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Abstract: Thermal comfort is an important subject to evaluate the quality of outdoor environments.
This study investigated outdoor thermal conditions and the thermal comfort perception of pedestrians
using walkways within a university campus in Thailand, located in the hot and humid tropical region.
In this field study, microclimate measurements were conducted to assess the physiological equivalent
temperature (PET) of walkways, and on-site questionnaire surveys (1 = 400) were used to evaluate
the thermal sensation votes of pedestrians in different walkway conditions. The results revealed that
the neutral PET was 25.2 °C and its acceptable range was 24.6-32.0 °C. Most pedestrians accept the
thermal conditions of all walkway types but at different levels of acceptability, albeit in a slightly
warm sensation. Among different walkway types, the cantilever-covered walkway with sparse trees
yields the closest PET to the neutral PET. The most comfortable and favorable walkway is that with a
lower air temperature, less sunlight, and higher wind ventilation. The studies on the outdoor thermal
comfort of pedestrian walkways could benefit urban planners and engineers in designing physical
and environmental conditions of walkways as well as promoting non-motorized transport and green
university campuses.

Keywords: pedestrian comfort; outdoor thermal comfort; physiological equivalent temperature;
walkway; green university

1. Introduction

Green urban planning is currently being highlighted as one of the essential sustainabil-
ity strategies for the development of cities or communities [1,2]. It helps create comfortable
microclimate conditions and proactively improve livability. Outdoor spaces and walkways
are important elements of cities and communities, which can be developed as green urban
areas [3,4]. Specifically, walkways can promote non-motorized transport, including walking
and cycling, for sustainable transport in urban environments [5,6].

Several colleges and universities worldwide have recently paid great attention to sus-
tainability. They have encouraged a pedestrian-friendly environment and non-motorized
transport. A college or university campus is an ideal setting to encourage sustainable
transportation and community development that can improve the social environment on
campus and promote better health among students and staff [7]. In Thailand, a developing
Southeast Asian country, Chiang Mai University (CMU) is one of the large-sized university
campuses located in the northern region in a tropical wet and dry (or savanna) climate.
With its location in the foothills and shady parks, walking is one of the most popular travel
modes and leisure outdoor activities on campus. CMU is now pursuing an action plan for a
green, clean, and smart university. One of its important campus policies is the development
of outdoor public spaces, such as pedestrian walkways. To attract their use of walkways,

Sustainability 2024, 16, 657. https:/ /doi.org/10.3390/su16020657

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


https://doi.org/10.3390/su16020657
https://doi.org/10.3390/su16020657
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://orcid.org/0000-0003-1360-2097
https://orcid.org/0000-0001-9792-9649
https://orcid.org/0000-0002-6037-4974
https://doi.org/10.3390/su16020657
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su16020657?type=check_update&version=2

Sustainability 2024, 16, 657

20f 18

the walking facilities and environments must be suitably created in response to pedestrian
usage and comfort.

In the evaluation of outdoor environments, outdoor thermal comfort has been used to
express the satisfaction of humans with the external environment. It directly impacts the
participation in outdoor activities [8-11]. Several indicators have been proposed for the
assessment of outdoor thermal comfort [12,13]. The physiological equivalent temperature
(PET) is the most pertinent thermal indicator commonly used in outdoor thermal comfort
studies [14-18]. Compared to other thermal indices, PET corresponded the most to the
actual thermal condition and thermal sensation. PET is expressed by degree Celsius
(°C), which makes the results more comprehensible to urban or regional planners and
designers [19].

This study aimed to investigate the outdoor thermal comfort and thermal perception
of pedestrians using different designs and conditions of walkways in a university campus
in Thailand. This study conducted field measurements and on-site questionnaire surveys
to evaluate pedestrians’ physiological equivalent temperature (PET) and examine the
thermal sensational vote (TSV) of different conditions of campus walkways. The results
of this study could indicate whether the thermal condition of the campus walkways is
suitable for pedestrians and which type of walkway is the most comfortable under different
environmental components.

The remainder of this paper is organized as follows: Section 2 reviews past studies
related to outdoor thermal comfort. Section 3 presents the materials and methods used in
this study, including data collection and evaluation methods. Section 4 describes the results
and provides a discussion of the results. Section 5 provides the conclusions and highlights
further recommendations.

