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The development of electric vehicles (EVs) has prompted a critical examination of the trade-off between range and human
thermal comfort. Therefore, an accurate, real-time assessment of human thermal perception inside vehicles is important. This
study investigates an electroencephalogram- (EEG-) based method for evaluating human thermal comfort in the vehicle
passenger compartment. Under transient winter heating conditions, the study experimentally investigates the correlation
between objective physiological parameters (skin temperature and electroencephalogram) and subjective human thermal
perception. The results reveal distinct patterns in EEG signals corresponding to changes in thermal perception. Specifically, the
δ rhythm exhibits a U-shape variation with increasing thermal perception, while the θ, α, β, and γ rhythms display an inverted
U-shape variation. Differences in each frequency band across thermal comfort states in humans are greater than differences in
the frequency band across thermal sensation states. Furthermore, the relative power of the θ rhythm emerges as the most
effective in discerning the thermal perception state of the human body. The EEG signal characteristics of the T7 and T8
channels align more closely with human thermal sensation, whereas the AF4 channel excels at discriminating the state of
human thermal comfort. The insights gained from this study serve as a foundation for evaluating human thermal perception
in vehicles, enhancing human-vehicle interaction, and addressing challenges related to human thermal comfort and vehicle range.

1. Introduction

With urbanization, people increasingly spend more
extended time traveling in vehicles, emphasizing the grow-
ing importance of ensuring thermal comfort for users within
the vehicle’s passenger compartment [1, 2]. To achieve this,
heating, ventilation, and air conditioning (HVAC) systems
create a comfortable thermal environment. In the context
of energy consumption and carbon emissions, transporta-
tion accounts for a significant one-third share [3, 4]. As part
of the global shift towards “dual carbon” (carbon neutral and
peak carbon), electric vehicles (EVs) have emerged as a
prominent trend. By 2040, it is projected that there will be
approximately 548 million EVs worldwide, constituting
around 32% of the global passenger car fleet [5]. Neverthe-
less, the transition to EVs presents novel challenges com-

pared to conventional internal combustion engine (ICE)
vehicles, which utilize the engine as a heat source to warm
the passenger compartment during winter. In contrast, EVs
solely rely on electrical energy to enhance thermal comfort
within the vehicle interior, which may compromise driving
range. Vehicle air conditioning systems, in general, account
for about 20% of total vehicle energy consumption and up
to 60% in urban areas and under severe conditions [6].
Therefore, the primary objective of the vehicle interior’s
thermal design is to provide optimal thermal comfort to
occupants while minimizing energy usage [7].

Human thermal comfort is a prominent subject in the
HVAC domain, and thermal comfort is defined as the
degree of satisfaction with the current thermal environment
[8]. Over the past decades, numerous thermal comfort eval-
uation models and criteria have been proposed, with
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Fanger’s predicted mean vote (PMV) and predicted percent-
age of dissatisfaction (PPD) being the most commonly uti-
lized ones [9]. However, these models are based on
controlled steady-state uniform thermal environments,
while the thermal conditions within the passenger compart-
ment of an automobile are transient and nonuniform. Heat
transfer by radiation and conduction accounts for a greater
proportion in a vehicle than heat exchange in a building,
due to the greater proportion of glass area. Solar radiation
enters the cabin by transmission or absorption. The human
body exchanges heat by conduction with the seats and steer-
ing wheel in contact. The operating air-conditioning system
generates an uneven heat flow field in the automobile pas-
senger compartment, so the amount of convective heat
exchange varies among the driver’s and passenger’s body
parts. Due to the directional nature of solar shortwave direct
radiation, this radiation can only be received by certain parts
of the body. All of which contribute to the differences
between the indoor environments of automobiles and build-
ings. Consequently, several studies have highlighted signifi-
cant biases in using the PMV-PPD model to predict
human thermal comfort in automotive settings [10, 11].
Owing to the variability in human thermal comfort, there
is a potential for enhancing the predictive efficacy of thermal
comfort evaluation models based on environmental parame-
ters. Consequently, scholars began to focus more on explor-
ing the correlation between physiological parameters and the
subjective evaluation of the human body. Wyon introduced
the concept of equivalent homogeneous temperature while
evaluating the thermal environment in vehicles using warm
body dummies. This concept integrates the sensible heat
exchange between the human body and the environment
(convective and radiative). It proves to be effective in asses-
sing human thermal comfort in nonuniform thermal envi-
ronments within automobiles [12]. Moreover, the Berkeley
Thermal Comfort Evaluation Model can assess human
thermal comfort in transient nonuniform thermal environ-
ments. This model comprehensively analyzes the correla-
tion between skin temperature, core temperature, thermal
sensation, and thermal comfort based on 109 human
experiments conducted under controlled conditions in a
room with nonuniform and transient thermal conditions.
Consequently, BCEM establishes models for local thermal
sensation, local thermal comfort, total thermal sensation,
and total thermal comfort of the human body [13]. Pres-
ently, standards such as EN ISO 14505/1 [14], EN ISO
14505/2 [15], EN ISO 14505/3 [16], and EN ISO 14505/
4 [17] are available for evaluating the thermal environ-
ment of vehicles. These standards provide guidelines for
thermal stress assessment principles and methods, deter-
mination of equivalent temperature, real-life experiments,
and numerical approaches, respectively. However, it is
essential to note that the models proposed in these stan-
dards were primarily developed based on research experi-
ence in construction [18].

