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Abstract: The thermal comfort of different shaded spaces in parks varies noticeably, and it is also a
key factor influencing crowd gathering. Longzi Lake Beach Park in Zhengzhou was used as a study
area in this research. For analysis, a thermal comfort index for three different space types (unshaded,
semi-shaded, and fully-shaded) and a crowd aggregation index were used. The results show that
during autumn, visitors are sensitive to the thermal comfort in different shaded spaces, and that the
location of the playing field differs significantly. Air temperature and solar radiation are the two
factors that influence tourists’ thermal comfort the most. For the first time, a regression relationship
between physiological equivalent temperature (PET) and mean thermal sensation vote (MTSV) is
established in different shading spaces. It clarified the thermal comfort of tourists in different shaded
spaces. PET and crowd aggregation index show a clear correlation. The correlation between the
MTSV and crowd aggregation density increased with the increase in shade area. For the first time,
the relationship between thermal comfort and crowd gathering in different shaded spaces in parks
was analysed. The research is beneficial to improving the scientificity of the construction of the
park’s thermal environment, and providing people with more comfortable outdoor space from the
perspective of shading.
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1. Introduction

Urban thermal environment problems have a great impact on human health [1]. Parks
are important parts of urban green infrastructure, which can effectively alleviate the urban
heat island effect and provide residents with a comfortable thermal environment [2]. At
present, the construction of parks is mostly from the perspective of aesthetics and ecology,
lacking the consideration of thermal comfort. In particular, there exists a serious lack of
research on the relationship between crowd gathering and different shading spaces from
the perspective of thermal comfort. Strengthening the research on the distribution of people
flow under the background of different shade spaces in the park has a positive impact
on improving the construction level of the park and meeting people’s thermal comfort
needs [3].

Thermal comfort is defined as a subjective satisfaction evaluation of the surrounding
thermal environment. It has a significant impact on people’s environmental experience and
site interaction [4,5]. Thermal comfort research mainly includes physical, physiological,
and psychological aspects. The physical aspect includes air temperature, relative humidity,
shadow rate, and wind speed [6]; the physiological aspect includes skin temperature, skin
humidity, perspiration rate, blood pressure, and body temperature [7]; and the psycho-
logical aspect includes people’s subjective feelings in a hot environment, sex, age, and
emotion [8-10]. Questionnaire investigation and field measurement are the basic research
methods of thermal comfort evaluation, and simulation analysis is the major means of
mapping and predicting thermal comfort evaluation results [11]. ENVI-met is a software

Sustainability 2022, 14, 2687. https:/ /doi.org/10.3390/su14052687

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su14052687
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://doi.org/10.3390/su14052687
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14052687?type=check_update&version=1

Sustainability 2022, 14, 2687

2 of 14

platform that uses thermodynamics, fluid simulation, and plant physiology to comprehen-
sively consider the effects of spatial layout, surface material, waterbody, vegetation cover,
and other factors on different spatial microclimate environments, and carry out dynamic
evaluation and simulation in thermal comfort simulation [12,13].

Currently, cities house more than half of the world’s population [14]. The thermal
comfort of urban residents has a significant impact on their living experience. Since urban
interior space is relatively easy to control owing to its closeness, the evaluation, simulation,
and optimization of outdoor space thermal comfort have gradually become the focus of aca-
demic research [15,16]. In the research of outdoor space thermal comfort, predicted mean
vote (PMV), outdoor standard effective temperature (OUT_SET*), physiological equiva-
lent temperature (PET), and universal thermal climate index (UTCI) are the mainstream
evaluation indices [17]. According to a study on outdoor thermal comfort suitable for
steady-state, PMV is the most representative thermal comfort evaluation index as it reflects
the subjective thermal sensation of most people in the same environment [18]. However,
because people differ in their feelings, PMV indicators do not necessarily represent the
feeling of every individual. Therefore, the prediction of different hot and cold environ-
ments by PMV is not accurate. According to research, the difference in cold environments
is greater than that in hot environments [19]. OUT_SET* reflects the average skin tempera-
ture in a standard environment and the air temperature when the skin wettability is the
same as that in the actual environment [20]. OUT_SET, in contrast to PMYV, considers the
human body’s skin temperature and moisture, according to a study on thermal comfort
prediction commonly used in steady-state [21]. PET is a biometric parameter that describes
an individual’s thermal perception [22], and it is widely used in the prediction of thermal
comfort in steady-state environments, thermal environment assessment with large seasonal
temperature differences, and urban thermal environment planning and design [23]. UTCI
focuses on the analysis of physiological and thermal responses that reflect all parts of
the human body, and can adapt to the characteristics of different climates, seasons, and
latitudes, making it suitable for dynamic human thermal comfort research.

