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Abstract: Children’s activity spaces in communities designed for children’s recreation are related to
children’s safety and physical health. Outdoor thermal comfort of children’s activity spaces in high-
density urban residential areas is the key to children’s use in summer. To this end, meteorological
measurements and questionnaires were conducted to better understand children’s outdoor thermal
comfort in summer, and children’s outdoor thermal comfort was evaluated using the universal
thermal climate index (UTCI) for children’s activity spaces in high-density residential areas of
Chonggqing, China. We draw four conclusions: (1) Different landscape types of children’s activity
spaces have different effects on outdoor thermal comfort, and gender differences also affect outdoor
thermal comfort in the same type of children’s activity space. (2) Global radiation (G) and air
temperature (Tz) were the primary meteorological factors influencing children’s thermal sensations.
(3) Outdoor thermal comfort of children’s activity spaces in high-density urban residential areas was
inferior overall. (4) Neutral UTCI (NUTCI) for male and female children in Chongqing were 22.2 °C
and 21.8 °C, NUTCI ranges (NUTCIR) were 18.4-26.1 °C (male) and 16.2-27.3 °C (female), and
acceptable UTCI ranged from 23.2 to 39.1 °C (male) and 22.8 to 40.3 °C (female). The results provide
guidance for landscape architects and urban planners in the Chongqing area to create comfortable
outdoor spaces for children, improve their physical activity levels, and promote their physical and
mental health.

Keywords: outdoor thermal comfort (OTC); children’s activity space; UTCIL; high-density urban
residential area

1. Introduction

The global urbanization process is expected to reach a new stage by 2030, with cities
housing more than 60% of the world’s population [1]. Rapid urban population growth
encourages high-density development, reshapes the city’s natural underlying surface,
alters the balance of radiation energy, and causes a slew of climate and environmental
issues, such as the heat island effect, deterioration of urban air quality, and enhanced
greenhouse effect [2]. Meanwhile, the uncontrolled expansion of urban buildings in vertical
space affects the surface energy balance and air convection in local areas of the city, which
changes the internal urban thermal environment and may aggravate the urban heat island
effect [3]. High-density urban residential areas are located in the core areas of cities, which
are densely populated areas and are most severely affected by the heat island effect, and
increased temperatures will have a severe impact on the health of urban residents [4].
Studies have shown that high temperatures can easily lead to heat stroke, heat-related
diseases (coronary heart disease, cerebrovascular disease, heart disease, etc.), and even
life-threatening conditions [5]. As the basic unit of a city, urban settlements are also essential
places for urban residents to carry out their daily activities [6]. Therefore, improving the
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outdoor thermal environment of high-density urban residential areas plays a vital role in
alleviating the urban heat island effect and improving the health of residents.

Thermal comfort refers to “the psychological state that expresses satisfaction with the
thermal environment through a subjective assessment” [7]. Outdoor thermal comfort is
the most critical factor affecting residents” outdoor activities. Urban residential community
spaces for children provide access to nature and recreation, and these natural and artificial
design elements support children’s health and safety [8]. However, the design of children’s
activity spaces in high-density urban residential areas lacks natural elements. Although
they all meet safe design guidelines, the landscape elements and amenities within the
activity spaces can lead to uncomfortable thermal environments (e.g., solar radiation, high
temperatures, and air pollution) [9]. In order to encourage more physical activity in children,
we need to fully consider the incidence of heat, heat stroke, sunburn, and other respiratory
illnesses (such as asthma) in the hot summer months while also providing outdoor spaces
designed for the safety and recreation of children [10,11]. Improving children’s thermal
comfort in summer outdoor activities to minimize extended exposure to the hot sun and
heat is critical for the pre-stage landscape design.

In recent years, outdoor thermal comfort for children has been extensively discussed
in the worldwide research literature on human thermal comfort [12]. There are significant
physiological differences between children and adults, leading to differences in their ability
to regulate heat storage and dissipation [13]. Children are more susceptible to hot weather
than adults in the summer, so they are also sensitive to hot conditions [14]. Under the same
conditions, children showed higher levels of physical activity compared to other age groups
in thermal sensation vote (TSV) [13]. In addition, studies have shown that children and
adults have different comfort temperature ranges, which are related to differences in physi-
cal condition, basal metabolic rate, and thermal resistance of clothing [15]. Children are
more sensitive to their environment based on their unique physiological and psychological
characteristics. Physically, children spend more time outdoors than adults; Psychologically,
however, children are susceptible to experiences, perceptions, personal preferences and
feedback mechanisms associated with hot environments [16]. Finally, a series of studies
and experimental results proved that the heat load experienced by the body is related to
the local climate as well as to the design of the residential communities. Therefore, design
interventions can be used to improve the thermal environment of the communities and
create play spaces that are conducive for children to engage in outdoor activities, which
will help children thrive in safe and hot conditions for extended periods even in the hot
summer [17].

In this study, three representative children’s activity spaces in high-density urban resi-
dential areas in Chongqing were selected to study the children’s outdoor thermal comfort
(OTC) in summer through meteorological measurements and questionnaires. The purposes
of this study are as follows: (1) to investigate the interaction between meteorological pa-
rameters and human thermal comfort; (2) to determine the neutral temperature and neutral
temperature range of children’s outdoor thermal comfort in high-density urban residential
areas; and (3) to provide a scientific basis for urban planners and landscape architects to
plan and design residential areas.