Prior studies have focused on extracting features from
physiological signals, such as EEG, ECG, skin temperature,
and core temperature, to predict human thermal comfort
[19]. Human beings can perceive external stimuli because

the interior of the skin epidermis contains numerous recep-
tor vesicle cells, of which Ruffini vesicles are temperature
receptors. These vesicles encode the stimuli received into
electrical signals that are transmitted through nerve fibers
to the dorsal root ganglia, then to the spinal cord, and finally
to the human brain. Skin temperature serves as an indicator of
heat transfer between the body and the environment. At the
same time, EEG provides insights into the central nervous sys-
tem’s response, and ECG offers indications of the autonomic
nervous system response [20]. Nonetheless, physiological
parameters like skin temperature, core temperature, and heat
flow, essential for existing thermal comfort evaluation models,
often prove challenging to execute in real-time within the ther-
mal environment of an automobile occupant compartment. In
this context, EEG signals have garnered particular attention
due to their direct characterization of the nervous system’s
activity. By employing spectral estimation on continuous
EEG recordings, it becomes possible to calculate the power
of various rhythms within five brain frequency bands, extract-
ing information about the individual’s mental states. Recent
human studies utilizing positron emission tomography
(PET) or functional magnetic resonance imaging (fMRI) have
demonstrated significant effects on specific areas of the cere-
bral cortex in response to thermal skin stimulation [21]. Con-
sequently, the power spectral densities of different EEG signal
rhythms are commonly employed to determine an individ-
ual’s thermal comfort, tension, or relaxation levels.

Air temperature is widely recognized as the primary
environmental factor influencing human thermal percep-
tion. Various studies have investigated the influence of
EEG characteristics under different temperatures in con-
trolled environments. Yao et al. conducted experiments col-
lecting thermal sensation voting (TSV) and EEG data from
subjects with closed eyes at four different temperatures.
The results indicated a significant increase in the spectral
power of β-band EEG during occurrences of thermal dis-
comfort, while the spectral power of θ and δ bands decreased
[22]. Mansi et al. measured EEG under cold, neutral, and
warm conditions, observing an increase in α relative power
under warm conditions and an increase in β and γ power
under cold sensations [23]. Lang et al. explored the effect
of a high-temperature environment (39°C) on EEG, noting
a significant increase in δ rhythm relative power and a
decrease in β rhythm relative power compared to the neutral
environment [24]. In addition to air temperature (Ta),
changes in relative humidity (RH), wind speed (Va), and
radiation temperature can also affect EEG signals. Pan
et al. simulated three airflow condition levels (0, 0.5, and
1.0m/s) in the laboratory to study the impact on EEG sig-
nals, finding a significant increase in relative β and δ power
of the F3 channel in the absence of airflow (0m/s) compared
to 0.5 and 1.0m/s [25]. An increase in radiation temperature
led to an increase in the relative power of β and α, along with
frontal EEG asymmetry forming an inverted “U”-shaped
response curve [26]. When RH was 70%, δ relative power
increased significantly with increasing Ta. In contrast, α, β,
and θ relative powers decreased significantly, suggesting that
EEG can objectively and immediately measure the environ-
ment’s impact on perception and facilitate the
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understanding of thermal comfort mechanisms [27]. While
previous studies were predominantly based on uniform ther-
mal environments, few studies have focused on human body
thermal comfort and EEG signals in transient thermal envi-
ronments. Son and Chun applied EEG in a temperature step
experiment to assess thermal pleasure, observing an increase
in Fz relative θ frequency in the frontal midline but a
decrease in β power in the frontal, central, and parietal mid-
lines, with no significant effect on α and γ [28]. When people
experienced thermal discomfort with a gradual temperature
increase or decrease, the relative powers of α, β, θ, and δ all
increased significantly [29]. Scholars have recognized the
close relationship between EEG and cognitive behavior
through previous studies, leading to research on driving
behavior. Gwak et al. designed a thermal environment to
enhance arousal levels and feelings of thermal comfort
[30]. Studies of drivers in the thermal environment of auto-
motive cockpits demonstrated the suitability of photo-
plethysmography (PPG) and electroencephalography
(EEG) for evaluating concentration, pressure, and thermal
comfort [31]. These studies on driving behavior were conducted
in simulated indoor environments. Machine learning tech-
niques have proven effective for EEG analysis and have been
extensively used for passive real-time measurement. Shan
et al. used EEG pattern recognition based on machine learning
to investigate the interaction between occupants and buildings
under various environmental conditions [32, 33]. The study
demonstrated an association between human responses col-
lected through questionnaires and EEG frontal lobe asymmetry.
Wu et al. [34] conducted a series of studies on brain-computer
interface- (BCI-) based closed-loop control systems for room
temperature. Firstly, they measured and analyzed the character-
istics of EEG signals in different thermal comfort states and
observed the differences in different bands as well as different
electrodes. Then, an online system was developed based on
the thermal sensory discrimination model (TSDM) established
by the integrated learning method [35], and the generalization
ability of the model was improved by a convolutional neural
network (CNN) [36].

