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Abstract: Owing to movement in the spatial environment and changes in activity levels, students’
thermal perception is time varying in classrooms throughout different periods of the day. However,
previous studies have rarely considered the time-varying thermal perception in different periods of
the day, which may cause discomfort for students and lead to energy wastage. Therefore, a study was
conducted to investigate the time-varying thermal perception of students and its influencing factors
in different classes of the day. In addition, the differences in students’ adaptive behaviors in different
periods were also explored. A total of 578 university students were surveyed using questionnaire
surveys during the heating season in Xi’an, China. The following results can be obtained: (1) The
thermal sensation vote and thermal preference vote values in the afternoon were significantly higher
than those in the morning. At the start of the first class in the morning/afternoon, the thermal
sensation of the students had the highest sensitivity to outdoor temperature changes. (2) The students’
thermal perception was greatly affected by the preclass activity state at the start of the first class in
the morning/afternoon. However, in other periods, the above phenomenon was not obvious. (3) In
the afternoon, the frequency of clothing adjustment was greater than that in the morning, and this
behavior would significantly affect the students’ thermal sensation. (4) Compared with the current
classroom heating strategy, the heating strategy of dynamically adjusting the indoor set temperature
according to the time-varying characteristics of the students can theoretically achieve energy savings
of 25.6%.

Keywords: university classroom; thermal perception; building energy efficiency; influence factor;
adaptive behaviors

1. Introduction

Several studies have indicated that the thermal environment of the classroom has an
important impact on the health and productivity of students [1]. Moreover, appropriate
thermal environment design parameters can help to reduce building energy consump-
tion [2,3]. Therefore, it is important to create a comfortable classroom thermal environment.
University students frequently move between different spaces in teaching buildings to
attend different classes, and usually spend less than 2 to 3 hours a day in a classroom [4];
thus, the thermal environment experienced by university students is constantly chang-
ing [5]. Therefore, the thermal perception (i.e., thermal sensation, thermal preference, and
thermal comfort) of students at different periods of the day may have time-varying char-
acteristics. Although existing standards, such as ISO 7730 [6], EN15251 [7], and ASHRAE
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Standard 55 [8], provide indoor thermal comfort guidelines, the different thermal comfort
requirements of university students at different times of the day are ignored [5,9,10]. Thus,
students’ thermal perceptions in the classroom cannot be accurately reflected in the relevant
standards. Therefore, it is necessary to explore the characteristics of students’ thermal
sensation changes in different periods of the day.

Identifying the factors that affect the thermal perception of students will help us to
better understand the response of students to the classroom’s thermal environment. When
university students enter a new classroom, their thermal perception is affected not only by
the current thermal environment but also by the thermal environment they experienced last
time [4,5]. Owing to the influence of course timetable, students experience different thermal
environments and activity levels before class at different times of the day. Therefore, the
factors that affect the thermal perception of students may change at different periods of the
day. At a certain period, students will feel uncomfortable when there are more negative
factors. In order to achieve a good comfort level in different periods, students often
adopt adaptive behaviors. However, during class, students’ thermal adaptive behaviors
are restricted to a certain extent. Previous studies have shown that personal behavior
(e.g., adjusting clothing) is the most common adaptive action among students in both
uncomfortably warm and cold conditions [11]. Owing to the fact that students’ thermal
perception changes in different classes of the day, the probability of students’ thermal
adaptive behaviors may change. Exploring the differences in the influencing factors of the
thermal perception and thermal adaptation behavior of students in different periods will
help to develop strategies for improving the thermal comfort level.

Owing to the extreme climate conditions and large indoor and outdoor temperature
differences, the challenge of achieving thermal comfort in the classroom is intensified
during the heating season in cold regions [12]. The heating season usually lasts from
late autumn to early spring in northern China. The majority of heating systems in cold
regions of China use coal as fuel, resulting in high building energy consumption and severe
air pollution [13–16]. Because inappropriate heating temperatures will reduce occupant
comfort and even increase carbon dioxide emissions [17–20], investigating the time-varying
thermal perception of university students during the heating season and identifying the
factors that affect the thermal perception of students may also help to reduce building
energy consumption and environmental pollution.

1.1. Literature Review

In recent years, a large amount of research has been published that deals with the
thermal comfort of students in classrooms based on field surveys [21–23]. The functional
requirements of the classroom vary with student density in the classroom, indoor envi-
ronment control, clothing choices, activity, and use of the Internet and communication
technology [24]. Therefore, separate guidelines or standards for students of different age
groups at different stages of their education are necessary [24]. Although thermal comfort
field studies in university classrooms were conducted later than in primary and secondary
schools, there has been an increase in studies in university classrooms in the past two
decades [4]. Singh et al. [24] summarized research articles on thermal comfort in classrooms
over the last 50 years. It was observed that university students were in a transient condition
for about 20–30% of the class time (if a class has a duration of 1 h), and the memory of the
previous environment significantly affected their thermal perception in classrooms. In the
heating season, especially in cold regions, the temperature difference between indoors and
outdoors is large. When students experience an outdoor–indoor transition, the thermal
perception will change significantly, especially when entering a classroom with heating on
from the outdoors [25,26]. Because setting a proper indoor temperature based on students’
actual thermal perception will help to save energy, Jing et al. [2] investigated the thermal
comfort state of students in university classrooms during the heating season in Taiyuan,
China, and found that the indoor temperature lower limit for 80% acceptability is 19 ◦C. If
the indoor design temperature decreases from 21.85 ◦C (determined by the heating load
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duration curve) to 19 ◦C, 3.46% of the annual heating load can be saved. Therefore, it is
important to study students’ actual thermal perception in a university classroom during
the heating season.

There are many factors that affect students’ thermal perception in the classroom, in-
cluding the outdoor environment, indoor environment, and personal characteristics. The
existing literature primarily focuses on the thermal perception of students and their influ-
encing factors in different climate zones and room operating modes. Zomorodian et al. [4]
observed that most studies were conducted in temperate/mesothermal climates (e.g., the
UK, USA, and China). Differences in students’ thermal comfort levels have been evaluated
in classrooms with different heating systems [27–29] and ventilation strategies [30–33].
In most studies, it was proven that indoor temperature, relative humidity, air velocity,
outdoor temperature, and solar radiation have significant effects on the thermal perception
of students. Moreover, gender, height, weight, activity level, clothing level, and so forth
also affected the thermal perception of students. For example, Song et al. [34] suggested
that an increase in air velocity is an essential phenomenon in obtaining a thermal comfort
environment. Song et al. [35] observed that heated clothing could serve as an effective
method to improve both the local and whole-body thermal comfort of university students
while sitting in cold classrooms. In addition, Jowkar et al. [11] observed significant dif-
ferences in the comfort temperature of students in various classroom types in the UK.
Moreover, they explored how climatic background or long-term thermal history influences
individuals’ in-the-moment thermal comfort experiences [36]. Mishra et al. [5] observed
that mode of travel, point of departure, prior food/beverage consumption, and medical
aid are likely to have an effect on occupant thermal sensation.

The above studies mostly focused on the thermal perception of students in university
classrooms in different regions. However, the thermal perception of students at different
time periods has not been studied in depth. Moreover, there are few studies on the
differences in thermal perception influencing factors at different times. Ning et al. [37]
conducted a field survey on students’ thermal comfort from late autumn to early spring,
covering the entire space heating period in Harbin, China. Cao et al. [38] conducted a
field survey on students’ thermal comfort and thermal adaptability during summer and
winter in Beijing. However, there are few studies on the changes in students’ thermal
perception during class in a day. In universities, it is common for students to enter and
leave different classrooms for different classes [39]. When entering the classroom, the
memory of the previous environment will significantly affect the thermal comfort and
preferences of the students [24], and student thermal perceptions change significantly
as the class progresses [5]. Therefore, it is necessary to study the thermal comfort of
students in university classrooms and the factors that influence it during class hours in the
heating season.

