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Abstract—In order to obtain the relationship between cli-
mate seasonal change rhythm and the human thermal adap-
tation for Chinese youth in cold climate zone, a long-term
thermal comfort field survey was conducted in campus
buildings in Xi'an, China. A total of 1100 valid question-
naires were obtained, including indoor and outdoor thermal
environment measurements and subjective questionnaires.
The results showed that the sensitivities of TSV responding
to indoor operative temperature in spring, summer, autumn
and winter were 0.048, 0.284, 0.045 and 0.140, and the neu-
tral temperatures were 19.5 <C, 25.8 <C, 25.4 C and 16.5 T,
respectively. Meanwhile, the clothing insulation varies with
indoor operative temperature in four seasons were -0.066, -
0.011, -0.081 and -0.036. The seasonal adaptive thermal
comfort models were then established. It is pointed out that
human thermal adaptation changes with a significant sea-
sonal rhythm, the seasonal variation of human adaptation is
not only related to the climatic characteristics of each season,
but also related to the thermal experience provided by the
previous season.

Index Terms—Thermal comfort; Seasonal rhythm; Thermal
adaptation; Chinese youth; Cold climate zone of China.

I.  INTRODUCTION

Variation in thermal comfort requirements in different
seasons would affect human adaptive behavior and thus
has energy applications. Current comfort standards only
specify design guidelines for summer and winter but not
for swing seasons. However, for climates with distinct
seasonal changes, swing seasons are the best time for
natural or mix-mode ventilation while a large amount of
energy could be saved if these free cooling could be used
wisely. In order to provide such information, it is im-
portant to investigate comfort requirements in different
Seasons.
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In the past 30 years, field studies in naturally ventilated
buildings have been widely conducted and thermal adap-
tive models have been developed accordingly. Hum-
phreys [1] established the foundation of thermal adapta-
tion, namely, the physiological, behavioral and psycho-
logical ability to maintain comfort by adapting to changes
in ambient thermal environment [2] under climate chang-
es [3][4]. Based on a large number of on-site thermal
comfort surveys, Humphreys [5], Nicol [6], de Dear [7],
McCartney [8].etc., established the thermal comfort mod-
el and analyzed the linear relationship between outdoor
temperature and indoor comfort temperature, their find-
ings were included in ASHRAE 55 [9], EN 15251
[10] ,etc.

Field studies [11-17] also indicated lower neutral tem-
peratures in summer than in winter (e.g. the winter neu-
tral temperature in Beijing [11] was 21.8 <C compared to
26.8 T in summer ), which was due to different physio-
logical responses to caloric stimulation and correspond-
ing adaptive adjustments. According to existing seasonal
changes of thermal adaptability, a question whether hu-
man adaptation follows the changes of four distinct sea-
sons (warm spring, hot summer, cool autumn, cold winter)
in mid-latitude temperate monsoon climate zone was
raised.

Long-term field studies by Goto [18] suggested that
the sensitivities of TSV responding to indoor temperature
in transitional seasons of spring and autumn in Japanese
office buildings are stronger than that in winter and
weaker than in summer. Zhang [19] conducted a research
in the hot and humid climate region of southern China
and found that TSV in summer is more sensitive than
transitional seasons with the changes of SET*, while au-
tumn is colder than spring in cooler regions. Based on
systematic study of seasonal variations of thermal com-
fort in hot summer and cold winter zone in China, Liu [20]
found stronger sensitivity of TSV following outdoor tem-
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perature changes in summer than in the other three sea-
sons, with the value of winter being slightly stronger than
spring and autumn.

Besides, a higher TSV in spring than in winter at the
same temperature was indicated in comparison between
two transitional seasons. China is a country with distinct
climate patterns: the southern regions are hot and humid,
with summer as its longest season and no heating in win-
ter, while the northern regions are featured by temperate
monsoon climate, with four distinct seasons and heating
in winter. Cao [21] supported Goto’s finding by revealed
the diversity of thermal adaptation in transitional seasons,
and found neutral temperature fell between summer and
winter. Qu [22] investigated thermal adaptation in au-
tumn in Xi’an, China, and proposed better adaptability in
transitional seasons.

This study aims to discover the relationship between
climate seasonal change rhythm and the human thermal
adaptation for Chinese youth, and establish seasonal
thermal adaptation models. A long-term fieldwork has
been conducted in a temperature climate city in four sea-
sons, and we need to 1) analyzed seasonal thermal adapt-
ability, seasonal differences, and its reasons, 2) establish
seasonal thermal adaptation models.