The physiological parameter of EEG signals holds
advantages for measurements in thermal environments
within automobile occupant compartments, and its high
temporal resolution property allows for better correlation
with changes in human thermal comfort state during tran-
sient changes in thermal environments. However, the exist-
ing studies mentioned above have some limitations:

(1) Thermal comfort holds paramount significance in
the domain of architecture. Consequently, numerous
studies have investigated EEG signals in laboratory
settings with controlled, steady-state, and uniform
conditions. However, these studies lack representa-
tion of the typical transient and nonuniform thermal
environment experienced in the passenger compart-
ments of automobiles

(2) Studies on transient thermal environments have
mainly compared and analyzed the differences in
EEG signals before and after environmental changes.

However, they must thoroughly explore how the
EEG signals change with the thermal environment
throughout the process

(3) The characteristics of EEG signals in different ther-
mal comfort states remain inconclusive, and diverse
studies have produced varying results, possibly due
to the distinct characteristics of the thermal environ-
ment and the cognitive behavior of the subjects

This study assessed EEG signals and human thermal per-
ception within the winter passenger compartment under vary-
ing heating conditions. The aimwas to analyze the potential of
relative power and entropy values of EEG signals in reflecting
the thermal comfort experienced by both the driver and pas-
sengers in the automobile. Additionally, we identified the most
suitable EEG channels and their corresponding rhythms for
evaluating human thermal sensation and comfort. The find-
ings of this study serve as a theoretical foundation for future
assessments of human thermal comfort in vehicles based on
EEG signals. Moreover, they offer insights for optimizing in-
vehicle air-conditioning systems and promoting energy-
saving practices in the human-vehicle interaction mode.

2. Methods

2.1. Experiment

2.1.1. Subjects. Twenty healthy college students (ten males
and ten females) were recruited as human subjects who
signed an informed consent form before the experiments.
Table 1 lists the basic information of the subjects, with age,
height, and weight expressed as mean ± standard deviation.
Subjects were introduced to the experimental procedure
and instructed to complete the subjective evaluation ques-
tionnaire before the formal experiment. Subjects were asked
to wear typical local clothing (sweatpants and long-sleeve
sweatshirts), corresponding to a clothing level of 0.74 clo
[8]. During the experiment, subjects were asked to sit quietly
in a relaxed posture in the driver and passenger seats, in
addition to avoiding caffeine, alcohol, smoking, and vigorous
physical activity for 12 hours prior to each experiment.

2.1.2. Experimental Conditions. The experiment was con-
ducted in February 2023 in an indoor parking lot at Tongji
University in Shanghai, China. The space in the parking lot
was large enough to maintain a constant ambient temperature
of about 10°C around the outside of the experimental vehicle
during the experiment. The experimental vehicle was a SAIC
Volkswagen Lavida with automatic air conditioning and seat
heating, and the internal dimensions of the passenger com-
partment of the car were 1 88m ∗ 1 36m ∗ 0 96m. Three

Table 1: Demographic information of the subjects (values are
means ± standard deviation).