2. Literature Review

Over the past few decades, many research studies have been conducted to investigate
human thermal comfort. Thermal comfort represents human satisfaction with the thermal
indoor or outdoor environment conditions. Itis typically assessed by a subjective evaluation
and is affected by several factors, including environmental factors (e.g., air temperature,
airspeed, movement, humidity, and radiation) and personal factors (e.g., metabolic rate,
clothing insulation, body shape, age and gender, and state of health) [20-22].

During the last decade, increasing attention has been dedicated to outdoor thermal
comfort in examining how people perceive and interact with urban outdoor environ-
ments [13,23-25]. Outdoor thermal comfort has become an important factor in the pro-
vision of strategies for the sustainable urban planning and design of outdoor spaces for
daily activities. Urban planners and designers attempt to create outdoor spaces based on a
good thermal environment to promote livable and healthy communities [16,26]. In urban
environments, the outdoor thermal comfort of people is affected by thermal conditions,
and the thermal perception of people affects their usage of the outdoors [27,28].

In this regard, numerous studies have assessed outdoor thermal comfort using in situ
thermal conditions, and thermal perception using questionnaire surveys. They defined the
boundaries of a thermal sensation scale and provided a better match between objective
thermal indices and subjective thermal perception.

To assess the thermal comfort of people, a large number of thermal indices have been
proposed. Previous studies have shown that the physiological equivalent temperature
(PET) is the most widely used and applicable thermal index for outdoor thermal perception
studies [13,18,29,30]. PET is defined as the air temperature at which the energy budget of
the human body in indoor settings is balanced with the same skin temperature as under
outdoor settings. PET is derived from the human energy balance, the Munich Energy-
Balance Model (MEMI) for Individuals with the unit of degree Celsius (°C) [15]. It is
recommended for urban and regional planners to use PET in assessing the perceived heat
sensation of pedestrians as it corresponds to the actual outdoor conditions [19,24,27,30-33].
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Moreover, PET could measure how changes in the thermal environment can affect human
health and well-being [34].

To assess the thermal perception of people, the thermal sensory vote data from ques-
tionnaire surveys are commonly used. The ASHARE 7-point thermal sensation vote (TSV)
scale, —3 (cold), —2 (cool), —1 (slightly cool), 0 (neutral), +1 (slightly warm), +2 (warm), and
+3 (hot), was recommended for determining the neutral temperature, thermal acceptability,
and thermal preference of respondents [22,23,25]. The thermal acceptability range can be
related to the thermal sensation scale, as shown in Table 1 [14,24,27,30].

Table 1. Thermal perception classification by region.

hvsiological PET (°C) by Region
Thermal Sensation Physiological Stress (Sub) Tropical Region [24] Temperate Region [30]
Very cold Extreme cold stress <14 <4
Cold Strong cold stress 14-18 4-8
Cool Moderate cold stress 18-22 8-13
Slightly cool Slight cold stress 22-26 13-18
Neutral No thermal stress 26-30 18-23
Slightly warm Slight heat stress 30-34 23-29
Warm Moderate heat stress 34-38 29-35
Hot Strong heat stress 38-42 3541
Very hot Extreme heat stress <42 <41

In recent years, many field studies have been performed by applying the PET index and
TSV scales to determine the neutral thermal sensation under various climates worldwide. A
recent review showed that the PET neutral sensation ranges were varied in different climatic
zones according to the Képpen climatic classification from cold and temperate climates to
tropical and subtropical climates. Examples of studies in cold and temperate climates can
be mostly found in European countries, such as Germany, Croatia, Sweden, Greece, the
Netherlands, and Hungary [29,35-38], while those in tropical and subtropical climates with
hot, humid, and wet weather can be found in several Asian, African, and South American
countries, such as Taiwan, Hong Kong, China, Japan, Australia, New Zealand, Iran, India,
Singapore, Malaysia, Tanzania, Algeria, and Brazil [39-50]. A comprehensive review by
Potchter et al. (2018) showed that the thermal acceptability range in cold climates is about
15-20 °C PET, while in hot climates, it is about 24-27 °C PET [31].

To date, the study on outdoor thermal conditions and human thermal sensation in
the hot and humid tropical climate of Thailand is very limited. However, there were some
research studies developed under the same climate condition as Thailand. These studies
revealed that in Singapore, the neutral temperature and its acceptable range in outdoor
conditions are at 28.7 °C PET and 26.3-31.7 °C PET, respectively [48], while in Malaysia,
they are 25.6 °C and 25.9-32.3 °C PET, respectively [11]. A study in Hong Kong found that
the neutral temperature in summer is 25 °C PET [19].

