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Abstract: In order to improve thermal comfort of vehicle cab, reduce driver fatigue and
further improve work efficiency, researches on thermal comfort of vehicle cab are
summarized. Research background of thermal comfort for vehicle cab is analyzed. And then
related research progress on thermal environment in vehicle cab is studied from aspect of
time and space, and thermal environment inside and outside vehicle are compared. Affecting
factors of thermal comfort in vehicle cab are discussed in depth, which conclude
thermophysical parameters, human physiological factors, clothing thermal resistance and
other secondary factors. And thermal comfort evaluation indexes are analyzed in depth.
Evaluation methods of thermal comfort in uniform environment are analyzed, related
experimental research and theoretical analysis are summarized, and it also points out some
problems in thermal comfort of vehicle at this stage, and also gives corresponding solutions.
The future trend of thermal comfort of vehicle cab is predicted. Analysis results can provide
theoretical guidance for optimization design of air conditioning supply parameters and
structural parameters, and has significant meaning of improving thermal comfort of vehicle
cab.
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1. Research background

With the development of the economy, the number of cars has increased rapidly,
according to relevant data, as of the end of 2022, the China’s car ownership was
about 131 million units. By the end of 2023, China’s car ownership had reached 280
million. But in addition to the convenience that people enjoy the car brings, it also
causes a lot of problems. For example, (1) due to excessive heating in summer or too
cold in winter, excessive use of air conditioning consumes huge energy, so the
method of district heating in the car and personalized heating method can be used to
solve the problem of huge energy consumption; (2) at the same time, because
traditional cars use gasoline as the power raw material, the increase in car ownership
is bound to lead to an increase in demand for oil resources, and at the same time, car
travel will emit a large number of pollutants, and will also bring huge pollution to the
environment. Therefore, research on thermal environment and comfort in the
automobile cabin is also an important key topic for energy conservation and
emission reduction. Therefore, the emergence of new energy vehicles can effectively
solve this problem [1].

Development prospects of new energy vehicles are also very impressive.
According to the 2019 Electric Vehicle Outlook Report released by Bloomberg New
Energy Finance, it is estimated that by 2040, there will be 548 million electric
vehicles worldwide, accounting for about 32% of the global passenger car number
by then; (3) there is also no meeting thermal comfort of the driver in the car, for
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example, due to the cold temperature in the car in winter, the human hands and feet
are cold, which affects the speed of hitting the steering wheel and the speed of
pressing the brake, thereby increasing the traffic accident rate. In the car interior,
people are in an environment with light, sound and heat, so the comfort of heat, light
and sound will affect the comprehensive comfort of the human body. Among them,
in the single factor of human comfort research, the earliest and most concerned is
thermal environment, thermal environment to provide people with thermal comfort,
but also to the greatest extent to affect the energy consumption of the entire system,
so this article focuses on the impact of thermal comfort on the human body, but does
not mean that sound, light, and pressure have no effect on the human body in the car
[2,3]. A good thermal comfort environment can also relieve driver fatigue, improve
their irritability, and thus better concentrate and ensure driving safety [4,5]; (4)
finally, because the car body material is thin-walled steel, the specific heat capacity
of the material is very small, so that the heat insulation and heat storage capacity of
the car is poor, so thermal environment inside the car is greatly affected by the
external environment, in real life due to the owner’s negligence, the pet left in the car
resulting in summer high temperature death is common. At the same time, the high
temperature in the car after receiving sun exposure in the static state will not only
bring strong thermal shock to the occupants, but also the excessive temperature in
the car is easy to bring about the aging of internal items, spontaneous combustion of
the interior items, explosion and other hazards [6]. This further demonstrates the
importance of studying interior temperature regulation controllers, which are
currently poorly studied. (5) thermal environment inside the car will also affect the
defrosting and defogging effect of the window surface, which greatly affects the
driver’s driving vision, resulting in unnecessary traffic accidents. Therefore, research
on thermal comfort of automobiles based on the above five points is necessary and
extremely important, which has also attracted the attention of international scholars.

Main contribution is to study research progress on analysis and evaluation of
thermal environment of vehicle cabins. By analyzing existing research results, the
main research directions for thermal comfort of vehicle cabins are proposed to
improve the reliability of research on thermal comfort of vehicle cabins. This is
conducive to proposing more effective measures for thermal comfort of vehicle
cabins, thereby improving thermal comfort of drivers.

2. Progress on thermal environment analysis in vehicle cab

From the first chapter, it can be seen that based on the popularity of vehicles in
people’s lives, research on thermal environment of cockpit has received more and
more attention. During the driving of the car, especially in summer, cockpit is often
uncomfortable for people to ride for a long time in a complex thermal environment
[7]. Therefore, research on thermal environment of the car cabin has also attracted
the attention of international scholars. Since the 70s of the last century, developed
countries in Europe and America have begun to concern problem of thermal
smoothness and thermal comfort of passenger compartment [8]. A good thermal
environment in the car is of great significance to the driver’s driving experience and
driving safety, the cockpit is overheated, and the driver is easy to feel sleepy; Over
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cooling of cockpit can also reduce the agility of driver. thermal environment in cabin
is not only important for the driver’s driving safety, but also for the driving
experience of the passengers. Poor thermal environment in the car can also cause
nausea, vomiting and other adverse physical health conditions of passengers. Airflow
organization in the cockpit of a passenger car is one of the factors that affect thermal
environment in the cabin, which in turn affects thermal comfort level in the cabin [9].
Therefore, improving the airflow organization in the car has also effectively
improved human comfort, which is beneficial to human health and can also achieve
energy-saving effects. Many well-known car companies are also studying ways to
enhance thermal comfort of human body by adjusting airflow organization in the
cabin (adjusting parameters air outlet temperature, outlet speed and relative humidity,
changing airflow distribution in the space) [10]. Airflow organization is used in field
of thermal comfort, and poor airflow organization in cabin causing problems such as
uneven temperature distribution, which reduces thermal comfort level of passenger
car cockpits [11]. Relevant literature knows that there are relevant requirements for
thermal comfort of the cockpit: during cooling process of the cockpit of a passenger
car in summer, the airflow velocity around the occupants is not easy to exceed 0.5
m/s, and the airflow velocity in this range can make the occupants have a slight
feeling of blowing wind, and will not make the occupants feel uncomfortable [12].
Mean temperature in cabin is 22 °C-28 °C, and occupants will be satisfied with
thermal environment in the cabin in this temperature range [13]. When the average
cabin temperature is below 22 °C, the occupants will feel cold; when the temperature
is greater than 28 °C, the crew will feel that thermal environment in cabin is muggy
[14]. Temperature difference between cabin inside and outside cabin in China is
generally 8 °C—-10 °C, when ambient temperature is high, temperature difference can
be appropriately amplified to 10 °C-12 <C, and the appropriate temperature
difference inside and outside cabin will make the occupants have a good riding
experience [15]. All these fully illustrate the important role of studying thermal
environment in the car interior on human comfort. This section addresses two aspects.
The first section explains thermal environment in the car from the perspective of
time and space. The second section compares thermal environment inside and
outside car. Vehicle thermal environment analysis is complex and multiple
dimensional, which relating to temperature, humidity, velocity and other factors, two
aspects of this section conclude thermal analysis from aspect of time and space, and
comparative analysis of thermal environment inside and outside car.

2.1. Analysis from perspective of space

Thermal environment includes the steady-state thermal environment and
transient thermal environment from perspective of time, and analysis includes
uniform thermal environment and non-uniform thermal environment from the spatial
perspective. In summer heat, the cockpit turns on the air conditioning, and the
physical activity most closely related to cockpit thermal environment is heat transfer.
There are five ways of heat transfer: heat conduction, heat convection, heat radiation
sweating and heat loss, and it is precisely because of the use of car air conditioning
and the dynamic influence of weather that thermal environment inside the car is
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uneven and transient [16]. Therefore, unlike indoor buildings that use a steady-state
and uniform thermal environment, interior of a car is an unsteady state and a
non-uniform thermal environment based on the above characteristics. When the early
researchers did not have perfect research methods, scholars from various countries
analyzed thermal environment of the car cabin through numerical simulation and
modeling [17].

Chien et al. [18] used numerical simulation to analyze and simulate the
temperature field and flow conditions in the cabin of the automobile, and also
analyzed the cooling cycle and coupling heat transfer on top, bottom and two sides
of cabin, and studied the direct effect of the heat flux of the automobile air
conditioning system, body maintenance structure, and the heat dissipation factors of
human body on the “heat-flow” field. Influence of multiple factors on the flow field
inside the cabin was analyzed. However, it did not study external climatic conditions
as influencing factors. Zhang [19] conducted an internal flow field analysis on the
three-dimensional model of the carriage under manned and unmanned conditions,
and compared with experimental results, it was found that maximum error of
numerical simulation was concentrated in the head area of the human body. Based on
simulation of flow field in car, Che [20] analyzed the influence of the gap between
the seat and the door on the flow field characteristics in passenger compartment.

Lu et al. [21] used computational fluid dynamics to simulate and analyze flow
field in the passenger compartment of a heavy goods vehicle, and adopted the
equivalent temperature evaluation standard for thermal comfort of the personnel in
the vehicle, and results showed that uneven distribution of air volume in each air
duct will make the airflow organization of the internal flow field of the car
unreasonable, thereby reducing thermal comfort of the personnel in the vehicle. Kilic
et al. [22] studied temperature and humidity features of various positions under the
two working conditions of air conditioning heating and cooling in car cabin, and
preliminarily discussed influence of thermal environment on the skin temperature
and thermal sensation of occupants. Alahmer et al. [23] studied the overall and local
thermal sensation and thermal comfort of human body under different humidity
through experiment and numerical simulation, and experimental and simulation
results showed that relative humidity controlled by air conditioning system in the
heating and cooling process (winter and summer conditions respectively) reached
human comfort zone faster than when relative humidity was not controlled, but the
humidity had less influence on thermal comfort of human body in steady-state stage,
and the measured temperature and the simulated temperature were compared.
Results show that most significant influence of humidity on temperature and
occupant thermal sensation is at the beginning of refrigeration, and when the
humidity value tends to be stable, the effect is not obvious.