Gender Quantity Age (year-old) Height (cm) Weight (kg)

Male 10 24 3 ± 1 7 173 8 ± 5 1 72 7 ± 9 7

Female 10 23 0 ± 1 3 165 2 ± 4 5 59 3 ± 8 4
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typical conditions were designed for the transient warming
process in the passenger compartment in winter: automatic
air conditioning set to 26°C, automatic air conditioning set
to 22°C with electric seat heating, automatic air conditioning
set to 26°C with electric seat heating, and electric seat heating
set to a constant temperature of 33°C.

2.1.3. Experimental Procedure. Before the experiment
started, subjects were asked to rest for about 30 minutes in
the preparation room to reach a neutral thermal equilibrium
state. The preparation room is a temperature- and humidity-
controlled environmental chamber with a set temperature of
26°C and a relative humidity of 50%. During the adaptation,
subjects entered the experimental vehicle, arranged thermo-
couples, and wore an EEG signal acquisition device with the
help of the experimental staff, and this time was about 10
minutes. Then, the warming experiment started, and the
transient heating condition in the vehicle lasted for one
hour, with two participants in each experiment sitting in
the driver and passenger positions. The subjects’ skin tem-
perature and EEG signals were measured during the experi-
ment. Local and overall subjective thermal sensation and
thermal comfort questionnaires were conducted. Since the
experimental study considered the changes in human EEG
signals in a transient automobile thermal environment, the
questionnaire can be categorized into a transient and quasis-
teady state according to the experimental time, with the first
thirty minutes being the transient questionnaire and the sec-
ond thirty minutes being the steady state questionnaire. The
questionnaire was filled out every two minutes for the first
ten minutes, every five minutes from ten to thirty minutes,
and every ten minutes for the steady-state questionnaire
for the last thirty minutes. The specific experimental flow
is shown in Figure 1(a). Figure 1(b) shows the experimental
scenario diagram.

2.2. Measurements

2.2.1. Thermal Environment Parameters in the Vehicle
Passenger Compartment. The heat exchange through conduc-
tion, convection, and radiation in the passenger compartment
of a vehicle affects thermal comfort, so it is necessary tomeasure
the internal surface and air temperatures in the vehicle’s passen-
ger compartment. As shown in Figure 2(a) [37], thermocouple
measurement points 1-3 measured the interior surface temper-
ature, and measurement points 4-15 measured the interior air
temperature. Measurement points 1-3 are the dashboard tem-
perature, windshield temperature, and roof temperature. Tem-
peratures 4-7 are driver, copilot (copilot occupies the right
front seat), and rear passenger breathing points air tempera-
tures, respectively. Temperatures 8-11 are the air temperatures
around the abdomen of the driver, codriver, and passenger.
Temperatures at measurement points 12-15 are the air temper-
atures around the torso of the driver, copilot, and passenger.
Measurement points 16-17 are the air conditioning air supply
parameter measurement points in the passenger compartment
of the automobile, measuring the air supply temperature and
air supply speed on the driver’s side and the passenger’s side,
respectively. The sampling interval of the ambient temperature
data acquisition system is set to 1 second.

2.2.2. Human Physiological Parameters. To study the ther-
mal comfort of humans in the passenger cabin, 18 thermo-
couples were used to measure the skin temperatures of
different body parts of the experimental subjects, including
the head, chest, abdomen, upper arm, lower arm, hand,
thigh, hip, calf, and foot, as shown in Figure 2(b). The mea-
surement points of the thermocouples were fixed in the mid-
dle of each body part with medical tape. The sampling
interval of the skin temperature data acquisition system
was set to 1 second.

Adaptation Transient state Quasi-steady state

−30 0 10 30 60

(a)

(b)

Figure 1: Experimental procedures and scenario diagram.
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Amplitude and rhythm are typical characteristics of
EEG signals and characterize, to some extent, the subject’s
physiological state. There are five primary EEG waves,
which are distinguished by different frequency ranges.
These rhythms ranging from low to high frequencies are
called δ (0.5-4Hz), θ (4-8Hz), α (8-13Hz), β (13-30Hz),
and γ (30-45Hz), respectively [38]. In this experiment,
EEG signals were measured by Emotiv EpocX. The chan-
nel schematic is shown in Figure 3, where the measure-
ment channels are green and the reference channels are
orange. According to the International 10-20 system [39],
it has 14 channels located in four central regions of the
brain: frontal (AF 3, F7, F3, FC 5, FC 6, F4, F8, and AF
4), temporal (T7, T8), occipital (O1, O2), and parietal
(P7, P8). CMS/DRL references are at P3/P4. TP9 and
TP10 are alternate reference channels. The EpocX has a
sampling frequency of 128Hz and sends the measured
EEG signals to a computer via Bluetooth. All felt pads

on top of the sensor must be well moistened with a saline
solution before use. After data collection, all the data were
imported into MATLAB for further processing. The EEG
signals were measured for 40 minutes because some sub-
jects reported that the EEG signal collector caused discom-
fort when worn for too long.

