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Solar radiation was previously proposed and verified in northern China. In order to expand the applicability

of the CPMV model to the hot summer and cold winter (HSCW) zone of southern China, a field
study was conducted in an office building in Nanjing. A total of 686 valid questionnaires were
recovered during the surveys in two summers in 2019 and 2020. The results show that the eval-
uation value of CPMV is highly consistent with the actual thermal sensation vote (TSV) when
the corrected operative temperature is below 30 °C. However, when the corrected operative
temperature is above 30 °C, the CPMV value is higher than TSV, because it underestimates the
tolerance of human body to the hot environment in Nanjing. The thermal neutral temperature
is 26.12 °C (CPMV) and 26.28 °C (TSV) respectively, which is higher than that in winter and sum-
mer in northern China. This study fills the blank in the application of CPMV model in southern
China. The CPMV model can accurately evaluate the thermal comfort of indoor environment
affected by solar radiation, which is worthy of promotion and application to other types of
buildings and areas.
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1. Introduction

1.1. Background

With the growth of global economy and the progress of
construction technology, people are spending more and
more time indoors. According to statistics, more than 80%
of a person’s life is spent indoors (Cheek et al., 2020; Jiang
et al., 2020; Xu et al., 2020). Therefore, it is of great sig-
nificance to provide a more comfortable built environment
for building users to improve human health and work effi-
ciency (Luo et al., 2016). However, with the increasing
demand to improve the indoor thermal environment,
building energy consumption is also increasing (Mokhtari
and Jahangir, 2021; Ma et al., 2017), which challenges the
formulation of energy policy and building energy conser-
vation. For example, buildings in the United States
consume 72% of electricity consumption and 36% of natural
gas (Streltsov et al., 2020). According to the data of China
Building Energy Consumption Research Report (2020), in
2018, the building operation energy consumption in China
accounted for 21.7% of the total energy consumption. How
to keep a balance between reducing building energy con-
sumption and ensuring people’s comfortable environment is
one of the hot issues in current research (Xu et al., 2018;
Shao et al., 2020). The basis of achieving the above goals is
to have a correct and accurate evaluation of the sur-
rounding environment of human beings.

In the past decades, many researchers have devoted to
the development and application of different thermal
comfort models. In the 1970s, Fanger (Fanger, 1972)
established the classical Predicted Mean Vote and Pre-
dicted Percentage Dissatisfied (PMV-PPD) model, which in-
cludes air temperature, partial pressure of water vapor,
mean radiant temperature, wind speed, clothing thermal
insulation and metabolic rate. The PMV-PPD model is based
on the heat balance equation of human body and has been
applied in many international standards, including
ASHRAE55-2017 (ASHRAE Standard 55/2017, Thermal envi-
ronmental conditions for human occupancy, Atlanta, GA,
USA, 2017, n.d.) and I1SO7730 (UNI EN ISO 7730, 2006).
However, the PMV-PPD model is based on the results of
laboratory experiments, which regards the human body as
passively accepting the surrounding environment and ig-
nores the ability of adaptation (Kumar and Singh, 2021;
Singh et al., 2011). Moreover, when the PMV is greater than
+2, there is a significant difference between the PMV value
and the actual thermal sensation vote (TSV), so many re-
searchers have questioned the accuracy of PMV-PPD results
(Nicol et al., 2012; Cao et al., 2020), and proposed
different kinds of methods to correct it (Jing et al., 2018; Li
et al, 2014, 2018; Yao et al., 2009).

One of the reasons for the inaccuracy of PMV-PPD model
is that it ignores the effect of solar radiation on human
thermal comfort (Conejo-Fernandez et al., 2021; Huang
and Zhai, 2020). Solar radiation has a significant impact
on indoor environment and thermal comfort of residents. It
may bring favorable passive solar heating in winter, or lead
to unwanted overheating in summer. With the acceleration
of global urbanization, the glass curtain envelope is more
and more widely used in modern buildings (Saroglou et al.,
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2020). Therefore, the influence of solar radiation on indoor
thermal comfort is more and more important in modern
buildings (Dong et al., 2020). Ignoring the influence of solar
radiation will cause the difference between PMV value and
actual thermal sensation.