Myoung et al. [24] studied the quantitative energy-saving effect of local air
conditioning system, and analyzed thermal comfort in cabin from different angles by
adjusting the front and top air supply ratio, air supply temperature, air supply speed,
etc. Lai et al. [25] studied the influence of uniformity of airflow at air outlet of
automobile air conditioning on thermal environment of the cockpit, and found that
when the air flow of the air outlet is uniform, cooling effect of cockpit is relatively
good, flow field and temperature distribution in cabin are also relatively uniform,
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and thermal comfort level of the occupants is relatively good. Zhang et al. [26]
carried out numerical simulation of the three-dimensional flow field and thermal
environment in a certain car, obtained the distribution of speed field, temperature
field, PMV and PPD, however PMV and PPD cannot suit for cars, and calculated the
distribution of air age in the passenger compartment. Moon et al. [27] compared and
analyzed the two thermal comfort evaluation indicators of PMV-PPD and equivalent
temperature under multi-band and single-spectrum radiation models, and the results
showed that considering effect of multi-band solar radiation, temperature near driver
and passenger increased by 1 °C-2 °C, and equivalent temperature can predict the
local change of thermal comfort level in passenger compartment.

Wang et al. [28] carried out climate experiments in Turpan to analyze climatic
characteristics and study the changing characteristics of thermal environment of local
automobiles under different climatic conditions, so as to provide experimental basis
for research and development of automotive products in the dry heat environment of
Turpan. Danca et al. [29] measured temperature and speed at various locations in the
passenger compartment and calculated PMV-PPD thermal comfort evaluation
indicators. However, PMV-PDD can only be used as evaluation index for building,
which is not suit for cars. Giri et al. [30] applied CFD software to study
two-dimensional ventilation of the cockpit in the parking stage, and studied thermal
comfort of cockpit through analysis of the two-dimensional temperature field and
speed field of the cockpit, and found that the air circulation in the cabin was
improved with increase of air outlet speed, and temperature field distribution of
cockpit tended to be uniform with increase of air outlet velocity, and heat
accumulation and ventilation problems in the cabin were also greatly improved. He
[31] studied influence of various crowd densities on thermal environment of cabin,
evaluated thermal environment of cabin based on PMV, compared airflow velocity
and occupant thermal comfort in the cabin with different crowd density, and the
results showed that the different crowd density had a greater impact on thermal
comfort of the cabin, which changed with the change of crowd density.

Mohammad et al. [32] conducted on-site measurements of three cars with
different front windshield insulation rates, monitored the changes of thermal
environment in car and dynamic thermal response of occupants, and studied effect of
changes in characteristics of front windshield on thermal comfort inside the car
under solar radiation. Experimental results show that improving heat insulation rate
of front windshield can better improve thermal environment in car and reduce
intensity of thermal shock when the occupants enter the car during the heating stage.
However, in the cooling stage, due to air conditioning and cooling, improvement of
heat insulation rate of the front windshield has less effect on improvement of thermal
environment and thermal comfort in the car. LUet al. [33] studied influence of the
angle of the air outlet grille on thermal comfort of cockpit in extreme thermal
environment, and analyzed the temperature field and speed field of the cockpit by
optimizing and analyzing parameters of the air duct grille, and found that adjusting
the parameters of the style grille can avoid the phenomenon of poor heat dissipation
caused by the speed dead zone.

Zhong et al. [34] carried out modal behaviors and stochastic dynamics analysis
of a composite cabin-like combined structure, and studied effect of aero-thermal
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factor on dynamic characteristics of combined structure. Riaz et al. [35] designed
and installed an air-conditioned cabin on a tractor, and carried out experiment to
valuate installed cabin performance under two scenarios concluding, conventional
(S-1) and enhanced (S-Il) air distribution. Meshing of air-conditioned cabin is
illustrated in Figure 1, simulation results are illustrated in Figure 2.
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Figure 1. Diagram of meshing of the air-conditioned cabin.
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Figure 2. CFD simulation results of cross sectional view of the tractor cabin: (a) Temperature; (b) relative humidity;
(c) velocity. 104[K]

Hadi et al. [36] studied effect of solar intensity at different angles on air
temperature inside a parking car based on CFD simulation. Temperature distributions
at car center plane for various solar angles were shown in Figure 3. Due to thermal
boundary layer, air temperature near heated inner surface is higher than that far away.
Velocity distribution at car center plane for various solar angles is shown in Figure
4.
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Figure 3. Temperature contours at car center plane for different solar angles.
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Figure 4. Velocity distribution at car center plane for various solar angles.
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Wang et al. [37] carried out numerical analysis for a partitioned heat transfer
wall setting of high-speed train cabin, and obtained average deviation of the airflow
velocity and temperature respectively. Analysis results showed vortices in seating
area, a significant longitudinal airflow and an increasing temperature near the
carriage ends. Compartment’s thermal environment and the acceptance of airflow
were further analyzed. Longitudinal section airflow temperature fields of high-speed
train cabin were shown in Figure 5. there is a significant temperature heterogeneity
along the longitudinal direction of the cabin, with an overall low temperature in the
middle and a high temperature at ends. Longitudinal section airflow velocity fields
of high-speed train cabin were shown in Figure 6. The exhaust air influences the end
airflow, so the longitudinal airflow is quite noticeable, and this longitudinal airflow
may bring about the diffusion of pollutants.

As seen from existing research achievements, thermal comfort analysis of
vehicle cab from aspect of time and space has been studied by many scientists, main
research focuses on influence of season, weather, time (such as morning and evening,
daytime), and vehicle driving status (such as stationary, driving) on the thermal
comfort of drivers in terms of cabin air temperature and humidity. Following
limitations are summarized:

(1) Numerical computing method is main means of analyzing thermal
environment of vehicle, current numerical methods ignore natural convection heat
transfer of airflow, which cause big analysis error.

(2) Experimental verification is an important means of ensuring correctness and
reliability of thermal environmental analysis, however limitation of experimental
conditions can cause incorrectness of analysis results.

(3) Thermal environmental analysis of vehicle is affected by many outer factors,
such as temperature, wind velocity, these factors often change randomly, which are
difficult to be controlled. Further exploration is needed to investigate the impact of
the coupled effects of multiple factors in the driver’s cabin on their thermal comfort.
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Figure 5. Longitudinal section airflow temperature fields of high-speed train cabin.
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Figure 6. Longitudinal section airflow velocity fields of high-speed train cabin.

2.2. Comparative analysis of thermal environment inside and outside the
vehicle focusing on solar radiation

Thermal environments inside and outside vehicles are two completely different
systems, which have unique characteristics and influencing factors. Changes in
temperature outside vehicle should be concerned for better regulating temperature
inside and improve driving comfort. Comparative analysis of thermal environment
inside and outside the vehicle is summarized.

Early studies are all about thermal environment inside the car, mainly studying
thermophysical parameters that affect human thermal comfort, such as air
temperature, relative humidity, average radiation temperature, relative air speed, etc.
As well as two separate but related parameters, on the one hand, the level of activity
provided by metabolism. On the other hand, it is thermal resistance of clothing. Zhou
et al. [38] conducted a test of human thermal comfort under bus driving conditions,
and conducted tests under indoor and outdoor parking conditions for convenience
comparison. The study concluded that automotive thermal comfort studies should be
conducted under transient conditions, with a good correlation between average skin
temperature and average thermal sensation.

Yi et al. [39] applied a cooling film in solar spectra and high emissivity in
atmospheric window, and measured inside air temperatures. Solar irradiation and
heat transfer through two boxes were illustrated in Figure 7.

10
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Figure 7. Solar irradiation and heat transfer through the two boxes: (a) silica glazing; (b) transparent cooling film

covered glazing.

Chaiyapinunt et al. [40] studied influence of solar radiation on thermal comfort
for a person near a glass window. Thermal comfort of a person is evaluated. Setiyo et
al. [41] studied features of solar cells-based cabin cooler system, results showed that
car cabin cooler can decrease cabin temperature by 9.8 °C. Vehicle cab is considered
to be contaminated with high condition of compounds [42]. Especially in the high
temperature environments of summer, it is observed that internal parts of vehicle
cause more air pollutants and influence people’s health [43].

Levinson et al. [44] measured the immersion temperature of two housing
vehicles with high and low solar reflectance and found that solar radiation caused
increased load on vehicles with low solar reflectance. Bhavsar et al. [45] grasped
temperature changes in cabin of a closed vehicle under sunlight for 150 min. This
environment is uncomfortable for passengers and can lead to suffocation until
vehicle is completely ventilated. Some scientists analyzed thermal environment of
cockpit under solar radiation and no solar radiation, and used PMV-PPD to evaluate
thermal environment. PMV is not suitable for cars.

Yang et al. [46] studied human thermal comfort needs with standing and
treadmill workstations based on experiment, results showed that temperature
changing from 20 to 26 °C could meet most occupants. Zhang et al. [47] established
CPMV* index based on CPMV model, considering solar diffusion coefficient, which
further improved the accuracy of thermal environment evaluation model under solar
radiation conditions. Huang et al. [48] sorted out and compared 8 thermal sensory
evaluation indicators and models under effect of solar radiation effects, and proposed
a SC-PMV model, which is analogous to outdoor comprehensive air temperature,
which regards solar radiation as a component of air temperature, and calculates and
analyzes the measured data in Lhasa in winter, and finds that the SC-PMV model has
good predictability. Yang et al. [49] of Tongji University used a combination of
experiment and numerical simulation to study thermal comfort of the cockpit, and
studied that the solar altitude angle and solar radiation intensity have a great
influence on thermal comfort level of the cockpit, and found that the temperature in
the cabin increased with the increase of solar radiation, indicating that solar radiation

1
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intensity has an important effect on thermal comfort.