2. Methods
2.1. Study Area

Chongging is located in the southwest of China and the upper reaches of the Yangtze
River. It is directly under the Central Government of the People’s Republic of China and a
national central city, between longitude 105°11'~110°11" E and latitude 28°10'~32°13' N
(Figure 1). The Koppen climate classification of Chongging is the subtropical monsoonal
humid climate (Cwa) [18], according to the Code for Thermal Design of Civil Buildings
climate classification is a hot summer and cold winter zone [19], with hot summer and
drought, and wet and foggy winter. The annual average temperature of Chongqing is above
18 °C. The highest temperature is in July and August, with the average daily temperature
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above 33 °C and the extremely high temperature of up to 43 °C. The mean monthly
temperature is 27 °C-38 °C (Figure 2). The temperature in Chongqing has increased
significantly over the past 20 years, about 1.6 times higher than the global warming trend.
Especially after 2010, Chongqing has an average of more than 20 days of extreme heat
per year in summer (Tmax > 35 °C) [20]. Chonggqing is known as a “stove city”, with
long-lasting summers and high average temperatures. However, a higher air temperature
is often associated with a higher building density and the urban heat island effect, which
is strongest in Chonggqing in summer, with the maximum heat island intensity occurring
around 24:00 and can be as high as 2.5 °C [21]. Therefore, this paper focuses on the
children’s outdoor thermal comfort in Chongqing in summer.
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Figure 1. Site locations and measured spaces.

For the study of children’s outdoor thermal comfort in summer in high-density urban
residential areas of Chongqing, the selected neighborhoods need to follow the following
principles: 1. The residential communities are built between 2011-2021, have suitable living
environments, and have diverse and representative internal open space landscape elements.
2. The residents have a high occupancy rate, which can ensure an adequate sample for the
questionnaire survey. 3. Finally, there are clear children’s activity spaces and abundant
activity facilities. After careful consideration, three residential communities with different
landscape types, i.e., R1, R2, and R3, were selected as the outdoor thermal environment
testing sites for children’s activity spaces Table 1. The fisheye photos were taken with a
Nikon Coolpix 4500 camera and a Samyang fisheye lens (AE 12 mm F2.8), and sky view
factors (SVF) were calculated by RayMan (2.1).
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Figure 2. Monthly maximum/minimum/mean air temperature and mean relative humidity in
Chonggqing in 2001-2021.
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Table 1. Descriptions of the three residential children’s activity space.

Basic

Residential Area
Parameters

Space
Characteristics

Fish-Eye Photos

Area: 1617.9 m?
Greening Rate: 32.3%
Volume Rate: 2.9

The R1 site is located southeast of the
residential community, with open
design space. The internal children’s

Rl Building Density: 43.6% recreational facilities are complete. The
Inhabitants: 6439 site has low vegetation coverage and is
Building Years: 2012 surrounded by low shrubs and lawns.
Area: 1056.3 m2 Three artificial lakes surround the R2
Greening Rate: 25.7% site in an enclosed design. The
R2 Volume Rate: 3.5 children’s activity area is moderate in
Building Density: 38.7% size, and the internal children’s
Inhabitants: 6332 recreational facilities are complete. Tall
Building Years: 2015 trees and shrubs surround the space.
Area: 968.7 m2 The R3 si.te is liocated on the east side of
Creening Rate: 35.9% the residential community, and the
g Rate . , ..
Volume Rate: 3.9 Chlldre.n s activity space covers a lar.ge
R3 area with an enclosed design. The site

Building Density: 36.5%
Inhabitants: 4542
Building Years: 2015

has high vegetation coverage and good
shading in summer. The vegetation
types are mostly tall trees and shrubs.

SVE:0.05

2.2. Measurement Campaign

The meteorological measurements for this study were conducted in sunny weather
during 28 July to 6 August 2022, and the measurement time was 9:00-19:30. The measure-
ment date corresponded to the hottest month in Chonggqing city [22]. The measurement time
was based on the most common time for residents” activities to ensure that the survey could
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cover most school-age children in the residential community. The field trial consisted of
three main parts: weather parameter testing, questionnaire survey, and activity recording.
The trial is based on the main test parameters of the outdoor thermal comfort evalua-
tion index, including air temperature (1), relative humidity (RH), wind speed (V), global
radiation (G), and mean radiation temperature (Tmrt). Air temperature, relative humidity,
wind speed, and global solar radiation can be directly measured by corresponding profes-
sional instruments. However, the mean radiation temperature needs to be calculated by
substituting the three parameters of black globe temperature, air temperature, and wind
speed into the equation (Equation (1)), so the five main thermal environment parameters
can be directly measured by professional equipment in this study, namely, air tempera-
ture (1a), relative humidity (RH), wind speed (V), global radiation (G), and black globe
temperature (Tg). Mean radiation temperature (Tmrt) can be obtained by calculating [23]:

[N

1.10 x 108V06

Tun = | (Tg +273)* + == 05

X (Ty—Ta)| —273 1)
where D is the spherical diameter (D = 50 mm in this study) and ¢ is the globe emissivity
(e =0.95).

Table 2 shows the basic information about the measuring instrument, such as its
accuracy and scope. Air temperature (1), relative humidity (RH), and wind speed (V)
were recorded using the Kestrel 5500 handheld weather instrument (Nielsen-Kellerman
Co., Boothwyn, PA, USA). Global Radiation (G) was recorded through the TES-1333 So-
lar Radiometer (TES Electric Co., Taiwan, China). Black global temperature (Tg) was
recorded using the RS-HQ black global temperature recorder (Renke Control Technology
Co., Shandong, China). All were installed at a distance of 1 m from the ground and set
to record data every 2 min automatically. All measuring instruments (Figure 3) were
compliant with ISO 7762 standard [23].