2.2.3. Subjective Evaluation Questionnaire. Compared with
the building environment, the thermal environment in the
passenger compartment of the car has nonuniform charac-
teristics, so the subjects reach a more extreme thermal sensa-
tion and thermal comfort state, so this experimental
questionnaire uses a 9-point subjective evaluation scale as
shown in Figure 4. During the experiment, the subjects filled
in the electronic questionnaire in the form of a cell phone,
which included the local thermal sensation and thermal
comfort and the overall thermal sensation and thermal com-
fort of the human body.
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Right upper armLeft upper arm
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Right forearmLeft forearm
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Right thighLeft thigh

Right calfLeft calf

Right footLeft foot

(b)

Figure 2: Measurement positions of thermocouples in the experiment: (a) for cabin interior wall and air temperature and (b) for skin
temperatures of experimental personnel.
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2.3. Data Processing and Statistics. The average skin temper-
ature was calculated using the DuBois 7-point formula.

MSTHardy/DuBois 7 points = 0 07tsk,forehead + 0 35tsk,abdomen

+ 0 14tsk,forearm + 0 05tsk,hand
+ 0 19tsk,thigh + 0 13tsk,calf
+ 0 07tsk,foot

1

The EEG data were preprocessed by the EEGLAB toolbox
(version 2022.1), widely used in MATLAB. The raw EEG signal
was imported into the EEGLAB toolbox. First, high-pass filtered
at 0.5Hz to remove DC offset and low-frequency skin potential
artifacts and then low-passed at 45Hz to remove high-
frequency noise. The amorphous artifacts were then manually
removed by observing the data. The remaining artifacts, such
as blinking and muscle activity, were removed by decomposing
the EEG signal into its maximum independent components via
an independent component analysis (ICA) algorithm and then
removing the artifactual components. The artifact-free continu-
ous data is then segmented into 60-second periods. The power
spectrum analysis of the EEG signals for each rhythm was per-
formed by the band power function in MATLAB. Shannon
entropy was also used to analyze the uncertainty of the EEG sig-
nal. The relative energy share of each rhythm and the Shannon
entropy formed the basis for the subsequent analysis as a char-
acteristic of the EEG signal, where the Shannon entropy is cal-
culated, as shown in Equation (2). All statistical work on the
data was performed in SPSS25. Correlations between EEG sig-
nals of different rhythms of different channels and heat percep-
tion were analyzed using Pearson’s correlation. A one-way
ANOVA was used to analyze the energy share of different
rhythms of EEG signals under different thermal perceptions.

H x = −c〠
m

i=0
p xi ln p xi 2

3. Results

The Results show the air supply parameters, environmental
parameters, human parameters (mean skin temperature
and EEG signals), and subjective thermal perception under
different working conditions. Correlation analysis and statis-
tical analysis between EEG signals and subjective thermal
perception were also performed.

3.1. Air Supply Parameters. Figure 5 shows the average air
supply conditions by experimental working conditions,
including the average air supply temperature and air supply
speed. By comparing the differences in the air supply condi-
tions under each condition, we find that the control strategy
of the automatic air conditioning in the experimental vehicle
is to change the air supply temperature rather than the air
supply speed according to the different set targets. In
Figure 5(a), we can see that the air supply temperature of
the automatic air conditioning set to 22°C plus the electric
heating condition has been maintained between 30 and
33°C, while the initial air supply temperature of the two con-
ditions at 26°C exceeds 40°C. With or without electric heat-
ing conditions in the first 30 minutes of the air supply
temperature difference may be due to the experimental car
being located in the ambient temperature caused by, but as
can be seen in the 30 minutes after the two are almost the
same, it can be considered that the thermal environment of
the car is needed to achieve the set target. In terms of air
delivery speed, there was little difference between the three
conditions in the first 30 minutes, while after 30 minutes,
the air delivery speed of the automatic air conditioner set
to 22°C was smaller than that of 26°C.