In outdoor space, light is the main source of thermal radiation [24]. However, owing to
the complexity of outdoor space, the shading of different buildings and plants to sunlight
creates a large number of shadow spaces. The study of the differences between different
shaded spaces has become an unavoidable problem in the evaluation of outdoor thermal
comfort. In recent years, research on the thermal comfort evaluation of different outdoor
shaded spaces based on the sky view factor (SVF) has been gradually increasing [25].
According to research, human thermal comfort is significantly negatively correlated with
the SVF in different shaded spaces on the same site; there is a significant difference be-
tween unshaded, semi-shaded, and fully-shaded spaces, but there is little difference in
thermal environment between fully-shaded and semi-shaded spaces [26]. Some scholars
have also conducted cross-season studies of the same shaded space—for example, in the
shadow of the same plant in different seasons in winter and summer—and found that
the thermal comfort sensitivity of the human body differs significantly [27]. According
to research, the thermal comfort of different outdoor shading spaces varies significantly.
Therefore, changing the shading degree of outdoor space can improve outdoor space
thermal comfort [28].

Parks are important living spaces for urban residents since they are an integral com-
ponent of the urban ecosystem and urban landscape [29]. There are many different types
of shaded spaces in parks, owing to the complexities of park landscapes. The thermal
comfort of different shading spaces significantly influences the distribution of people in
the park and the use efficiency of the park [30]. In recent years, RS (remote sense), GIS
(geo-information system), and GPS (global position system) technology, mobile phone
signalling data, and the application of the Baidu Heat Map have all become popular, as they
provide a new perspective for the analysis of people flow in different park spaces. Among
them, the Baidu Heat Map takes the positioning information used by people on Baidu
software as its spatial data source, which has become a new way to study the distribution of
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people in China [31,32]. When combined with the related literature, research on people clus-
tering based on mobile phone signalling data and the Baidu Heat Map currently includes
cities, tourist attractions [33], historic districts [34], traffic stations [35], and other locations.
The majority of studies, such as crowd aggregation in different shading spaces, focus on
the macro-scale aspects, without considering micro-scale aspects. Furthermore, in-depth
research on the relationship between PET and mean thermal sensation vote (MTSV) in
different shaded spaces has not yet been conducted. This study employed the Baidu Heat
Map as a tool to explore the relationship between the thermal comfort of different shaded
spaces in small-scale parks and the degree of crowd gathering. The present study proposes
a thermal comfort construction strategy for different shaded spaces in the park based on
the quantitative results, in order to provide a reference for the humanised design of thermal
comfort in parks, thereby improving the scientificity of the park’s thermal environment
construction, and providing the theoretical basis and a case reference for the humanized
design of the park’s thermal comfort

2. Materials and Methods
2.1. Research Hypothesis and Research Path

According to previous studies, the degree of thermal comfort is different in different
shading spaces. Given that people choose different stay spaces according to thermal
comfort, what impact will shading space have on crowd aggregation? This is our research
hypothesis (Figure 1a), and our research path is as follows (Figure 1b)
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Figure 1. (a) Research fame. (b) Research path.

2.2. Research Site

Longzi Lake Beach Park was selected as the research site. It has a temperate continental
climate, with four distinct seasons, an average annual temperature of about 22 °C, and
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relative humidity of about 55%. The annual temperature and humidity fluctuations are

shown in Figure 2 below.
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Figure 2. Map of the study area.