Table 2. Information on experimental equipment.

Number Parameter Brand and Model Range Accuracy
Air temperature —29~70°C +0.5°C
1 Relative humidity Kestrel5500 10~90% +2%
Wind speed 0.6~40m/s £3%
2 Global solar TES-1333 0~2000 W /m? +5%
radiation
3 Black globe RS-HQ 40.0~1200°C  +0.1°C
temperature
®
]

(1) (2) (3)

Figure 3. Photographs of instruments for meteorological measurements: (1) handheld weather
recorder, (2) global solar radiometer, and (3) black globe thermometer.
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2.3. Questionnaire Survey

The height, weight, age, and gender of child respondents can influence human sub-
jective thermal sensation. Therefore, when selecting the subjective questionnaire respon-
dents, we should avoid differences in a single factor so as not to influence the experiment
results [24]. To ensure an even distribution of physical characteristics among child re-
spondents, the age of respondents should be in the 5-12 years range. At the time of the
questionnaire survey, we guaranteed that each participating child stayed around the mon-
itoring site for more than 20 min to ensure that the subjective thermal sensation of the
respondents could be representative [8]. A total of 304 questionnaires were distributed, and
296 valid questionnaires were collected. Based on the field meteorological measurements
and subjective questionnaires, the data collected were analyzed and organized, and the
results related to children’s outdoor thermal comfort were obtained. The questionnaire was
presented in Chinese (Appendix A).

The first part is the background information of the questionnaire interview, including
the date, time, and place of the research and the status of the respondent, which the
researcher fills in. The time and place of the research corresponded to the time and place
of the meteorological parameter measurement. The respondent status was used to verify
whether it corresponded to the thermal sensation in the third part to prove the validity of
the questionnaire.

The second part was to collect basic information about the child respondents. We
collected gender, age, height, weight, clothing, residence history, and primary activity level
in the last 20 min. Children were not accurately expressing their weight and height, and
the guardians and child respondents did this part. Children’s physical information, dress,
and outdoor activity level were used to calculate the UTCI. Residence history was used
to exclude respondents who lived temporarily in Chongging from participating in the
questionnaire interview to ensure that all respondents in this study had lived in Chongqing
for more than two years.

The third part was to investigate children’s transient thermal perception (e.g., thermal
sensation, thermal comfort, and acceptability) and thermal adaptive behavior, with the
addition of brightly colored cartoon pictures in this section to facilitate an easier under-
standing of the questionnaire content [25]. Thermal sensation vote (TSV) was expressed by
the ASHRAE 7-point scale (Cold (—3), Cool (—2), Slightly cool (—1), Neutral (0), Slightly
warm (+1), Warm(+2), Hot (+3)) [7,26]. Since children’s concepts of thermal comfort are
ambiguous, the thermal comfort vote (TCV) was recorded on a 3-point scale (comfortable
(+1), neutral (0), uncomfortable (—1)). Thermal acceptability vote (TAV) was recorded on a
2-point scale (acceptable (+1), unacceptable (—1)). In the survey of thermal environment
parameter preferences, because children are less able to perceive humidity, all meteorologi-
cal parameter preference choices in the questionnaire were expressed on a 3-point scale
(lower (—1), unchanged (0), higher (+1)). Finally, we provided five options for the choice of
thermal adaptation behavior.

2.4. Clothing Insulation and Metabolic Rate

Some studies have found that children’s clothing differs little from adults in the
same season [27]. We calculated the thermal resistance of children’s clothing based on the
standard thermal resistance of adults’ clothing (Figure 4) [26,28]. For the calculation of
resting metabolic rate (RMR), the difference between the resting metabolic rate of children
and adults is significant, and the international standard is based on the measurement of
adults [26]. It cannot be directly applied to children. In this study, we used a corrected
mean RMR of 48.8 W/m? for children (7-11 years), consistent with the Xi’an and Texas
A&M University studies [8,14,26]. Then, based on the ISO 7730 standard [26] and the
modified RMR, a quick table of metabolic rates for children at different activity intensities
was calculated (Table 3).
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Figure 4. Summer simplified garment checklist.

Table 3. Metabolic rate for children with different activity intensities.

Activity Activity Intensity Met W/m?
Reclining 1 0.8 39.0
Seated 2 1 48.8
Standing 3 1.2 58.6
Walking 4 2.0 97.6
Running 5 2.6 126.9
Exercising 6 3.1 151.3

2.5. Thermal Comfort Indices

In human thermal comfort research, more than 165 thermal indices have been devel-
oped [29]. Currently, Outdoor Standard Effective Temperature (OUT-SET), Physiological
Equivalent Temperature (PET), Universal Thermal Climate Index (UTCI), and Predicted
Mean Vote (PMV) are the most extensively used indices [30]. UTCI was widely used in
outdoor thermal comfort studies and can be applied to different weather, seasonal and
spatial scales [31]. UTCI is based on the “Fiala” multi-node human physiological model,
which integrates the effects of thermoregulation and thermal resistance of clothing on
outdoor activities [32]. In this study, UTCI was used as a thermal comfort evaluation index,
and the RayMan model calculated the thermal stress of UTCI. Table 4 shows that the scale
of thermal stress evaluation given by the physiological simulation of UTCI developers was
10 scale from extreme cold stress to extreme thermal stress [33]. The purpose of the RayMan
model is to calculate the mean radiation temperature (I'mrt) and different thermal indices to
quantify the thermal conditions (thermal comfort, thermal stress, and cold stress) [34]. By
inputting meteorological parameters, such as air temperature (1), relative humidity (RH),
wind speed (V), mean radiation temperature (Tmrt), and respondent attributes (height,
weight, age, gender, etc.), the corresponding thermal indices (e.g., PET, UTCI, PMV, etc.)
can be directly obtained to evaluate the thermal comfort of the environment.
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Table 4. Thermal stress classification for the Universal Thermal Climate Index (UTCI).