1.2. Research Objectives

The thermal perception of students in the steady-state environment of university
classrooms in different geographic regions has been extensively studied. However, there
are few studies on the time-varying characteristics of students’ thermal perception and its
influencing factors in university classrooms in the heating season. At different periods of
the day, students often move in and out of different spaces, and the thermal environment
they experience constantly changes. In addition, due to the influence of the course timetable,
the intensity of students’ activities in a day varies from time to time. In this case, how does
a student’s thermal perception change? Are there significant differences in the factors that
affect students’ thermal perceptions? These questions remain to be answered.

This study aims to explore the changes in the thermal perception of students in
different classes over the course of a day to provide evidence for design strategies so
as to improve the indoor thermal environment. In Xi’an University of Architecture and
Technology, objective measurements and subjective surveys were conducted to obtain
indoor and outdoor environmental parameters, students’ personal characteristics, and
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thermal perception votes. The thermal perception of students in the classroom during
class time and its influencing factors were analyzed based on the acquired data. The three
objectives of this study are as follows:

• Clarifying the changes in the indoor thermal environment of university classrooms
and the thermal perception of students in different classes over the course of a day
during the heating period;

• Exploring the differences in the factors affecting the thermal perception of students in
different classes over the course of a day;

• Analyzing the differences in students’ adaptive behaviors to maintain a comfortable
thermal state in different classes over the course of a day.

The remainder of this paper is organized as follows. Section 2 describes the related
research methods. Section 3 provides the survey results with regard to demographic condi-
tions, indoor and outdoor thermal environment conditions, students’ thermal perception
development, factors influencing thermal perception, and students’ adaptive behaviors.
Finally, the conclusions are presented in Section 4.

2. Methods
2.1. Location and Climate

Xi’an City is located in the western region of China, between 33◦42′ and 34◦45′ N
and 107◦40′ and 109◦49′ E. According to the “Code for Thermal Design of Civil Buildings”
(GB50176-2016), there are five climate zones in China, and Xi’an belongs to the cold climate
zone [40]. The outdoor temperature in Xi’an varies from −3.0 to 33.5 ◦C throughout
the year, with the highest monthly average temperature in July (28.1 ◦C) and the lowest
monthly average temperature in January (0.6 ◦C) (Figure 1). The monthly average outdoor
relative humidity ranges between 51% and 74%. The heating season of Xi’an begins in
mid-November and continues until mid-March of the following year. Our survey was
conducted on the Caotang campus of Xi’an University of Architecture and Technology,
where the outdoor temperature in the heating season is lower than that in the urban area
of Xi’an.
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Figure 1. The monthly variation of temperature and relative humidity in Xi’an (2010–2019) [41].
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2.2. Classroom Information

In this study, one typical classroom was selected. The design and layout of the
classroom in this study are similar to those of classrooms in most universities in China.
The classroom (14.4 × 9.6 × 4.5 m, l × w × h) (Figure 2a) is located on the first floor of
the teaching building, and the adjacent classroom has the same geometric structure as
the classroom. The building thermal properties of the classroom comply with the design
standard for the energy efficiency of public buildings in China, GB50189-2015 [42]. The
classroom has a construction area of 138.24 m2 and can accommodate 140 students. There
are six windows of the same size (2.1 × 2.6 m, l × h) in the classroom, each with a blinding
curtain that students can control. Six radiators are located under the window (Figure 2b).
The heating period is from mid-November to mid-March of the following year.
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2.3. Physical Measurement

To measure the indoor thermal environment, temperature and humidity sensors,
anemometers, black-ball thermometers, and carbon dioxide (CO2) analyzers were placed
in the middle of the classroom (Figure 3) at a height of 1.1 m from the floor. The indoor
environmental parameters measured in this study included air temperature (Ta, ◦C), relative
humidity (RH, %), air velocity (Va, m/s), black bulb temperature (Tg, ◦C), and carbon
dioxide concentration (CO2, ppm). Detailed information on the measuring equipment is
shown in Table 1. Because the classroom is located on the first floor and the windows
are often blocked by curtains in the heating season, it is difficult for sunlight to enter the
classroom. Therefore, solar radiation was not measured in this study. Referring to Jiang
et al. [1], this study used the black bulb temperature and indoor air velocity data to calculate
the average radiant temperature. The parameters of the measuring equipment met the
accuracy range required by the ISO 7726 standard [43]. The indoor thermal environment
was measured on the day the questionnaire was issued. The measurement time was from
08:30 to 17:20 h, and the data were automatically recorded every 10 min.
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Table 1. Information of the measuring equipment and parameters.

Parameters Equipment Model Range Accuracy

Air temperature and
relative humidity

Temperature and
humidity sensor TR-72ui Ta: −20–60 ◦C; RH: 0–95% Ta: ±0.5 ◦C; RH: ±3%

Air velocity Anemometer ZRQF-F30 0.05–60 m/s ±(0.04 U ± 0.05)
Globe temperature Black-ball thermometer TR102S −100–400 ◦C ±0.3 ◦C
CO2 concentration CO2 analyzer TES-1370 0–2000 ppm ±1 ppm

The outdoor environmental parameters measured in this study included the outdoor
air temperature (Tout, ◦C) and relative humidity (RHout, %). Referring to the study of
Mishra et al. [5] and Jiang et al. [12], the temperature and humidity sensors (Table 1) were
installed on the roof of the teaching building. The measurement time was from 00:00 to
23:00 h every day, and the data were automatically recorded every 10 min.

2.4. Questionnaire Survey

The duration of each class was 2 × 45 min, with a 5 min break in the middle. A class-
room can have a maximum of four classes per day: 08:30–10:05 h (period A), 10:25–12:00 h
(period B), 14:00–15:35 h (period C), and 15:45–17:20 h (period D). To understand the
time-varying thermal perception of the students in each class of the day, two subjective
questionnaires were provided at the beginning and middle of the class, namely, question-
naires I and II (Figure 4). Questionnaire I was distributed before each class, questionnaire II
was distributed during the break, and all questionnaires were collected at the end of each
class (Figure 5). Participants were asked to complete the questionnaire within 5 min, and
the specific time of filling in the questionnaire was marked. Questionnaire I contained the
following information: (1) basic information about the students, such as gender, age, height,
weight, and clothing; (2) the students’ activity status before class, consumption of food
and beverages, and whether he/she had a class in the previous period; (3) TSV, thermal
preference voting (TPV), and thermal comfort voting (TCV), which are listed in Table 2; and
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(4) the adaptation behavior of the students, including thermal adaptation behavior and cold
adaptation behavior. Questionnaire II contained the following information: (1) the students’
TSV, TPV, and TCV and (2) clothing adjustments. Before the questionnaire was issued, the
surveyor presented a brief explanation of the questionnaire content and professional terms
to the students. Student participation in the survey was completely voluntary.
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Figure 5. Timeline of the questionnaire survey.

Table 2. Thermal perception responses.

