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Abstract

Vehicle thermal comfort has received more attention due to advancements in autonomous driving and intelligent cabin
technology. Prediction of thermal comfort is challenging due to the passenger compartment's complex transient non-uniform
thermal environment. Many thermal comfort models are primarily based on environmental or human thermal physiology
factors, but too many temperature measurements may affect driving behavior. This study analyzed the correlations between
local thermal sensation (LTS), local thermal comfort (LTC), the thermal environment in an automobile's cabin, and skin
temperature. The optimal combination of influencing factors was established in the prediction model of overall thermal sen-
sation (OTS) and overall thermal comfort (OTC) in the vehicle cabin. The results indicated that breathing air and chest skin
surface temperature had the best correlation with subjective human evaluation. The prediction models of OTS and OTC have
good prediction performance, and their R? values are 0.77 and 0.51, respectively. Accurately predicting the thermal comfort
in the vehicle provides a valuable reference for intelligent cabin thermal environment control and automobile energy savings.

Keywords Vehicle thermal comfort - Local thermal sensation - Overall thermal sensation - Local thermal comfort - Overall
thermal comfort

1 Introduction can accurately and conveniently forecast the vehicle thermal
comfort.
Air velocity, air temperature, humidity, and average

radiant temperature are environmental elements that affect

People are paying more attention to vehicle thermal comfort
as autonomous driving and intelligent cabin develop and

improve. The driver's physiology, psychology, and driving
safety are all impacted by thermal comfort. Researchers are
trying to find a way to strike a balance between energy effi-
ciency and thermal comfort (Croitoru et al., 2015; Nastase
et al., 2022). However, due to the vehicle's highly transient
and non-uniform thermal environment, no accepted model
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human thermal comfort. Personal factors that affect thermal
comfort include human activity level and clothing thermal
resistance (Danca et al., 2016; Neacsu et al., 2017). Exten-
sive experimental study on human thermal sensation and
comfort in vehicle passenger compartments has been carried
out, which can be divided into climate chamber experiments
and field experiments according to the testing place. The
advantage of climate chambers is that the environment can
be controlled to avoid the impact of external environmental
change on human thermal comfort inside the vehicle.
Some studies investigated the relationship between local
and global thermal sensations and skin temperature by creat-
ing different in-vehicle thermal environments with air supply
conditions in a controlled external environment (Lee et al.,
2020). Relative humidity influences human thermal com-
fort in the passenger compartment of an automobile to a
certain extent, and the results of some studies have shown
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that controlling the relative humidity can make the driver
and passenger reach the thermal comfort state more quickly
(Alahmer et al., 2012; Hepokoski et al., 2018, 2021). Heat
conduction plays an important role in the exchange of
heat between humans and the thermal environment inside
the vehicle. In winter conditions, seat heating can rapidly
improve human thermal comfort during the initial warm-
ing phase (Hu et al., 2024; Oi et al., 2011, 2012). There
are apparent differences between field and climate cham-
ber experiments. The field experiments under parking and
driving conditions were conducted, combined with human
thermal physiological, and psychological factors, and ana-
lyzed the correlation between environmental and human
parameters and subjective evaluation (Xu et al., 2022).
Except for human thermal comfort, vehicle cabin cooling
energy consumption and air quality satisfaction are also
analyzed (Kaynakli et al., 2004, 2005; Kilic et al., 2010,
2012). Yun et al. (2021) conducted field tests on 80 female
subjects and obtained an overall thermal sensation predic-
tion model based on environmental parameters. In addition,
some studies have studied the differences between park-
ing and driving conditions (Mao et al., 2018; Zhou et al.,
2019). The results showed significant differences in drivers'
thermal comfort, sensitivity, and preference under driving
conditions. The thermal acceptability of the driver is better
than that of the parking condition due to the driver's con-
centration. Recently, Kim et al. (2023) conducted a study on
the correlation between multiple physiological parameters
and in-vehicle thermal comfort, and their findings suggest
that long-term use of HVAC heating modes reduces drivers'
thermal comfort and concentration. In winter driving, physi-
ological changes in drivers preceded environmental changes
and drivers' psychological responses were faster than physi-
ological responses under different heating modes.