1.2. Literature survey

In order to analyze the effect of solar radiation on human
thermal comfort, many researchers have developed
different thermal comfort models considering solar radia-
tion. Nucara et al. (Marino et al., 2017) investigated the
effect of solar radiation on local thermal comfort and
provided a method to assess radiant asymmetry in the
presence of solar radiation. Zhang et al. (Zhang et al.,
2010) developed a multi-node human body thermal regu-
lation model (UCB model), and Niu et al. (Xie et al., 2018)
investigated more than 1000 subjects and found that when
the solar radiation was acceptable, the subjects had higher
tolerance to high temperature in the outdoor environment.
When the solar radiation was low, the subjects could
tolerate the outdoor high temperature better. Compared
with the low radiation group in the field study, the TSV of
the medium and high radiation groups had a leap, but this
was not observed in the UCB simulation data. Lee et al.
(Moon et al., 2016) investigated thermal comfort in a pas-
senger compartment by considering the spectral solar ra-
diation. The results showed that the estimated
temperature near the driver and passengers increased by
about 1—-2 °C when considering the solar radiation. When
the solar radiation effect was involved, the PMV was higher
than that without considering the solar radiation. There-
fore, the solar radiation must be considered when evalu-
ating the thermal comfort level.

Since the PMV model can not reflect the influence of
solar radiation, Zhang et al. (Zhang et al., 2018) integrated
the factors of solar radiation into the PMV model and pro-
posed the Corrected Predicted Mean Vote (CPMV) model to
evaluate the indoor thermal comfort with solar radiation.
The CPMV model was also based on the human body heat
balance equation, like PMV model. In this model, the solar
radiation term was introduced, and the influence of solar
radiation was also considered in the clothing surface tem-
perature and operative temperature. Then, experiments
were carried out in office buildings in Tianjin in summer
(Zhang et al., 2018) and winter (Yang et al., 2020) and in
Beijing in winter (Xu et al., 2019) to verify the accuracy of
the CPMV model. The above experimental results showed
that CPMV was basically the same as TSV, and can accu-
rately reflect the thermal sensation of office occupants
affected by solar radiation. But in winter, it may underes-
timate the thermal sensation of office occupants under the
low operative temperature (Zhang et al., 2020). All the
above experiments were carried out in Tianjin and Beijing
in the cold zone of northern China, and Tianjin and Beijing
are neighboring cities with basically the same climate.
Because of the regional differences of human thermal
comfort, the applicability of the CPMV model in other areas
of China needs to be verified. Hang et al. (Lam et al.,
2020b) conducted thermal comfort surveys in Melbourne,
Guangzhou and Zhuhai. The results showed that the
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average thermal sensation of Guangzhou residents was
higher than that of Melbourne and Zhuhai residents in the
similar range of Universal Thermal Climate Index.

In China, the differences of thermal comfort in different
regions are very significant, especially in summer (Liu
et al., 2017; Li et al., 2018). There is a significant differ-
ence in the thermal adaptation level of people in the north
and south to the summer thermal environment (Lam et al.,
2020a; Wu et al., 2019). The adaptive thermal sensation
and thermal adaptive behavior of local residents in the hot
summer and cold winter (HSCW) zone of southern China
have unique characteristics, which makes the thermal
comfort temperature of residents in the HSCW zone in
summer higher than those in northern China (Cai et al.,
2020; Wu et al., 2019; Xu et al., 2018). Therefore, in
order to further optimize the CPMV model and extend it to
other regions, the applicability of the model needs to be
verified in other regions.

1.3. Objective of the study

Therefore, taking an office building in Nanjing, China as an
example, this study conducted a field study of thermal
comfort, in order to explore the applicability of CPMV
model in the HSCW zone of southern China. This study
measured the indoor and outdoor environmental parame-
ters, and conducted a field questionnaire on the thermal
comfort of the occupants in the office building. The com-
parison between the CPMV and the TSV was analyzed and
the thermal preferences of occupants under solar radiation
conditions in summer were discussed. Furthermore, the
conclusions of this study will improve the application of the
CPMV model in southern China in summer.