3.2. Environmental Parameters. Figure 6 shows the wall and
air temperatures in the passenger compartment by experi-
mental conditions. Figures 6(a), 6(b), and 6(c) show the wall
temperature change curves for the automatic air condition-
ing setting of 26°C, the automatic air conditioning setting
of 22°C with seat heating, and the automatic air conditioning
setting of 26°C with seat heating. Figures 6(d), 6(e), and 6(f)
show the air temperature change curves for the correspond-
ing conditions. Wall temperatures are measurement points
1-3 in Figure 2(a). Air temperatures are averaged for face
height at measurement points 4-7, abdomen height at mea-
surement points 8-11, and foot height at measurement
points 12-15. By comparing the different heating conditions,
we can see that the thermal environment parameters in the
car are mainly affected by the air conditioning parameters,
and the electric heating cushion has less influence than the
HVAC. Among the wall surface temperatures, the warming
rate and steady-state equilibrium temperature of the dash-
board and roof are higher than those of the windshield.
Regarding air temperature, as the experimental vehicle win-
ter automatic air conditioning air supply adopts the face air
supply and foot air supply strategies, the air temperature at
the foot position is the highest, followed by the face, and
the lowest at the abdomen. Under the steady state condition,
the air temperature of the feet reached 32-33°C under the
working condition of the automatic air conditioning setting
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Figure 4: Scales of thermal sensation and thermal comfort.
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of 26°C, and the air temperature of the abdomen and face
was around 30°C. Comparing the wall and air temperature,
we found that the air temperature change in each condition
is close to the quasisteady state before and after 20 minutes,
while the wall temperature stabilization is slower than the air
temperature stability after 40 minutes to approach the qua-
sisteady state, which is caused by the heat capacity character-
istics of the solid wall.

3.3. Physiological Parameters. From the results in Figure 7,
we can see the curve of the average human skin temperature
in the car’s passenger compartment during the experiment.
From the data in the figure, we can see that, compared with
the condition of automatic air conditioning set at 26°C, the
average skin temperature of the human body under the con-
dition of an electric-heated cushion at 26°C rises faster. In
the first 40 minutes, electric heating can make the average
skin temperature difference of 0.5°C, while the skin temper-
ature under the two conditions is close at 55 minutes. With
automatic air conditioning set at 26°C working conditions,
an hour of warming time makes the average human skin
temperature rise about 3.5°C. Compared with automatic air
conditioning set at 22°C with electric heating cushion work-
ing conditions, the temperature rise is only 1.5°C. The rea-
son for this is that the temperature setting of the automatic
air conditioning affects the air supply conditions in the pas-
senger compartment of the car, and the more significant
temperature difference enhances convective heat transfer,
which in turn affects the average skin temperature.

The changes in energy percentage and Shannon entropy
over time of EEG signals with different rhythms under three
working conditions are demonstrated in Figure 8, from
which we can see that the EEG signal is a very fluctuating
temporal signal. Regarding the relative energy share, the
EEG signal is a physiological signal dominated by low fre-
quency, and the energy share of the δ-band EEG signal in
the initial state is above 85%. In terms of time, the δ-rhythm

of the EEG signal decreases during the 40-minute experi-
ment, while the energy share of the other four rhythmic
EEG signals increases with time. Comparing the three condi-
tions, we find that there are apparent differences in the α-
rhythms and entropy of the three experimental conditions,
and the α-rhythms of the EEG signals of the subjects under
the condition of automatic air-conditioning set at 26°C with
point-heating cushions have a higher energy ratio than the
other two conditions. Their entropy values are also more
remarkable than those of the other two conditions.

3.4. Thermal Perception of Subjects. As we can see from
Figure 9, the subjective thermal sensation and thermal com-
fort effects of the two operating conditions of automatic air
conditioning at 26 degrees Celsius and 22 degrees Celsius
with electric heating are relatively close. From the graph,
we can also see that even under the same environmental
conditions, the differences between subjects are apparent,
with a standard deviation of about 1 for thermal sensation
and about 2 for thermal comfort.