UTCI (°O) Thermal Stress Category
>+46 Extreme heat stress
+38 to +46 Very strong heat stress
+32 to +38 Strong heat stress
+26 to +32 Moderate heat stress
+9 to +26 No thermal stress
0to+9 Slight cold stress
—13to0 Moderate cold stress
—27to —13 Strong cold stress
—40 to —27 Very strong cold stress
<—40 Extreme cold stress

3. Results
3.1. Experimental Results

Table 5 summarizes the characteristics of meteorological parameters of children’s
activity spaces in three high-density urban residential areas in summer. The highest mean
air temperature (Mean Ta) was 36.0 °C at the R2 site. The reason for this is that three
artificial lakes surround the R2 site, and the water body has a high specific heat capacity,
which stores heat and releases it slowly. Hence, the mean air temperature at the R2 site is
the highest. The mean temperature (35.0 °C) and the maximum temperature (41.7 °C) at
the R3 site are the lowest among the three sites. Moreover, the average daily solar radiation
(130.0 W/m?) at the R3 site was the lowest among the three sites. The reason for this is that
the R3 site has the lowest SVF (0.05), receives less direct solar radiation, and has a lower
temperature. The minimum air temperature in the three sites differed very little, indicating
that the minimum air temperature in the children’s activity space in high-density urban
residential areas is less influenced by spatial landscape differences. Regarding relative
humidity (RH), the mean RH at the R2 site (47.3%) and the R3 site (52.4%) were slightly
higher than the mean RH at the R1 site (43.8%). The reason is that the R2 site is close to the
artificial lake, which can increase the air humidity; the R3 site is covered with plants, the
transpiration of plants is intense, and the air humidity is high. The mean wind speed of
0.4 m/s and the maximum wind speed of 2.6 m/s at the R1 site was the highest among
the three sites. Because the SVF at the R1 site was the highest among the three sites, and
the space was the most exposed for air circulation. However, all three sites are located in
residential communities in the urban core, where the wind speed is low in summer. The
change in black globe temperature (Tg) is affected by solar radiation. The stronger the
solar radiation, the higher the black globe temperature. R1 site has the highest black globe
temperature and solar radiation intensity (G); its maximum black globe temperature is
49.7 °C, and the mean black globe temperature (Mean Tg) is 39.3 °C. The reason for this is
that site R1 lacks the coverage of tall trees and has solid solar radiation in summer.

Table 5. Meteorological parameters of three sites during the measurement period in summer.

Site Ta (°C) RH (%) V (m/s) Tg (°C) G (W/m?)
Max Min Mean Max Min Mean  Max Min Mean  Max Min Mean Daily Average

R1 432 285 351 689 30.2 47.8 2.6 0.0 04 49.7 29.6 39.3 433.0

R2 426 297 360 684 33.2 55.3 1.7 0.0 0.2 46.4 29.9 37.9 291.1

R3 417 299 350 722 38.1 52.4 2.4 0.0 0.2 47.2 30.2 35.7 130.0

In summary, influenced by landscape elements, the meteorological parameters of
the three sites exhibited differences. Among them, the differences in air temperature (Ia),
relative humidity (RH), and wind speed (V) are slight and the differences in solar radiation
(G) are the largest. Because of the influence of the sky view factor (SVF), the smaller the sky
view factor, the stronger the solar radiation received. Other meteorological parameters are
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mainly influenced by the spatial environment, such as space enclosure, plant arrangement,
water landscape, etc. Therefore, in planning and designing children’s activity spaces in
high-density residential areas, we should reasonably use plants and other materials to
improve the spatial thermal environment.

3.2. Questionnaire Survey Results

The gender of child respondents in this study was evenly distributed, with 52.7%
of males and 47.3% of females. The average height was 128.5 cm for males and 124.9 cm
for females; the average weight was 30.6 kg for males and 27.4 kg for females. The
basic information of the child respondents is shown in Table 6. All child respondents’
average clothing thermal resistance in summer was 0.26 £ 0.1 clo. Meanwhile, the RMR
corresponding to the main activity types of children in the past 20 min was calculated
according to Table 3, and the average RMR of all children was 114.46 + 30.97 W/m?.
All questionnaire respondents were satisfied that they had lived in the central city of
Chonggqing for more than 2 years and could adapt to the local climate [35,36].

Table 6. Respondents’ attributes.