Scale TSV TPV TCV

3 Hot Very uncomfortable
2 Warm Much Cooler Uncomfortable
1 Slightly warm Slightly Cooler Slightly uncomfortable
0 Neutral No change Comfortable
−1 Slightly cool Slightly warmer
−2 Cool Much warmer
−3 Cold

Owing to the winter vocation, the heating period of university classrooms is mainly
in mid-November and mid-December. Therefore, this study randomly selected 4 days
for investigation in mid-November and mid-December, namely, November 14 (Day 1),
November 28 (Day 2), December 4 (Day 3), and December 18 (Day 4). The sample size
obtained in 4 days met the minimum required sample size [2]. On Day 1 and Day 2, period
B was not scheduled for classes. On Day 3 and Day 4, all four periods were scheduled for
classes. To ensure the accuracy of the analysis, returned questionnaires were screened to
eliminate samples with contradictory phenomena [44], for example, students who perceived
an extremely hot environment but wished for a warmer environment.
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2.5. Data Analysis

In this study, IBM SPSS Statistics 26 [45] was used for statistical analysis. The sample
values of TSV, TPV, and TCV in this study did not conform to the normal distribution.
Therefore, the nonparametric test method was used. The purpose of this study was to
determine whether there were significant differences in the distribution of different sample
data. This involved the difference test of two independent sample data (e.g., thermal
perception samples from any two periods or from different genders) and multiple indepen-
dent sample data (e.g., thermal perception samples from different food consumptions or
preclass activities). In order to achieve the study’s purpose, the Wilcoxon rank sum test
was used to detect the difference between two independent samples. The Kruskal–Wallis
test was used to detect the difference between multiple samples. According to the types of
variables, different correlation analysis methods were selected. In this study, the mean ther-
mal sensation vote, operating temperature, and outdoor temperature were all continuous
variables. Therefore, the Pearson method was chosen to calculate the correlation coefficient
between TSV and operating temperature and between TSV and outdoor temperature. The
significance α level was set at 0.05. The operating temperature (Top, ◦C) was selected as
the indoor thermal index. This was used to analyze the relationship between the indoor
thermal environment and the students’ thermal perception. The calculation method of
Top was based on that of Jiang et al. [1]. The parameters that needed to be considered
in the Top calculation were the indoor air temperature, black bulb temperature, and air
velocity. Referring to ASHRAE Standard 55-2017 [8], the clothing insulation is calculated
by Equation (1).

Icl =
n

∑
i

Icl,i + Icl,chair (1)

where Icl represents the total clothing insulation; Icl,i represents the insulation of the i-th
piece of clothing, and the specific value refers to ASHRAE Standard 55-2017 [8]; n represents
the number of clothes worn by the students; and Icl,chair represents the insulation of the
chair. The classroom in this study has wooden chairs, so this value is 0.01.

3. Results and Discussion
3.1. Demographic Condition

In this study, one typical classroom was selected for the investigation. A total of 578
students participated in the survey. Table 3 presents the mean demographics and clothing
insulation of the questionnaire respondents. Of the respondents, 323 were male and 255
were female. The ages of the respondents fell within the range of 16 to 21 years old. BMI
was within the normal range. At the start of the classes during periods A, B, C, and D, the
average clothing insulation values were 1.44, 1.48, 1.41, and 1.44 clo, respectively. This
showed that the clothing insulation values of the students during the afternoon class were
lower than those during the morning class. The clothing insulation value of females was
generally 0.02–0.13 clo higher than that of males.

Table 3. Mean demographics and clothing insulation of questionnaire respondents.

Sample Male Female
Age

(Year)
Weight (kg) Height

(m)
BMI

(kg/m2)
Clothing Insulation (clo)

Male Female

Period A 156 112 44 19 (0.89) 63.02 (12.04) 1.73 (0.07) 21.05 (3.33) 1.40 (0.14) 1.53 (0.15)
Period B 81 33 48 19 (0.56) 58.60 (11.60) 1.70 (0.09) 20.10 (2.48) 1.47 (0.12) 1.49 (0.12)
Period C 174 99 75 19 (0.75) 61.35 (11.92) 1.71 (0.09) 20.99 (3.27) 1.38 (0.14) 1.46 (0.16)
Period D 167 79 88 19 (0.81) 60.55 (10.89) 1.70 (0.09) 20.84 (2.87) 1.39 (0.13) 1.48 (0.15)

Note: Values in brackets denote one standard deviation around the mean.
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3.2. Thermal Environment Condition
3.2.1. Outdoor Thermal Environment

During Day 1, Day 2, Day 3, and Day 4 of classes (08:30–12:00 and 14:00–17:20), the
average outdoor temperature was 12.8 (SD = 1.8 ◦C), 4.0 (SD = 1.2 ◦C), 1.5 (SD = 0.8 ◦C), and
1.9 ◦C (SD = 2.1 ◦C), respectively, and the average relative humidity was 61.1% (SD = 6.7%),
68.5% (SD = 6.7%), 72.7% (SD = 4.9%), and 52.7% (SD = 8.6%), respectively (Figure 6).
During the heating season, the average outdoor temperature gradually decreased. The
average outdoor temperature on Day 1 (initial heating period) was significantly higher
than that on Day 2, Day 3, and Day 4. During classes, both the lowest average outdoor
temperature and the highest average outdoor relative humidity occurred in period A, and
the highest average outdoor temperature and the lowest average outdoor relative humidity
occurred in period C (Table 4). The average outdoor temperature in the afternoon was
significantly higher than that in the morning.
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3.2.2. Indoor Thermal Environment

The indoor thermal environment of the investigated classroom during different periods
was analyzed as follows. On Day 1, Day 2, Day 3, and Day 4, the indoor air temperature
was significantly higher than the outdoor air temperature (temperature difference ranged
from 5.9 to 23.3 ◦C), and the indoor relative humidity was significantly lower than the
outdoor relative humidity, especially during class (Table 4). On Day 2, Day 3, and Day 4, the
temperature difference between indoors and outdoors (∆T) was above 15 ◦C. In addition,
the temperature difference between indoors and outdoors in the morning was greater than
in the afternoon. The main reasons for this were radiator heating and human heat release.
At the beginning of the first class in the morning (period A1), the indoor temperature
was the lowest, but Day 4 was an exception. This is because there was a class meeting
in the classroom before class on Day 4. There was no significant difference between the
indoor temperatures during periods B, C, and D (Figure 7). During Day 1, Day 2, Day 3,
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and Day 4 of classes (08:30–12:00 and 14:00–17:20), the average indoor air temperature
was 20.2 (SD = 4.5 ◦C), 19.9 (SD = 4.3 ◦C), 18.9 (SD = 4.1 ◦C), and 21.2 ◦C (SD = 4.5 ◦C),
respectively, and the average relative humidity was 36.4% (SD = 7.9%), 33.0% (SD = 7.2%),
29.0% (SD = 6.4%), and 30.9% (SD = 7.2%), respectively. The survey found that when the
classroom was occupied, the windows and doors were often closed, the air velocity was
kept below 0.2 m/s, and the CO2 concentration was high, in the range of 578–947 ppm
(Table 4).

Table 4. Mean values of climatic parameters.

