed solar radiation under solar exposure was around 100-120
W/rnz, while under shade it was around 20-30 W/m>.

Long-wave radiation is relatively stable compared with solar radia-
tion, and there is no significant difference under direct solar radiation
exposure and non-direct solar radiation exposure. Table 4 summarizes
the mean value of long-wave radiation. Upward long-wave radiation is
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Fig. 4. Outdoor air temperature and relative humidity a) air temperature, b)
relative humidity.
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Table 3

Statistic summary of wind speed.
Group Mean  Std. Min Upper Medium  Lower Max
No. Dev. quartile quartile
1 0.99 0.65 0.11 0.45 0.85 1.38 3.18
2 1.02 0.66 0.11 0.46 0.91 1.42 3.41
3 0.69 0.41 0.11 0.37 0.62 0.90 2.11
4 1.33 0.84 0.14 0.66 1.24 1.81 5.48
5 1.33 0.65/ 0.13 0.92 1.32 1.70 4.68
6 0.67 0.41 0.09 0.34 0.60 0.92 2.05
7 0.98 0.63 0.12 0.46 0.90 1.37 3.44
8 0.99 0.65 0.11 0.45 0.85 1.38 3.18

obviously larger than downward long-wave radiation. The horizontal
long-wave radiation is similar.

3. Results and analysis

In this work, the temperature distribution in living skin tissue ob-
tained from non-linear DPL model of bio-heat transfer is studied when
outer surface is subjected to a sinusoidal heat flux. We have taken the
temperature dependent blood perfusion such as a constant, linear and
exponential variation and constant metabolic heat source in non-linear
DPL bioheat transfer model. Only the parameters whose values differ
from reference value are indicated. The selected reference value of
dimensional parameters to compute the dimensionless temperature
distribution in living skin tissue in finite domain are as follows: p=1000
kg m>, ¢ = 4x103 Jkg' K, k = 0.5 Wm 'K}, Qp, = 33800 Wm'3, Ty, =
37°C, ¢p = 3500 Jkg? K, w, = 8 kg m3s™, 1g = 285, 1y = 205, a1 =
}.15, ay=1and T, = 34°C, L= 0.05m, go = 155 Wm%, 0 = 7.5 x 103 s’

For difference equations in display format, the setting of time step
and spatial step needs to consider the stability of equation solving.
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Within the stability range of the solution, the larger the time step (1), the
smaller the computational workload and the faster the computation
time. For one-dimensional problems, 1/4<F, = [%<1/2 was generally
required. In our computational work, we have chosen grid spacing
length = 0.0125 and time step length =0.001.

3.1. Model validation

The experiment data was used as boundary conditions for the model.
The simulated skin temperatures were compared with measured skin
temperatures as Fig. 4. Meanwhile, to compare performance of DPL
model with the original Pennes model, the simulated skin temperatures
of Pennes model are also shown in the Fig. 7. As the results show, the
skin temperatures simulated with DPL model are commonly closer to the
experiment data.

Comparing the simulated results of the DPL model and the Pennes
model, it can be found that during the process of skin temperature rise,
the skin temperatures of DPL model show a slower change rate in a
smoother curve and are more consistent with the experimental results.
On the other hand, the results of Pennes model change fast with a
steeper rise curve in the early stage and a smoother rise curve in the later
stage. During the process of skin temperature decrease, the DPL model
decreases more solely compared to the Pennes model. The above change
law indicates that the skin temperature caused by exposure to solar ra-
diation does not fully follow Fourier's law of heat transfer and needs to
be corrected by a time lag factor.

In order to compare the accuracy of the DPL model and the Pennes
model, Fig. 8 shows the root mean square error (RMSE) between the
results of two models and the experimental results. The results showed
that the DPL thermophysiological model has a better performance with a
smaller RMSE than the Pennes model. However, the RMSE results also
indicate that there are significant differences in accuracy under certain
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Fig. 5. Variations of global solar radiation.
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Table 4

Mean value of long-wave radiation (Unit: W/m?)
Group No. Downward Upward Leftward Rightward Forward Backward
1 427.66 517.48 496.28 502.58 490.14 496.36
2 421.46 517.50 496.10 502.52 489.95 496.16
3 422.47 518.51 496.05 503.29 489.50 496.11
4 419.50 521.01 496.00 502.74 489.45 496.06
5 419.51 520.99 495.96 502.72 489.79 495.98
6 419.50 521.01 496.00 501.74 489.45 496.06
7 419.46 520.99 495.93 502.70 489.71 495.98
8 419.58 520.97 495.83 502.56 489.60 495.92

conditions, which may be attributed to environmental factors and in-
dividual differences. Overall, the calculation results of the DPL model
are closer to the experiment results than those of the Pennes model.