Age Height (m) Weight (kg)
Gender Number
Min Max Mean + SD Min Max Mean + SD Min Max Mean + SD
Male 156 5 12 8+22 102.8 159.5 125 +15.1 17.5 64.5 30.6 + 11
Female 140 5 12 8+23 103.5 160 1285 + 13.6 16.2 49.5 274 + 8.7

Table 7 summarizes the data from the respondents on the thermal comfort question-
naire; the highest number of children voted for “warm” (63.2%), followed by “slightly
warm” (28.0%). The number of votes for “neutral” was the lowest (2.0%). In the air temper-
ature (In) preference vote, the vast majority (93.9%) of children wanted the air temperature
to decrease, while 6.1% wanted it to stay the same. The children incorrectly understood the
concept of relative humidity (RH) and were not counted in the questionnaire. In the wind
speed (V) preference vote, 89.1% of the children wanted the wind speed to increase. In the
global solar radiation (G) preference vote, more than half (60.1%) of the children wanted
solar radiation to become weaker. On the contrary, 39.5% of the children wanted that
solar radiation should be increased. In the thermal comfort vote (TCV), 66.5% of children
considered thermal comfort to be “neutral,” while only 7.7% considered thermal comfort
to be “comfortable.” In addition, 85.4% of the children reported that their current thermal
environment was acceptable. The results show that children generally feel hot and want the
thermal environment of the their activity spaces to be improved when conducting activities
in high-density urban residential areas.

3.3. Thermal Sensation Vote (TSV)

In order to explore the influence of different landscape elements on children’s thermal
comfort in children’s activity spaces in high-density residential areas, we analyzed the
thermal sensation vote data of child respondents. Figure 5 shows thermal sensation voting
of children’s activity spaces in three high-density urban residential areas, with the TSV
mainly distributed between “slightly warm (TSV = 1) “and “warm (TSV = 2)”. This indicates
that children are dissatisfied with the thermal environment of all three children’s activity
spaces. The highest percentage of children (14.8%) had a TSV of “neutral (TSV = 0)" at site
R3, so outdoor thermal comfort level at site R3 was the highest. 58.7% of children had a
TSV of “warm (TSV = 2)” at site R2. “, and another 30.3% of children thought the TSV at
this site was “slightly warm (TSV = 1)”. In site R1, 60.0% of children had a TSV of “warm
(TSV =2)” and 13.0% had a TSV of “hot (TSV = 3)”, indicating that site R1 had the lowest
level of thermal comfort for children’s activity space. This is because the children’s activity
space at site R1 lacks shade from plants and is exposed to direct sunlight for a long time.
Finally, the three children’s activity spaces are ranked R3 > R2 > R1 for summer thermal
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comfort. The results show that there are also differences in the effects of children’s activity
spaces on human thermal comfort in different high-density residential areas.

Table 7. Summarize some of the questionnaire variables.

Number Variable Option Statistics and Percentage
Cold = -3 0 0
Cool = -2 0 0
Slightly cool = —1 0 0
1 TSV Neutral =0 21 7.1%
Slightly warm = +1 76 25.8%
Warm = +2 173 58.4%
Hot =+3 26 8.7%
Higher = +1 0 0
2 Ta preference Unchanged =0 18 6.1%
Lower = —1 278 93.9%
Higher = +1 264 89.2%
3 V preference Unchanged =0 31 10.5%
Lower = —1 1 0.3%
Higher = +1 1 0.3%
4 G preference Unchanged =0 117 39.5%
Lower = —1 178 60.2%
Uncomfortable = —1 76 25.7%
5 Thermal comfortable Neutral =0 197 66.6%
Comfortable = +1 23 7.7%
.. Unacceptable = —1 43 14.5%
6 Thermal acceptability Acceptable = +1 253 85.5%
W R1
o R2
70 M R3

[=)]
o
It

Persentage(%)
w »H v
o o o

N
o
i

[y
o
1

1 2
Thermal sensation vote

Figure 5. Thermal sensation vote (TSV) in three different measuring points.

3.4. Meteorological Factors Preference Vote

In the air temperature preference poll (Figure 6a), 98.9% of children at site R3 wanted
the air temperature to be “lower,” the highest percentage of all sites. The ranking of sites
with “lower” air temperature expectations was R3 (98.9%) > R2 (93.1%) > R1 (90.0%).
The ranking results are the opposite of overall thermal comfort voting (OTCV) results,
demonstrating a strong association between air temperature and thermal comfort. In the
analysis of wind speed preference voting (Figure 6b), children in all three sites wanted
the wind speed to be “higher,” and the highest percentage of wind speed preference
voting was 94.3% in site R3. This is because in the high temperature and high humidity
climate of Chongging, human skin sweat evaporates slowly, and heat exchange with the
environment is also slow, so human thermal comfort is poor. Increasing the wind speed can
effectively increase the evaporation rate of skin sweat, speed up the heat exchange with the
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environment, and improve human thermal comfort. The global solar radiation preference
vote (Figure 6¢) shows that all three sites voted for “lower” solar radiation. In particular, the
percentage of support for “lower” at site R1 is 63.0%, strongly related to the most exposed
space and lack of plant shade at site R1. The vote results on children’s meteorological
parameter preferences indicate that temperature and wind speed are key factors influencing
the thermal comfort of children’s activity spaces in high-density residential areas in summer.

Most children prefer higher wind speed and lower solar radiation intensity to improve
outdoor thermal comfort.
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Figure 6. Preference votes for meteorological factors in the three different measuring points: (a) Ta
(air temperature), (b) V (wind speed), (c) G (global radiation).
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3.5. Overall Thermal Comfort Vote (OTCV)

The purpose of overall thermal comfort voting (OTCV) is to validate the reasonable-
ness of thermal sensation voting. Figure 7 shows the percentage of children’s overall
thermal comfort voting in the summer in the children’s activity spaces in high-density
residential areas. It can be seen that 71.0% of children in site R1 considered the current
thermal environment “neutral”, and only 10.0% considered the thermal environment in
this space to be “comfortable”. For the “comfortable” vote, 34.0% for site R3 and 24.5% for
site R2. The results of thermal comfort voting are consistent with the results of thermal
sensation voting, indicating a strong positive relationship between overall thermal comfort
and thermal sensation.