Hirn et al. [50] studied effect of radiation intensity and wavelength on cockpit
thermal comfort, results shows that solar radiation has a great effect on thermal
comfort. The above is a comparative analysis of thermal environment inside and
outside the car, but there is little research on the interior wall of the car, but in fact,
multiple walls in the cabin have an important effect on thermal comfort. Second,
although thermal environment in the car cabin has been extensively studied, there are
still some problems. If there is no comparative analysis of thermal environment in
the car when parking and driving. Failed to relate wall temperature to space
temperature field. Considering the quantitative effect of automotive window glass
materials on the ability to absorb sunlight, it has little quantitative effect on thermal
environment inside the car. Regarding the latest progress of windshields, Kong [51]
and others of Chongging University studied the influence of thermal insulation rate
of the front windshield on thermal comfort level of the cockpit, and carried out the
test of three different thermal insulation coefficients of glass on thermal environment
of the cockpit and the dynamic thermal response of the occupants, and found that
improving thermal insulation coefficient of the front windshield can improve thermal
environment of the cabin in the warming stage and improve thermal comfort level of
the cockpit. Zhang et al. [52] studied the influence of characteristics of the window
on thermal environment of cockpit, and analyzed effect of various heat conduction
methods on temperature in the cockpit, and the results showed that influence of solar
radiation on thermal environment in cockpit was relatively large, different types of
glass had different transmittance, the transmittance had a greater impact on thermal
comfort of cockpit, and the absorption rate of the glass surface had little effect on the
cockpit.

There is no reference to the measurement techniques used to evaluate
microclimate conditions in cars compared to buildings. Cars are heterogeneous
environments where no single microclimatic parameter can be deemed homogeneous.
This is particularly true for mean radiant temperature, which necessitates specialized
instruments for accurate evaluation.

According to existing achievements, research trend of thermal environment
inside and outside vehicle cab mainly reflects in equal emphasis on health and
comfort, application of intelligent technology, integration of thermal management
systems, and adaptability to extreme weather conditions. These trends will drive
continuous development and innovation of automotive industry, providing drivers
with safer, more comfortable, and environmentally friendly travel experiences.
Vehicle climate measurement technology uses a series of sensors and control systems
to measure and adjust real-time parameters such as temperature, humidity, and air
quality inside the car, creating a comfortable and healthy riding environment. With
the continuous development of technology, future car climate measurement systems
will become more intelligent, integrated, and environmentally friendly, providing
passengers with a more comfortable and healthy riding environment.

3. Factors influencing thermal comfort in car

Factors effecting thermal comfort can be divided into thermophysical

12
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parameters and human physiology, psychological factors and clothing thermal
resistance. Among them, human physiology, psychology and clothing thermal
resistance are independent but interrelated. The thermophysical parameters contain
four aspects: air temperature, humidity, air velocity, and mean radiation temperature.

3.1. Thermophysical parameters

(1) Air temperature

Temperature inside the car is the main indicator of thermal environment and
main factor affecting thermal comfort, which directly affects the heat exchange
between human body and air through convection and radiation, air temperature is
affected by the heat transfer by radiation (transparent and opaque walls), not vice
versa [53]. When ambient temperature rises, perspiration increases, and subjective
thermal sensation will be biased towards the direction of heat.

(2) Relative humidity

Past studies have shown that relative humidity of the air has little influence on
human thermal comfort at 30%—70% [54]. Therefore, the influence of air humidity
has often been overlooked in previous studies of passenger compartment thermal
comfort. But in fact, air humidity directly or indirectly affects thermal comfort.
Zhang et al. [55] studied effect of different driving states on thermal comfort of
occupants, and results showed that different driving states influence temperature
distribution in cabin, and relative humidity of the cockpit also changes relative. Air
humidity also affects the moisture diffusion of the skin and the balance of the body’s
energy metabolism. MO et al. [56] study influence of relative humidity in passenger
compartment on human thermal comfort based on PMV-PPD. Results illustrate that
when cabin air temperature is fixed, the relative humidity change will cause the
change of human heat, and the higher cabin temperature, the more obvious influence
of relative humidity on thermal comfort.

(3) Air velocity

Air velocity affects thermal comfort of human body by affecting convective
heat transfer and air evaporation. Experimental studies that different wind speeds
have significant differences in human body temperature, and under low temperature
conditions, wind speed increases, human body temperature decreases, and the greater
wind velocity, the lower body temperature [57].

(4) Average radiation temperature

Ambient radiation temperature inside the car includes solar radiation and heat
exchange between human body and interior surface of car in form of radiation.
Zhang [58] of Jilin University pointed out in study of thermal environment of
automobile space that the temperature of the part of the car exposed to direct sunlight
can be as high as 90 °C or more in summer under solar radiation heat transfer, Wang
Weijian also verified through experiments that the air temperature in the car can
quickly rise to 60 °C—70 °C when exposed to the sun for 30 min.

3.2. Human physiological factors

Human body has a self-regulating function and can cope with various thermal
conditions. When people move from a warm environment to a cold environment,

13
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body will be suit for new environment through a series of complex physiological
processes, including vasoconstriction, shivering. At the same time, heat transfer
between human body and thermal environment is also a complex. The human
thermoregulatory system dynamically responds to its environment, keeping body’s
main temperature.

The physiological model of the human body concludes two parts: passive
system and active system. Passive systems describe heat transfer to human body and
its surfaces. The rate of thermoregulation reaction depends on the actual deviation of
the core temperature and skin temperature from the set temperature. The
classification of human thermoregulation models takes into account single-node,
two-node, multi-node, 3D models with up to thousands of nodes [59,60]. At the
present only these models can be considered suitable for cars: 3D models like: JOS-3
model, but it has been validated on naked subjects, but it has been validated on
naked subjects, open source is developed [61]. Fiala Ergonsim model, but it is not a
free software. THERMODE 2023, specifically designed to account for microclimatic
inhomogeneities (potentially suitable for cars), provided with a thermal sensation
model [62] and UCB model [63].

3.3. Clothing thermal resistance

Clothing also plays a very important role in human heat comfort by keeping
warm and slowing down the evaporation and diffusion of sweat on the body surface
in the heat exchange of the human body. Zhang et al. [64] studied the influence of
clothing resistance and activity level on thermal comfort level of the cabin based on
PMV evaluation indicators, and the results showed that clothing resistance and
thermal comfort of clothing had a related effect, resulting in different perceptions of
thermal environment of the occupants. Common winter clothing thermal resistance is
shown in Table 1.

Table 1. Common winter clothing thermal resistance.

Clothing Thermal resistance/clo
sweater 0.28
Regular long sleeve 0.25
Down jacket 0.55
Regular pants 0.10

Regular pants 0.10 The current calculation of clothing thermal resistance is
often a warm body dummy as a test tool, and there are generally three models:
parallel model, serial model and global model. These three types of calculation
methods use different calculation methods due to different modes of application.
Both the parallel model and the serial model are related to the local thermal
resistance of the garment. The total thermal resistance of the garment is the weighted
average of the local thermal resistance of each region. Among them, the parallel
model is the reciprocal of the sum of the reciprocal thermal resistance weights of
each segment, and the serial model first finds the local thermal resistance of each
segment of the dummy, and then weights thermal resistance value of the clothing.
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Table 2 selects several typical dummies for analysis from the development process
of various warm body dummies, and summarizes whether they can test the local
thermal resistance of clothing.

Table 2. Various types of warm body dummys and their characteristics.

Whether thermal resistance

Year Name Dummy type Country Key character of clothing can be tested
Cell segment . It does not reflect the temperature distribution
1942 SAM dummy United States characteristics of the human body. No
Simulated sweating is realized by spraying water
The first heating of the fabric covered by the surface of the
generation of Non-sweatin dummy, but it is limited by the experimenter’s
1969  warm body manikin g United States different experience of spraying water and heating No
dummy time, which is not very accurate and has poor
improvement repeatability, but it provides ideas for the future
development of dummy simulation sweating.
Sweatin Improved two-part test method, using one-step test,
2002  Walter maniking China the world’s first simultaneous test of thermal Yes
resistance and wet resistance [61].
2011 Newton Swegtl_ng United States _Separately c_ontfol heating and sweating in the first Yes
manikin interval, which is more commercial [62].

Effect of body movements and air action on the clothing’s thermophysical
properties as described in ISO 9920 should be considered. When human body is in
motion, thermal resistance of clothing decreases due to an increase in convective
heat dissipation. Air action during human movement on thermal properties of
clothing is multifaceted, including increased convective heat dissipation, changes in
the air layer under clothing, sweat evaporation and humidity regulation, as well as
the influence of clothing materials and structure. These factors work together to
determine the insulation and breathability of clothing during human movement.

3.4. Other secondary factors

There are also factors that are widely believed to affect a person’s thermal
comfort, including age, gender, race, region, etc. [65,66]. The basic metabolic rate of
people body will gradually decrease with age, but evaporation rate of sweat on skin
also decreases with age, which is reflected in the heat balance equation for the
human body’s heat production and heat dissipation to reduce simultaneously, so the
part affected by age cancels each other. The relationship between gender and human
comfort has been studied and analyzed by many scholars.

Fabbri et al. [67] analyzed thermal comfort in kindergarten environment of 4-
and 5-year-olds. Experiments have shown that children can clearly distinguish
thermal comfort and can express their thermal sensation in terms of thermal comfort,
and under same conditions, children have higher PMV than adults.