Il. METHOD

A. General Climates

The field study was conducted in Xi’an China, which
is located at latitude 34°15° and longitude 108°55°, with
an average altitude between 325m ~ 800m. It is a typical
cold climate region with warm and semi-humid continen-
tal monsoon climate. According to the seasonal climate
classification of China, Xi’an has four distinct seasons,
with moderate rainfall in the whole year, and the maxi-
mum temperature is about 40 <C, the lowest -8 <C or so.
The general characteristics of the seasonal climate and
the monthly main outdoor weather parameters (TMY) are
shown in Table I.

TABLE I.  THE GENERAL CHARACTERISTICS OF THE SEASONAL
CLIMATE OF XI’AN

Season Month Mean out- Mean Climate char-

included door tem- relative acteristics
perature humidity
[T] [%]

Spring Mar., 14.8 66.1 Warm and dry
Apr.,
May

Summer | June, 26.0 68.0 Hot and rainy
July,
Aug.

Autumn | Sept., 14.4 72.8 Cool and
Oct., humid
Nov.

Winter Dec., 1.0 65.0 Cold and less
Jan. snow/rain
Feb.

B. Investigation Methods

The field thermal comfort surveys were carried out in
the apartments and teaching buildings in the campus dur-
ing four seasons. These buildings are running freely dur-
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ing spring, summer and autumn, and heating in winter.
The surveys were conducted from March 2018 to June in
2019. The surveyed buildings contain 2 teaching building
and 2 apartment buildings. Both subjective questionnaire
surveys and objective on-site measurements were carried
out. The general background information such as age,
gender, weight and height of each participant was
recorded, clothing insulation (Icl) and metabolic rate (MR)
were estimated in accordance with ASHRAE 55 [9]. A
summary is shown in Table Il. The ASHRAE seven-point
thermal sensation scale was adopted for this survey to
quantify people’s thermal sensation. The indoor air
temperature, relative humidity, globe temperature and air
velocity were measured and recorded using indoor
thermal comfort data recorder. Outdoor air temperature
and relative humidity were measured and recorded using
temperature and humidity recorder. The accuracy of the
above instruments are to meet the ISO 7726-2002
standard[23]. The instruments were positioned at a height
of 1.1 m from the floor and close to the occupants, and
data readings were recorded simultaneously during the
questionnaire interview.

TABLE Il. BACKGROUND INFORMATION OF PARTICIPANTS IN EACH
SEASON
Sam
Season ple Parameters | Min | Max | Mean | S.D.
size
Spring 326 | Height[cm] | 152 | 193 | 1706 | 85
Weight[kg] 41 101 | 621 | 11.3
Age[yr] 18 28 24.2 2.0
MR[met] 0.8 2.8 1.16 | 0.49
lu[clo] 019 | 145 | 063 | 0.27
Summer | 209 | Heightfem] | 152 | 193 | 1685 | 7.6
Weight[kg] 40 92 59.6 | 10.3
Age[yr] 18 28 23.8 18
MR[met] 0.8 3.8 1.24 | 0.66
la[clo] 0.18 | 0.60 | 0.35 | 0.06
Autumn | 300 | Heightfcm] | 150 | 195 | 171.6 | 85
Weight[kg] 40 100 | 63.6 | 11.4
Age[yr] 17 26 22.7 2.3
MR[met] 0.8 2.8 129 | 0.74
la[clo] 021 | 15 0.81 | 0.30
Winter 265 | Height[cm] | 152 | 188 | 168.7 | 7.4
Weight[kg] 40 90 59.5 | 10.1
Age[yr] 18 26 224 2.1
MR[met] 0.8 3.8 117 0.42
la[clo] 033 | 19 0.76 | 0.32