2. The CPMV model
2.1. Heat balance equation

The CPMV model established in (Zhang et al., 2018; Xu
et al., 2019) was adopted in this study. The model is
based on the heat balance equation of human body. The
premise of thermal comfort equation is that people will
feel comfortable when they are in the heat balance state.
The energy produced by human metabolism is used for
physiological activities, working and heat exchange with
the surrounding environment. The basic thermodynamics
process can be expressed as follows:

M—W_-C—R—E=0 (1)

M is the metabolic rate (W/m?); W is the effective me-
chanical power (W/m?); C is the convection heat transfer
(W/m?); R is the radiation heat transfer (W/m?); E is the
total vaporization heat production (W/m?);

= fcl hc (tcl - ta) (2)

E = 3.054[5.733 — 0.007(M— W) — P,]

+0.42(M— W — 58.15) 4 0.0173M(5.867 — P,)
+0.0014M(34—t,) (3)
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fc is the clothing surface area factor; h. is the convective
heat transfer coefficient (W/m?2-K); t is the clothing sur-
face temperature (°C); t, is the air temperature (°C); P, is
the water vapour partial pressure (kPa);

However, the heat exchange with the surrounding envi-
ronment does not include the solar radiation in the PMV
model. Therefore, the CPMV model modifies the R term in
Eq. (1) and adds solar radiation to the R term. The R term in
the original PMV model only includes the long wave radia-
tion heat transfer between the human body and the sur-
rounding wall. The modified R term can be expressed as
follows:

R=Ri—R; (4)

R is the long-wave radiation heat transfer between human
and surroundings (W/m?); R, is the human solar radiation
heat load per body surface area (W/m?). The R, term is the
solar radiation term added to the original PMV model.

2.2. Human solar radiation heat load

Solar radiation is divided into diffuse radiation and direct
radiation. Direct radiation refers to the solar radiation that
reaches the earth’s surface in the form of parallel light
without changing its direction; The diffuse radiation is due
to the scattering of some sunlight by various gas molecules,
water vapor and dust in the atmosphere, resulting in the
redistribution of some solar radiation in all directions.
Because the direct solar radiation entering the room ac-
counts for the majority of the global solar radiation, which
has the greatest impact on human thermal comfort, the
solar radiation analyzed in this paper refers to direct
radiation.

The clothing surface area factor (f,) is defined by
ISO7730(/.S.0.U. EN, Ergonomics of the thermal
environment-analytical determination and interpretation
of thermal comfort using calculation of the PMV and
PPD indices and local thermal comfort criteria, Interna-
tional Organization for Standardisation, 2005) (Liu et al.,
2020):

fa=1+1.291 (Iq <0.078) (5)

fu=1.05+0.645l, (Iq > 0.078) (6)

I is the clothing insulation (m?-K/W). The effective radi-
ation area of human body (Acf) is the surface area of
human body which directly conducts radiation heat trans-
fer. Aefr is derived by the coefficient of effective radiation
area (fef) as expressed in Eq. (7):

Aefr = feffAct (7)

There are many factors that determine the coefficient of
effective radiation area fesr, but the main influencing factor
is the posture of the human body. The value of fs in this
paper is taken according to the data provided in Table 1(Ye,
2002; Zhang et al., 2018).

Total surface area of human body when clothing A, can
be calculated by Eq. (8) (Li et al., 2010):

Ag= fcl Ao

Ao is the naked surface area (m?).

(8)
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Table 1
Posture of human body

Coefficient of effective radiation area ffs.

Coefficient of effective
radiation area fess

Sitting 0.7

Lying on one side 0.73

Standing 0.66

Sitting (male) 0.7 + 0.013
Sitting (female) 0.692 + 0.019
Standing (male) 0.725 + 0.013
Standing (female) 0.725 + 0.014
Squatting 0.65

The projected area factor f, is the ratio of the projected
area A, to the effective radiation area Acfr. The projected
area A, can be obtained (Liu et al., 2020):

AP = fp Aeff (9)

The human solar radiation heat load (Qp) can be calcu-
lated by means of the following equation (Arens et al.,
2015):

Q =aA,l (10)

a is the solar absorptivity which is defined as the ratio of
human solar radiation heat load to the solar radiation
projected to the body. I is the indoor direct solar radiation
intensity (W/m?)

Above all, the human solar radiation heat load per body
surface area (R,) is expressed as:

RZZQP/Aozafclfefffpl (11)

fpis the projected area factor; fs is the effective radiation
area factor.