3.5. Correlation Analysis. Pearson’s correlation coefficient
was used to correlate the EEG signals of each rhythm and
the Shannon entropy value for different electrodes in order
to analyze the effect of heat perception on the EEG signals
of different channels. Colors indicate a significant correla-
tion, red indicates a positive correlation, and green indicates
a negative correlation. Figure 10 shows that the EEG signals
of δ-rhythms have opposite correlations with other rhythm
EEG signals and entropy values with heat perception. The
EEG signal δ rhythm is positively correlated with thermal
sensation, and other EEG signal rhythms and entropy values
are negatively correlated. The correlation of EEG signals
with thermal comfort was the opposite of thermal sensation,
with a negative correlation of δ-rhythms and a positive cor-
relation of other EEG signal features. In addition, it was
found that the energy share and entropy value of the gamma
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rhythm in the EEG signal characteristics were better corre-
lated with thermal sensation than thermal comfort. Only
the entropy values of the EEG signals of four channels,
AF3, AF4, F3, and F4, were significantly correlated with
thermal comfort.

3.6. Statistical Analysis. Whether the differences in EEG sig-
nals are due to the thermal environment or different states of
human thermal perception, the global EEG signals were first
analyzed, and here, the human thermal perception was
reclassified by classifying human thermal sensation -4 to -2
as cold, -1 to +1 as neutrality, and +2 to +4 as hot. Similarly,
human thermal comfort -4 to -2 is classified as uncomfort-

able, -1 to +1 as neutral, and +2 to +4 as comfortable.
ANOVA was done for each rhythm of EEG signals, and then
post hoc analysis was performed to compare the EEG signal
characteristics under different thermal sensations and ther-
mal comfort states. As shown in Figure 11, by comparing
the energy share of each rhythm of EEG signals under differ-
ent thermal sensations, we found that the energy share of δ-
rhythm EEG signals in the neutral thermal sensation state is
the lowest, and the energy share of other rhythms is higher
than that of the cold and hot states. Furthermore, all EEG sig-
nal rhythms in the thermal neutral and hot states are signifi-
cantly different, with p values less than 0.001. The results of
the available experimental data indicate that only gamma
waves in the cold state are different from the thermal neutral,
and theta bands are significantly different from the hot state.
By comparing the energy share of each rhythm of the
EEG signals in different thermal comfort states, we found
a similar pattern to that of thermal sensation. The energy
share of the δ rhythm in the neutral thermal comfort state
is smaller than in the comfortable and uncomfortable states.
In addition, all the EEG signal rhythms in the neutral
thermal comfort state were significantly different from those
in the comfortable and uncomfortable states, with a p value
of less than 0.001. In addition, only the theta-band com-
fortable and uncomfortable states showed significant differ-
ences, which can be used to determine whether the subjects
were comfortable or not.

For thermal sensation, only the beta wave of the T7
channel and the alpha wave of the T8 channel showed signif-
icant differences in all three thermal sensation states. As for
thermal comfort, 31 out of 70 EEG signal features in all 14
channels with five rhythms per channel showed significant
differences among the three thermal comfort states. Among
them, 20 (20/31) were in the frontal region, 4 (4/31) in the
parietal lobe, 1 in the occipital lobe, and 6 in the temporal
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lobe. The energy share of EEG signals in five bands of the
AF4 channel showed significant differences in all three ther-
mal comfort states.

4. Discussion

This study conducted three typical heating conditions in the
car occupant’s cabin during winter. The research findings
revealed that the relative energy ratio of EEG signals in the
δ band gradually decreased with increasing experiment time,
while other bands exhibited an upward trend. Subsequently,
we employed univariate analysis of variance to examine the
average EEG rhythm energy ratio under different heat per-

ceptions. The relative power of the δ rhythm in EEG exhibits
a U-shaped variation with an increase in heat perception,
while the θ, α, β, and γ rhythms demonstrate an inverse-
U-shaped trend. Wu et al. [34] posited that when subjects
experience a sensation of heat, there is an increase in low-
frequency energy and a decrease in high-frequency energy.
This improvement in the “hot” sensation at low frequencies
and the inhibition at high frequencies corresponded to a
decrease in cognitive activity and a decline in cognitive per-
formance, aligning with our observations. Regarding the
relationship between EEG signals and thermal comfort, the
research results of Son and Chun [28] and Han and Chun
[29] suggested that thermal comfort leads to an increase in
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the relative energy proportion of theta rhythm and a
decrease in beta waves. Deviation from our results can be
attributed, in part, to the distinct classification ranges of
EEG rhythms and variations in thermal comfort evaluation
scales, which may exert specific influences. Moreover, due
to experimental conditions, the number of votes for the sub-
jective thermal sensation of feeling cold in the car occupant’s
cabin with the air conditioning turned on during winter is
relatively small. Consequently, the difference in EEG signals
between the experimental results for cold thermal sensation
and neutral thermal sensation states was minimal, with the
relative energy ratio of the global EEG signal displaying sig-
nificant differences only in the gamma band. Significant dif-
ferences exist between cold sensation and thermal sensation
in the theta band, and the post hoc analysis results based on
thermal comfort states reveal notable distinctions among
EEG signals in all bands, specifically under neutral thermal
comfort conditions as well as in comfortable and uncomfort-
able states. Furthermore, only the theta band exhibits signif-
icant differences between comfortable and uncomfortable
states, indicating that the theta band appears to be the most
effective EEG feature for evaluating human thermal sensa-
tion and thermal comfort states. Several studies have also