Tout (◦C) RHout (%) Ta (◦C) Tg (◦C) Top (◦C) ∆T (◦C) RH (%) CO2 (ppm)

Day 1

Period A 10.3 (1.1) 70.7 (5.6) 17.7 (1.3) 18.8 (0.9) 18.7 (0.9) 8.4 38.9 (1.8) 778 (142)
Period B 12.0 (0.8) 62.9 (2.5) 20.5 (0.3) 20.4 (0.2) 20.4 (0.2) 8.4 34.9 (0.7) 736 (87)
Period C 15.0 (0.5) 53.4 (1.3) 21.0 (0.3) 21.4 (0.2) 21.4 (0.5) 6.0 35.6 (0.7) 880 (87)
Period D 13.7 (0.6) 58.0 (2.7) 21.7 (0.2) 21.7 (0.5) 21.7 (0.5) 8.0 35.8 (1.8) 947 (246)

Day 2

Period A 2.2 (0.4) 78.6 (1.4) 18.9 (0.7) 19.8 (0.2) 19.8 (0.2) 17.6 33.9 (1.5) 738 (68)
Period B 3.5 (0.2) 70.0 (3.1) 19.6 (0.3) 19.9 (0.4) 19.9 (0.4) 16.4 31.6 (0.5) 697 (73)
Period C 5.3 (0.7) 60.9 (1.7) 20.1 (0.3) 20.8 (0.4) 20.8 (1.3) 15.5 34.5 (0.5) 944 (73)
Period D 4.9 (0.5) 63.3 (1.5) 20.9 (0.2) 20.6 (0.2) 20.7 (0.2) 15.8 32.2 (0.3) 725 (52)

Day 3

Period A 0.4 (0.3) 80.5 (1.7) 17.3 (0.8) 17.8 (0.5) 17.7 (0.5) 17.3 33.2 (1.2) 661 (54)
Period B 1.4 (0.5) 72.5 (2.3) 19.7 (0.2) 19.8 (0.5) 19.8 (0.4) 18.4 28.3 (2.5) 643 (34)
Period C 2.2 (0.2) 67.5 (1.1) 19.4 (0.2) 20.0 (0.5) 20.0 (0.4) 17.8 27.4 (2.5) 596 (34)
Period D 2.0 (0.1) 69.7 (0.8) 19.2 (0.3) 19.6 (0.2) 19.6 (0.2) 17.6 26.5 (0.6) 717 (55)

Day 4

Period A −1.1 (0.4) 64.2 (1.5) 22.3 (0.1) 23.6 (0.2) 23.6 (0.2) 24.7 34.4 (1.0) 543 (60)
Period B 1.4 (1.1) 56.6 (4.4) 20.8 (2.0) 21.9 (2.2) 21.9 (2.2) 20.5 32.7 (1.3) 693 (150)
Period C 3.8 (0.7) 44.5 (2.0) 21.2 (2.0) 22.3 (2.2) 22.3 (0.5) 18.5 30.4 (1.3) 723 (150)
Period D 3.9 (0.4) 44.4 (1.6) 20.4 (0.4) 21.4 (0.5) 21.4 (0.5) 17.5 25.9 (1.0) 978 (56)

Note: Values in brackets denote one standard deviation around the mean.
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3.3. Student Thermal Perception Development
3.3.1. Thermal Sensation Votes

According to the survey results, the TSV showed significant differences at the begin-
ning and in middle of the class (TSVA1, B1, C1, D1 vs. TSVA2, B2, C2, D2: p < 0.001). Table 5
shows that in the morning and afternoon, the TSV differed significantly. No significant
differences were found in the TSV values between periods A and B in the morning. The
TSV did not differ significantly between periods C and D in the afternoon either.

Table 5. Differences of TSV in different periods.

p p

TSVA1 vs. TSVA2 0.001 TSVB1 vs. TSVD1 0.158
TSVB1 vs. TSVB2 0.047 TSVC1 vs. TSVD1 0.174
TSVC1 vs. TSVC2 0.170 TSVA2 vs. TSVB2 0.555
TSVD1 vs. TSVD2 0.041 TSVA2 vs. TSVC2 <0.001
TSVA1 vs. TSVB1 0.965 TSVA2 vs. TSVD2 0.002
TSVA1 vs. TSVC1 0.001 TSVB2 vs. TSVC2 <0.001
TSVA1 vs. TSVD1 0.032 TSVB2 vs. TSVD2 0.020
TSVB1 vs. TSVC1 0.018 TSVC2 vs. TSVD2 0.261

The mean values of the TSV of periods A1, A2, B1, B2, C1, C2, D1, and D2 were
0.47 (SD = 0.89), 0.03 (SD = 1.15), 0.65 (SD = 1.08), 0.15 (SD = 0.75), 0.89 (SD = 1.07), 0.66
(SD = 0.92), 0.66 (SD = 0.98), and 0.52 (SD = 0.98), respectively. In each period, the students’
thermal sensation tended to be between neutral and slightly warm. The TSV value at the
start of the class was significantly higher than that during the middle period of the class.
As the class progressed, the students’ thermal sensations gradually changed from slightly
warm to neutral (except for period A2, during which the students’ thermal sensations
became slightly cool) (Figure 8). The TSV value in the morning class (periods A and B)
was significantly lower than that in the afternoon class (periods C and D); that is, in the
afternoon, the students’ thermal sensations were closer to slightly warm. Compared with
periods A1, B1, C1, and D1, the TSV value showed a trend of rising first and falling later. The
TSV value of period C1 was the highest, and that of period A1 was the lowest. Compared
with periods A2, B2, C2, and D2, the TSV value showed a “decline–up–decline” trend. The
TSV value was the highest during the first class in the afternoon. This phenomenon was
observed on Day 1, Day 2, Day 3, and Day 4 (Table 6).

3.3.2. Thermal Preference Votes

Table 7 presents the test results of the difference in the TPV values in different periods.
Table 7 shows that in the morning and afternoon, the TPV values differed significantly.
No significant differences were found in the TPV values between periods A and B in
the morning. The TPV also did not differ significantly between periods C and D in the
afternoon. No significant differences were found in the TPV values between the beginning
and the middle of the class.

The mean value of the TPV of periods A1, A2, B1, B2, C1, C2, D1, and D2 were −0.23
(SD = 0.62), −0.33 (SD = 0.77), −0.10 (SD = 0.68), −0.27 (SD = 0.59), 0.08 (SD = 0.69), 0.07
(SD = 0.65), −0.04 (SD = 0.73), and −0.01 (SD = 0.63), respectively. Except for periods C1
and C2, the students preferred a higher indoor temperature. The TPV value in the morning
class (periods A and B) was significantly lower than that in the afternoon class (periods C
and D); that is, the students’ willingness to prefer a higher indoor temperature during the
morning class was stronger. This phenomenon was observed on Day 1, Day 3, and Day 4
(Table 6).
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Table 6. Mean values of subjective votes.

Day 1 Day 2 Day 3 Day 4

TSV TPV TCV TSV TPV TCV TSV TPV TCV TSV TPV TCV

Period A1 0.75
(0.75)

−0.46
(0.64)

0.20
(0.40)

0.48
(0.93)

0.03
(0.52)

0.12
(0.33)

0.47
(0.96)

−0.15
(0.68)

0.22
(0.41)

0.62
(0.93)

−0.25
(0.43)

0.22
(0.48)

Period A2 −0.38
(1.22)

−0.65
(0.83)

0.31
(0.62)

0.33
(1.21)

0.04
(0.68)

0.29
(0.45)

0.30
(1.01)

−0.18
(0.66)

0.36
(0.55)

0.33
(0.57)

−0.22
(0.53)

0.22
(0.42)

Period B1 - - - - - - 0.70
(1.15)

−0.21
(0.66)

0.15
(0.41)

0.45
(0.93)

0.10
(0.66)

0.24
(0.43)

Period B2 - - - - - - 0.08
(0.79)

−0.33
(0.61)

0.18
(0.44)

0.11
(0.60)

−0.13
(0.50)

0.20
(0.54)

Period C1 1.13
(0.92)

0.02
(0.61)

0.26
(0.48)

0.95
(1.17)

0.08
(0.79)

0.20
(0.40)

0.87
(1.01)

0.09
(0.75)

0.35
(0.63)

0.94
(1.11)