2.3. The CPMV index

According to Egs. (11) and (1—4), the CPMV index consid-

ering the solar radiation can be expressed as:

CPMV = [0.303 exp(—0.036M) +0.0275]
x {M—W —3.054[5.733 - 0.007(M— W) — P,]
—0.42(M—W —58.15) —0.0173M(5.867 — Py)
—0.0014M(34—t,) — (Ri —Rz) — fah (ta—ta)}

(12)

According to Eq. (12), the PPD is expressed as:

PPD = 100 — 95exp [ - (0.03353CPMV“ +0.21 79CPMVZ)]

(13)

Just like the relationship between the PMV and CPMV
model, the traditional operative temperature is only suit-
able for the condition which has no solar radiation.
Therefore, in the CPMV model, the solar radiation should
also be considered for the operative temperature in the
environment affected by the solar radiation. The corrected
operative temperature t;, is expressed as:

— hrtr + hcta + hsts

°%° " h,+h+h; (14)
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where t, is the mean radiant temperature (°C), t; is the
equivalent temperature of solar radiation (°C), h, is the
long-wave radiation coefficient [W/(m?-K)], hs is the solar
radiation coefficient [W/(m?-K)].

h, = afessfol (15)
t—ta
. R, 1/4
t, = |(tq+273.15) v 273.15 (16)

3. Methodology
3.1. Analyzed city: Nanjing

From the perspective of architectural design, China is
divided into five climatic zones, which are: Hot Summer and
Warm Winter zone, HSCW zone, Cold zone, Severe Cold
zone and Mild zone (Li et al., 2014). The location of this
study, Nanjing is located in the HSCW zone of southern
China, with geographic coordinates of 31°14” to 32°37” N
and 118° 22" to 119° 14" E.

Nanjing, located in the Yangtze River Plain, with a total
area of 6587 km? and a population of 8.5 million, is
economically developed, with an urbanization rate of 83.2%
in 2019 (Zhang et al., 2020). At present, Nanjing has 11
districts. As a city with a large population density, Nanjing
has also a large building density (Yang et al., 2020). By
2019, the total area of civil buildings in Nanjing has reached
75 million m?, and the total energy consumption of civil
buildings has reached 30 million tec, and the total annual
output value of the construction industry has reached
480.311 billion yuan (US $74.2 billion) (Nanjing Statistics
Department. Nanjing statistical yearbook, 2020). More
than 30% of new office buildings use glass curtain walls,
which has played an aggravating role in increasing energy
consumption of buildings in Nanjing (Peng et al., 2014; Dong
et al., 2020). Therefore, the study of thermal comfort in
glass office buildings in Nanjing is of great significance for
building energy conservation.

As a typical representative of HSCW zone, Nanjing has
four distinct seasons. The time of winter and summer is
long, and that of spring and autumn is short. The annual
mean temperature is 15.4 °C, the mean temperature of the
hottest month (August) is 27.8 °C, and the mean tempera-
ture of the coldest month (January) is 2.4 °C. Therefore,
the climate of Nanjing is characterized by cold winter and
hot summer. Table 2 shows the extremum of monthly mean
temperature and mean wind speed in the past 20 years.

According to the meteorological data of a typical
year in Nanjing, Fig. 1 shows the direct and diffuse solar
radiation in summer and winter. It can be seen from Fig. 1
that the solar radiation in Nanjing in summer is relatively
large, and the variation range is also large. The direct solar
radiation fluctuates between 450 W/m? — 950 W/m?, and
the diffuse solar radiation fluctuates between 350 W/m? —
450 W/m?. In winter, the solar radiation is relatively small,
and the variation is also small. The direct solar radiation
fluctuates between 550 W/m? — 900 W/m?, and the diffuse
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Table 2 Extremum of monthly mean temperature and mean wind speed.
Jan Feb Mar Apr May  Jun Jul Aug Sep Oct Nov Dec
Maximum mean temperature/°C 6.7 12.3  16.2 22 248 27.8 325 33.6 284 208 154 119
Minimum mean temperature/°C 0.2 2 7.3 13.6 163 21.1 259 255 206 165 8.4 4
Wind speed/m-s~" 3.6 3.6 3.4 3.2 2.9 2.9 2.8 2.8 2.8 2.8 3.1 3.3
Diffuse solar radiation Direct solar radiation
W/m? W/m?
1000 1000
800 A J/l\ - > 800
600 AL 1/ [ /\\/A TN ]F\ 600
500 A \ 500
400 "/1\ r.— 400
200 — : A a111200
O3 147 21w 28w FL U TER T 4T 3 280 75140 2 28" T 14T 21T 28" 70140 2p 280 |0
July August September November December January
summer winter
Fig. 1  Direct and scattered solar radiation in winter and summer in Nanjing.

radiation fluctuates between 150 W/m? — 250 W/m?. In
view of such sunlight conditions, the factor of solar radia-
tion can not be ignored when analyzing the indoor thermal
comfort in office buildings with transparent envelope in
Nanjing.