To examine the numerical improvements, the measurement un-
certainties were performed. The resolution of skin temperature meter
(iButton DS1923) is 0.0625 °C. As each iButton was individually cali-
brated in a NIST- -Traceable Chamber, and calibration coefficients has
already been programmed into nonvolatile (NV) memory [79], the
calibration uncertainty was neglected. Consequently, the measurement
uncertainty (0.0625 °C) was smaller than the model discrepancy, sup-
porting the validity of the results to some extent.

3.2. Influences of exposure time and intensity on thermophysiology

To further quantify the effects of exposure time and solar radiation
intensity on skin temperature evolution, the above mathematical model
was employed to simulate the transient skin temperature distribution
across skin depth, allowing detailed analysis of both spatial temperature
gradients and temporal variations under different solar exposure
scenarios.

3.2.1. Exposure time

As solar exposure time and intensity has strong impacts on human
health and thermal comfort, we further explored the influences of the
two factors on skin temperatures based the proposed DPL model. To

analyze the impacts of solar exposure time on skin temperature fluctu-
ations, we simulated the skin temperatures under three time-steps of 5
min, 10 min and 15 min, exposed to 800 W/m?. Here we focus on the
skin temperature variations with depth, so the skin temperature can
refer to any body segment only if exposed to solar radiation directly. The
simulated results were illustrated in Fig. 9.

As shown in Fig. 7, the similarity of human skin temperature changes
at different time intervals is that the skin temperature changes faster
when entering or leaving solar radiation exposure. The skin temperature
can basically reach stability at 15-minute interval, and the peak skin
temperature is slightly higher than the skin temperature at 5-minute
interval, close to skin temperature peak at 10-minute interval. This
means that the first few minutes of sun exposure have a great impact on
human skin temperature. Although long-term sun exposure will not
cause a large change in skin temperature, the cumulative effect of solar
exposure will cause greater damage to the health of human skin.

Fig. 10 shows the change rate of human skin temperature at different
time intervals. Under the solar radiation exposure at 15-minute interval,
the change rate of skin temperature is finally close to 0 in each stage. The
rise and drop patterns of skin temperature are consistent, and the ab-
solute value of the change rate is generally the same. However, since the
human body's cold and heat receptors are independent and the number
of cold receptors is relatively large, people are more sensitive to cold
than heat. Therefore, although the skin temperature change law is
similar, the changes in cold and heat sensations will be different.
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Fig. 7. Performance of dual-lag model compared with Pennes model and experiment.

Fig. 11 shows the temperature change of the inner skin layer at
different time intervals. The results show that the peak temperature
values of the inner skin layer are significantly different under the three
intervals, and skin temperature does not reach stability at three in-
tervals. For the solar radiation exposure at 5-minute interval, the tem-
perature fluctuation of the inner layer of the skin is the smallest. At the
three intervals, the temperature change of the inner layer is not obvious
in the early stage of solar radiation exposure, and the skin temperature
does not change significantly until 10 minutes later.

As shown in Fig. 12, by comparing the temperature of the surface and
inner layers of the skin, it can be found that the temperature change of
the surface layer is more obvious. In addition, there is a significant time
lag in the temperature change of the inner layer. At the 15 min interval,
the surface temperature and the inner layer temperature are generally
opposite. The skin temperature changes alternately with the depth, but
the surface temperature changes significantly and the inner skin tem-
perature changes less, which has a more complex mechanism of
affecting the thermal sensation.
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3.2.2. Solar radiation intensity

In order to explore the changes in human skin temperature under
different solar radiation intensities, we set three radiation intensity
conditions of 200, 400, and 800 W/m?. Fig. 13 illustrates the tempera-
ture changes in the skin surface. It can be seen that the change laws of
the three radiation intensities are relatively similar, but the temperature
amplitudes fluctuate due to different radiation intensities are different.
The skin temperature change amplitudes are proportional to the solar
radiation intensity according to the simulation results.