I1l.  RESULTS AND ANALYSIS

A. Seasonal Thermal Environment

The indoor air temperature (t,), relative humidity (RH),
air velocity (v) and globe temperature (tg), and outdoor
air temperature (to,) and relative humidity (RHoy) were
measured in this study. The minimum, maximum, mean
and standard deviation of each parameter were statistical-
ly analyzed. The results show that the outdoor tempera-
ture was generally distributed between -0.5 <T (in winter)
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and 37.9 <C (in summer), and the relative humidity be-
tween 29.6% (in spring) and 100% (in autumn). The in-
door temperature was distributed between 11.6 <T (in
autumn) and 34.5 <C (in summer), and the relative hu-
midity was between 10.8% (in winter) and 74.2% ( in
summer). The indoor air velocity was distributed at
0.01m/s (in spring, autumn and winter) and 1.55m/s (in
summer), globe temperature in 11.8 < (in autumn) and
34.7 T (in summer). The seasonal results are shown in
Fig.1 and Table Ill.
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Figure 1. The seasonal distributions of thermal environmental param-
eters
TABLE Ill. SUMMARY OF THE SEASONAL THERMAL ENVIRONMENTAL
PARAMETERS
Season Parameters Min. Max. | Mean | S.D.
Spring | Indoor | t[<T] 171 | 284 | 241 | 210
RH[%] 13.0 56.0 34.6 9.01
v[m/s] 0.01 0.56 0.08 0.06
t4[C] 17.2 26.5 238 2.03
Outdoor | t,,[<T] 9.1 336 | 219 | 504
RHou[%] | 29.6 69.7 48.3 8.03
Summer | Indoor | t,[<T] 230 | 345 |[301 | 192
RH[%] 23.0 74.2 45.3 9.18
v[m/s] 0.02 1.55 0.35 0.34
t4[C] 24.1 34.7 30.2 1.82
Outdoor | t,,[<T] 209 | 379 | 286 |401
RHot[%] | 31.9 | 99.1 | 60.7 | 16.1
Autumn | Indoor | t,[C] 116 | 264 | 198 | 2.97
RH[%] 22.0 73.0 47.6 9.73
v[m/s] 0.01 0.66 0.06 0.05
t4[ Tl 11.8 27.2 20.1 3.09
Outdoor | t,,[<T] 7.1 253 145 4.09
RHou[%] | 37.7 | 100 71.0 | 16.9
Winter | Indoor | t,[<T] 157 | 268 |21.0 | 201
RH[%] 108 | 550 | 342 | 907
v[m/s] 0.01 0.28 0.03 0.03
t4[C] 16.5 25.0 213 1.89
Outdoor | to,[T] -0.5 135 7.1 3.06
RHou[%] | 30.4 | 926 | 65.7 | 9.07

B. Seasonal Thermal Sensation and Neutral Temperature.

According to BIN method [24], the indoor operative
temperature was grouped at 0.5 <C and several bins were
then created, the mean thermal sensation (TSV) and mean
indoor operative temperature (t,p) in each bin were calcu-
lated and the relationship between them was established.
TSV and t,, has a strong linear relationship in four sea-
sons, as shown in Fig. 2, and the linear regression equa-
tions are shown in Table 1V.
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Figure 2. Seasonal TSV variations with indoor operative temperature

TABLE IV. SEASONAL LINEAR REGRESSION EQUATIONS OF TSV AND
INDOOR OPERATIVE TEMPERATURE

Relationship between TSV and to, Neutral tempera-
Season -
Equations R= ture/<C
Spring TSV =0.048t,,— 0.94 0.37 19.5
Summer | TSV =0.284t,,—7.32 0.87 25.8
Autumn TSV =0.045t,,—- 1.14 0.57 25.4
Winter TSV =0.140t,,— 2.31 0.60 16.5

The slopes of the equation indicate the sensitivity of
human thermal sensation to temperature changes. The
slopes are 0.048 in spring, 0.284 in summer, 0.045 in
autumn and 0.140 in winter, respectively, indicating that
TSV was highly sensitive to temperature change in
summer, and less in spring and autumn. With the slopes
being close, TSV in spring is higher than in autumn at the
same indoor t,,. Comparing with spring and autumn, TSV
at the same ty, in winter is higher.

The neutral temperature for four seasons are shown in
Table 1V, which were 19.5 <C, 25.8 <C, 254 <€ and
16,5 <T for spring, summer, autumn and winter,
respectively, indicating that human thermal adaptability
varies with seasons. Despite of the minor difference in
mean outdoor temperature in transitional seasons of
spring and autumn, it is interesting to note that thermal
sensation is dominated by indoor t,, instead of outdoor
temperature. The neutral temperature for spring (19.5 C)
is closed to that for winter (16.5 <C), and neutral
temperature for autumn (25.4 <C) is closed to that for
summer (25.8 <C). This indicates that thermal experience
in prior seasons may affect human thermal comfort in the
seasons next.