Li et al. [68] conducted experimental studies on more than 28,000 subjects from
different climatic regions in China, and more than 500 subjects conducted simulated
climatic conditions in the laboratory. The experimental results show that the same
thermal comfort value means different things to people in different climatic regions,
so thermal comfort standard needs to be divided by region.
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4. Thermal comfort evaluation index

At present, most of thermal comfort evaluation models are suitable for the
construction field, that is, suitable for steady-state, uniform indoor thermal
environment. Li et al. [69] will conduct detailed research on the authoritative
standards currently applied to thermal comfort evaluation in buildings, clarify the
scope of application and evaluation accuracy of each standard, and clearly classify
and organize the standards and performance evaluation. The study concludes the
future development trend of human thermal comfort and advantages and
disadvantages of thermal comfort evaluation standards, which provides a theoretical
basis for the use of thermal comfort evaluation in China’s building environment [70].

However, for automobile unsteady state, the evaluation index research of
non-uniform thermal environment is relatively late compared with the development
of the construction field. In this paper, different thermal comfort evaluation methods
will be explained from two aspects: uniform thermal environment and non-uniform
thermal environment. Among them, there are 4 uniform thermal environment
evaluation indicators. They are PMV-PPD evaluation method, effective temperature
ET evaluation index, and standard effective temperature SET evaluation index. There
are three evaluation indicators for the comfort of non-uniform thermal environment.
They are weighted PMV index, equivalent temperature EQT evaluation method and
equivalent temperature EHT evaluation method. Common evaluation indicators are
illustrated in Table 3.

Table 3. Thermal environment comfort evaluation indicators.

Evaluation index Founder Limitations

PMV-PPD Fanger Non-uniform thermal environments cannot be evaluated

Weights do not accurately reflect the impact of this factor

Weighting PMV  Matsunagc Ingcrsoll on overall comfort

Overall thermal comfort cannot be evaluated, AEQT

EQT SAE J2234-2001 . .
metrics are required
EHT Wyon Overall thermal comfort cannot be evaluated
Tsv uC-Berkeley It is necessary to use warm body dummy experiments,

which are costly

4.1. Evaluation method of thermal comfort in uniform thermal
environment

(1) ASHRAE seven-point scale subjective evaluation method ASHRAE
seven-point scale evaluation method is a subjective thermal comfort evaluation
model, which divides the body’s thermal sensation of thermal environment into 7
levels of heat (+3), warm (+2), slightly warm (+1), neutral (0), slightly cool (—1),
cool (-2) and cold (—3), as shown in Table 4, by organizing a certain number of
evaluators to make 7 according to their own thermal sensation of the evaluation
target is evaluated in one of the grades, and finally thermal comfort of target under
different operating conditions is obtained.

At the same time, Santos Silva et al. evaluated and analyzed the low-speed and
high-speed models according to ASHRAE Standard 55 to obtain different long-term
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indices [71]. Simulation experiments are used to show that different indicators can
lead to different results, but the trend is not much different. The subjective evaluation
method is suitable for both steady and transient conditions, which is applied for both
overall thermal comfort evaluation and local thermal comfort evaluation of the
human body, but the method has greater subjectivity, and its evaluation results will
be largely affected by the evaluators’ own reasonable judgment of thermal comfort,
and must face the real thermal environment, so it is difficult to apply to thermal
comfort research work in the automobile development stage.

Table 4. Subjective evaluation index of human thermal sensation.

Bedford ASHRAE Gagge & Hardy
1 cold cold comfortable
2 cool cool Slight comfort
3 Comfortable and cool  slight uncomfortable
4 Neutral comfort neutral Very uncomfortable
5 Cozy and warm Mild warmth
6 warm warm
7 hot hot

(2) PMV-PPD evaluation method

Human thermal comfort equation and the ASHRAE seven-point scale as the
starting point were taken, and curved and analyzed thermal sensory data under the
four metabolic rates were obtained by the subjective sensory test conducted, and
PMV-PPD thermal comfort evaluation system was obtained. PPD indicator is
defined as percentage of people who are dissatisfied with thermal environment.
Therefore, its value ranges between 0 and 1, and the lower the value, the more
people are satisfied with thermal environment. This method comprehensively
considers six factors: human activity, clothing thermal resistance, air temperature,
average radiation temperature, air flow rate and relative air temperature.
Corresponding to the ASHRAE temperature sensing range, the indexing of PMV, as
illustrated in Table 5, PMV indicates feeling of heat and cold in vast majority of
people in same hot environment, using a total of 7 stages of comfort evaluation from
—3 (cold feeling) ~ 0 (intermediate feeling) ~ +3 (heat feeling). The correlation
between PMV and PPD populations and predicted average turnout is shown in
Figure 8 [72].
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Figure 8. Correlation between PVD prediction average turnout.

Table 5. PMV thermal comfort index.

Thermal sensation

Hot

Warm Slightly warm Neural Slightly cool Cool Cold

PMV

+3

+2 +1 0 -1 -2 -3

Human thermal comfort equation and PMV-PPD evaluation index have always
been the theoretical basis of international research on human thermal comfort, and
have been widely used by I1SO 7730 as indoor thermal environment comfort
evaluation index. Zhang [73] found that PMV can be used correctly to predict
thermal comfort of car. Thermal environment in a mobile car is uneven due to rapid
changes in solar radiation and an uneven air temperature. Therefore, there are four
shortcomings in the PMV-PPD evaluation method: Because theory is based on test
results in thermal environment close to human comfort zone, and the non-test area is
predicted by formula, the use of this index in environment far from the comfort zone
will obtain inaccurate conclusions; The method does not consider the influence of
regional, age and sex differences, but many scholars believe that differences in
metabolism due to differences in sex and age, and different regional climates will
also cause people’s adaptability to thermal environment and different psychological
expectations, which all lead to the limitations of the method. The method is an
overall evaluation method of thermal environment, the parameters used in the PMV
index are some average quantities, such as treating people as a whole, taking the
average of the temperature and pressure around the human body, M and W are also
averaged, this simplification is suitable for a uniform thermal environment with a
large space, and local thermal comfort problem of occupants that is common in
non-uniform thermal environment of car seating space is not applicable; This method
is a steady-state thermal comfort evaluation method, which is not applicable to
transient environments in the car, such as air conditioning refrigeration and heating
processes.

Although PMV indicators have been widely used in building thermal comfort
assessment, their application in vehicle environments is limited. Main reason is that
internal environment of a vehicle is a highly uneven and non-stationary environment
and interior space of the vehicle is relatively small. Therefore, in the assessment of
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vehicle thermal comfort, multiple factors such as passenger expectations, individual
differences, environmental parameters, etc. need to be comprehensively considered
to provide more accurate and reliable evaluation results.

(3) Effective temperature (ET) evaluation index Effective temperature (ET)
human body thermal comfort evaluation index comprehensively considers the
influence of dry bulb temperature, humidity and air flow rate on human thermal
comfort, it is numerically equal to the temperature of static saturated air that
produces the same feeling, this index has been used by HVAC engineers in the field
of building environment for nearly 50 years, but because this indicator
overemphasizes the influence of humidity at low temperatures, and the influence of
humidity at high temperatures is not emphasized enough. It caused the inherent
defects of the effective temperature index and was gradually replaced by a new
effective temperature index [74].

(4) Standard effective temperature (SET) evaluation index

SET is defined as the subject’s wearing standard clothing (clothing thermal
resistance of 0.6clo) in a thermal environment, and subject’s average skin
temperature and skin temperature are same as thermal resistance of a certain real
thermal environment and clothing of the actual clothing. It is believed that human
body has same amount of heat dissipation in standard thermal environment and the
actual thermal environment.

(5) Thermoregulation model JOS-3

Thermoregulation models that accurately consider factors such as clothing,
sweating, and microclimatic variations should be concerned. Some scientists
developed a thermoregulation model JOS-3 based on JOS-2. Human physiological
responses and body temperatures are calculated using the backward difference
method. JOS-3 has a higher accuracy for heat production in young and older subjects
and mean skin temperature in older subjects than JOS-2 under cold environmental
conditions.

4.2. Evaluation of comfort in non-uniform thermal environment

(1) Weighted PMV index Weighting

There are two weighting methods for PMV indicators. Including equivalent
temperature weighting and body segment area weighting, it is an evaluation method
for weighted average of environmental parameters in non-uniform environment in
PMV indexes and then referring to PMV, but the weight of thermal comfort in local
parts of human body to the overall thermal comfort of human body cannot be
accurately obtained, and Han et al. [75] used weighted PMV for main evaluation
parameters of human thermal comfort in non-uniform thermal environment. The
index and the weight value of the local heat sensitivity of the human body to overall
heat sensitivity studied by Crawshaw et al. [76] analyzed the influence of different
distribution of air return outlets in the car on human thermal comfort.

(2) Equivalent temperature (EQT) evaluation method

Equivalent temperature EQT index refers to an ideal space environment with a
relative humidity of 50%, when real ambient temperature and heat dissipation of a
certain part of the dummy’s body are equal, air temperature is defined as equivalent
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temperature of the part [77]. Equivalent temperature considers air temperature, air
velocity and radiation influence, divides the human body into 15 segments. Human
effective radiation area coefficient is listed in Table 6.

Table 6. Human effective radiation area coefficient.

Fanger Guibert&Taylor
Sitting position 0.70 0.70
Standing posture 0.72 0.78
Semi-vertical posture - 0.72

(3) Equivalent uniform temperature (EHT) evaluation method

Huang et al. [78] proposed equivalent uniform temperature (EHT). First set an
ideal uniform environment, air temperature is equal to mean radiation temperature,
no temperature gradient and air flow, in the case of the same amount of clothing and
metabolic intensity, if a part of body in a non-uniform environment is equal to its
heat dissipation in uniform environment, the air temperature in uniform environment
is called EHT in a non-uniform environment.