0.19
(0.59)

0.39
(0.55)

Period C2 0.49
(0.71)

0.15
(0.62)

0.32
(0.59)

0.90
(0.80)

0.00
(0.45)

0.34
(0.54)

0.45
(0.98)

−0.07
(0.74)

0.31
(0.60)

1.09
(1.10)

0.30
(0.69)

0.35
(0.63)

Period D1 0.75
(0.89)

−0.13
(0.77)

0.37
(0.62)

0.71
(0.97)

−0.02
(0.52)

0.29
(0.51)

0.62
(1.07)

−0.11
(0.80)

0.54
(0.83)

0.81
(0.97)

0.36
(0.64)

0.22
(0.71)

Period D2 0.42
(1.04)

−0.03
(0.65)

0.58
(0.75)

0.52
(0.90)

−0.12
(0.43)

0.24
(0.51)

0.64
(1.04)

0.21
(0.77)

0.57
(0.90)

0.67
(0.82)

0.00
(0.67)

0.36
(0.42)

Note: Values in brackets denote one standard deviation around the mean.
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Table 7. Differences in the TPV in different periods.

p p

TPVA1 vs. TPVA2 0.157 TPVB1 vs. TPVD1 0.448
TPVB1 vs. TPVB2 0.164 TPVC1 vs. TPVD1 0.106
TPVC1 vs. TPVC2 0.899 TPVA2 vs. TPVB2 0.435
TPVD1 vs. TPVD2 0.785 TPVA2 vs. TPVC2 <0.001
TPVA1 vs. TPVB1 0.163 TPVA2 vs. TPVD2 0.002
TPVA1 vs. TPVC1 <0.001 TPVB2 vs. TPVC2 0.001
TPVA1 vs. TPVD1 0.012 TPVB2 vs. TPVD2 0.024
TPVB1 vs. TPVC1 0.025 TPVC2 vs. TPVD2 0.329

Figure 9 presents a cross-tabulated summary of the TSV compared with the TPV.
Figure 9 shows that at any time, when the TSV values were −1 and −2, the ratio of the
TPV as “Slightly warmer” was significantly higher than that of “No change”. When the
TSV values were 1 and 2, the ratio of the TPV as “No change” was significantly higher than
that of “Slightly cooler”. The above results indicate that the students were sensitive to the
cooler environment and had a greater tolerance of the warmer environment. Therefore,
because the indoor and outdoor temperatures were lower in the morning compared with
those in the afternoon, the students had a stronger desire for higher indoor temperatures in
the morning.
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3.3.3. Thermal Comfort Votes

Table 8 presents the test results of the differences in the TCV values in different
periods. Table 8 shows that the differences in TCV values were significant in periods B and
D. No significant differences were found in the TCV values between periods A and B in
the morning. The TCV also did not differ significantly between periods C and D in the
afternoon. No significant differences were found in the TCV values between the start and
the middle of the class.

Table 8. Differences of TCV in different periods.

p p

TCVA1 vs. TCVA2 0.083 TCVB1 vs. TCVD1 0.023
TCVB1 vs. TCVB2 0.723 TCVC1 vs. TCVD1 0.324
TCVC1 vs. TCVC2 0.761 TCVA2 vs. TCVB2 0.084
TCVD1 vs. TCVD2 0.724 TCVA2 vs. TCVC2 0.886
TCVA1 vs. TCVB1 0.823 TCVA2 vs. TCVD2 0.336
TCVA1 vs. TCVC1 0.080 TCVB2 vs. TCVC2 0.064
TCVA1 vs. TCVD1 0.009 TCVB2 vs. TCVD2 0.023
TCVB1 vs. TCVC1 0.107 TCVC2 vs. TCVD2 0.389

The mean values of the TCV of periods A1, A2, B1, B2, C1, C2, D1, and D2 were
0.19 (SD = 0.41), 0.31 (SD = 0.54), 0.18 (SD = 0.42), 0.19 (SD = 0.47), 0.29 (SD = 0.53), 0.33
(SD = 0.59), 0.39 (SD = 0.66), and 0.43 (SD = 0.71), respectively. At any time, the comfort
level of the students decreased slightly as the class progressed. Compared with periods A1,
B1, C1, and D1, the TCV value showed an upward trend. Compared with periods A2, B2,
C2, and D2, the TCV value showed a trend of falling first and rising later. The comfort level
of the students in periods D1 and D2 was lower than that in periods B1 and B2. Although
in periods D1 and D2, the indoor temperature reached the expected range of the students,
the indoor RH was low, and the indoor CO2 concentration reached the highest level during
the day (Table 4), the students felt that the indoor air was increasingly stuffy. Therefore,
administrators must not only create a good indoor thermal environment, but also ensure
good air quality [46].

Figure 10 presents a cross-tabulated summary of the TSV compared with the TCV
in periods B1, B2, D1, and D2. It can also be seen from Figure 10 that in periods B1 and
B2, the students generally felt comfortable or slightly uncomfortable, while in periods D1
and D2, the proportion of the students who felt uncomfortable was high. Therefore, the
thermal environment during period D must be improved. In addition, as seen in the figure,
when the TSV values were 0, 1, and 2 during periods B1, B2, D1, and D2, most students
felt comfortable. However, when the TSV values were −2, −1, and 3 during periods B1,
D1, and D2, most students felt uncomfortable. It can be concluded that the comfort level
of the students in a warm environment was higher than that in a cold environment. As
the students were used to warm rooms with space heating in the heating season, their
adaptability to the cold indoor environment weakened; thus, they were sensitive to the
cold indoor environment in the heating season [38]. When a respondent entered a cold
room, he/she could not easily adapt to the low indoor temperature and therefore felt
uncomfortable. Therefore, to improve the comfort level of the students, a neutral or warm
indoor environment should be created during class.
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hough there was a positive correlation between TSV and Tout, the sensitivity of the stu-
dents’ thermal sensation to outdoor temperature was poor. Compared with period D1, 
the students were more sensitive to changes in outdoor temperature in periods A1 and 
C1. In period D1, most students moved between different rooms in the same building, but 
in periods A1 and C1, most students transitioned from outdoors to indoors. Therefore, in 
periods A1 and C1, the thermal sensation of the students was more sensitive to outdoor 
temperature changes. In addition, the large temperature difference between indoors and 
outdoors in the morning also significantly affected the students’ thermal sensation. Stud-
ies have shown that a temperature difference of more than 12 °C can cause thermal shock 
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indoors and outdoors was above 15 °C. Therefore, the transition from outdoors to indoors 
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3.4. Factors Influencing Thermal Perception
3.4.1. Outdoor Temperature and Indoor Operating Temperature

At the start of the class, there was a significant positive correlation between TSV and
Tout (Table 9). In the middle of the class, the correlation between TSV and Tout became
weak. Figure 11 presents the relationship between TSV and Tout during periods A1, C1,
and D1. Figure 11 shows that the slope of the regression curve is very small—that is,
although there was a positive correlation between TSV and Tout, the sensitivity of the
students’ thermal sensation to outdoor temperature was poor. Compared with period D1,
the students were more sensitive to changes in outdoor temperature in periods A1 and
C1. In period D1, most students moved between different rooms in the same building, but
in periods A1 and C1, most students transitioned from outdoors to indoors. Therefore, in
periods A1 and C1, the thermal sensation of the students was more sensitive to outdoor
temperature changes. In addition, the large temperature difference between indoors and
outdoors in the morning also significantly affected the students’ thermal sensation. Studies
have shown that a temperature difference of more than 12 ◦C can cause thermal shock to
the human body. On Day 2, Day 3, and Day 4, the temperature difference between indoors
and outdoors was above 15 ◦C. Therefore, the transition from outdoors to indoors had a
strong impact on the thermal sensation of the students.
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Table 9. Correlation between outdoor temperature, operating temperature, and TSV.