The venue is located in the southwest of Longzi Lake College, Jinshui District,
Zhengzhou City, Henan Province, China, at longitude 112°42'~114°14’ east, between
34°16’ and 34°58 north latitude. The total area is about 11.25 hectares. The beach park
is an important part of the green space around the lake, as well as a popular hangout
spot for locals and college students. It also has a relatively stable flow of people. In this
study, ten different shading spaces were selected as measuring points. The specific location
distribution of the measuring points is shown in Figure 3.

SVF quantifies the shading degree of each measuring point by comparing the visible
portion pixel value of the top shade cover captured by the fisheye lens with the overall
spatial pixel value. The calculation method is shown in Formula (1), and the ranges of SVF
value for the shading condition (no, half, and full) is in Table 1.

e=1—aA 1

In Formula (1), € is the density of canopy, A is the canopy pixel value, and a is the pixel
value of the gap in the forest canopy.

Table 1. Different shade space range.

No-Shade
SVF SVFE > 0.95

Half-Shade
SVF ~ 0.5

Full-Shade
SVF < 0.25

On the basis of field measurement, according to Formula (1) and Table 1, we get
the SVF value of each measuring point and divide it into three categories: full-shading,
no-shading, and half-shading (Figure 4).
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Figure 3. Distribution and current situation of measuring points.

(1) No-shade
SVF:0.996

(2) No-shade
SVF:1.000

(3) No-shade
SVF:0.968

(4) No-shade
SVF:1.000

(5) No-shade
SVF:1.000

(6) Half-shade
SVF:0.747

(7) Half-shade
SVF:0.54

(8) Half-shade
SVF:0.784

(9) full-shade
SVF:0.213

(10) Full-shade
SVF:0.11

Figure 4. SVF of the study area.
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2.3. Data Sources

The site is located in the southwest of the Longzihu University District, Jinshui District,
Zhengzhou City, Henan Province, China, between longitude 112°42" and 114°14/, latitude
34°16' and 34°58', with a total area of about 11.25 hectares. As an important part of the
green space around the lake, the beach park is selected as the study area for the following
reasons: (1) the site is located inside the city and the microclimate is relatively stable;
(2) there are many types of shade spaces in the park which are easy to reach; and (3) there
are large flows of people and fixed visitors in the park. Ten different shading spaces were
selected as the measuring points. The specific location distribution of the measuring points
is shown in Figure 5.

Figure 5. Partial thermal diagram of Longzi Lake Beach Park in Zhengzhou from 9:00 to 19:00 in
a week.

2.4. Research Methods

(1) Analysis of crowd agglomeration density
The crowd gathering degree in the park was quantified using the crowd heat in-
dex [36,37]. The calculation formula is as follows:

P=H;/Sxk )

In the formula, P is the population heat index, Hy is the calculated mean value of heat
in different periods, S is the pixel area of the sample area, and k is the calculation coefficient.
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(2) PET

PET can accurately evaluate the heat budget of the human body when the core and skin
temperatures are the same as the air temperature under the complex outdoor conditions
to be evaluated [38]. Microclimate observation instruments (air temperature, relative
humidity, wind speed, and blackball temperature) measure the values of meteorological
parameters at different periods and different measuring points. The aforementioned data
were entered into the Rayman model to obtain the corresponding human body PET value.
Table 2 shows the standard PET parameters.

Table 2. PET (°C) parameters.

Index

Chill Cold

Cool Slightly Cooler =~ Comfortable Slightly Warmer = Warm Hot Extremely Hot

PET (°C)

<4

4~8

8~13 13~18 18~23 23~29 29~35  35~41 >41

(3) TSV (thermal sensation vote) and MTSV

TSV is based on the human body’s primary description of whether the surrounding
environment is ‘cold” or ‘hot’, and the ASHRAE 5 scale is usually used as the evaluation
standard (see Table 3). TSV data were obtained using a questionnaire survey of 10 measur-
ing points on the site, where MTSV is the mean value of the TSV.

MTSV =

v/ TSV
- )

In the formula, 7 is the TSV number in each thermal index.