Fig. 14 shows the skin temperature change of the inner layer. In
addition to the temperature delay phenomenon, it can be seen that the
temperature of the inner layer can generally reach stability under the
conditions of 200 W/m? and 400 W/mz, while under the condition of
800 W/m?, the temperature of the inner layer has been rising. Therefore,
at a low radiation exposure level, the temperature stability of the inner
skin layer is good, but when the radiation intensity exceeds a certain
level, the stability of the skin temperature will be broken.
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Fig. 14. Skin temperatures at inner layer under three intensities.
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4. Discussions
4.1. Physical mechanisms of lag effects in skin heat transfer

As non-homogeneous inner structure such as biological tissues or
high-power with short duration may break down Fourier’s law, steep
changes of solar radiation exposure (solar radiation intensity step-
change between 50 W/m? and 1000 W/m?) to skin tissues will induce
temperature lag in skin heat transfer [77]. Besides, considering sunburn
and actual solar exposure conditions, 5-min step change of solar radia-
tion exposure was applied. DPL model was well applicable in periodic
change of 2-5 min [75,80]. Therefore DPL model was introduced here to
model the temperature distribution of the whole skin tissue.

The results demonstrate that skin temperature exhibits steep changes
when entering solar exposure, with rapid temperature change rates at
the onset of exposure. This phenomenon results from dynamic thermal
properties of skin tissue that vary proportionally with exposure time.
Previous studies have established that thermal properties such as heat
capacity and thermal resistance increase with exposure duration [81],
indicating that at exposure initiation, these properties are relatively
small and skin temperature becomes more vulnerable to solar stimuli.

Solar stimuli induce cutaneous vasodilation and eccrine sweating
[82,83] as thermoregulatory responses to maintain thermal homeosta-
sis. These physiological adaptations create a dynamic thermal balance
that evolves throughout the exposure period, explaining the transition
from rapid initial temperature rise to eventual stabilization observed in
our simulations. The pronounced delay in inner skin temperature rela-
tive to surface temperature reflects the fundamental architecture of
human skin, where traditional thermoreceptors are located 0.3-0.6 mm
below the surface in the dermis, while thermoreceptors sensitive to high-
temperature stimulation (TRPV1) are predominantly located in the
epidermis [71]. This spatial distribution creates temporal disconnect
between surface heating and deep tissue thermal sensation [77].

4.2. Model performance and validation

The DPL thermophysiological model achieves superior predictive
accuracy compared to the conventional Pennes model, with RMSE
values of 0.28 and 0.40, respectively, representing a 30% reduction in
prediction error. During temperature rise phases, the DPL model ex-
hibits more gradual change rates with smoother curves that align closely
with experimental observations, while the Pennes model demonstrates
rapid changes characterized by steep initial rises followed by gradual
increases. The temperature decrease phase reveals even more pro-
nounced differences, with the DPL model producing more uniform de-
creases, indicating that thermal relaxation times better represent
physical mechanisms governing heat dissipation in skin tissue. Thermal
lag times 7, and 7, gives freedom to modify the Pennes model to better
describe the skin temperature, which consider the procedures of tem-
perature gradient and heat flux [65,80,84].

The superior performance aligns with previous validation studies
where DPL-based bioheat models predicted burn onset times within
+10% of experimental observations, while Fourier-based predictions
underestimated onset times by up to 25% [67]. Similar results have
demonstrated that DPL models provide better prediction in skin tem-
perature compared with Fourier-based models [85,86]. The improved
accuracy stems from the DPL model's ability to account for finite
relaxation times in both heat flux establishment and temperature
gradient formation, enabling simulation of thermal wave behavior and
delayed heat propagation under dynamic thermal loading conditions.

4.3. Implications for thermal comfort and sensation
The time lag phenomena have significant implications for under-

standing human thermal comfort under dynamic solar radiation.
Although temperature rise and fall patterns exhibit similar magnitudes
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and shapes, human thermal perception differs substantially due to
asymmetrical distribution of thermal receptors. The higher density of
cold receptors makes individuals more sensitive to cooling than heating,
suggesting thermal sensation models must account for this physiological
asymmetry.

The 15-minute exposure intervals reveal that surface and inner skin
temperatures often exhibit opposite trends, creating complex depth-
dependent temperature alternation. Surface temperatures show pro-
nounced fluctuations while inner layer temperatures demonstrate stable
responses with significant temporal delays. This multi-layered thermal
response cannot be captured through surface measurements alone and
suggests thermal comfort assessment requires consideration of depth-
dependent thermal gradients.