100%

Uncomfortable
90% A Neutral

80% Comfortable
70% 4

60%

40%

Persentage(%)
3

30%

20% A

10%

0% T T
RI R2 R3
Overall thermal comfort votes

Figure 7. Overall thermal comfort votes (OTCV) in three different measuring sites.

3.6. Thermal Acceptability Vote (TAV)

According to ASHRAE Standard 55, developed by the American Society of Heating,
Refrigerating and Air-Conditioning Engineers (ASHRAE), a thermal environment is accept-
able under the conditions indicated by at least 80% of respondents who indicated that the
current thermal environment was acceptable [7]. In the questionnaire, child respondents
were asked to vote on the thermal acceptability of the current thermal environment. Figure 8
shows the percentage of “acceptable” votes for the three sites, 84% for site R1, 85.3% for site
R2, and 87.2% for site R3, with the thermal acceptability votes ranked R3 > R2 > R1. The
voting results indicate that the thermal environment is acceptable under these conditions.
This ranking result is consistent with overall thermal comfort voting and thermal sensation
voting, which justifies the thermal sensation voting results of the study.
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Figure 8. Thermal Acceptability Vote (TAV) in three different measuring points.
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3.7. Universal Thermal Climate Index (UTCI)

Thermal comfort is expressed as a person’s subjective feeling, which is influenced by a
combination of environmental and personal factors [35]. To accurately assess children’s
thermal sensations, thermal comfort thresholds for children were determined. In this study,
we did a weighted mean of the TSV for every 1 °C UTCI interval to calculate the MTSV
(Mean TSV, MTSV) for every 1 °C UTCI interval and then performed a linear fit of the
UTCI to the MTSV for males and females, respectively [37]. The slope of this regression
line for males was 0.13, corresponding to 7.7 °C UTCI/MTSV (Figure 9a). The slope of the
regression line for females was 0.09, corresponding to 11.1 °C UTCI/MTSV (Figure 9b).
The slope of this regression line for all child respondents was 0.1, corresponding to 10.0 °C
UTCI/MTSV (Figure 9c¢). The following linear equation was obtained (Equations (2)—(4)):

MTSV = 0.13UTCI — 2.89 (R? = 0.761) (Male) (2)
MTSV = 0.09UTCI — 1.96 (R? = 0.669) (Female) 3)
MTSV = 0.1UTCI — 1.96 (R? = 0.810) (All Respondents) (4)
2 > 2
Z z
S =
MTSV = 0.13UTCI — 2.89 MTSV = 0.09UTCI —1.96
0 R?=0.761 0 R?=0.669
©uraec) - urtaee)

(a) (b)

MTSV = 0.1UTCI —1.96
0 R?>=0.810

300 350 400 450 500

UTCI(°C)
(0)
Figure 9. Correlation between UTCI and MTSV: male (a), female (b) and all respondents (c).

Neutral temperature refers to the temperature at which people feel neither hot nor
cold [38]. When MTVS = 0, the corresponding UTClI is the group’s neutral UTCI (NUTCI).
Substituting MTSV = 0 into the equation separately, the NUTCI was calculated to be 22.2 °C
for males, 21.8 °C for females, and 19.6 °C for all child respondents. The closing results
showed a slight gender difference. The neutral temperature range (NUTCIR) refers to
the range in which the neutral UTCI is determined when the MTSV is between —0.5 and
0.5 (both —0.5 and 0.5). Based on the linear regression equation, the NUTCIR can be
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calculated as 18.4-26.1 °C for males, 16.2-27.3 °C for females, and 14.6-24.6 °C for all child
respondents in summer. Compared with male, the upper limit of NUTCIR for female was
0.7 °C higher, and the lower limit was 2.8 °C lower, indicating that female in high-density
urban residential areas in summer had lower thermal sensitivity than male.

3.8. Thermal Accptable Range (TAR)

According to ASHRAE Standard 55, evaluation of the acceptability of the thermal
environment for this condition requires that the percentage of acceptable votes from respon-
dents be no less than 80% [7]. The percentage of thermal unacceptability was calculated and
plotted for each 1 °C UTCI interval and regressed with a second-order polynomial fit to the
UTCI. The following second-order polynomial was derived. (Equations (5)—(7)) [6,37,39]:

y = 0.26x> — 16.51x + 263 (R? = 0.875) (Male) (5)
y = 0.3x% — 19.62x + 329 (R* = 0.917) (Female) (6)
y = 0.16x> — 10.19x + 169 (R* = 0.808) (All respondents) 7)

where x is the UTCI and y is the percentage of thermally unacceptable population. Then,
y = 20% is substituted into the three equations to calculate the acceptable UTCI range for
80% of children. Figure 10 shows thermal acceptability rates for children’s activity spaces in
high-density urban residential areas. Thermal acceptability ranges from 23.2 to 39.1 °C for
males (Figure 10a), in females from 22.8 to 40.3 °C (Figure 10b), and all child respondents
presented acceptable UTCI ranges from 23.1 to 42.3 °C (Figure 10c). The lower limit of the
thermally acceptable range for females was 0.5 °C lower than that for males. However, the
upper limit was 1.2 °C higher than that for males. The results indicate that females have a
broader thermal acceptability range.