Table 3. TSV Standards.

Index Cool Slightly Cooler Moderate Slightly Warmer Warm
TSV -2 -1 0 1 2

(4) Thermal neutral temperature and range

The thermal neutral temperature threshold is defined as the temperature at which
people feel neither hot nor cold in their environment, a state of feeling ‘moderate’, that
is, the PET temperature at MTSV = 0. The range of thermal neutral temperature can also
be obtained using TSV voting criteria. The thermal neutral temperature range reflects the
temperature variation range of different thermal sensations.

(5) Analysis of correlation between thermal comfort index and crowd aggregation in
different shading spaces.

The strength of the three linear correlations was analysed using Pearson correlation
from PET, MTSV, and crowd aggregation degree data in three shading space types.

3. Research Results
3.1. Crowd Aggregation Analysis

Based on the statistical calculation of the thermal maps of ten measuring points in
the park over 1 week, a heat map measuring point frequency was drawn (Figure 6). The
frequency of the measuring point 10 in the full-shade was the highest in a week, as shown
in Figure 6. The temperature and humidity at the semi-shaded point 8 were relatively
moderate throughout the day, with no major ups and downs. The unshaded site 1 is the
main entrance of the park, and the heat map frequency is relatively high.
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Figure 6. Heat map measuring point frequency diagram.

3.2. Park TSV and PET Analyses

Figure 7 shows the distribution of TSV in three different types of shaded spaces based
on TSV data collected from the different spaces. The highest proportion of unshaded
votes was ‘warm’, with overall voting primarily ‘warm” and “slightly warmer’; the highest
proportion of votes in the half-shaded space was ‘moderate’, followed by ‘warm’ and
‘slightly cool’; the highest proportion of votes in the full-shaded space was ‘moderate’, with
the voting focused on ‘moderate’ to ‘cool’. TSV varied significantly between unshaded,
falf-shaded and full-shaded spaces, indicating a “warm-moderate-cool’ transition.

;

11%
T T T T T T T
-2 cool —1Slightly cooler () Moderate 1 Slightly warmer 2 Warm

100 7 No shade

U777] half shade
:l full shade

80

w

60

40

60% 58%

20

TSV voting in different shade spaces

24%

Figure 7. TSV distribution.

The overall PET value of the full-shaded space was lower than that of the other two
space types, which were mostly moderate and cool, as shown in Figure 8. The PET values
of the semi-shaded and unshaded spaces were roughly the same, mostly warm. However,
in comparison to the unshaded space, the half-shaded space began to appear ‘cool’, and
the time when the PET value of the half-shaded space was "cool” was the same as that of
the full-shaded space. The results show that the PET value corresponding to the peak of
the crowd gathering index of the three shaded spaces was lower than the standard PET
value, indicating that tourists in the autumn park required a reduced temperature.
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Figure 8. Distribution of PET values of spatial types.

3.3. TSV and PET Analyses in Different Shading Spaces of the Park

Figures 9-11 show the results of combining TSV and PET data from 10 sites in the
same area and fitting the relationship between TSV and PET using a scatter plot. The
slope of the fitting curve for the unshaded space was significantly higher than that of
the other two types of shaded space, indicating that visitors” perception of the thermal

environment in the unshaded space was more sensitive than that in the half-shaded space
and full-shaded space.
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=
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L
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Figure 9. No-shade PET and MTSV regression map.
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Figure 10. Half-shade PET and MTSV regression map.
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3.4. Thermal Neutral Temperature Analysis of Different Shaded Spaces in the Park

The relationship between TSV and PET in different shading spaces was obtained by
regression analysis of TSV and PET data. See Formulas (4)—-(6).

No-shade space: TSV = 0.25 x PET — 5.09 4)
Half-shade space: TSV =0.21 x PET — 4.12 (5)
Full-shade space: TSV =0.14 x PET — 3.06 (6)

According to the regression equation, when TSV = 0, visitors accept the highest
temperature for the thermal neutral temperature of a full-shaded space, which is 22.2 °C;
the lowest half-shaded space, which is 19.3 °C; and the thermal neutral temperature of the
no-shade space, which is 20.2 °C. Visitors have different thermal comfort levels in different
shaded spaces.