4.3. Thermal comfort research methods

Currently, there are three main models of thermal comfort. One is experimental
research, the second is theoretical analysis, and the third is numerical simulation
methods. This section will elaborate on the above three aspects.

(1) Experimental research

Experimental research is guided by scientific principles, establishing an
experimental platform that matches research topic, and finally obtaining
experimental results by changing the set parameters [79]. Experimental methods can
often test the comfort of human body in a real environment or a specific space in a
thermal environment, and offer a factual basis for theoretical research. Experimental
methods include the climate simulation room experimental method and the field test
record analysis method, both of which require a statistical analysis of the subjective
thermal comfort of the person being tested. Although the experimental method is
convincing, it often requires repeated experiments many times, and generally has
high requirements for experimental conditions. And when measuring experimental
data, there will be experimental errors. If the measurement results are affected by
human factors, such as when measuring the surface temperature of human skin with
a thermocouple, the thermocouple is not well bonded to the skin and affects the
measurement results, or the assembly of personalized heating equipment and heat
insulation devices does not ensure sufficient airtightness, which will have a certain
impact on the temperature measurement value and the time for the human body to
achieve thermal comfort.

Since the experiment is a subjective questionnaire survey of local and overall
thermal sensation and thermal comfort of experimenter, the survey results will be
affected by the gender, psychological factors, cold tolerance and other factors of the
experimenter. Therefore, the development of a psychological scale on thermal
comfort to estimate the reliability and validity of questionnaires will minimize errors.
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Currently, there are generally three experimental data collection
techniques—invasive, semi-invasive, and non-invasive measurements [80].
Traditionally, invasive measurements are performed directly on the human body with
lab equipment. Although the data obtained from invasive measurements is fairly
accurate, current predictive models based on invasive measurements generally
perform well. For example, Kong et al. [81] provide a new method for assessing
personal thermal comfort. This method computes inspection index to infer subtle
changes in blood flow on facial skin.

In recent years, experimental research methods have mainly studied thermal
comfort of wvehicles during actual driving through measurement and
electroencephalogram (EEG), skin temperature, heart rate variability.

Electroencephalogram (EEG) is a physiological and neuroscientific method that
quickly reflects electrophysiological activity throughout cortex and scalp surface
[82]. EEG can record brain’s central nervous system [83]. EEG can be applied to
judge various neurological disorders [84]. EEG signal is weak [85]. Related studies
are experiments in which electroencephalograms (EEGs) are collected by placing
specialized electrodes. EEG data is used to develop models that classify thermal
comfort state of subjects. Wang [86] studied the effect of vehicle temperature on
cognitive ability and EEG on the basis of evaluating EEG characteristics. Results
illustrated that cognitive ability of driver decreased with increase of temperature.

Park et al. [87] proposed a method to predict individual thermal status by
measuring different human body indexes. Liu et al. [88] proposed a method that
could identify 12 human poses to predict thermal discomfort. Luo et al. [89]
presented a thermal image-based means to evaluate thermal comfort by measuring
facial skin temperature. Qavidel et al. [90] used wearable sensor to obtain skin
temperature data. Culi¢ et al. [91] studied differences between heat map pairs and
introduced a personal thermal comfort prediction method. Mehnatkesh et al. [92]
proposed a personal thermosensory index by measuring physiological parameters.
Bode [93] proposes a new electric vehicle seat heating strategy based on the heat
sensitivity of human skin. A new method using deep neural networks to extract gray
information of face thermal images and predict individual thermal comfort states. A
deep learning-based ResNet34embedded spatial attention mechanism is established
for extracting features from facial thermal images. Figure 9 shows a preliminary
frame design for predicting personal thermal comfort [94].
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Figure 9. Preliminary framework for thermal comfort prediction and temperature optimization.

Zhang et al. [95] used six models to predict the driver’s facial temperature of a
specific series of vehicles, namely support vector regression (SVR), artificial neural
network (ANN), and gated recurrent unit (GRU). The results of MAE show that
when tested using both trained and untrained test datasets, the performance of ANN
is the best among the 6 models. In addition, the accuracy of these models is lower
when test data sets are collected under new operating conditions. Based on the above
results, ANN may be the preferred method for predicting facial air temperature for
vehicle drivers. Figure 10 shows the flowchart for optimizing and evaluating the
SVR, ANN, GRU models.
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Figure 10. Flow chart for optimizing and evaluating SVR, ANN, GRU models.

(2) Theoretical analysis

Theoretical analysis is to establish a mathematical model related to practical
problems, use relevant theories to analyze and study the problem, summarize the law,
this method not only requires the established mathematical model to be very accurate,
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but also requires the theoretical knowledge of researchers to be very deep, so that the
results obtained have reference value. There are 4 commonly used thermal sensing
models, including the Predictive Average \Voting (PMV) model, the Dynamic
Thermal Sensing (DTS) model, the UCB model developed by the University of
California, Berkeley, and the Outdoor Thermal Comfort (Lai’s) model. At present,
there are 3 kinds of virtual cockpit models, virtual mannequins and dummy models.
The details are as follows:

1) Virtual cockpit model

The human microenvironment is highly influenced by convection and radiant
heat transfer between the body surface and the surrounding environment, and correct
turbulence modeling is one of the keys to obtaining repeatable and reliable results
[96]. Due to the limitation of computer level, it is difficult to solve the complex
turbulence problems encountered in engineering by direct numerical simulation
(DNS) of turbulence from the N-S equation, and in this case, the N-S equation
(RANS) method for solving the Reynolds mean has become a more effective and
feasible means to solve engineering problems. For cockpit modeling, K-¢ models and
K-¢ models with low Reynolds numbers are commonly used. But the drawback of
the RANS model is that sometimes the accuracy is insufficient. Compared to the
RANS model, large eddy simulation (LES) provides more dynamic details of heat
and mass transfer, but relies on computational resources that make this method still
unsuitable for human-scale research. Some researchers also use the Separation
Vortex Simulation (DES) method. Comparative studies of DES, LES and RANS
models show that DES has the potential to be an accurate turbulence model.
However, this method needs further research before it can be widely used to simulate
the indoor environment of automobiles [97].

2) Virtual mannequin

The establishment of virtual mannequins is the key to thermal comfort
simulation research. The virtual mannequin started with an early simplified 2D
model and gradually transitioned to a 3D model that was closer to the real world.
Shape-based virtual mannequins do not have the same thermoregulation function as
the human body can respond to the microenvironment, so researchers have
developed more complex thermophysiological models of the human body [98]. The
human thermophysiological model is a mathematical representation of the human
body and includes: 1) passive systems, which simulate the physical and dynamic
heat transfer of the human body and its surroundings (through heat equilibrium
equations or biothermal equations); 2) Active system, simulating the physiological
regulatory response of the human body to vasoconstriction, vasodilation, and
trembling to maintain the stability of core temperature. The human
thermos-physiological model can not only represent the heat exchange parameters
between the human body and the environment, but also extract some thermal
comfort indices such as equivalent temperatures. Thermophy-siological models can
be further divided into single-node models, two-node models, and multi-node models
according to complexity. Both the single-node model and the two-node model are
limited to a unified environment, while the multi-node model considers the
composition structure and thermophysiological characteristics of the human body,
simulating the heat transfer process inside and on the surface of the human body. The
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more complex the model, the more suitable it is to simulate thermal response of the
human body in complex environments.

Toader et al. [99] present the details of a recently designed and created thermal
model consisting of 79 surface areas with independent neurofuzzy thermoregulation.
The components of the model and the acceptance strategy are described. A flexible
heating element is used to control the temperature, on which five digital sensors are
located. To determine the relationship between heat loss and ambient temperature,
thermal model was calibrated in a climate chamber. Thermal models are able to
predict local sensations through the so-called equivalent temperature concept of
predicting average voting.

3) Dummy models

Human trials are demanding due to high costs and ethical limitations, and
differences within and within subjects are often difficult to explain. In comfort
studies, a large number of participants are needed to achieve sufficient statistical
significance. To reduce this burden, dummies have been used to conduct
standardized studies of human thermal comfort [100]. Use of thermal mannequins
compared to actual human experimental subjects and tests different scenarios were
discussed [101]. The results show that dummy models can provide accurate invasive
measurements of human thermal sensory predictions, including questionnaires,
monitoring of environmental parameters and human physiological parameters, which
have been widely used and integrated with technologies such as loT, artificial
intelligence, and machine learning. At present, there are some new sensors, such as
glasses, watches, etc., these wearable devices avoid potential foreign body sensation
to a certain extent, but still have a certain degree of invasiveness. Studies have begun
to attempt to use infrared thermography to achieve non-contact measurement [102].
Thermal imaging measurement of infrared thermal imaging cameras is a non-contact
and relatively cutting-edge imaging method, using infrared thermal imaging
detectors to measure the temperature of interior surface of cockpit, the surface of
clothing and visible body parts of human body in real time. This experimental
method overcomes the shortcomings of traditional single-point temperature
measurement technology and visual observation methods, and this new measurement
method is expected to gain large-area applications in the future automobile cockpit.

Evaluation results show that none of models can correctly predict thermal
sensation in driving condition in the car, because they do not take into account
influence of changing solar radiation on thermal sensation. A study of existing
international standards that can be used for thermal comfort methods in automotive
interiors shows that there are currently no international standards that can accurately
assess thermal comfort specific to a vehicle’s ambient space.

(3) Numerical simulation

Numerical simulation is to combine the concepts related to finite elements,
simulate and calculate the finite element model through electronic computers, and
study the problems encountered [103]. The characteristics of the flow field in the
cockpit are studied by computational fluid dynamics CFD (CFD) technology, which
can analyze air flow, temperature distribution and air velocity in cockpit, and obtain
their distribution patterns. Most of the modeling analysis studies focus on how to
generate thermal comfort and mechanism of thermal comfort, and at the same time

24



Mechanical Engineering Advances 2025, 3(1), 2098.

carry out the prediction and analysis of thermal comfort under different working
conditions [104]. Numerical simulation provides an effective basis for engineers to
study cockpit thermal comfort, and can also reduce number of experiments, thereby
improving efficiency of practical problem research.