100 100
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Figure 10. Relationship between the thermal unacceptable rate and UTCI: male (a), female (b) and all
respondents (c).
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3.9. Thermal Adaptive Behaviors

Figure 11 shows the adaptation behavior of children’s activity space to an outdoor
thermal environment in Chongging’s high-density urban residential area. Hence, 55% of
children considered “moving to tree shade” as the best choice to improve their thermal
comfort. The next highest choice was “drinking water,” chosen by 29% of children. The
results indicate that more than half of the children would improve their thermal comfort by
avoiding direct sunlight in the hot summer. The lowest percentage of children choosing to
“removing clothes” was 3%. This might be because children wear very little clothing during
outdoor activities in the summer heat, and the average thermal resistance of clothing is
only 0.26 clo. Children’s clothing patterns reach “adaptive saturation,” so few children
choose to reduce clothing to improve thermal comfort [40].

29%

55%

5%

8%
3%

Moving to tree shade ™ Removing clothes Using umbrella

Putting hat on Drinking water

Figure 11. The frequency distribution of thermal adaptive behavior.

4. Discussion
4.1. Most Comfortable Type of Children’s Activity Areas

Outdoor thermal comfort was ranked for children’s activity spaces in three high-
density urban residential areas: site R3 with dense vegetation > site R2 with artificial
lake > site R1 with open space. The results indicate that different landscape elements have
different degrees of influence on human thermal comfort. These results are consistent with
the findings of Xu et al. [41] and Wang et al. [42]. In the actual design of residential areas,
single landscape elements cannot be arranged centrally, and outdoor spaces should be
reasonably designed according to users’ needs.

4.2. Factors Affecting Human Thermal Comfortable

The climate parameters from Table 5 and questionnaire statistics from Table 7 were
compared with the overall comfort vote (OTCV) in Section 3.5. The ranking of the thermal
comfort vote was inversely proportional to the global solar radiation intensity (G). The
stronger the solar radiation, the lower the ranking order of the thermal comfort vote. The
results indicate that globe radiation (G) is the main factor influencing outdoor thermal
comfort in summer. Furthermore, comparing the other meteorological parameters with
the thermal sensation vote revealed that the relative humidity (RH) and wind speed (V)
measurements did not significantly affect thermal sensory. However, as the intensity of
solar radiation increased, the air temperature (1) also increased, and the thermal comfort
of the space decreased. This indicates that air temperature is crucial to children’s outdoor
thermal comfort.

To sum up, air temperature (1) and global radiation (G) are the most important factors
affecting human outdoor thermal comfort. The results of such studies are consistent with
those of Lai et al. [13], Yao et al. [43], and Cheng et al. [44]. Such research results show that
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a single meteorological factor does not control human thermal comfort, and more studies
are needed to explain the effects of different factors.

4.3. Neutral UTCI (NUTCI) and Neutral UTCI Range (NUTCIR)

Table 8 summarizes the neutral temperature and neutral temperature range for various
regions of the world. In general, the NUTCI is usually higher at lower latitudes than at
higher latitudes, such as India (31.8 °C) [45] versus Beijing (17.0 °C) [46]. Compared to
the same climatic zone (Cwa), children’s NUTCI in this study was lower than that of
Zhang et al. [47] in the mixed-age group in Chengdu. It is related to the study subjects’
physical characteristics and activity intensity. During the study period, we observed that
over 80% of adult activities were standing and sitting and less than 20% of children were
standing or sitting, which resulted in children feeling hotter than adults. This is consistent
with studies by Lai et al. [13] and Huang et al. [8]. What differences may exist in different
age groups at the same latitude still need further study.

Table 8. NUTCI and NUTCIR in other outdoor thermal comfort studies.

Climatic NUTCI NUTCIR

Location Zone Season €0) ©0) References
Chengdu, Winter,
i Cwa N 247 13.2~27.2 [47]
Xi‘an, China  BSk/Cwa Winter, 13.9 6.4-215 (8]
Summer
Beijing, .
China Dwa Winter 17.0 8.7~25.4 [46]
Haryana, Bsh Summer 318 28.0~35.6 [45]
Indian

Compared to the NUTCIR in Beijing (8.7-25.4 °C) [46] and Xi'an (6.4-21.5°C), (6.4~21.5 °C) [8],
the NUTCIR for children in Chonggqing is relatively narrow. This might be related to
individual physiological adaptation, where changes in physiological responses due to
repeated individual exposure to stimuli lead to a gradual decrease in such exposure-
induced changes over time [22]. Beijing and Xi’an have large temperature differences,
and residents are more adapted to the local climate with a broader range of NUTCL. In
contrast, Chongqing has a long summer duration and minor temperature differences.
Therefore, studies of outdoor thermal comfort should follow the principle that data from a
measurement site should only be applied to that environment.

4.4. Thermal Acceptability Range (TAR)

This study found that 80% of children in Chongqing have a TAR range of 23.1-42.3 °C,
which is wider than the corresponding NUTCIR temperature range of 14.6-24.6 °C. This
may be related to Chongqing’s “ stove city,” with hot and long-lasting summers and
average summer temperatures above 35 °C. Residents who have lived in the local area
for a long time are more adapted to the hot weather [22]. Secondly, children’s perception
of their thermal sensations in hot weather was ambiguous. Most children expressed an
acceptable perception of the current environment during the study period, but this did not
correspond to their physical characteristics. This could be the main reason for the higher
upper limit of thermal acceptability range in children than adults. In addition, this may
be related to the area of the study, where all three sites in this study were located within
high-density residential areas in the urban core, where residents have a more adaptive
capacity to the outdoor thermal environment under those conditions. Table 9 shows the
acceptable temperature range for outdoor thermal comfort in other climatic zones. The
results of the study are consistent with those of An et al. [46] and Cheung et al. [37].
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Table 9. TAR in other outdoor thermal comfort studies.