highlighted the reliability of theta-band EEG in representing
human thermal comfort [27, 28].

The ANOVA analysis of EEG signals for each channel
revealed that differences in EEG signals resulting from vari-
ations in human thermal comfort had a more pronounced
impact than thermal sensation. The experimental data indi-
cated significant differences in thermal sensation only for the
beta rhythm of T7 and the alpha rhythm of T8. In contrast,
for thermal comfort, 31 out of 70 EEG signal features across
all 14 channels, with five rhythms per channel, displayed sig-
nificant differences among the three thermal comfort states.
These significant differences encompassed 20 features in the
frontal lobe, 4 in the parietal lobe, 1 in the occipital lobe, and
6 in the temporal lobe. Additionally, the energy share of EEG
signals in the five bands from the AF4 channel exhibited sig-
nificant differences among all three thermal comfort states.
Determining which channel’s EEG signal characteristics best
reflect the thermal perception state of the human body. Dif-
ferent studies have yielded diverse results. Some research has
indicated that the parietal and frontal lobes are more sensi-
tive to thermal environments, which aligns with our experi-
mental findings [40]. The disparities in outcomes among
different experiments can be attributed to the subjects’
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environmental conditions and cognitive behaviors, both of
which influence the characteristics of EEG signals. Conse-
quently, these findings should not be solely interpreted as
an effect of heat perception.

Notably, the experiment was conducted under winter-
warming conditions, leading to the subjects experiencing a
range of thermal sensations from cold to hot. Subsequent
investigations during summer cooling conditions will allow
us to ascertain whether the changes in EEG signals are pri-
marily influenced by the duration of the experiment or by
the subjects’ subjective thermal perception. Furthermore,
exploring whether the variations in EEG frequency are due
to the experiment’s duration or shifts in human thermal
comfort requires further investigation. Moreover, the exper-
iments were conducted under parking conditions, and the
EEG signal characteristics of the subjects closely resembled
their subjective thermal perception, which was characterized
by passenger characteristics. Given the close connection
between the physiological features of EEG signals and the
type of cognitive activity in the subjects, it is reasonable to
expect that drivers’ driving behavior could impact these
results. Thus, additional research is warranted to ascertain
the feasibility of developing a model to evaluate the thermal
comfort of both drivers and passengers in the vehicle pas-
senger compartment based on EEG signals.

5. Conclusions

This study experimentally investigated a new EEG-based
approach to enhance driver-passenger interaction with the
in-vehicle thermal environment. Correlations were estab-
lished between objective human physiological parameters,
including skin temperature, electroencephalogram, and sub-
jective evaluations, through power spectral analysis with
entropy values. The primary conclusions are as follows:

(i) The relative power of the δ frequency band showed
a U-shaped variation in response to changes in ther-
mal perception. In contrast, the θ, α, β, and γ
rhythms exhibited an inverted U-shaped pattern

(ii) The difference in electroencephalogram between
different thermal comfort states is more significant
than the difference between different thermal sensa-
tion states

(iii) Among the various EEG frequency bands, the rela-
tive energy share of the θ band most accurately
characterized the subjects’ subjective thermal sensa-
tion and thermal comfort state

(iv) The EEG signal characteristics of the T7 and T8
channels demonstrated better responsiveness to
the thermal sensation state of the human body. In
contrast, the AF4 channel exhibited superior capa-
bility in differentiating the thermal comfort state
of the human body

Future research will explore the correlation between
human thermal comfort and EEG signals during summer

cooling within the car’s passenger compartment. In addition,
we will delve into the effects of various cognitive behaviors
on EEG signals during the experiment. Furthermore, our
focus will be extended to the investigation of driving condi-
tions to explore the possibility of building a comprehensive
model based on an electroencephalogram for assessing the
thermal comfort of drivers and passengers.
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