Thermal comfort is the result of people and their thermal
environment under the action of thermal regulation. In the
past decades, researchers have researched the thermal com-
fort model. Fanger (1967) proposed the famous PMV-PPD
model based on the human thermal balance theory, and its
application background was a steady and uniform thermal
environment. Wyon et al. (1989) proposed the notion of
equivalent homogeneous temperature (EHT) obtained by
skin temperature and heat flow. Then, the thermal comfort
interval of each part of the human body was divided by sub-
jective evaluation related to thermal comfort. The EHT eval-
uation index is applicable to the steady-state non-uniform
thermal environment, but cannot make an evaluation of the
whole body. Zhang et al., (2009, 2013) studied the connec-
tion between subjective evaluation and environmental and
human parameters through environmental chamber experi-
ments. The models of local and overall thermal sensation
and thermal comfort are proposed. The Berkeley model can
predict human thermal comfort in a transient non-uniform
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thermal environment. The results showed that the thermal
comfort obtained in a transient non-uniform thermal envi-
ronment might be higher than that felt in a neutral and uni-
form thermal environment.

Up to now, the previous thermal comfort models estab-
lished by scholars have been based on environmental factors
or human factors. Few prediction models of thermal comfort
in an automobile cabin consider environmental and human
factors. In addition, the existing non-uniform thermal com-
fort model needs to measure a large amount of information
to figure up vehicle thermal sensation and comfort, which is
difficult to measure in authentic passenger cabins and affects
driving behavior. The thermal comfort in the vehicle passen-
ger compartment was examined in this study, and the rela-
tionships between thermal sensation and comfort, the inte-
rior surface and air temperature, and skin temperature were
measured and analyzed. Finally, based on environmental and
human factors, prediction models for vehicle overall thermal
sensation and overall thermal comfort were developed.

2 Materials and Methods
2.1 Experimental Conditions

The thermal comfort experiments of the human body in
vehicle cabins were conducted while parked in both sum-
mer (July) and winter (January) in Shanghai, China. The
experimental vehicle is a compact sedan with four-gear air
conditioning. All experiments were carried out under vari-
able air supply speeds with constant heat exchange. Table 1
shows the ambient temperature and air supply conditions
for all summer and winter experiments, where tests 1-16
are for summer conditions and tests 17-32 are for winter
conditions. The average environmental temperature of sum-
mer and winter experiments were 35.3 and 9.5 °C, respec-
tively. The average supply air temperature decreased with
the decrease of supply air speed in summer experiments and
increased in winter experiments. The air supply speed and
temperature refer to the average of the four air conditioning
outlets. During the investigation, the air conditioner main-
tained the blowing surface mode of internal circulation. We
measured the intensity of solar radiation during the summer
experiments. While the winter experiments were mostly con-
ducted at night, so the effect of solar radiation was neglected.

2.2 Experiment Contents and Instruments

The interior surface and air temperature are required to
be measured because the thermal environment plays an
important role in the thermal comfort of the vehicle cabin.
Figure 1 (a) depicts the experiment's interior surface and
air temperature measurement points. The interior surface
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Table 1 Environment temperature and air supply conditions

Testl Test2 Test3 Test4 Test 5 Test 6 Test 7 Test 8 Test 9 Test10
Average air supply temperature ('C) 139 12.6 7.6 8.0 13.5 9.7 7.5 73 12.8 9.4
Average air supply speed (m/s) 1.7 5.1 3.8 24 7.7 5.1 3.8 2.4 7.7 5.1
Average environment temperature ('C) ~ 36.2 34.6 34.7 34.6 349 36.0 36.2 353 35.0 36.0
Testll  Testl2  Testl3  Testl4  Testl5  Testl6  Testl7  Testl8  Testl9  Test20
Average air supply temperature ('C) 6.8 7.0 14.5 10.6 6.8 7.7 37.5 48.6 58.9 66.7
Average air supply speed (m/s) 3.8 2.4 7.7 5.1 3.8 2.4 7.7 5.1 3.8 2.4
Average environment temperature ('C) ~ 34.9 34.3 31.3 322 31.8 31.7 8.7 12.2 10.5 11.6
Test21  Test22  Test23  Test24  Test25  Test26  Test27  Test28  Test29  Test30
Average air supply temperature (C) 35.0 459 59.6 67.2 36.1 52.1 61.3 66.5 43.8 46.4
Average air supply speed (m/s) 1.7 5.1 3.8 24 7.7 5.1 3.8 2.4 7.7 5.1
Average environment temperature ('C)  13.4 14.1 11.7 14.6 73 7.2 6.9 6.8 6.7 6.7
Test31  Test32
Average air supply temperature ('C) 55.7 66.9
Average air supply speed (m/s) 3.8 24
Average environment temperature (‘C) 6.5 6.3
4 — very hot 4 — very comfortable
3 hot
2— warm 2 — comfortable
1 — slightly warm
0 — neutral 0 — neutral
-1 slightly cool
-2— cool -2 — uncomfortable
() 809) 10(11) 3| cold
-4— very cold -4— very uncomfortable

head

chest

left upper arm right upper arm

left forearm right forearm

left hand right hand

left thigh right thigh

left calf right calf

left foot right foot
(b) :