Analysis of different radiation intensities reveals important threshold
effects. Under low radiation levels (200-400 W/mz), the inner skin layer
maintains good thermal stability, but when intensity exceeds approxi-
mately 800 W/m?, inner layer temperature exhibits continuous rise
without reaching stability, indicating breakdown of thermal homeo-
stasis. This threshold behavior has important implications for thermal
comfort guidelines and safety standards, suggesting a critical radiation
intensity beyond which skin thermal regulatory mechanisms become
insufficient.

The enhanced accuracy of the DPL-based model provides a reliable
foundation for evaluating outdoor thermal comfort in architectural and
urban planning applications. The model's ability to capture both im-
mediate surface responses and delayed deep tissue effects makes it
valuable for designing outdoor spaces, shade structures, and building
facades that optimize thermal comfort while minimizing heat stress. The
temporal aspects suggest that thermal comfort assessment protocols
should consider exposure duration and intensity patterns rather than
relying solely on instantaneous environmental measurements.

The model's capability to predict threshold effects and thermal sta-
bility breakdown has important applications in occupational health and
safety. Industries involving outdoor work, sports, and recreational ac-
tivities could benefit from improved exposure guidelines based on
enhanced understanding of skin thermal responses. The model could be
integrated into personal thermal monitoring systems or environmental
warning systems to provide real-time assessment of thermal stress risk.

4.4. Limitations and future directions

The current model incorporates several simplifications that may
affect predictive accuracy. The assumption of quasi-steady blood
perfusion and metabolic heat generation may not fully capture dynamic
cardiovascular responses to thermal stress. The model treats skin as a
simplified layered structure without explicitly accounting for complex
three-dimensional architecture of skin appendages, including hair fol-
licles, sweat glands, and sebaceous glands, which can create preferential
heat transfer pathways. In addition, evaporative cooling from sweating
may further modulate skin temperature responses under sustained solar
exposure.

Experimental validation was conducted under specific environ-
mental conditions with limited subject population. Individual variations
in skin thickness, pigmentation, age, and health status can significantly
affect thermal responses and may require personalized model parame-
ters. Environmental factors such as wind speed, humidity, and ambient
temperature interact with solar radiation in complex ways that may not
be fully captured by current boundary condition formulations.

Future research should focus on expanding the model to include
additional physiological complexity, such as dynamic blood perfusion
responses, sweat production effects, and clothing interactions. The
development of personalized model parameters based on individual
characteristics represents another important direction, where machine
learning approaches could optimize DPL parameters for different pop-
ulation groups and environmental conditions.
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5. Conclusions

In this study, a thermophysiological model incorporating the Dual
Phase Lag (DPL) heat conduction theory was developed to investigate
human thermal responses under dynamic solar radiation. The model’s
predictive performance was compared with that of the classical Pennes
bioheat equation to validate its accuracy. Furthermore, the effects of
solar radiation intensity and exposure duration on skin temperature
were systematically analyzed. The main findings are summarized as
follows:

(1) The DPL thermophysiological model enhanced accuracy in pre-
dicting skin temperature variations under dynamic solar radiation
compared to the conventional Pennes model. This improvement high-
lights the importance of accounting for non-Fourier heat transfer
behavior in transient thermal environments.

(2) With increasing exposure time, the rate of change in skin tem-
perature approaches zero, indicating a tendency toward thermal equi-
librium. Although the patterns of temperature rise and fall are similar in
magnitude and shape, human thermal perception may differ due to the
asymmetrical distribution of thermal receptors—specifically, the higher
density of cold receptors makes individuals more sensitive to cooling
than to heating.

(3) An obvious time lag was observed in the response of the inner
skin layer. Over 15-minute intervals, the surface and inner skin tem-
peratures often exhibited opposite trends. This depth-dependent tem-
perature alternation—with surface temperatures showing more
pronounced fluctuations than inner layers—suggests a complex inter-
action in thermal sensation mechanisms that cannot be captured by
surface measurements alone.

(4) The amplitude of surface skin temperature fluctuations was
positively correlated with solar radiation intensity. While the inner skin
layer maintained good thermal stability under low radiation levels,
exposure beyond a certain threshold disrupted this stability, indicating a
nonlinear response to increasing thermal loads.

These findings provide some novel insights into the physiological
mechanisms of human thermal perception under dynamic environ-
mental conditions and offer a more accurate foundation for evaluating
outdoor thermal comfort. The proposed DPL-based model can be further
extended to explore heat stress and thermal comfort in broader envi-
ronmental and occupational contexts.
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