3.2. Analyzed office building: power building in
Southeast University

Power Building in Southeast University is an office building,
which was built in 1958 and rebuilt in 2008 due to fire. The
field study on the thermal comfort was conducted in Power
Building. As shown in Fig. 2, the overall appearance of the
power building is L-shaped, with a total of four floors. Apart
from the toilets and equipment rooms, all the other rooms
in this building are offices. After the reconstruction, the
window area of each office is very large. Due to the early
construction, the area of each office is small, with an
average of 15—25 m?. Therefore, in summer, the indoor
thermal environment and thermal comfort of office staff in
each office are deeply affected by the solar radiation. Split
air conditioners are adopted for cooling in summer and
heating in winter, but the staff in the room have the right to
control the opening and closing of the equipment and set
the temperatures. Therefore, this is a Mixed-mode (MM)
building. The basic information of this building is shown in
Table 3.

3.3. Survey methodology

In this study, the experimental and subjective campaigns
were conducted in summer at the same time. A total of two
field surveys were conducted during July 4—14, 2019 and
August 5—15, 2020 respectively. The research team visited
the office building, measured the indoor and outdoor
thermal environment, and offered questionnaires to the
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office stuff in the building. Subjective questionnaire survey
and onsite measurement were carried out at the same
time.

The parameters of indoor thermal environment mea-
surement include: indoor air dry-bulb temperature, relative
humidity, solar radiation intensity and indoor black-bulb
temperature. The parameters of outdoor thermal environ-
ment measurement include: outdoor air dry-bulb temper-
ature, relative humidity, solar radiation intensity and wind
speed. Among them, portable weather station was used for
outdoor measurement. To avoid the influence of solar ra-
diation on the air temperature, sun-shading measurements
were adopt when measuring the air temperature during the
experiments. To avoid the impact of wind on indoor human
thermal comfort, the windows were all closed during
the subjective questionnaire survey. The instruments and
equipment used for field measurement are shown in Table
4,

When outdoor environment measurement was carried
out, indoor environment measurement and questionnaire
survey were also carried out at the same time. As shown in
Fig. 3, all the occupants sat in their seats and filled in the
questionnaires. If the occupants had exercised vigorously
before, they would be encouraged to sit for 15 min before
filling in the questionnaires. All measurement points were
1.1 m from the ground. This height of 1.1 m was selected
because when the occupants were in a sitting position, the
temperature at the height of 1.1 m can represent the
ambient temperature around the human body. Therefore,
this height is often used in the previous field investigations
of thermal comfort (Sun et al., 2020; Xu et al., 2018). All
occupants sat less than 2 m away from the windows when
filling in the questionnaires, because the office furnishings
in Power Building were in a unified style and most of the
desks were located near the window. Only a small nhumber
of staff sat away from the window or more than 2 m away
from the window, and we excluded them during the



C. Xu and S. Li

Fig. 2 The office building analyzed in this study.

questionnaire survey. The main purpose of the question-
naire is to obtain the thermal sensation of the occupants.
The questionnaire mainly includes the following three
parts:

(a) Basic information:
hometown.

(b) Current clothing level. The occupants were asked to
record their clothing in order from underwear to
coat. According to ASHRAE55-2017, the questionnaire
provides a detailed clothing list for reference.

(c) Subjective responses: thermal sensation, thermal
acceptability, thermal preference, and feelings on
solar radiation.

gender, age and region of

The questionnaire used ASHRAE’s seven-point scale of
thermal sensation, as shown in Table 5. The questions
about thermal preference of temperature, humidity, and
solar radiation are shown in Table 6. A total of 686 valid
questionnaires were recovered during the two surveys in
2019 and 2020. All the investigation activities were
approved by the ethics committee of Southeast University
and complied with the Declaration of Helsinki.