Fig. 1 Measuring point location:a for cabin interior surface and air
temperature and b for skin temperature of experimental subjects

measurement points include the dashboard (#1), windshield
(#2), and roof (#3). Air temperature measurement points
also include air supply vents, foot (#8-#11) and breathing
point air (#4-#7) temperature at all four seats, and outside

Fig.2 Scales of thermal sensation and thermal comfort

ambient air. The result of thermal regulation in the thermal
environment of the vehicle cabin is partially reflected in the
skin temperature. The human body parts measured in the
experiment are shown in Fig. 1(b). Medical adhesive tape
was used to secure the thermocouple in the center of each
body part. The mean skin temperature was calculated using
the seven-point method proposed by Hardy and Dubois [35]
as shown in Eq. (1). Where MST is the mean skin tempera-
ture, T is the skin temperature of each site, and the weights
of each site are shown in Equation. The scales used in the
questionnaire to rate subjective thermal sensation and ther-
mal comfort are shown in Fig. 2.

Two different types of Omega thermocouples were used
for the experimental measurements. The wire diameter of
the TT-K-24-SLE thermocouple is thicker than the TT-
K-36-SLE. In order to gauge the temperature of environ-
mental factors, we used TT- K-24-SLE thermocouples.
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Additionally, the TT-K-36-SLE thermocouple was
employed to measure the temperature of the human
skin surface. The measuring range of the thermocouple
is—200~260 °C, and its uncertainty is + 0.5 °C. The data
logger is Keysight 34972A, and the airspeed in the vehi-
cle passenger compartment was measured by Fluke 925
hand-held impeller anemometer, which measuring range
is 0.4 ~25 m/s and uncertainty is +2%.

MST = 0.07 % (Tjpaq) +0.35 % (Tgpes)
+0.14 * (TLowerArm) +0.07 = (TFOOt)
1
+0.13 = (TLowerLeg) +0.19 = (TThigh) @
+0.05 * (Tyana)

2.3 Subjects

Thirty-two healthy graduate students (26 males and
six females), aged between 20 and 24, participated in
the experiment. Males’ average height and weight are
173.2 cm and 66.5 kg, respectively. And females’ average
height and weight are 164.7 cm and 50 kg, respectively.
Before the experiment, the purpose and procedure of the
experiment were informed. In addition, the subjects were
required to rest sufficiently and not drink alcohol, smoke,
or exercise vigorously before the experiment. Regarding
clothing thermal resistance, all subjects were required to
put on short-sleeved t-shirts, shorts, and slippers when
participating in experimental summer conditions. The
clothing requirements for subjects in winter experiments
were hoodies and jeans.

2.4 Experiment Procedure

Before the experiment, we checked the air conditioning
performance of the experimental automobile and arranged
the thermocouple at the specified position of the tem-
perature measurement point. The subjects changed into
experimental clothing in the preparation room and reached
thermal equilibrium in a uniform thermal environment.
The subjects were given another explanation of the exper-
iment's goal and methodology at the same time by the
researchers. The researchers assisted the subjects to secure
thermocouples and measured their skin surface tempera-
ture as soon as they entered the passenger compartment
and turned on the vehicle air conditioning to simulate the
test environment. The experimental data were recorded
when the thermal environment of the cabin was stabilized.
When the interior surface, air, and human skin tempera-
ture were stabilized after the experiment ran for 30 min,

@ Springer

Fig. 3 Experimental scene diagram

the subjects were instructed to complete the subjective
evaluation questionnaire. The next air supply condition
experiment was then performed. After the atmosphere was
stabilized, each experiment lasted 30 min, and data were
taken every 10 s by the data gathering device. The experi-
mental scene diagram is depicted in Fig. 3.