Zhou et al. [105] of Donghua University studied the numerical simulation of
cockpit thermal comfort, compared the influence of the setting of the second and
third boundary conditions on the human surface temperature distribution in the
numerical simulation, analyzed the speed field, temperature field and PMV index
evaluation of cockpit, and found that different boundary conditions had a certain
impact on simulation results of the cockpit, and selection of appropriate boundary
conditions in the process of cockpit thermal comfort research had an important
impact on the simulation results [106]. Li et al. [107] established a model that
integrates human body thermal regulation mechanism and dynamic environmental
features. Kim and Jung [108] validated influence of steering wheel heating system
on enhancing hand heat.

Croitoru et al. [109] evaluated effect of turbulence intensity at inlet of the air
distribution system on local airflow sensation and thermal discomfort under different
ventilation conditions. Jamin et al. [110,111] proposed a complex experimental and
numerical study to better understand air distribution in carriage.

5. Conclusion and outlook

The first chapter of this paper introduces research background on thermal
comfort in the interior of the car. The second chapter discusses thermal environment
in the interior, the influencing factors of thermal comfort in the interior, the
evaluation index of thermal comfort, and research methods of thermal comfort.

At the same time, it is also pointed out that the current research on thermal
comfort of the interior wall facing the human body is insufficient. At the same time,
the wall temperature is not closely related to the temperature field in the space, and
the optical characteristics of automobile window glass have insufficient influence on
thermal comfort of automobile personnel. Regarding the experimental data, since the
experiment uses a subjective questionnaire, it is bound to be due to differences in age,
gender, cold tolerance, etc. At present, there is no psychological scale on thermal
comfort to support the reliability and validity of the questionnaire. This is also one of
the problems that currently exists.

Thirdly, for the automotive field, thermal comfort of the cab in a non-uniform,
high-transient environment is still far from fully understood, and there is no
universally accepted theory. There is no established industry specification, including
test methods, evaluation indicators, etc., and there is currently no international
standard that can accurately assess thermal comfort specific to the vehicle’s
environmental space. The current state of the art is methodologically inconsistent.

Lastly, from aspect of energy saving in car air conditioning, future development
prospects of electric vehicles will be very good. To improve energy economy of
electric vehicles and reduce the attenuation of low-temperature heating performance,
three heat pump air conditioning system solutions for low temperature environments
are proposed and analyzed:
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(1) Waste heat recovery: Waste heat from batteries, motors and electronic
control systems is recycled, and the energy consumption of whole vehicle is
optimized while improving performance of heat pump air conditioning system.

(2) Steam jet heat pump air conditioning system: steam jet heat pump air
conditioning system of R1234yf refrigerant was tested and studied. Results show that
heating COP of heat pump system with steam injection is about 10%-30% higher
than that of the heat pump system without steam injection, and the lower the ambient
temperature, the more obvious the improvement of heating COP.

(3) CO; refrigerant heat pump air conditioning system: Studies have shown that
due to the characteristics of CO; refrigerant, heat pump system can heat stably and
effectively at ambient temperature —20 °C. It is concluded that the current use of
steam jet heat pump air conditioning system is an effective means to solve the
low-temperature heating of new energy electric vehicles, and in the future, the use of
natural refrigerant CO; is an inevitable trend. For electric vehicles, targeting specific
small body areas with high temperature sensitivity and direct contact heating
solutions (resistance heating) can improve thermal comfort and reduce energy
consumption at the same time. Therefore, research of new electric vehicle seat
heating strategies and development and use of thermal sensitivity test devices are one
of the future development trends.

Author contributions: Conceptualization, YF and BZ; methodology, YF; software,
YF; validation, YF; formal analysis, YF; investigation, YF; resources, YF; data
curation, YF; writing—original draft preparation, YF; writing—review and editing,
BZ; visualization, YF; supervision, BZ; project administration, YF; funding
acquisition, YF. All authors have read and agreed to the published version of the
manuscript.

Conflict of interest: The authors declare no conflict of interest.

References

1. LiuB, Zhang Q, Liu J, et al. The impacts of critical metal shortage on China’s electric vehicle industry development and
countermeasure policies. Energy. 2022; 248: 123646. doi: 10.1016/j.energy.2022.123646

2. Sunagawa M, Shikii S, Beck A, et al. Analysis of the effect of thermal comfort on driver drowsiness progress with Predicted
Mean Vote: An experiment using real highway driving conditions. Transportation Research Part F: Traffic Psychology and
Behaviour. 2023; 94: 517-527. doi: 10.1016/j.trf.2023.03.009

3. Shin M, Shin Y, Kim Y, et al. Investigation of drivers’ thermal comfort based on selective cooling seats with air conditioner
in summer using biosignals and subjective survey. Building and Environment. 2024; 250: 111199. doi:
10.1016/j.buildenv.2024.111199

4. SuCQ, Wang ZZ, Liu X, et al. Research on thermal comfort of commercial vehicle and economy of localized air
conditioning system with thermoelectric coolers. Energy Reports. 2022; 8: 795-803. doi: 10.1016/j.egyr.2022.10.153

5. He X, Zhang X, Zhang R, et al. More intelligent and efficient thermal environment management: A hybrid model for
occupant-centric thermal comfort monitoring in vehicle cabins. Building and Environment. 2023; 228: 109866. doi:
10.1016/j.buildenv.2022.109866

6. KimY, Lee M, Shin, et al. Investigation of changes in Driver’s biosignals and thermal comfort according to the heating
method in winter. Case Studies in Thermal Engineering. 2023; 42: 102749. doi: 10.1016/j.csite.2023.102749

7. SuC,langY, Wang Y, et al. Analysis of cockpit thermal comfort and air conditioning economy. Mechanical Design and
Manufacturing; 2022.

8. Gagge AP, Stolwjk JAJ, Nishi Y. An effective temperature scale based on a simple model of human physiological regulatory

26



Mechanical Engineering Advances 2025, 3(1), 2098.

10.

11.

12.

13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

response. ASHRAE Trans; 1971.

Huang W, Hu G. Simulation analysis of airflow organization of vehicle room based on different working conditions.
Computer Simulation; 2018.

Chen B, Lian Y, Xu L, et al. State-of-the-art thermal comfort models for car cabin Environment. Building and Environment.
2024; 262: 111825. doi: 10.1016/j.buildenv.2024.111825

Xue C, Li Y, Zhang T. Research on cockpit thermal comfort based on PMV index. Refrigeration and Air Conditioning
(Sichuan); 2020.

Marcos D, Pino FJ, Bordons C, et al. The development and validation of a thermal model for the cabin of a vehicle. Applied
Thermal Engineering. 2014; 66(1-2): 646-656. doi: 10.1016/j.applthermaleng.2014.02.054

Alahmer A, Mayyas A, Mayyas AA, et al. Vehicular thermal comfort models; a comprehensive review. Applied Thermal
Engineering. 2011; 31(6-7): 995-1002. doi: 10.1016/j.applthermaleng.2010.12.004

Khayyam H, Kouzani AZ, Hu EJ, et al. Coordinated energy management of vehicle air conditioning system. Applied
Thermal Engineering. 2011; 31(5): 750-764. doi: 10.1016/j.applthermaleng.2010.10.022

Alahmer A, Omar M, Mayyas AR, et al. Analysis of vehicular cabins’ thermal sensation and comfort state, under relative
humidity and temperature control, using Berkeley and Fanger models. Building and Environment. 2012; 48: 146-163. doi:
10.1016/j.buildenv.2011.08.013

Schminder J, Gadhagen R. A generic simulation model for prediction of thermal conditions and human performance in
cockpits. Building and Environment. 2018; 143: 120-129. doi: 10.1016/j.buildenv.2018.06.055

Fujita A, Kanemaru J, Nakagawa H, et al. Numerical simulation method to predict the thermal environment inside a car
cabin. JSAE Review; 2001.

Chien CH, Jang JY, Chen YH, et al. 3-D numerical and experimental analysis for airflow within a passenger compartment.
International Journal of Automotive Technology. 2008; 9(4): 437-445. doi: 10.1007/s12239-008-0053-2

Zhang H, Dai L, Xu G, et al. Studies of air-flow and temperature fields inside a passenger compartment for improving
thermal comfort and saving energy. Part I: Test/numerical model and validation. Applied Thermal Engineering. 2009; 29(10):
2022-2027. doi: 10.1016/j.applthermaleng.2008.10.005

Che Y. Numerical analysis of air flow field and temperature field in car interior. Dalian: Dalian University of Technology;
2010.

Lu K, Gu Z, Jia X, et al. Analysis and improvement of the influence of air conditioning system on thermal comfort of
passenger compartment of a heavy goods vehicle. Automotive Engineering; 2011.

Kilic M, Kaynakli O. An experimental investigation on interior thermal conditions and human body temperatures during
cooling period in automobile. Heat and Mass Transfer. 2010; 47(4): 407-418. doi: 10.1007/s00231-010-0737-9
Alahmer A, Abdelhamid M, Omar M. Design for thermal sensation and comfort states in vehicles cabins. Applied Thermal
Engineering. 2012; 36: 126-140. doi: 10.1016/j.applthermaleng.2011.11.056

Oh MS, Ahn JH, Kim DW, et al. Thermal comfort and energy saving in a vehicle compartment using a localized
air-conditioning system. Applied Energy. 2014; 133: 14-21. doi: 10.1016/j.apenergy.2014.07.089

Lai C, Wen K, Man C. Effect of airflow uniformity on cooling performance of automobile air conditioning outlet. Machine
Tool and Hydraulic Pressure; 2014.