Location Climatic Zone Season Rang Fgg){ References
Chengdu, China Cwa Winter, Summer 80% 8.1~28.3 [47]
Xi’an, China BSk/Cwa Winter, Summer 80% 3.7~21.2 [8]
Beijing, China Dwa Winter 80% 6.1~26.0 [46]
Hong Kong, China Cwa Summer 80% 22.7~30.4 [37]

4.5. Limitations of this Study

This study achieved satisfactory results, but there are still some limitations. First, the
measurement period was only six days in the hottest month, and we did not measure the
thermal environment in other seasons. Children’s thermal sensations are different in winter
or during transitional seasons. In a future study, we will add thermal comfort experiments
in other seasons. Secondly, we only selected children’s activity spaces in high-density
residential areas as experimental sites. However, children in other areas, such as parks,
campuses, and streets, may also show different thermal sensations. In the subsequent study,
we will comprehensively consider more open spaces for thermal comfort.

5. Conclusions

This study used objective measurements and subjective questionnaires to study chil-
dren’s outdoor thermal comfort in summer. UTCI was evaluated in order to explore the
differences in children’s thermal comfort in different high-density residential areas in
Chongging and determine the thermal benchmarks for children’s outdoor thermal comfort.
The following main conclusions were obtained:

1. Different landscape types of children’s activity spaces have different effects on outdoor
thermal comfort, and gender differences also affect outdoor thermal comfort in the
same type of children’s activity space. Studies have shown that children’s activity
spaces with high vegetation cover (R3) are the most comfortable landscape spaces
in summer.

2. Global radiation (G) and air temperature (Tz) were the primary meteorological factors
influencing children’s thermal sensations. In summer, the enhancement of wind
speed can effectively improve outdoor thermal comfort in children’s activity spaces
in high-density residential areas.

3. Outdoor thermal comfort of children’s activity spaces in high-density urban residential
areas was inferior overall. Thermal sensation voting (TSV) has a strong positive
relationship with overall thermal comfort voting (OTCV) and thermal acceptability
voting (TAV), and the results for all three questions are very similar.

4. Neutral UTCI (NUTCI) for males and females in Chongging were 22.2 °C and 21.8 °C,
NUTCI range (NUTCIR) was 18.4 to 26.1 °C for males and 16.2 to 27.3 °C for fe-
males, indicating that females in high-density urban residential areas in summer had
lower thermal sensitivity than males. The thermal acceptable range (TAR) of 80%
was 23.2-39.1 °C for males, 22.8-40.3 °C for females, and for all child respondents
23.1-42.3 °C, respectively. This reflected a broader range of thermal acceptability for
female children.

The results of this study have important implications for the landscape design of
children’s activity areas in high-density urban residential areas, which can help landscape
designers and urban planners to improve the outdoor thermal environment and thermal
comfort in cities based on scientific experimental studies in the construction of future resi-
dential areas. In future outdoor thermal comfort studies, to make up for the shortcomings
of this study, we should consider more landscape spaces and people more comprehensively
and conduct more accurate data analysis to understand the thermal sensory changes of
humans and provide more comfortable and healthy urban habitats for urban residents.
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Appendix A

Children's Outdoor Thermal Comfort Questionnaire
Hello! We are conducting a subjective survey of your outdoor thermal comfort. Your personal
privacy will be strictly protected, so please fill in your own feelings in this questionnaire. Thank
you for your cooperation!

Date:, Time:, Location:

Observe the physical thermal sensation performance of the experimental subjects:
Hot: o Face turning red o Sweating o Crying and/or shouting o Restless o Sweaty palms
Cold: o Sneezing 0 Slow responses 0 Runny nose o Chill o Cold skin o Feeling sudden tiredness

Gender:, Height: Weight:

Age:, Length of time living locally:,

1. Please tick the clothing combination your child are wearing at this moment:

Upper body: o Sleeveless vest o Short-sleeved T-shirt o Long-sleeved T-shirt o Short-sleeved
dress 0 Long -sleeved dress o Jacket/Coat

Lower body: o Shorts o Straight trousers o Short skirts o Long skirts

Feet: o Socks o Slippers o Shoes o Boots Other: o Hat

2. The child's main activity in the past 20 minutes:

oScated o Standing o Walking o Running (chasing and playful, running and playing)

o Sports (skateboarding, ball games, cycling)

3. Please describe your current thermal sensation:

o Very cold o Cold o Cool o Neutral o Warm o Hot o Very hot
D= I R D2
A (&> e 74|
@ B - 2. | '®
o

4. Please describe your thermal comfort level:

o Uncomfortable o Neutral o Comfortable
- | e .-
£ S
£

5. How would you prefer the following meteorological to be?

Temperature: 0 Higher (+1) 0 Unchanged (0) o Lower (-1)

Wind speed: o Higher (+1) o0 Unchanged (0) o Lower (-1)
Solar radiation: o Higher (+1) o Unchanged (0) o Lower (-1)
6. Please describe your acceptable level for current thermal environment:

o Acceptable o Unacceptable

2

In summer, when you feel hot outdoor, without returning indoors, you will:

o0 Moving to tree shade o Removing clothes

a?a )

oo X

o Using umbrella

o Putting hat on

‘ |

Figure A1. Children’s outdoor thermal comfort questionnaire.
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