2.5 Fitting Function for the Prediction Model

The experimental data were compiled to examine the
connection between human thermal sensation and com-
fort, skin temperature and the thermal environment in the
vehicle's passenger compartment. We found that vehicle
cabins' human thermal sensation and comfort vary signifi-
cantly among experimental personnel, even with the same
thermal environment. The thermal sensation increases
with increasing skin temperature and thermal environ-
ment. And with the increase of thermal sensation or skin
surface temperature, thermal comfort first increases and
then decreases. According to the various characteristics of
thermal sensation and thermal comfort, suitable functions
were selected for fitting analysis, respectively.

A logistic function fits the human thermal sensation to
the experimental and human factors. Equation (2) is the
logistic function used in this paper, where A value reflects
the slope of thermal sensation altering with the tempera-
ture of the environment and skin surface. The value of B
represents the neutral skin temperature of the study body
part. It exhibits the characteristics shown in Fig. 4, with
the linearity in the middle leveling off as the skin tem-
perature increases or decreases. A Gauss function fits the
human thermal comfort to the environment's temperature,
skin surface, and thermal sensation. The Gauss function
is presented in Eq. (3). The value of yO + A reflects the
height of the curve spike, w equals the standard variance,
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and xc represents the coordinates of the spike center.
Human thermal comfort increases first and then decreases
with the increase in skin temperature and thermal sensa-
tion. The function image has a single peak value, indicat-
ing that thermal comfort reaches the optimal value at a
specific skin temperature or thermal sensation.

_ 8 —4
Y= U+ exp(—A * = B)) @
y = y0+ A5 3)
3 Results

3.1 Thermal Environment in the Vehicle Passenger
Compartment

Temperature is the most commonly used physical quantity
to characterize the thermal environment and human thermal
physiology. Existing research has established several human
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Fig.5 Interior surface temperature

thermal comfort models in the laboratory environment,
but the research on vehicle thermal comfort based on field
experiments is relatively few. Through this study, we hope to
get the relationship between objective physical quantity and
human subjective evaluation. The exact quantities selected in
this study included temperature of typical interior surfaces,
vehicle cabin air, ambient and skin surface. We analyzed all
tests categorized by wind speed, with four conditions.

As proven in Fig. 5, the temperature of three distinct
surfaces in the vehicle's passenger compartment: the dash-
board, the windshield, and the roof. Condition 14 represent
four different experimental conditions of supply air speeds
from high to low. In summer experiments, the dashboard
is the hottest of the three interior surfaces, followed by the
windshield and roof. In the winter experiment, the surface
temperature inside the cabin were the roof, dash and wind-
shield in descending order. As a result of the effect of solar
radiation in summer, the average temperature of the dash-
board in condition 4 is 54.2 °C even if the air conditioner
is on, and the average windshield is 50.7 °C. The reason

@ Springer



X. Xu et al.

is that the solar radiation acted on the dashboard through
the windshield. And the glass is less absorbent, making the
dashboard hotter than the windshield. The interior roof is
not directly influenced by solar radiation and has the lowest
temperature of 36.9 °C under the influence of air condition-
ing. However, the solar radiation intensity is weak in winter,
and its effect on the interior surface is less than that of air
conditioning. The roof is the surface most affected by air
conditioning in these three surfaces, and its temperature is
the highest in the winter experiments. The average tempera-
ture of the roof in condition 4 is 42.8 °C, which is higher
than that in all summer experiments. And the dashboard
temperature is 37.2 °C. The windshield is the lowest of the
three interior surfaces, 28.8 °C.

Cabin air temperature, including those around the feet
and heads of the driver, co-driver, and rear passenger, are
shown in Fig. 6. Even under steady-state conditions, the
air temperature in the passenger compartment of a vehi-
cle exhibits extreme heterogeneity both horizontally and
vertically. In general, the degree of non-uniformity in the
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Fig. 6 Interior air temperature. a, b Breathing air, ¢, d foot air
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Fig.6 (continued)

vehicle passenger compartment in winter experiment con-
ditions is higher than in summer, and the vertical tempera-
ture difference is larger than the horizontal temperature
difference. In terms of vertical air temperature difference,
the air temperature around the feet was higher than the air
temperature around the head under summer experimental
conditions. The opposite was true in winter conditions.
The cause is that in the air conditioning face-blowing
mode, the effect of air conditioning on the air around the
head is more significant than that of the feet. The verti-
cal temperature difference in the vehicle cabin is more
critical in winter experiments than in summer experiments
because the supply air and the ambient temperature differ-
ence is much more significant in winter experiments than
in summer experiments. Under the summer experiments,
the average vertical temperature difference is 0.8 °C. At
the same time, the value in winter is much higher than in
summer (8.6 °C), and the vertical temperature difference
increases as the air supply speed decreases. The vertical
air temperature difference in winter test 4 is as high as
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16.7 °C. As for the horizontal air temperature difference,
it is mainly affected by the uneven air supply and ther-
mal boundary conditions. The temperature difference of
breathing air is smaller than that of the air underfoot, and
the temperature difference between the front driver and
passenger is larger than that between the rear passengers.