Furthermore, recent studies on outdoor thermal conditions and human thermal com-
fort perception showed that the neutral PETs appear to vary in different types of outdoor
environments. Examples of outdoor environments are residential areas, urban parks,
courtyards, urban street canyons, public squares, urban plazas, elevated walkways, and
university campuses [8-11,23,33,43,44,46,47,51-56]. These studies help understand peo-
ple’s usage of the outdoors, evaluate the quality of outdoor environments, and promote the
sustainable urban design of outdoor spaces.

It can be seen that most outdoor thermal comfort studies were conducted in both
cold and hot climates, but relatively little research has been conducted in the context of
Thailand. Moreover, the literature has revealed a scarcity of thermal comfort perception
under different walkway designs and environments, especially in hot-humid tropical cities.

In summary, many research findings have been accumulated in the field of the outdoor
microclimate, which provides a solid foundation for this study. This study developed a
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field investigation to assess outdoor thermal environment conditions and human thermal
comfort perception under different campus walkway conditions in Thailand.

3. Materials and Methods

This study aimed to examine the outdoor thermal comfort of pedestrian walkways
within a university campus in Thailand and to compare the acceptable outdoor thermal
comfort among different conditions of walkways. This study focuses on examining the
physiological equivalent temperature (PET) and Temperature Sensation Votes (TSVs) of
pedestrians using campus walkways.

This study first defined the methods used and the study area. Next, the environmental
factors associated with different campus walkways were measured in the field, and the
personal factors were collected using questionnaire surveys. Further, all relevant data were
analyzed to estimate the PET index of each walkway. Finally, the thermal acceptability
range was determined, and the results were discussed. Figure 1 illustrates the research
method adopted in this paper. A description of the method is presented as follows:

Define the scope and Collect relevant Determine
Analyze data acceptable
study area data
thermal range

Figure 1. The research method adopted in this paper.

3.1. Defining the Study Area

This study was carried out from June to October in 2021 at Chiang Mai University
(CMU) in Chiang Mai City, Thailand, as shown in Figure 2. Its campus is in the northern
region of Thailand at longitude 99.0° E, latitude 18.8° N, and 310 m above the mean sea
level, AM. The main campus lies about 5 km west of the city center. According to Thai
Meteorological Department, the historical data between 2012 and 2021 showed that from
June to October, the mean temperature was 27.8 °C and the average relative humidity is
76.5% in the study area.

Thailand

( 3
Chiang Mai City ﬁ

Chiang Mai | S
University ( gV

Chiang Mai Province

Figure 2. A map of Chiang Mai city.

The campus of Chiang Mai University (CMU) is one of the large green spaces in
Chiang Mai City. The main campus occupies a 2.93 sq.km site. It has approximately
40,000 students and education personnel each year. With this size of population, there are
transportation-related issues during semesters, such as traffic congestion and insufficient
public transportation. Walking and cycling are great choices of travel modes within the



Sustainability 2024, 16, 657

50f18

campus, especially between classroom periods. Walking is promoted by the large green
area and plenty of trees along the roadside. In this study, five campus walkways were
selected based on their designs as listed below (see Figure 3):

Walkway with sparse trees on one side: Chiang Rai 2 road;

Walkway with sparse trees: Main entrance road;

Walkway with dense trees: Chiang San 201 road;

Cantilever-covered walkway with sparse trees: Khe Larng 4 (Zone A) road;
Open-sided covered walkway with sparse trees: Khe Larng 4 (Zone B) road.

G LN

@ Chiang Rai 2 road
@ Main Entrance road
@ Chiang San 201 road
@ Khe larng 4 (Zone A) road
@ Khe larng 4 (Zone B) road

Figure 3. A map of university campus walkways in a study area.

These five pedestrian walkways are different in physical and environmental conditions.
The walkways are 1.8-2.0 m wide and are made from concrete blocks. The conditions and
cross-sections of walkways are shown in Figures 4-8, which correspond to walkways No. 1
to No. 5, respectively.

1. Walkway No. 1 (walkway with sparse trees on one side) consists of a pedestrian
walkway and bike lane along the road. The walkway is surrounded by tall and sparse
trees on one side of the walkway (see Figure 4).