4, Results and analysis
4.1. Physical parameters

The outdoor environment of Nanjing during the field study
(Jul 4—14, 2019 and Aug 5—15, 2020) is shown in Fig. 4. As
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shown in Fig. 4, the outdoor air temperature and relative
humidity fluctuate periodically every day. During the day,
the air temperature is above 26 °C and the relative hu-
midity is basically above 60%. The average temperature and
relative humidity were 27.7 °C and 83.9% respectively. This
shows that the climate in Nanjing is hot and humid in
summer. But this kind of climate characteristic is not
unique to Nanjing, but the common characteristic of the
whole HSCW zone.

The direct solar radiation of Nanjing during the study
(Jul 4—14, 2019 and Aug 5—15, 2020) is shown in Fig. 5. The
average value of direct solar radiation was 124.75 W/m?
from July 4th to July 14th, 2019, and the average value of
direct solar radiation was 144.744 W/m? from August 5th to
August 15th, 2020. It can be seen that except for night and
rainy days, the solar radiation intensity in Nanjing in sum-
mer is very high, and the highest was 1092.447 W/m? during
our survey.

4.2. Thermal sensation

As the most widely used index to reflect the cold and hot
sensation of human body, thermal sensation is very impor-
tant in the study of thermal comfort, and it is related to the
solution of the thermal neutral temperature of human
body. We wished to evaluate occupants’ various thermal
responses under different solar radiation conditions in the
office building.

The distribution of thermal sensation votes (TSV) is
shown in Fig. 6. As shown in Fig. 6, among the results of the
questionnaire survey, most of the respondents (43.15%)
chose neutral thermal sensation when sitting near the
window in the offices strongly affected by the solar radia-
tion. Respondents who voted between —1 and +1 are
considered to be comfortable, and 75.07% of the re-
spondents felt comfortable when they were filling the
questionnaires. More respondents felt hot (41.69% voting
+3, +2 and +1) than cold (15.16% voting —3, —2 and —1). In
the summer of Nanjing, no respondent felt particularly
cold, so no one voted - 3. Obviously, the sensation vote was
skewed towards the hotter side of the scale in summer. The
climate characteristics of Nanjing determine the distribu-
tion characteristics of thermal sensation of Nanjing resi-
dents in summer. The results in Fig. 6 are similar to those of
previous studies (Xu et al, 2018, 2020; Liu et al., 2017).

4.3. Comparison between CPMV and TSV

The CPMV and TSV are presented with respect to the cor-
rected operative temperature t;, in Fig. 7. The CPMV value
was calculated according to the data of environmental on-
site measurement at the time of questionnaire survey in
Power building, while TSV value was obtained through the
questionnaire survey. The corrected operative temperature
t;p was calculated by Eq. (14). The results here contains the
results of the two field studies conducted in 2019 and 2020.

As shown in Fig. 7, with the increase of the corrected
operative temperature t;,, people’s thermal sensation also
increases. The change trend of TSV and CPMV is basically
the same, especially when the corrected operative tem-
perature is below 30 °C. Through linear fitting, the
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Table 3  Basic information of Power Building in Nanjing.
Power Building Basic information
Location Nanjing
Construction year 1958
Reconstruction year 2008

Floors 4

Average area per room 21 m?

Materials of the external wall Clay brick
Thickness of the external wall 240 mm
Window size 1.2m x 2.5m
Window-wall ratio 0.29

Operation mode Mixed-mode (MM)

relationship between CPMV and the corrected operative
temperature and the relationship between TSV and the
corrected operative temperature are shown in Egs. (17) and
(18) respectively.

CPMV=0.3315t;, — 8.6588

(R*=0.9848, P < 0.001) (17)

TSV=0.2752t;, —7.2331

(RZ =0.9603, P < 0.001) (18)

When P is less than 0.05, the regression relationship is
generally accepted as significant. According to Eqgs. (17)
and (18), by setting the TSV and CPMV value to 0, thermal
neutral temperature in the office buildings with glass en-
velope in Nanjing in summer can be obtained. In this study,
the neutral temperature (t;,) is 26.12 °C (CPMV) and
26.28 °C (TSV) in summer. It can be seen that the thermal
neutral temperatures obtained by TSV and CPMV are very
close. Therefore, the CPMV model can accurately predict
the indoor thermal neutral temperature in summer in
Nanjing.