3.2 The Influence of Air Supply Conditions

Figure 7 depicts the mean skin temperature, overall thermal
sensation, and thermal comfort of the subjects under different
air supply conditions. It can be observed from the figure that
the mean skin temperature of the subjects increased in both
summer and winter experiments as the airspeed decreased. The
results of the summer experiments align with common sense,
while the winter experiments demonstrate this phenomenon
due to our experimental design involving a variable air velocity
under constant heat exchange. Consequently, the temperature
of the air supply rises as the air velocity decreases. Within the
existing experimental conditions, the impact of air supply tem-
perature on skin temperature is more significant than that of
air supply speed. Furthermore, there is a notable positive cor-
relation between thermal sensation and mean skin temperature,
while thermal comfort experiences a decline in both summer
and winter conditions when the airspeed decreases.

3.3 The Relationships Between Solar Radiation
and Overall Thermal Perception

In addition to air supply conditions, solar radiation intensity
has a greater effect on in-vehicle thermal comfort in summer
conditions, so the correlation between solar radiation and
in-vehicle human thermal comfort was analyzed. In Fig. 8,
we performed a linear fit between solar radiation intensity
and the overall thermal perception of the human body inside
the car and found that under the summer tests in this study,
the overall thermal sensation of the subjects inside the car
increased with the increase of solar radiation intensity, and
the opposite is true for the overall thermal comfort, for
every increase of solar radiation intensity by 100 W/m2, the
overall thermal sensation increased by 1.6, and the overall
thermal comfort decreased by 1.4. In addition, we can see
a good correlation between the overall thermal sensation of
the subjects inside the car under the steady-state conditions
and that of the subjects inside the car under the summer
working conditions, so we analyzed the correlation between
solar radiation and human thermal comfort. In addition, we
can see that the correlation between solar radiation and the
overall thermal sensation in steady-state condition is good,
with an R? value of 0.83. However, the correlation between
thermal comfort and solar radiation intensity is poorer,
with an R? value of 0.33. The reason for this is that thermal

48
—=— summer experiments
—— winter experiments
44 +
40

Tmean(°C)
e &

[N]
oo
T

(a) Conditions

Thermal sensation

summer experiments
—— winter experiments

4+

1 2 3 4
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Thermal comfort
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2F
3F —=— summer experiments
4 —— winter experiments
) 1 1 1
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Fig.7 The influence of air supply conditions. a Mean skin tempera-
ture, b thermal sensation, ¢ thermal comfort

comfort is more affected by the subjective influence, and
the difference is more significant between different subjects.
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Fig.8 Relationship between solar radiation and overall thermal sen-
sation and thermal comfort

3.4 Local Thermal Sensation and Local Thermal
Comfort

Figure 9 shows the connection between the head and lower
arm's local skin temperature (LST) and the local thermal
sensation (LTS). With an A value of 0.52 and a slope of
the thermal trend with skin temperature that is greater than
the limbs, the chest has the greatest slope of all body parts.
The neutral temperature of the head and chest are similar
and higher than that of the other extremities. Among all
local body parts, the coefficient of determination of lower
arm skin temperature and thermal sensation is the greatest,
where the R? value is around 0.6.

Figure 10 analyzes the relationship between local ther-
mal comfort (LTC), local skin temperature (LST), and
local thermal sensation (LTS). Table 2 gives the R? and
local thermal sensation of local thermal comfort with
respect to local skin temperature. The chest had the high-
est correlation among all body parts. The R? value of the
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Fig.9 Correlation between local thermal sensation (LTS) and local
skin temperature (LST)

nonlinear regression of local skin temperature with local
thermal comfort is 0.5, and the R? value of local thermal
sensation with local thermal comfort is 0.48. The corre-
lation between local skin temperature and local thermal
comfort is more uncertain than the correlation between
local skin temperature and thermal sensation. It was found
that predicting local thermal comfort by local thermal sen-
sation could obtain better R? values than predicting local
thermal comfort by local skin temperature (Fig. 11).