Zhang B, Xue T, Hu Z. Analysis and improvement of thermal comfort in the passenger compartment of a car based on
PMV/PPD and air age. Automotive Engineering; 2015.

Moon JH, Lee JW, Jeong CH, et al. Thermal comfort analysis in a passenger compartment considering the solar radiation
effect. International Journal of Thermal Sciences. 2016; 107: 77-88. doi: 10.1016/j.ijthermalsci.2016.03.013

Wang J, Zhang X, Jie DX. Experimental study on natural exposure of automobile products in typical dry heat environment in
China. Environmental Technology; 2017.

Danca P, Bode F, Nastase I, et al. On the Possibility of CFD Modeling of the Indoor Environment in a Vehicle. Energy
Procedia. 2017; 112: 656-663. doi: 10.1016/j.egypro.2017.03.1133

Giri A, Tripathi B, Thakur HC. 2-D CFD analysis of passenger compartment for thermal comfort and ventilation.
International Journal of Engineering Manufacture Science. 2017.

He Z, Chen C, Yang G, et al. Modelling of the predicted thermal comfort of the metro passengers under different crowd
densities. International Journal of Environmental Engineering. 2019; 10(1): 70. doi: 10.1504/ijee.2019.100019

Suhaimi MFB, Kim WG, Cho CW, Lee H. Impact of solar radiation on human comfort in a vehicle cabin: An analysis of

27



Mechanical Engineering Advances 2025, 3(1), 2098.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

body segment mean radiant temperature, Building and Environment, 2023; 245:110849. doi:
10.1016/j.buildenv.2023.110849

LUH, Chen B, Gao T, et al. Analysis of thermal comfort of car cockpit based on flow field and temperature field. Automotive
Engineering; 2020.

Zhong R, Wang Q, Shi X, et al. Free vibration and random dynamic analyses for the composite cabin-like combined structure
in aero-thermal environment. Engineering Analysis with Boundary Elements. 2023; 150: 435-456. doi:
10.1016/j.enganabound.2023.02.014

Riaz M, Mahmood MH, Ashraf MN, et al. Experiments and CFD simulation of an air-conditioned tractor cabin for thermal
comfort of tractor operators in Pakistan. Heliyon. 2023; 9(12): €23038. doi: 10.1016/j.heliyon.2023.e23038

Hadi JM, Alturaihi MH, Jasim NY, et al. Numerical study of airflow and temperature variations inside car at different solar
intensity angles. Materials Today: Proceedings. 2022; 60: 1689-1695. doi: 10.1016/j.matpr.2021.12.225

Wang T, Zhao K, Lu Y, et al. The airflow characteristics and thermal comfort evaluation in high-speed train cabin with
mixing ventilation: An experimental and numerical study. Building and Environment. 2024; 250: 111187. doi:
10.1016/j.buildenv.2024.111187

Zhou X, Lai D, Chen Q. Experimental investigation of thermal comfort in a passenger car under driving conditions. Building
and Environment. 2019; 149: 109-119. doi: 10.1016/j.buildenv.2018.12.022

YiZ, IvY, Xu D, et al. Energy saving analysis of a transparent radiative cooling film for buildings with roof glazing. Energy
and Built Environment. 2021; 2(2): 214-222. doi: 10.1016/j.enbenv.2020.07.003

Chaiyapinunt S, Khamporn N. Effect of solar radiation on human thermal comfort in a tropical climate. Indoor and Built
Environment. 2020; 30(3): 391-410. doi: 10.1177/1420326x19891761

Setiyo M, Waluyo B, Widodo N, et al. Cooling effect and heat index (HI) assessment on car cabin cooler powered by solar
panel in parked car. Case Studies in Thermal Engineering. 2021; 28: 101386. doi: 10.1016/j.csite.2021.101386

Wei N, Zheng M. Influence of Environmental Factors and Vehicle Factors on VOC \olatilization Characteristics in
Automobiles. Chemical. Engineering Transactions; 2018.

Xu B, Chen X, Xiong J. Air quality inside motor vehicles’ cabins: A review. Indoor and Built Environment. 2016; 27(4):
452-465. doi: 10.1177/1420326x16679217

Levinson R, Pan H, Ban-Weiss G, et al. Potential benefits of solar reflective car shells: Cooler cabins, fuel savings and
emission reductions. Applied Energy. 2011; 88(12): 4343-4357. doi: 10.1016/j.apenergy.2011.05.006

Bhavsar SC, Solanki PDC, Bhatt, PSM, et al. Analysis of Temperature Variations in an Automobile Cabin Parked Under
Sunlight. International Journal of Science and Research Development. 2016.

Yang L, Gao S, Zhao S, et al. Thermal comfort and physiological responses with standing and treadmill workstations in
summer. Building and Environment. 2020; 185: 107238. doi: 10.1016/j.buildenv.2020.107238

Zhang H, Yang X, Zheng W, et al. The CPMV* for assessing indoor thermal comfort and thermal acceptability under global
solar radiation in transparent envelope buildings. Energy and Buildings. 2020; 225: 110306. doi:
10.1016/j.enbuild.2020.110306

Huang L, Zhai Z. Critical review and quantitative evaluation of indoor thermal comfort indices and models incorporating
solar radiation effects. Energy and Buildings. 2020; 224: 110204. doi: 10.1016/j.enbuild.2020.110204

Yang Z, Xu X, Zhao L, et al. Analysis of cockpit driver position microenvironment and human thermal comfort. Journal of
Tongji University (Natural Science Edition). 2020.

Hirn T, Kirmas A, Backes D, et al. The influence of radiation intensity and wavelength on thermal perception. Building and
Environment. 2021; 196: 107763. doi: 10.1016/j.buildenv.2021.107763

Kong S, Zhang X, Chen J. Effect of front windshield characteristics on thermal comfort in vehicle under solar radiation.
Building Thermal Energy Ventilation and Air Conditioning; 2020.

Zhang Q, Ding L, Xu R, et al. Human thermoregulatory model for simulating thermal response in high-temperature and
hypobaric environments. Case Studies in Thermal Engineering; 52:103682.

He M, Liu H, Fang Z, et al. High-temperature and thermal radiation affecting human thermal comfort and physiological
responses: An experimental study. Journal of Building Engineering. 2024; 86: 108815. doi: 10.1016/j.jobe.2024.108815
Haghighat F. Air infiltration and indoor air quality models—a review. International Journal of Ambient Energy. 1989; 10(3):
115-122. doi: 10.1080/01430750.1989.9675130

Zhang L, Qi L, Liu J, et al. Experimental study on dynamic thermal environment of passenger compartment based on

28



Mechanical Engineering Advances 2025, 3(1), 2098.

56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

thermal evaluation indexes. Science Progress. 2020; 103(3). doi: 10.1177/0036850420942991

Mo Z, Tang J, Gu Z, et al. A Study on Numerical Simulation of Cabin Thermal Comfort Based on Visual PMV-PPD Index.
Computer Simulation; 2016.

Mishra SS, Gaba VK, Netam N. Effect of air velocity and relative humidity on passengers’ thermal comfort in naturally
ventilated railway coach in hot-dry indian climate. Building and Environment. 2024; 254: 111421. doi:
10.1016/j.buildenv.2024.111421

Zhang W. Research on Windshield Glazing Property Effect on Vehicle Cabin Temperature under Solar Radiation. Journal of
Mechanical Engineering. 2011; 47(22): 119. doi: 10.3901/jme.2011.22.119

Cheng Y, Niu J, Gao N. Thermal comfort models: A review and numerical investigation. Building and Environment. 2012;
47:13-22. doi: 10.1016/j.buildenv.2011.05.011

Kobayashi Y, Tanabe S ichi. Development of JOS-2 human thermoregulation model with detailed vascular system. Building
and Environment. 2013; 66: 1-10. doi: 10.1016/j.buildenv.2013.04.013

Takahashi Y, Nomoto A, Yoda S, et al. Thermoregulation model JOS-3 with new open source code. Energy and Buildings.
2021; 231: 110575. doi: 10.1016/j.enbuild.2020.110575

D’Ambrosio Alfano FR, Palella BI, Riccio G. THERMODE 2023: Formulation and Validation of a new
Thermo-physiological Model for Moderate Environments. Building and Environment. 2024; 252: 111272. doi:
10.1016/j.buildenv.2024.111272

Huizenga C, Zhang H, Arens E. A model of human physiology and comfort for assessing complex thermal environments.
Building and Environment; 2001.

Zhang S, He W, Chen D, et al. Thermal comfort analysis based on PMV/PPD in cabins of manned submersibles. Building
and Environment. 2019; 148: 668-676. doi: 10.1016/j.buildenv.2018.10.033

Feng C, Ma F, Wang R, et al. A thermal comfort evaluation on vehicular environments based on local human body thermal
sensations. Results in Engineering; 2017.

Griefahn B, KUNemund C. The effects of gender, age, and fatigue on susceptibility to draftdiscomfort. Journal of Thermal
Biology. 2001.

Fabbri K. Thermal comfort evaluation in kindergarten: PMV and PPD measurement through datalogger and questionnaire.
Building and Environment. 2013; 68: 202-214. doi: 10.1016/j.buildenv.2013.07.002

Li B, Yao R, Wang Q, et al. An introduction to the Chinese Evaluation Standard for the indoor thermal environment. Energy
and Buildings. 2014; 82: 27-36. doi: 10.1016/j.enbuild.2014.06.032

LiY, Liu H, Liu T, et al. Analysis and comparison of general indoor environment thermal comfort evaluation standards at
home and abroad. Refrigeration and Air Conditioning; 2017.