Period A1 Period A2 Period B1 Period B2 Period C1 Period C2 Period D1 Period D2

Outdoor
temperature vs. TSV

r = 0.964 r = −0.854 - - r = 0.975 r = −0.399 r = 0.951 r = −0.880
p = 0.036 p = 0.146 - - p = 0.025 p = 0.601 p = 0.049 p = 0.120

Operating
temperature vs. TSV

r = −0.463 r = 0.891 - - r = 0.156 r = 0.909 r = 0.628 r = −0.988
p = 0.537 p = 0.109 - - p = 0.844 p = 0.041 p = 0.372 p = 0.012

Note: Owing to the insufficient sample size of periods B1 and B2, the data of the two periods were not analyzed.
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At the beginning of the class, there was no significant correlation between TSV and Top.
As the class progressed, the correlation between TSV and Top gradually became apparent
(Table 9). Figure 12 presents the relationship between TSV and Top during periods A2,
C2, and D2. During periods A2, C2, and D2, the student’s thermal neutral temperatures
were 18.7, 19.2, and 18.1 ◦C, respectively. The student’s mean thermal neutral temperature
during class was 18.74 ◦C. In general, at any time of the day, when the students entered
the classroom, the outdoor temperature affected the students’ thermal sensation. If the
students had been in the classroom for a while, the influence of outdoor temperature on the
students’ thermal sensation weakened. At the same time, the indoor operating temperature
gradually affected the students’ thermal sensation.
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In order to improve the thermal comfort of the students, the thermal environment
of the classroom should be dynamically adjusted. For example, the indoor temperature
should be increased gradually as the class progresses. In addition, the flow of indoor air
should be strengthened to make the temperature of each area in the room more uniform.
At the beginning of the class, in order to enable the students to adapt to the indoor thermal
environment more quickly, a few minutes should be reserved for the students to adopt
adaptive behaviors.

3.4.2. The Gender Influence

Owing to the physiological differences between males and females, gender may have
an impact on individual thermal sensation [47–49]. At the beginning of the class, there
was no significant difference in the thermal sensation between males and females (TSVA1:
p = 0.20, TSVB1: p = 0.81, TSVC1: p = 0.51, TSVD1: p = 0.05). At the beginning of the
class, the mean TSVs of males and females were 0.69 (SD = 1.04) and 0.56 (SD = 0.97),
respectively. In periods A2, B2, C2, and D2, there was a significant difference between the
thermal sensation of males and females (TSVA2: p = 0.04, TSVB2: p = 0.05, TSVC2: p = 0.05,
TSVD2: p < 0.01,), and the mean TSV value of females was lower than that of males. In the
afternoon class, the difference in TSV between males and females was more obvious.

These results indicate that the influence of gender on the students’ thermal sensation
gradually appeared as the class progressed. This was likely because of the influence of
preclass activities, as there was no significant difference in the metabolic rate between males
and females at the start of the class. Thus, the effect of gender on TSV was not obvious. In
the middle of the class, the students could be regarded as being in a steady-state environ-
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ment. Therefore, as the class progressed, owing to the physiological differences between
males and females, gender differences had a significant impact on the respondents’ TSV.

3.4.3. Food Consumption

In periods A1 and C1, the proportion of the students who had eaten food within 20
min before class was higher; in periods B1 and D1, more than 50% of the students had not
eaten food within 20 min before class (Table 10). Food consumption did not significantly
affect the students’ thermal sensation (Table 11). However, at the beginning of the class,
food consumption significantly affected the students’ thermal preferences (p = 0.01). The
students who did not consume food expected a greater degree of indoor warming than
those who consumed food. As the class progressed, food consumption did not significantly
affect the students’ thermal preferences. In order to ensure the robustness of the results, this
study retested the influencing factors of food consumption in the same dataset of preclass
activities, and the results obtained do not show any difference from the above results.

Table 10. Student information before class.

Period A1 (%) Period B1 (%) Period C1 (%) Period D1 (%)

Food consumption
Hot 66.67 38.27 67.82 36.75
Cold 4.49 11.11 32.18 7.23

Hot and cold 5.77 0 0 2.41
Nothing 23.08 50.62 0 53.61

There is a class
Yes - 75.64 - 78.92
No - 24.36 - 21.08

Active status
Resting 24.18 2.47 38.51 3.60

Working 49.67 90.12 39.08 89.82
Sporting 26.14 7.41 22.41 6.59

Note: Period A was the first class of the day. There was a long interval between periods B and C. Therefore, in
periods A1 and C1, the participants were not surveyed as to whether there was a class in the previous period.

Table 11. Difference of TSV based on food consumption.

Period A1 Period A2 Period B1 Period B2 Period C1 Period C2 Period D1 Period D2

Hot/cold/nothing p = 0.12 p = 0.64 p = 0.24 p = 0.88 p = 0.39 p = 0.91 p = 0.73 p = 0.91
Something/nothing p = 0.48 p = 0.90 p = 0.37 p = 0.90 — — p = 0.43 p = 0.79

Note: (1) “Something” includes the following situations: consumption of cold food, consumption of hot food, and
consumption of cold and hot food. (2) Before the classes in periods C1 and C2, all the participants consumed food,
so the p-value of “Something/nothing” in periods C1 and C2 could not be calculated.

In periods A1, B1, and D1, food consumption significantly affected the students’
thermal preferences (TPVA1: p = 0.01, TPVB1: p = 0.04, TPVD1: p = 0.04). Compared with
periods B1 and D1, in period A1, there was a greater difference between the TSV values
of the students who did not consume food and those of the students who consumed food.
However, this phenomenon was not observed in period C1 (TPVC1: p = 0.43), because
in period C1, all the students had eaten. Before the classes in periods A1 and C1, it was
breakfast and lunchtime, respectively. However, in period A1, more than 20% of the
students did not eat before class because of waking up late. Therefore, in period A1, most
students reflected that the comfort level was low and had a stronger desire for higher
indoor temperatures. In order to improve the thermal comfort level of the students in
period A1, incentive measures should be taken to urge the students to get up early.

3.4.4. Preclass Activities

To investigate whether there was a significant difference in TSV between the group of
students with and without a class in the previous period, during periods B1 and D1, the
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students were asked to answer whether they had a class in the previous period. In periods
B1 and D1, 75.64% and 78.92% of the participants answered “Yes”, respectively (Table 10).
In period B1, there was a significant difference in the TSV values between the student
groups with and without a class in the previous period (p = 0.01). This may be due to the
difference in the degree of thermal environmental change caused by the outdoor–indoor
and indoor–indoor transitions; therefore, the thermal sensations of the students may be
different. The TSV value of the student group without a class from the previous period was
significantly higher than that of the student group with a class from the previous period.
The above phenomenon could also be observed in period D1; however, the difference was
small. The possible reason for this was that compared with period B1, the temperature
difference between indoor and outdoor was smaller in period D1.