3.5 Overall Thermal Sensation and Overall Thermal
Comfort

It is obvious that the overall thermal sensation and over-
all thermal comfort are more meaningful for evaluating the
vehicle's thermal environment. As a result, the correlation
between the vehicle thermal environment, the interior sur-
face, the local skin surface, the mean skin surface, and the
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overall thermal sensation and comfort were analyzed. First,
the influences of thermal environment parameters, includ-
ing the air temperature inside and outside the vehicle and
interior surface, on the overall thermal sensation and thermal
comfort were analyzed. The logistic function was used to fit
and analyze the correlation between thermal environmental
factors, overall thermal sensation, and overall thermal com-
fort. The R? value of the influence of respiration temperature
on the overall thermal sensation of the human body is up to
0.58, indicating its essential impact on the overall thermal
sensation of the human body in the passenger compartment.

The correlation between overall thermal comfort and ther-
mal environment is lower than that between overall thermal
sensation and thermal environment. Among the six envi-
ronmental parameters, breathing air temperature correlated
more significantly than other environmental parameters
(Table 3).

In addition, the air and interior surface temperature reflect
the thermal environment inside the vehicle. In contrast, skin
temperature reflects the occupant's thermal physiological
state, and the two factors together can better describe the
differences in human thermal comfort. A logistic function
was used to fit each local body and average skin temperature
to the overall thermal sensation. The data in the table show
that the overall thermal sensation correlates more with the
average skin temperature than with the skin temperature of
each local area. Among all body parts, the fitting R? value of
chest skin temperature and the overall thermal sensation was
the closest to the mean skin temperature, followed by the
head, whose R? values were 0.54 and 0.46, respectively. The
Gaussian functions were used to fit the correlation between
skin temperature and overall thermal comfort. Local skin
temperature on the hands and calves were significantly cor-
related with overall thermal comfort with R values of 0.43
and 0.44, respectively (Fig. 12, Table 4).

The linear fitting method analyzed the local and overall
thermal sensation and comfort. Figure 13 shows the chest's
regression lines; the X-axis is the local subjective evaluation
of the chest, and the Y-axis is the overall personal evalua-
tion. Table 5 gives the correlation between thermal sensation
and thermal comfort of each body part and the whole-body.
It is found that the chest is relatively correlated with the
whole body. All other bodily locations' thermal comfort and
sensation have correlation coefficients that are less than 0.5.
Additionally, the limbs' correlation coefficients for thermal
comfort are lower than their correlation coefficients for ther-
mal sensation. The findings showed that there is a stronger
association between local thermal sensitivity in these body
parts and overall thermal sensation than there is between
local thermal comfort in these body areas and overall ther-
mal comfort.

3.6 Regression Analyses and Models
Through the results obtained in Sect. 3.5, we selected the

breathing air temperature as the thermal environment factor
and the chest skin temperature as the human body factor.

Table2 R? between local
skin temperature (LST), local

thermal sensation (LTS) and
local thermal comfort (LTC)

Body part Head Chest Upper arm Lower arm hand Thigh Calf  Foot
R? (LST and LTS) 0.54 0.50 0.60 0.39 0.29 044 036
R?(LSTand LTC)  0.33 0.38 0.39 0.30 0.29 036  0.28
R? (LTS and LTC) 0.48 0.38 0.43 0.43 0.37 030 031
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Fig. 11 Correlation between breathing air temperature, overall ther-
mal sensation and overall thermal comfort

Based on these two key factors, a human thermal sensation
and thermal comfort evaluation model based on environmen-
tal factors and skin temperature was established.

3.6.1 Overall Thermal Sensation

Firstly, a single-factor thermal sensation prediction model
was established according to breathing air temperature
and chest skin. Then, a complete thermal sensation model
was based on multiple linear analyses to comprehensively

consider the effect of the temperature of breathing air and
chest skin surface on the overall thermal sensation. The con-
stants obtained from the fit are shown in Equation.

8

Ol bannsar = 50,105 = (Tyreatiingar — 22-337))) !

4)

OTS sy = 8 -4 (5
(1+ exp(—0.545 s (T, — 33.203)))

OTS = 0.765 % OTS,apingair + 0-365 % OTS,,,,; — 0.176(R* = 0.61)
(6)

3.6.2 Overall Thermal Comfort

According to the previous research, ambient and skin tempera-
ture choices could not obtain a better thermal comfort model.
Based on overall thermal sensation, this study developed a
prediction model for overall thermal comfort in car cabins.