C. Seasonal Clothing Adaptation

Clothing adaptation is one of the most important ways
to adapt to thermal environment and to maintain thermal
comfort. Fig. 3 shows the distribution of clothing insula-
tion in four seasons, the mean values in spring, summer,
autumn and winter are 0.63clo, 0.35clo, 0.81clo and
0.76c¢lo respectively. The seasonal clothing insulation (1)
variations with to, are shown in Fig. 4, and the linear re-
gression equations of Iy and t,, in four seasons are listed
in Table V. The slopes of linear regression equations for
spring, summer, autumn and winter are -0.066, -0.011, -
0.081, and -0.036 respectively, indicating that I varies
with indoor operative temperature in different seasons.

© 2020 Int. J. Struct. Civ. Eng. Res.

There is a significant reduction in clothing level as ty,
increases from cool to warm temperatures in spring and
autumn. In summer, a weak relation between Ig and to,
was found because the limit of clothing adaptation when
temperatures were higher than 26 <C. For winter, despite
the moderate slope, the tendency of changing I against
to, was more close to that of spring and autumn.
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Figure 4. Seasonal clothing insulation variations with indoor opera-

tive temperature

TABLE V. SEASONAL LINEAR REGRESSION EQUATIONS OF CLOTHING
INSULATION AND OPERATIVE TEMPERATURE

Season The linear regression equations R=
Spring la=-0.066t4,+2.19 0.55
Summer lg = -0.011t,,+0.58 0.73
Autumn lg = -0.081t,,+2.46 0.94
Winter I = -0.036t,,+1.54 0.70

D. Seasonal Adaptive Thermal Comfort Model

According to ASHRAES55-2013 [9], the prevailing
mean outdoor air temperature was calculated for each
surveyed day, and the daily average of the neutral tem-
perature of all subjects were also calculated using Grif-
fiths method [25], that is, using the equation of t, = t,-
TSV / G to calculate the neutral temperature, where G is
Griffiths Constant, Nicol and Humphreys proposed to
take 0.5 [26]. The seasonal adaptive thermal comfort
models were subsequently established shown in Table VI
and Fig. 5.
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Figure 5.  Seasonal and yearly adaptive thermal comfort models

TABLE VI. SEASONAL AND YEARLY ADAPTIVE THERMAL COMFORT

MODELS
Seasons The linear regression equations R=2
Spring th= 0.3t +17.6 0.63
Summer th= 0.17t,+23.0 0.23
Autumn th=0.41te,+15.0 0.60
Winter th=0.16t,,+18.9 0.15

The results show that slopes of the fitted equations in
four seasons are different, with values being 0.31, 0.17,
0.41 and 0.16 for spring, summer, autumn and winter
respectively. The slopes of spring and autumn are larger
than summer and winter. Besides, indoor neutral tempera-
tures have stronger correlation with outdoor air tempera-
ture in spring and autumn than in summer and winter,
considering the determination coefficient R=in the equa-
tions. These findings suggest the seasonal characteristics
of thermal adaptations and limited adaptability in summer
and winter, which was accordant with the findings by Liu
etal. [27] in Hot Summer and Cold Winter zone in China.

IV. CONCLUSIONS

(1) The sensitivity of the human thermal sensation in
spring, summer, autumn and winter was 0.048, 0.284,
0.045 and 0.140, and the neutral temperature was 19.5 <C,
25.8 C, 25.4 € and 16.5 <C. Although the overall char-
acteristics of the spring and autumn climate are the same,
but the spring neutral temperature is closer to the winter,
the autumn neutral temperature is closer to the summer,
which may be due to the opposite direction of climate
change between hot and cold, which provided a different
seasonal thermal experience, behavioral and psychologi-
cal adaptations.

(2) The sensitivities of clothing insulation varies with
indoor operative temperature in four seasons were -0.066,
-0.011, -0.081 and -0.036 respectively. The slopes of the
linear regression equation for adaptive thermal comfort
model was 0.31, 0.17, 0.41 and 0.16 in spring, summer,
autumn and winter, respectively, which were caused by
the seasonal behavioral and psychological adaptations.

(3) It can be concluded that there exists a strong rela-
tionship between climate seasonal change rhythm and the
human thermal adaptation. The seasonal models can more
accurately reflect the seasonal characteristics of dynamic
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climate, and can well reflect the seasonal human thermal
adaptations.
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