To understand the impact of the students’ activities in the 20 min before the class on
the students’ thermal sensation, the students were asked to answer whether their main
activity status in the 20 min before class was rest, work, or sports during periods A1, B1,
C1, and D1. For the students who had a class in the previous period, their activity status
was considered as work. At any time, the main activity state before class had no significant
effect on the students’ thermal sensation (TSVA1: p = 0.98, TSVB1: p = 0.82, TSVC1: p = 0.77,
TSVD1: p = 0.81). Combining the data of periods A1, B1, C1, and D1, it was observed
that the main activity state before class had a significant impact on the students’ thermal
preferences (p = 0.04, TPVresting vs. TPVworking: p = 0.02, TPVresting vs. TPVsporting:
p = 0.03, TPVworking vs. TPVsporting: p = 0.88). At the start of the class, the students
whose preclass activity status was resting had a stronger desire to increase the indoor
temperature than those whose status was work or sports. In periods A1 and C1, the main
activity state before class had a significant impact on the students’ thermal comfort level
(p = 0.04, TCVresting vs. TCVworking: p = 0.20, TCVresting vs. TCVsporting: p = 0.02,
TCVworking vs. TCVsporting: p = 0.59). The students whose preclass activity status was
resting had a lower level of comfort than those whose activity status was sports. This
phenomenon was not observed in periods B1 and D1. This may be because in periods B1
and D1, the number of people whose preclass activity status was rest and sports were small.

In summary, preclass activity levels have a significant impact on students’ thermal
preference and thermal comfort in the classroom. Activity levels that are too high or too
low can cause discomfort for students. For example, before the first class in the morning,
some students’ activity state was rest, and they did not eat breakfast, which can cause a low
metabolic rate. Therefore, at the beginning of the first class in the morning, some students
felt that the room was cold. However, when students have strenuous activities before
class (e.g., running, playing basketball), they can feel that the room is hot. Because each
student has a different preclass activity level, it is difficult to create a thermal environment
that everyone is satisfied with. Therefore, managers should guide students to carry out
appropriate preclass activities.

Research by Mishra et al. showed that air temperature decreases as one gets farther
from the radiator [5]. Therefore, it is possible to meet the thermal preferences of different
students by arranging the seats of the students reasonably. For example, it is recommended
that students whose preclass activity state is resting sit close to the radiator. In addition,
considering the activity status of students before class, the room temperature should
dynamically be adjusted at the start of the class. If most students were in a resting state in
the previous period (e.g., lunch break), the indoor temperature of the classroom that the
students move to in the next period should be increased in advance.

3.5. Adaptive Behaviors

Extensive research has shown that adaptive behavior can significantly affect the ther-
mal comfort of occupants [50–52]. The thermal adaptive behaviors of university students
are less restricted than those of primary and secondary school students [53,54]. In this study,
the participants were asked to answer which adaptation behaviors they would take when
they felt uncomfortable. The results show that during class, fewer students used energy-
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consuming equipment (e.g., radiators and fans) to obtain greater comfort, and most of them
adopted non-energy-consuming behaviors (e.g., opening/closing windows or doors and
adding/reducing clothing) to improve the surrounding thermal environment (Table 12).
This can be partly attributed to the fact that the adjusted buttons of the radiators and fans
were close to the window, and therefore, they were generally controlled by the students
in the seat near the window, and the chances of the other students being able to control
the adjusted buttons were lower. Therefore, to attain a good indoor thermal environment
during class, there is an urgent requirement for equipment managers to manage indoor
energy-consuming equipment uniformly and intelligently.

Table 12. Adaptive behaviors.

Thermal Adaptation
Behavior Frequency (%) Cold Adaptation

Behavior Frequency (%)

Use an electric fan 2.26 Turn up the heating 9.50
Use a fan 1.97 Close the door 18.01

Open the door 18.19 Close the window 20.57
Open the window 35.68 Add clothes 26.38
Draw the curtains 2.26 Drink cold beverage 17.16

Reduce clothes 33.85 Use hand warmer 8.37
Drink hot beverage 5.78

In the classroom, students can improve their comfort level by adopting thermal
adaptive behaviors. However, taking actions (e.g., using fans, increasing the temperature of
the radiator) to improve the surrounding thermal environment can also increase the energy
consumption of the building. In the survey, it was also found that students sometimes
have inappropriate thermal adaptive behaviors. For example, some students often take off
their thick coats while increasing the temperature of the radiator. In addition, owing to the
differences in the thermal perception of each occupant, in public places (e.g., classroom),
occupants changing the indoor environment may cause thermal discomfort for others.
Therefore, classroom managers should uniformly set the temperature of the radiator in the
classroom based on the thermal comfort range of most students. At the same time, students
should be guided to adopt appropriate thermal adaptation behaviors.

In the heating season, the students’ clothing insulation value was high (above 1.30 clo),
and the clothing insulation value in the morning was slightly higher than that in the
afternoon (except on Day 2) (Figure 13). At the start of the class, TSV did not significantly
correlate with the clothing value (TSVA1: p = 0.19, TSVB1: p = 0.23, TSVC1: p = 0.71, TSVD1:
p = 0.09). The possible reason for this phenomenon is that students have almost the same
level of insulation value. Table 12 shows that adding or reducing clothes was one of the
main adaptive behaviors of university students. In questionnaire II, the participants were
asked to answer whether they adjusted their clothes to improve their thermal comfort.
The results show that the proportion of unadjusted clothes (84.26%) was relatively large,
while the proportion of added clothes (13.77%) or reduced clothes (1.97%) was relatively
small. The main reason for this was that the students usually wore thick cotton jackets in
the heating season, and taking off their jacket would significantly reduce their comfort.
Therefore, when the students felt hot, most chose to unbutton or unzip their clothes. During
class, the students usually did not bring more clothes, so when they felt cold, the behavior
of adding clothes did not appear obvious. In periods A2, B2, C2, and D2, the total frequency
of adding and reducing clothes gradually increased (Figure 14). In the morning class, TSV
did not differ significantly between the students who did and did not adjust (namely, add
or reduce) their clothing (TSVA2: p = 0.23, TSVB2: p = 0.23). However, in the afternoon
class, the behavior of adjusting clothes significantly affected the students’ thermal sensation
(TSVC2: p = 0.03, TSVD2: p = 0.04). Moreover, in the middle of the class, the thermal
comfort of the students who adjusted their clothes was significantly improved compared
with that at the start of the class. The students who did not adjust their clothes had lower
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comfort levels (TCVA2, B2, C2, and D2 = 0.30), and the main reason for discomfort was
cold hands and feet. Therefore, in order to encourage students to improve their comfort by
adjusting clothes, hangers should be added in the classroom to facilitate the placement of
students’ surplus clothes. In addition, in order to improve local thermal comfort, students
should be given the ability to control the local thermal environment, such as by installing
electric heating equipment at each seat.
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3.6. Energy-Saving Potential

The time-varying characteristics of students’ thermal sensation should be carefully
considered to determine the energy-saving potential of teaching buildings. To analyze the
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energy-saving potential of the classroom in this case, the following four strategies were
generated.

Strategy A: an actual average indoor temperature of 20.1 ◦C in the classroom in the
heating season was used as the indoor design temperature during class. Strategy B: The
lower limit of the indoor comfortable temperature (i.e., 18 ◦C) in the heating season in cold
areas specified in the Design Code for Heating Ventilation and Air Conditioning of Civil
Buildings in China was used as the indoor design temperature during class. Strategy C:
The upper limit of the indoor comfortable temperature (i.e., 24 ◦C) in the heating season in
cold areas specified in the Design Code for Heating Ventilation and Air Conditioning of
Civil Buildings in China was used as the indoor design temperature during class. Strategy
D: The thermal neutral temperatures of periods A, C, and D (i.e., 18.7, 19.2, and 18.1 ◦C)
were used as the indoor design temperature during class.