According to Egs. (17) and (18), the slope of TSV
expression (0.2752) is lower than that of CPMV expression

(0.3315), which indicates that the CPMV model over-
estimates the thermal sensitivity of human body to thermal
environment in Nanjing office buildings in summer. It can be
seen from Fig. 7 that when the corrected operative tem-
perature is lower than 30 °C, the CPMV value is basically the
same as TSV value; when the corrected operative temper-
ature is higher than 30 °C, the CPMV value is significantly
higher than TSV.

In order to further quantitatively confirm the similar-
ities and differences between CPMV and TSV, the data of
CPMV and TSV were analyzed by two-factor without
replication. Firstly, the data of corrected operative tem-
perature below 30 °C were analyzed by two-factor
without replication. The confidence interval was set to
95%. The comparative analysis results of CPMV and TSV
values when the corrected operative temperature is
below 30 °C are shown in Table 7. SS is the sum of square
of deviation from mean, df is the degree freedom, MS is
the mean square, F is the F value, P is the probability
value, and F; is the F critical value. If Fis less than F,
then P must be greater than 0.05, which indicates that
there is no difference between the two groups of data.
This shows that there is no difference between CPMV and
TSV at 95% confidence interval when the indoor corrected
operative temperature is below 30 °C. The results show
that the CPMV model can accurately evaluate the indoor
thermal comfort under the influence of solar radiation in
the summer of Nanjing, when the corrected operative
temperature is below 30 °C.

However, when the data of corrected operative tem-
perature above 30 °C are analyzed, different results will
occur. The data of corrected operative temperature above
30 °C were analyzed by two-factor without replication. The
confidence interval was also set to 95%. The results are
shown in Table 8. As shown in Table 8, F is much larger than
F.ri: and P is less than 0.01, which indicates that there is a
significant difference between the two groups of data
under the confidence interval of 95%. This shows that there
is a significant difference between CPMV and TSV at 95%
confidence interval when the indoor corrected operative
temperature is above 30 °C. In relatively high operative

Table 4 Instruments used for physical parameters.
Instruments Measured parameters Range Accuracy Accuracy requirements
in 1ISO7726 and ASHRAE55-2017

TH21E Automatic Temperature and —40—125 °C; +0.2 °C; 2% RH +0.5 °C; £5% RH

recorder relative humidity 0—99% RH
Custom HI-2000SD Black globe temperature 0—80 °C +0.3 °C +2 °C
TBQ-2-B solar Solar radiation intensity 0—2000 W/m? 2% —

radiation meter
OYES-QX-Y2 Temperature —40—60 °C +0.4 °C; +0.5 °C

portable Relative humidity 0—99% RH +5% RH

Solar radiation
intensity
Wind speed

weather station

0—1000W/m? 2%

0.01—15 m/s

+5% RH

+0.04 m/s +0.05 &+ 5% m/s
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Fig. 3  Scene of questionnaire survey.
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Table 5 ASHRAE’s seven-point scale in the questionnaire.

How are you feeling right now?

Cold Cool Slightly Neutral Slightly Warm Hot 900 |
cool warm
-3 -2 -1 0 +1 +2 +3 600 F

Direct solar radiation (W/m?)

300
Table 6 Thermal preference of temperature, humidity, J u} _J ﬁ
and solar radiation. 0 (—
: 2019 Period i
Parameters Choices e 20t feios
Temperature Higher No change Lower 9:00, Jul 4 22:00, Jul 14 9:00, Aug 5 22:00, Aug 15
RH Higher No change Lower Date
olar radiation Higher No change Lower . . s . . .
2 g g W Fig. 5 Direct solar radiation during the period of field study.
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Fig. 4 Outdoor environment during the period of field study. Fig. 6  Distribution of TSV.
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Fig. 7 CPMV and TSV

temperature environment, the CPMV model overestimates
the thermal sensation and underestimates human tolerance
to harsh environment.