_ (015+0.517)

OTC = -9.412 + 10467 % ¢~

(R* =0.39) @)

3.7 Validation of the In-Vehicle OTS and OTC
Prediction Model

Through the above research, we get the human body's pre-
diction model of OTS and OTC in the vehicle cabin. A total
of 128 participants participated in the experiment, with data
from 98 participants used to derive the equations. And other
data from 30 participants were used to test the accuracy of the
prediction model. A tenfold cross-validation of the average
performance of this modeling method was used. Validation
was carried out by comparing the measured OTS value with
the predicted OTS value, calculated from derived equations.
Figure 14 illustrates the impact of the OTS and OTC predic-
tion models, with the X-axis representing the measured OTS
or OTC value, and the Y-axis representing the predicted value.
The R? values for the OTS and OTC prediction models are
relatively high at 0.77 and 0.51, respectively. Despite being
randomly selected, we can observe from the figure that overall
thermal sensation of the experimental samples is hot; however,
overall thermal comfort is not satisfactory.

Table 3 R? between overall

. Environmental factor ~ Environment = Dashboard =~ Windshield = Roof  Breathing air  Foot air
thermal sensation (OTS) and
overall t.hermal comfort (OTC) R2 (OTS) 031 0.15 0.17 0.36 0.58 0.16
and environmental temperature R2 (OTC) 0.03 0 0.01 0.43 034 0.08
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Correlation between mean skin temperature, overall thermal sensation and overall thermal comfort

Table 4 Regression coefficients and R? of overall thermal sensation (OTS) and overall thermal comfort (OTC) in relation to skin temperature

Body part Head Chest Upper arm Lower arm hand Thigh Calf Foot Whole body
R? (OTS) 0.46 0.54 0.39 0.41 0.41 0.2 0.43 0.26 0.55
R? (OTC) 0.24 0.39 0.24 0.24 0.43 0.33 0.44 0.32 0.51

4 Discussion

The thermal environment in the passenger compartment of an
automobile is influenced by the air conditioning system's air
supply conditions (temperature, speed, direction), solar radia-
tion, external ambient temperature, and other parameters. The
modes of heat transfer between the human body and the envi-
ronment in the vehicle include heat convection, heat radiation,
heat conduction, and evaporative heat transfer. Compared to
the heat transfer in a building, the human body in a vehicle
exchanges more heat by radiation and conduction due to the
large proportion of glass area. Solar radiation enters the cabin
either by transmission or absorption; transmitted short-wave
radiation is received directly by the occupants, and absorbed
solar radiation enhances long-wave radiative heat exchange
to the human body by increasing the surface temperature of
the cabin. The human body exchanges conductive heat with
the seats and steering wheel in contact. The operating air con-
ditioning system generates an inhomogeneous temperature
field around the driver and occupant so that the amount of
convective heat exchange is different for each part of the body.
Due to the directional nature of direct shortwave solar radia-
tion, this radiation can only be received by certain parts of the
body. Airflow organization can also be highly heterogeneous
and transient due to the restricted space and complex shape

of the vehicle interior, all of which contribute to the differ-
ences between the indoor environments of automobiles and
buildings.

Under uniform or non-uniform thermal conditions, many
researchers have established human thermal sensation and
thermal comfort models. However, most study is based
totally on a controlled laboratory environment. The natural
temperature environment in the car's cabin differs greatly
from the artificially manufactured non-uniform thermal
environment, which makes the prediction model developed
under laboratory settings drastically different in the real
world. When assessing a person's thermal comfort inside a
car, it is more helpful to forecast their overall thermal sen-
sation and overall thermal comfort than their local thermal
sensation and local thermal comfort. It is challenging to
measure so many parameters during the actual evaluation
process when using the previous prediction model to assess
the human thermal comfort inside an automobile's cabin
because it requires a lot of environmental parameters, skin
surface, and core temperature measurements. The measure-
ment of these parameters is not only time-consuming and
laborious, but also affects the subject at the physiological
and psychological level, which in turn influences the per-
son's subjective evaluation.