It was assumed that the classroom was only heated in periods A, B, C, and D. Energy-
Plus [55] was used to calculate the total heating load for the four strategies in November
and December. According to Figure 12, the actual thermal sensation of students under
different strategies can be calculated. The results are shown in Figure 15. Compared with
strategies A and C, strategy D achieved 25.6% and 64.1% energy savings, respectively. In
strategy D, the students’ real thermal sensation was neutral, while in strategies A and C,
the students’ real thermal sensation was slimly warm. Although strategy B had the lowest
heating load, it was found that the actual thermal sensation of the students in strategy B
was slightly cool—that is, strategy B cannot guarantee the thermal comfort of the students.
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In addition, referring to the previously published study conducted by the authors [56],
the energy savings of teaching buildings can be further achieved by course timetable
optimization. The implementation process was divided into the following four steps: Step
A: according to the time-varying characteristics of students’ thermal sensation, the thermal
neutral temperature of students in different classes over the course of a day is calculated.
Step B: the energy consumption calculation model is established in EnergyPlus [55], in
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which the thermal neutral temperature of students in different classes over the course
of a day is used as the set temperature of the classroom to calculate the heating load of
the teaching building. Step C: the course timetable optimization model is established in
Matlab [57] and solved by a genetic algorithm. Step D: the cosimulation model is established
and the building controls’ virtual test bed platform [58] is used to couple EnergyPlus and
Matlab. An energy consumption calculation model, course timetable optimization model,
and cosimulation model can be found in the authors’ previous study [56]. If the time-
varying characteristics of students’ thermal sensations can be taken into account when
optimizing the course timetable, the courses would be intensively arranged in periods
when students’ thermal neutral temperature is low. Thus, the total heating load of the
teaching building can be reduced.

3.7. Comparison with Previous Study

A large number of studies [5,24,59] demonstrated that students’ thermal perception
changed significantly throughout the duration of a class. The same conclusion was also
obtained in this study. In addition, this study found that the students’ thermal perception
also had significant differences in different classes over the course of the day. The spatial
transition from outdoor to indoor is one of the reasons for the changes in the students’
thermal perception [5]. Previous studies [5,24,60] have shown that at the beginning of the
class, perception varies primarily depending on the outdoor environment (such as outdoor
temperature). This study demonstrated that at the start of the first class in the morning
and afternoon, the thermal sensation of the students had the highest sensitivity to outdoor
temperature changes. As the class progressed, the students gradually adapted to their
classroom environment, and thus, their thermal perception changed [5].

Differences in previous activities (e.g., food consumption and activity status) also have
an important impact on changes in students’ thermal perception [24]. A study by Jowkar
et al. [11] showed that food consumption significantly affected students’ thermal sensation.
However, Mishra et al. [5] obtained the opposite conclusion. This study found that, at
the beginning of the class, food consumption significantly affected the students’ thermal
preferences rather than thermal sensation. A study by Aparicio-Ruiz et al. [61] showed that,
owing to the influence of outdoor temperature, there would be significant differences in the
activity levels of students in the morning and afternoon. This study found that there were
significant differences in the activity levels of students before different classes. This may
be caused by the schedule of the course. The correlation between preclass activity status
and TSV was not found in this study. A study by Mishra et al. [5] supported this view. In
addition, this study confirmed that the main activity state before class had a significant
impact on the students’ thermal preferences and comfort level.

In order to achieve a good comfort level in different periods, students often adopt
adaptive behaviors. Studies [11,38,59] showed that individual adaptive behaviors, such
as adjusting clothes, were common adaptive behaviors among university students in
classrooms. However, this study found that owing to the inconvenience of adjusting clothes,
the proportion of students who adjusted their clothes during the class was relatively low.
Studies by Talukdar et al. [30] and Gou et al. [62] showed that the value of the student’s
clothes decreases as the operating temperature rises. In this study, the temperature in
the afternoon was higher than that in the morning, the clothing value of the students in
the afternoon was slightly lower, and the probability of reducing clothes in the afternoon
was greater than that in the morning. In addition, the behavior of adjusting clothes in the
afternoon had a more significant impact on the students’ thermal sensation.

The adaptability of students to the local climate contributes to building energy conser-
vation [2,59,60]. The relevant standards in China consider the adaptability of the occupant
and provide the range of design temperatures in the classroom during the heating season.
However, they do not explain how one should choose the optimal design temperature
under different environmental conditions. This study obtained the optimal design temper-
ature of classrooms in the Xi’an area located at the foot of the Qinling Mountains through
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a field survey. In addition, this study confirmed that the optimal design temperature of
classrooms is different in different periods. Compared with the current classroom heating
strategy, the heating strategy that takes into account the optimal indoor design temperature
in different periods can achieve energy savings of 25.6%.

4. Conclusions

The purpose of this study was to explore the time-varying thermal perceptions of
university students in the heating season and their influencing factors. A 4-day on-site
monitoring and subjective questionnaire survey was conducted at Xi’an University of
Architecture and Technology. A total of 578 students participated in the survey. The
following conclusions can be drawn from the statistical and data analysis.

• The TSV value at the start of the class was significantly higher than that in the middle
period of the class (the students’ thermal sensation gradually changed from slightly
warm to neutral). The TSV and TPV values in the morning class were significantly
lower than those in the afternoon class. The comfort level of the students decreased
slightly as the class progressed. Moreover, the comfort level of the students in a warm
environment was higher than that in a cool environment.

• At the start of the first class in the morning and afternoon, the thermal sensation of
the students had the highest sensitivity to outdoor temperature changes. As the class
progressed, the correlation between TSV and Top gradually became apparent. During
periods A2, C2, and D2, the students’ thermal neutral temperatures were 18.7, 19.2,
and 18.1 ◦C, respectively.

• At the start of the first class in the morning, food consumption had the greatest impact
on the students’ thermal preference. At the start of the first class in the morning and
afternoon, the students whose preclass activity status was resting had a lower level
of comfort than those whose activity status was sports. This phenomenon was not
observed in other periods.

• The frequency of adjusting clothes in the afternoon was greater than that in the
morning. At the start of each class of the day, TSV did not significantly correlate with
clothing value. In the morning class, TSV did not differ significantly between the
students who did and did not adjust their clothing. However, in the afternoon class,
the behavior of adjusting clothes significantly affected the students’ thermal sensation.

• Compared with the current classroom heating strategy, the heating strategy of dynami-
cally adjusting the indoor set temperature according to the time-varying characteristics
of the students can theoretically achieve energy savings of 25.6%.

The results of this study have a reference value for the design of classroom heating
systems. First, the indoor temperature should be raised in advance before the classroom is
occupied for the first time in a day. The indoor temperature should increase gradually as
the class progresses. Second, considering the activity status of students before class, the
room temperature should be adjusted at the start of the class. If most students were resting
in the previous period (e.g., lunch break), the indoor temperature of the classroom that the
students move to in the next period should be increased in advance. In addition, according
to the thermal comfort temperature range of most students in different class periods, the
temperature of the radiator should be set uniformly and dynamically adjusted.

A study on how to optimize the course timetable to achieve both the energy conserva-
tion of teaching buildings and the thermal comfort of university students should be carried
out in the future. The limitation of this study is that the number of indoor environmental
monitoring points was limited, and the parameters (temperature, flow rate) of the radiator
were not monitored, which may cause the monitored value to be lower than the actual
value. In addition, the potential energy savings of 25.6% obtained by the simulation in
this study are only informative, and were not confirmed by measurement. In a future
work, more sensors will be added to monitor the thermal environment in different areas of
the classroom. In addition, the findings of this study will be applied to the design of the
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classroom heating strategy, and the actual energy savings of the teaching building will be
obtained through monitoring.
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