4.4, Comparison with the results of other regions

The CPMV model was previously validated in winter and
summer in Tianjin (Zhang et al., 2018; Yang et al., 2020)
and winter in Beijing, northern China (Xu et al., 2019). The
results of the three experiments and this paper are

summarized in Table 9. It can be seen from Table 9 that
the thermal neutral temperature in summer is generally
higher than that in winter no matter in Tianjin and Beijing
in northern China or Nanjing in southern China. This is due
to the hot climate in summer. The average temperature in
summer is 26.5 °C in Beijing, 27 °C in Tianjin and 27.8 °C in
Nanjing, which are far higher than the local average
temperatures in winter. This makes the thermal neutral
temperature in summer higher than that in winter in Cold
and HSCW zone of China. This seasonal difference is
consistent with other previous studies (Liu et al., 2017; Xu
et al., 2018). It can also be seen that the slope of
regression equation in summer is higher than that in
winter no matter in Tianjin and Beijing in northern China
or Nanjing in southern China, which is also consistent with
other previous studies. This shows that the thermal
sensitivity of human body in summer is higher than that in
winter.

From the perspective of different regions, the thermal
neutral temperature in Nanjing is slightly higher than that
in Tianjin in summer. This is consistent with the phenom-
enon that the average air temperature in Nanjing is slightly
higher than that in Tianjin in summer. In addition, the slope
of TSV expression is lower than that of CPMV no matter in
which region or season. It can be seen that the thermal
sensitivity of human body to environmental changes is
lower than that predicted by CPMV model. Compared with
the results of CPMV model, human body is more tolerant to
harsh environment in China.

Table 7 Results of two-factor without replication analysis (t5,<30 °C).

Parameters SS df MS F P-Value Ferit
CPMV and TSV 0.029501 1 0.029501 3.972496 0.055114 4.159615
Table 8 Results of two-factor without replication analysis (&;,>30 °C).

Parameters SS df MS F P-Value Ferie
CPMV and TSV 0.896883 1 0.896883 43.53737 0.00017 5.317655

Table 9 Experimental results of CPMV model in different regions.
Reference Zone City Season Building type Regression equation Neutral temperature
(Zhang et al., 2018) Cold Tianjin Summer  Office building ~ CPMV = 0.33t;, — 8.44 25.58 °C
TSV = 0.31t;, - 7.92 25.55 °C
(Xu et al., 2019) Cold Beijing Winter Office building ~ CPMV = 0.233¢;, — 4.3283 18.58 °C
TSV = 0.1907t;, — 3.3937 18.80 °C
(R.Yang et al., 2020) Cold Tianjin Winter Office building ~ CPMV = 0.17t;, — 3.71 21.82 °C
TSV = 0.16t;, — 3.88 24.25 °C
This paper HSCW  Nanjing  Summer  Office building ~ CPMV = 0.3315¢;, — 8.6588  26.12 °C
TSV = 0.2752t;, — 7.2331 26.28 °C
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5. Conclusions

In this paper, the application of CPMV model in Nanjing
office building in summer was investigated. A total of 686
valid questionnaires were recovered. By comparing the
results of CPMV model with the actual thermal sensation,
the accuracy of CPMV model application in the office
buildings in HSCW zone in summer was explored. The con-
clusions reached in this paper are as follows:

(1) When the corrected operative temperature is below
30 °C, the results of CPMV are highly consistent with
those of TSV. The CPMV model can evaluate the in-
door thermal comfort of Nanjing office buildings
affected by solar radiation.

(2) When the corrected operative temperature is higher
than 30 °C, the results of CPMV overestimate the
thermal sensation and underestimate the tolerance
of human body to the hot environment in Nanjing in
summer.

(3) The thermal neutral temperature is 26.12 °C (CPMV)
and 26.28 °C (TSV) in Nanjing in summer. The small
difference between them also proves the accuracy of
CPMV application in the HSCW zone. The thermal
neutral temperature in summer is higher than that in
winter, and the thermal sensitivity of human body to
environment in summer is higher than that in winter.

(4) The CPMV model fills in the blank of traditional PMV
model in solar radiation, and it is worth promoting to
other areas, especially in the Tibetan Plateau and
northern Africa, which are strongly affected by solar
radiation.

6. Limitations

This study optimizes the application of CPMV model in
southern China to a certain extent, but it still has some
limitations due to the limited length of the manuscript. For
example, at the individual level, this study doesn’t analyze
the impact of personal factors on the applicability of the
CPMV model, such as gender, age, etc. At the application
level of the model, this study only studies office buildings.
The application of this model can also be extended to other
types of buildings, such as educational buildings, residen-
tial buildings, etc.
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