2. Walkway No. 2 (walkway with sparse trees) consists of a pedestrian walkway sur-
rounded by tall and sparse trees on both sides of the walkway (see Figure 5).

3.  Walkway No. 3 (walkway with dense trees) consists of a pedestrian walkway sur-
rounded by a large number of trees along the walkway (see Figure 6).

4. Walkway No. 4 (open-sided covered walkway with sparse trees) consists of a pedes-
trian walkway with open-sided covers surrounded by tall and sparse trees on one
side of the walkway (see Figure 7).

5. Walkway No. 5 (cantilever-covered walkway with sparse trees) consists of a pedestrian
walkway with cantilevered covers surrounded by tall and sparse trees on both sides
of the walkway (see Figure 8).

Figure 4. The cross-section of walkway No. 1: walkway with sparse trees on one side.
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Figure 8. The cross-section of walkway No. 5: cantilever-covered walkway with sparse trees.

3.2. Collecting Data

This study employed questionnaire surveys and field measurements to collect en-
vironmental and personal parameters affecting the thermal comfort of walkways in the
study area. Data collection was conducted from June to October during the semester from
10.00 a.m. to 5 p.m.
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3.2.1. Microclimate Monitoring

A field measurement was conducted to collect the environmental and microclimate
conditions on different walkways. This study utilized the Kestrel 5400 BGT Heat Stress
Tracker and Weather Meter (Nielsen-Kellerman, Boothwyn, PA, USA), a micrometeoro-
logical measurement tool for measuring various environmental parameters, including air
temperature, relative humidity, wind speed, and mean radiant temperature. Moreover, a
fish-eye lens was employed for photographing and calculating the sky view factor, provid-
ing insights into the proportion of sky visible in the surroundings. These data can be used
to calculate the PET accordingly.

3.2.2. Questionnaire Survey

A questionnaire survey was carried out to collect the personal characteristics and
subjective thermal comfort of pedestrians. In this study, a sample size of 400 (1 = 400) was
collected using face-to-face interview surveys. The sample size was calculated by equation
1 developed by Cochran (1977) [57] to maintain a 5% margin of error, e = 0.05, at a 95%
confidence level by taking a population variability of 50% males (p = 0.5), Z-score of 1.96,
and population size of 40,000 (N = 40,000).

Z2xpx(1-p)
. 2
Sample size = £

1+ (ZZXPX“*P)

e2x N

@
)

The questionnaire was divided into three parts. The first part documented the per-
sonal information (i.e., gender, age, height, and weight). The second part recorded the
respondents’ thermal adaptation, including their thermal experience, activity type, and
clothing condition. The third part requested that the participants record their instantaneous
comfort status. The thermal comfort was judged on the 7-point thermal sensation vote
(TSV) scale [22] (i.e., =3, cold; —2, cool; —1, slightly cool; 0, neutral; +1, slightly warm; +2,
warm; and +3, hot).

3.3. Analysis of Physiological Equivalent Temperature

This study analyzed the PET based on data collected from field and questionnaire
surveys. PET is a common indicator to describe outdoor thermal comfort. PET is defined
as the air temperature at which the heat load of the human body in a typical indoor
arrangement is equivalent to the skin temperature under outdoor conditions in which it
is assessed [45]. This index was chosen due to its flexibility in estimating meteorological
variables within the study area and the physiological characteristics of pedestrians.

In this study, PET was estimated using RayMan model 1.2, which is developed for
urban climate studies. PET can be derived from environmental and personal factors such
as air temperature, relative humidity, wind velocity, mean-radiant temperature, clothing
insulation, and metabolic rate, together with the Sky View Factor, which is provided from a
180° fish-eye lens picture, as shown in Figure 9.

Figure 9. A 180° fish-eye lens picture for sky view factor.
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3.4. Determination of Thermal Acceptability Range

To determine the thermal comfort and its acceptable range, the neutral PET (physio-
logical equivalent temperature) was analyzed based on the mean thermal sensation vote
(MTSV) and thermal acceptability data of sample pedestrians [58]. The linear relation-
ship between the PET and mean thermal sensation vote (MTSV) was determined, and the
MTSV was set to 0 in the equation to calculate the neutral temperature of pedestrians. The
thermal acceptability range is the range of PET (°C) that covers at least 80% of thermal
acceptability votes.

4. Results and Discussion

The findings of this research are twofold. First, this study assessed the thermal
condition of walkways using PET and assessed the thermal perception of pedestrians
in different walkway conditions using the thermal sensation vote. Second, this study
determined the thermal comfort and its acceptable range for pedestrians in the study area.