Silva AS, Ghisi E, Lamberts R. Performance evaluation of long-term thermal comfort indices in building simulation
according to ASHRAE Standard 55. Building and Environment. 2016; 102: 95-115. doi: 10.1016/j.buildenv.2016.03.004
Wei S, Li M, Lin W, et al. Parametric studies and evaluations of indoor thermal environment in wet season using a field
survey and PMV-PPD method. Energy and Buildings. 2010; 42(6): 799-806. doi: 10.1016/j.enbuild.2009.11.017

Zhou X, Lai D, Chen Q. Thermal sensation model for driver in a passenger car with changing solar radiation. Building and
Environment. 2020; 183: 107219. doi: 10.1016/j.buildenv.2020.107219

Zhang Y, Huang J, He L, et al. A study of a thermal management system for passenger compartment comfort and battery
heating in hybrid vehicles considering drive mode switching. Thermal Science and Engineering Progress, 2024, 53:102735.
Wang M, Wang Y, Geng M, et al. Effect of cold storage backfill on thermal comfort of mine stope based on standard
effective temperature. Energy and Buildings. 2023; 300: 113632. doi: 10.1016/j.enbuild.2023.113632

Han J, Zhang G, Zhang Q, et al. Field study on occupants’ thermal comfort and residential thermal environment in a
hot-humid climate of China. Building and Environment. 2007; 42(12): 4043-4050. doi: 10.1016/j.buildenv.2006.06.028
Crawshaw LI, Nadel ER, Stolwijk JAJ, et al. Effect of local cooling on sweating rate and cold sensation. PflCgers Archiv.
1975; 354(1): 19-27. doi: 10.1007/bf00584500

Liu Q, Li N, He Y, et al. Quantifying the effects of indoor non-uniform solar radiation on human thermal comfort and work
performance in warm season. Energy and Buildings. 2024; 306: 113962. doi: 10.1016/j.enbuild.2024.113962

Huang L. Effects on Comfort Properties of Knitted Fabric in Hot Environment. Journal of China Textile University. 1998.
Dibek B, Agra O. Modelling of human thermal comfort in armored military vehicles: An experimental study of removing
heat with spot cooling. Thermal Science and Engineering Progress. 2024; 49: 102493. doi: 10.1016/j.tsep.2024.102493

29



Mechanical Engineering Advances 2025, 3(1), 2098.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Satheesan L, Kittur PM, Alhussien MN, et al. Reliability of udder infrared thermography as a non-invasive technology for
early detection of sub-clinical mastitis in Sahiwal (Bos indicus) cows under semi-intensive production system. Journal of
Thermal Biology. 2024; 121: 103838. doi: 10.1016/j.jtherbio.2024.103838

Kong M, Dong B, Zhang R, et al. HVAC energy savings, thermal comfort and air quality for occupant-centric control
through a side-by-side experimental study. Applied Energy. 2022; 306: 117987. doi: 10.1016/j.apenergy.2021.117987

Li J, Wu W, Jin Y, et al. Research on environmental comfort and cognitive performance based on EEG+VR+LEC evaluation
method in underground space. Building and Environment. 2021; 198: 107886. doi: 10.1016/j.buildenv.2021.107886
Phadikar S, Sinha N, Ghosh R, et al. Automatic Muscle Artifacts Identification and Removal from Single-Channel EEG
Using Wavelet Transform with Meta-Heuristically Optimized Non-Local Means Filter. Sensors. 2022; 22(8): 2948. doi:
10.3390/522082948

Dgambaram A, Badruddin N, Asirvadam VS, et al. Online detection and removal of eye blink artifacts from
electroencephalogram. Biomed. Signal Process; 2021.

Ahmed MdZI, Sinha N, Phadikar S, et al. Automated Feature Extraction on AsMap for Emotion Classification Using EEG.
Sensors. 2022; 22(6): 2346. doi: 10.3390/522062346

Wang X, Yang Q, Zhai Y, et al. Effects of Vehicle Air Temperature on Drivers’ Cognitive Abilities Based on EEG.
Sustainability. 2023; 15(2): 1673. doi: 10.3390/su15021673

Park H, Park DY. Prediction of individual thermal comfort based on ensemble transfer learning method using wearable and
environmental sensors. Building and Environment. 2022; 207: 108492. doi: 10.1016/j.buildenv.2021.108492

Liu R, Dai W, Wu T, et al. AIMIC: Deep Learning for Microscopic Image Classification. Computer Methods and Programs
in Biomedicine. 2022; 226: 107162. doi: 10.1016/j.cmpb.2022.107162

Luo W, Zhang C, Li Y, et al. Deeply-supervised pseudo learning with small class-imbalanced samples for hyperspectral
image classification. International Journal of Applied Earth Observation and Geoinformation. 2022; 112: 102949. doi:
10.1016/j.jag.2022.102949

Qavidel Fard Z, Zomorodian ZS, Korsavi SS. Application of machine learning in thermal comfort studies: A review of
methods, performance and challenges. Energy and Buildings. 2022; 256: 111771. doi: 10.1016/j.enbuild.2021.111771
Culi¢ A, Nizeti¢ S, Soli¢ P, et al. Smart monitoring technologies for personal thermal comfort: A review. Journal of Cleaner
Production. 2021; 312: 127685. doi: 10.1016/j.jclepro.2021.127685

Mehnatkesh H, Jalali SMJ, Khosravi A, et al. An intelligent driven deep residual learning framework for brain tumor
classification using MRI images. Expert Systems with Applications. 2023; 213: 119087. doi: 10.1016/j.eswa.2022.119087
Bode F, Burnete NV, Fechete Tutunaru L, et al. Improving Electric Vehicle Range and Thermal Comfort through an
Innovative Seat Heating System. Sustainability. 2023; 15(6): 5534. doi: 10.3390/su15065534

Miao Z, Tu R, Kai Y, et al. A novel method based on thermal image to predict the personal thermal comfort in the vehicle.
Case Studies in Thermal Engineering. 2023; 45: 102952. doi: 10.1016/j.csite.2023.102952

Zhang X, Wang Y, He X, et al. Prediction of Vehicle Driver’s Facial Air Temperature With SVR, ANN, and GRU. IEEE
Access. 2022; 10: 20212-20222. doi: 10.1109/access.2022.3149523

Li P, Liu X, Wu Y. Analysis of the influence of air supply parameters on occupant’s thermal sensation based on FLOEFD.
Military Medicine; 2020.

Hadziabdi¢ M, Hafizovi¢ M, Nic¢eno B, et al. A rational hybrid RANS-LES model for CFD predictions of microclimate and
environmental quality in real urban structures. Building and Environment. 2022; 217: 109042. doi:
10.1016/j.buildenv.2022.109042

Zhou X, Lai D, Chen Q. Evaluation of thermal sensation models for predicting thermal comfort in dynamic outdoor and
indoor environments. Energy and Buildings. 2021; 238: 110847. doi: 10.1016/j.enbuild.2021.110847

Toader A, Ursu L. Advanced Thermal Manikin for Thermal Comfort Assessment in Vehicles and Buildings. Applied Sciences.
2022; 12(4): 1826. doi: 10.3390/app12041826

Zhang Y, Mou L, Yi H. Experimental study on temperature correction of air conditioning dummy. Equipment Environmental
Engineering; 2019.

Psikuta A, Allegrini J, Koelblen B, et al. Thermal manikins controlled by human thermoregulation models for energy
efficiency and thermal comfort research—A review. Renewable and Sustainable Energy Reviews. 2017; 78: 1315-1330. doi:
10.1016/j.rser.2017.04.115

Yang B, Li X, Hou Y, et al. Non-invasive (non-contact) measurements of human thermal physiology signals and thermal

30



Mechanical Engineering Advances 2025, 3(1), 2098.

103.

104.

105.

106.

107.

108.

1009.

110.

111.

comfort/discomfort poses -A review. Energy and Buildings. 2020; 224: 110261. doi: 10.1016/j.enbuild.2020.110261

Huo W, Cheng Y, Jia Y, et al. Research on the thermal comfort of passenger compartment based on the PMV/PPD.
International Journal of Thermal Sciences. 2023; 184: 107876. doi: 10.1016/j.ijthermalsci.2022.107876

Brusey J, Hintea D, Gaura E, et al. Reinforcement learning-based thermal comfort control for vehicle cabins. Mechatronics.
2018; 50: 413-421. doi: 10.1016/j.mechatronics.2017.04.010

Zhou S, Fu H. Simulation of occupant surface temperature distribution and cockpit thermal comfort. Automotive
Engineering; 2018.

Russi L, Guidorzi P, Pulvirenti B, et al. Air Quality and Comfort Characterisation within an Electric Vehicle Cabin in Heating
and Cooling Operations. Sensors. 2022; 22(2): 543. doi: 10.3390/s22020543

Jianong Li, Sigi Zhou, Yichen Yu, et al. Effects of dynamic airflows on convective cooling of human bodies — Advances in
thermal comfort assessment and engineering design, Energy and Buildings, 2024, 324:114924.

Kim GT, Jung JY. Effect of steering wheel heating system on hand thermal sensation. Journal of Mechanical Science and
Technology. 2022; 36(7): 3717-3725. doi: 10.1007/s12206-022-0645-1

Croitoru C, Nastase I, Bode F, et al. Assessment of virtual thermal manikins for thermal comfort numerical studies.
Verification and validation. Science and Technology for the Built Environment. 2021; 28(1): 21-41. doi:
10.1080/23744731.2021.1916379

Jamin A. Experimental and numerical study of the flow dynamics and thermal behavior inside a car cabin: Innovative air
diffusers and human body plumes interactions. Energy Reports. 2022; 8: 992-1002. doi: 10.1016/j.egyr.2022.07.133

Huang Y, Wu X, Jing J. Research on the electric vehicle heat pump air conditioning system based on R290 refrigerant.
Energy Reports. 2022; 8: 447-455. doi: 10.1016/j.egyr.2022.05.112

31