Furthermore, according to Formulas (4) and (5) and the thermal neutral temperature
range of different shaded spaces was determined, as shown in Table 4. The thermal neutral
temperature ranges of no-shade, half-shaded, and full-shaded spaces were about 4, 5, and
7, respectively, indicating that visitors” perceptions of temperature were similar in the
no-shaded and half-shaded spaces, and are relatively consistent with the standard range.
In the full-shaded space, the temperature was lower than the standard version when it was
“cool” and was above the standard range when it was ‘'warm’, indicating that the full-shaded
space requires lower and higher temperatures to perceive ‘cool’ and ‘'warm’.

Table 4. Thermal sense scale corresponding to temperature and threshold range.

Standard No-Shade Space Half-Shade Space Full-Shade Space
andar
Thermal Sense Scale Range/°C  Correspond Range Correspond Ranee Correspond Ranee
Temperature & Temperature & Temperature &
-2 Cool 8~13 12.3 10.3~14.2 10 7.6~12.3 7.7 4~11.3
-1 Slightly 13~18 16.2 14.2~18.2 14.7 12.3~17 14.9 11.3~18.5
cooler
0 Moderate 18~23 20.2 18.2~22.2 19.3 17~21.7 222 18.5~25.8
1 Slightly 23~29 242 22.2~26.1 24 21.7~26.4 29.4 25.8~33
warmer
2 Warm 29~35 28.1 26.1~30.1 28.7 26.4~31.6 36.7 33~40.2

3.5. Analysis of PET, MTSV and Crowd Aggregation Densit

As shown in Table 5, the correlation between PET and crowd aggregation density was
determined. PET had a significant positive correlation with the crowd aggregation density
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in the three types of shaded spaces: no-shade space (r = 0.841; p < 0.01), half-shade space
(r =0.818; p < 0.01) and full-shade space (r = 0.831; p < 0.01). The PET correlation of the
no-shade space was the highest, followed by that of full-shaded space, and the half-shaded
spaces had the lowest correlation between the two.

Table 5. Analysis of the correlation between PET, MTSV and population aggregation density.

PET MTSV
No-Shade Half-Shade Full-Shade No-Shade Half-Shade Full-Shade
Space Space Space Space Space Space
Density r10.841 720.818 r30.831 r10.618 1720.748 r30.846
p value p1 < 0.01 p2 < 0.01 p3 < 0.01 p1 < 0.05 p2 < 0.01 p3 < 0.01

As shown in Table 5, the correlation between MTSV and crowd aggregation density
was also determined. The three types of shaded spaces MTSV were positively correlated
with crowd aggregation density, according to the findings. Correlation increased with shade
area in the no-shade space (r = 0.618; p < 0.05), half-shade space (r = 0.748; p < 0.01) and
full-shade space (r = 0.846; p < 0.01). The correlation coefficient between MTSV and crowd
aggregation density increased gradually, with the most significant correlation occurring in
the fully-shaded space.

The correlation between the PET and population agglomeration index in the three
different shading spaces was higher than the correlation between the MTSV and crowd
agglomeration index, indicating that under normal circumstances, PET can better explain
the change of crowd aggregation density than MTSV. However, MTSV has a certain ex-
planatory power when the shading area is large. This is consistent with the evaluation of
the heat perception characteristics of tourists in the survey results. In the no-shade space,
visitors voted from ‘cool” to ‘hot’, while those in the half-shaded spaces voted in addition
to ‘hot’, and those in the full-shaded space voted for a relatively stable concentration.

4. Discussion

Research on the crowd agglomeration in different shading spaces are concentrated.
Some scholars have researched thermal comfort in different shaded environments using
questionnaire surveys and on-site measurements [39]. The results reflect the differences
in thermal comfort of different shading [40]. However, the relationship between crowd
gathering and different shading spaces is often disregarded. Therefore, the relationship
between the aggregation of people flow and thermal comfort index in different shading
spaces was established. It reflects the tourists’ behaviour preferences with regards to
thermal comfort.