@ Springer



X. Xu et al.

o~
T

w
T

[\S]
T

TSwholebody
S

2 F |

3

4+
1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
-4 -3 -2 -1 0 1 2 3 4
(a) TSchest
4t | |
3 -
2 -

—
T

TCwholebody
~ o

'
[N}
T

-4 -3 -2 -1 0 1 2 3 4
TCchest

(b)

Fig. 13 Relationship between local and overall thermal sensation and
thermal comfort. a Chest thermal sensation and b chest thermal com-
fort

In this paper, we tried to discover the quantity that best
characterized the overall thermal sensation and comfort
in the vehicle cabin. The environmental and human fac-
tors used as few variables as possible to fit and derive the
prediction model of overall thermal sensation and overall
thermal comfort. By a previous study of the human subjec-
tive evaluation and environmental laws between the tem-
perature and skin temperature variables, this study selected
logic function to the overall thermal sensation associated
with breathing air temperature and chest skin tempera-
ture and obtained by multiple linear regression based on

Validation OTS model
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Fig. 14 Validations on developed OTS model and OTC model

environment temperature variables and skin temperature
prediction model of whole-body thermal sensation. For
thermal comfort, we found that the performance of thermal
comfort prediction models based on thermal sensation is
better than the comfort model based on skin temperature.
In this study, the Gaussian function relates thermal com-
fort to thermal sensation. The overall thermal sensation
and thermal comfort prediction models had higher R? val-
ues of 0.77 and 0.51, respectively. This suggests that the
thermal sensation fit has better correlation than thermal
comfort. The underlying reason for this is that the dif-
ferences in thermal comfort are more pronounced in the
human body. Furthermore, the mathematical basis for the
overall thermal comfort model was not provided in earlier
investigations.

Table 5 R? of local thermal

- Body part Head Chest Upperarm Lowerarm hand Thigh Calf Foot
sensation and thermal comfort

in relation to overall thermal Slope for thermal sensation  0.89  0.85  0.67 0.64 057 058 067 0.60

sensation and comfort R? for thermal sensation ~ 0.69  0.72  0.45 039 036 035 042 032

Slope for thermal comfort 094 095 0.54 0.55 052 057 0.53 051

R? for thermal comfort 0.80  0.77 0.30 0.31 030 0.31 029 0.29
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Through the collection of human subjective evaluation
experimental data, it is found that most subjects are in a
relatively hot overall thermal sensation state under various
working conditions. Due to the lack of data on rather cold
and hot sensations, the fitted prediction model of overall
thermal sensation and thermal comfort has a deviation.
Future experiments under colder conditions can be added
to improve the prediction model. In addition, this study is
limited to the stationary state of parked vehicles, so it is
impossible to study the differences in environmental condi-
tions and passenger thermal comfort under actual driving
conditions. Due to the cabin's complex and changeable ther-
mal environment, this study only considers the effect of the
environment's temperature and skin surface on the subjective
evaluation of the human body. In the future, further analysis
can be carried out on factors that significantly influence the
cabin's thermal environment, for instance, wind speed and
radiation intensity, to establish a more robust and compre-
hensive model.

5 Conclusion

In this study, the relationship between thermal sensation and
comfort, thermal environment in vehicle cabin, the ambient
and skin surface temperature was analyzed and prediction
models for overall thermal sensation and overall thermal
comfort were established by using field experiments to ana-
lyze human thermal comfort in the vehicle passenger com-
partment. Breathing air and chest skin surface temperature
were the factors which significantly associated with overall
thermal sensation in thermal environment and human fac-
tors, respectively. These two factors have a strong correlation
with the overall thermal sensation in the vehicle occupant
compartment with an R? value of 0.61. In contrast, thermal
sensation as an input quantity better characterizes thermal
comfort compared to skin temperature or thermal environ-
ment. However, the correlation between overall thermal sen-
sation and overall thermal comfort is relatively poor, and its
R? value is 0.39. The results of the tenfold cross-validation
show that the prediction model of overall thermal sensation
and thermal comfort has good prediction performance, with
R? values of 0.77 and 0.51, respectively. Since most subjects
are in a hot thermal sensation state under the experimen-
tal condition, further research is planned to create a cooler
thermal environment in the vehicle's cabin and establish a
complete prediction model. In addition, an attempt is made
to analyze the correlation between other influencing fac-
tors besides temperature, such as wind speed, solar radia-
tion intensity, EEG signal and subjective human evaluation,
to establish a more robust prediction model for automotive

thermal comfort and provide a scientific basis for automotive
air conditioning control strategies.
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