The relationship between PET and TSV in different shading spaces are widely analized
in thermal comfort [41]. Li YuMeng et al. [42]. employed the small-scale public space of
cold cities in conducting regression analysis of PET and MTSV values in comfort and edge
stages to establish the relationship between them. They found that visitors in the marginal
stage were more sensitive to the thermal environment than those in the comfortable stage.
Fang Xiaoshan et al. [43]. established the linear relationship between PET and MTSV, and
analysed the value range of the thermal neutrality of outdoor thermal comfort for the elderly
in summer. Xie Mingzhe established the linear relationship between PET and TSV [44],
and the comparison of thermal comfort of outdoor squares in different seasons. However,
these studies do not further analyse the relationship between PET and MTSV in different
shading spaces. This research is based on different shading spaces. The sample plots
are classified as no-shade space, half-shaded space, and full-shaded space. A regression
model was established to analyse the relationship between PET and MTSV in the no-shade,
half-shaded, and full-shaded spaces in the park. This study aims to provide a reference for
improving the thermal comfort of visitors in different shaded spaces.
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A total of 140 sets of data were used in this study, all of which were within one week.
Therefore, the research results cannot be extended to the whole month, quarter, or even the
whole year. However, some valuable information can be noted. For example, there exists
obvious correlation between thermal comfort and pedestrian flow distribution in different
shading spaces. Besides, people have different sensitivity to the thermal environment under
different shade spaces. The accuracy of the research could be improved if the research
sample plot and the study period were expanded.

5. Conclusions

Based on the investigation and research conducted at Longzi Lake Beach Park, this
paper employed the Baidu Heat Map, questionnaire surveys, and thermal environment
observations to examine the correlation between thermal comfort and crowd aggregation
density, and the relationship between various factors and thermal comfort degree. The
main conclusions are as follows:

(1) There exists significant differences of thermal comfort in different shade spaces,
which has a significant impact on the distribution of people.

From the analysed results, it can be seen that the thermal comfort of non-shaded space
is generally ‘warm’ and “slightly warm’, and that the frequency of the thermal map is low.
The thermal comfort of half-shaded space is mostly ‘slightly warm” and ‘warm’, and the
frequency of thermal map is higher than that of no-shaded space. The thermal comfort of
the full-shade space is relatively moderate as a whole, showing the situation of ‘moderate’
to ‘cool’, and the frequency of the thermal map is high. In addition, from the analysis of the
Baidu thermal map frequency of three spaces, no-shading < half-shading < full-shading
also reflects the influence of different shading spaces on population distribution.

(2) There were also differences in the effects of PET and MTSV on population distribu-
tion under the different shading spaces.

The correlation coefficient between PET and population agglomeration density was
0.8, indicating an obvious correlation. Furthermore, when the shading area was low or
high, there were more relevant correlations. The effect of MTSV value on population
aggregation density decreased with the decrease in shading area. The lowest MTSV
correlation coefficient (no-shade space) was 0.618, while the highest (full-shade space)
was 0.846.

(3) People have different sensitivity to the thermal environment under different
shade spaces.

Through the threshold range of the corresponding temperature in the thermal sensory
scale, it is found that the spatial perception degree of the shading and half-shading is
relatively uniform, and that the full-shade space can only perceive the lower and higher
temperatures of ‘cool” and ‘warm’. In addition, the population distribution is higher than
the other two types of space.

(4) The relationship between PET and MTSV in different shade spaces showed signifi-
cant differences.

The correlation between PET and MTSV in different shading spaces was established in
Formulas (4)-(6). The fitting coefficient of non-shaded space is 0.25. The fitting coefficients
of half-shading space and full-shading space are similar, at 0.21 and 0.14 respectively. The
correlation intensity shows no-shading > half-shading > full-shading.

The research draws some meaningful conclusions, which are helpful to promote
the construction of the park thermal environment and meet people’s different outdoor
activities from the perspective of shading. In the future, the accuracy of the research could
be improved by expanding the research sample plot and the study period.
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