4.1. Assessment of Physiological Equivalent Temperature and Thermal Sensation Vote

This study assessed the outdoor thermal comfort conditions of pedestrian walk-
ways in the Chiang Mai University campus using on-site questionnaire surveys and in
situ measurements.

Based on the questionnaire surveys, the personal factors of pedestrians along five
walkways were recorded. The basic statistical data on personal factors associated with each
walkway are shown in Table 2. The data included gender, age, weight, height, Body Mass
Index (BMI), and clothing insulation (clo). The survey results showed that most samples
are young females with an average age of 21.6 years old, an average BMI of 21.5, and an
average clo of 0.55.

Table 2. Personal factors associated with each pedestrian walkway.

Walkway
Factors
All No. 1 No. 2 No. 3 No. 1 No. 5
Cend Male 170 35 42 42 37 14
enaer Female 230 45 38 38 43 66
Avg. 21.6 22.6 24.6 21.6 20.2 18.9
Ace Max. 47.0 420 47.0 41.0 30.0 28.0
8 Min. 17.0 18.0 18.0 17.0 18.0 18.0
S.D. 5.7 6.0 8.2 5.3 29 2.1
Avg. 58.6 59.6 58.4 60.1 57.7 57.3
. Max. 99.0 79.0 80.0 83.0 99.0 76.0
Weight (kg) Min. 420 49.0 45.0 50.0 420 45.0
SD. 8.6 7.5 8.4 7.4 11.3 7.6
Avg. 165.0 166.2 163.4 166.7 164.8 163.7
Height (cm) Max. 182.0 181.0 177.0 180.0 182.0 180.0
& Min. 148.0 148.0 149.0 149.0 150.0 150.0
S.D. 7.0 7.0 6.8 7.3 7.4 6.2
Avg. 215 21.6 21.8 21.6 21.2 213
Body Mass Max. 34.3 28.7 27.7 27.7 343 27.1
Index, BMI Min. 16.0 18.4 18.1 18.4 16.0 17.8
S.D. 26 23 2.5 24 34 2.1
Avg. 0.55 0.52 0.57 0.55 0.56 0.54
Clothing Max. 0.67 0.61 0.67 0.67 0.67 0.57
insulation, clo Min. 0.40 0.40 0.40 0.40 0.40 0.40
S.D. 0.05 0.08 0.04 0.06 0.04 0.02

Based on the field measurements, environmental factors at different locations along
five walkways were recorded. The basic statistical data on environmental parameters
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associated with each walkway are shown in Table 3, including air temperature (T;), relative
humidity (RH), wind velocity (V,), mean-radiant temperature (1), and sky view factor
(SVF). The results showed that air temperature (T,) and relative humidity (RH) are moderate
to high, with an average T, of 0.57 m/s and an average RH of 30.3 °C. The sky view factor
varies from the highest of 0.57 at walkway No. 1 to the lowest of 0.16 at walkway No. 2.

Using these environmental and personal data, PET values can be calculated for each
pedestrian walkway. The PET results showed that the lowest average PET is 27.3 °C for
walkway No. 5 (cantilever-covered walkways with sparse trees), while the highest average
PET is 30.7 °C for walkway No. 1 (walkways with sparse trees on one side).

Figure 10 illustrates the contour maps associated with the environmental factors
and PET in the study area. The maps were created using OriginLab 2020 (9.7) program.
Figure 10a indicates that the air temperature is the lowest along walkways No. 4 and 5,
and the highest along walkway No. 1. Figure 10b illustrates that relative humidity tends
to be higher in low-temperature areas. Walkway No. 5 has the highest relative humidity,
followed by some parts of walkways No. 1 and No. 4. Figure 10c presents the wind velocity
in the study area. The areas with the highest wind speed are some parts of walkways No. 1,
No. 2, and No. 5. Figure 10d shows the sky view factor (SVF) or the proportion of visible
sky, which represents the density of shade trees in the area. Walkway No. 2 has the lowest
SVE, implying the most amount of tree shade, while walkway No. 1 has the highest SVF or
the lowest density of tree shade. Figure 10e presents the PET distribution in the study area.

Table 3. Environmental factors associated with each pedestrian walkway.

Walkway

Parameters
All No. 1 No. 2 No. 3 No. 4 No. 5
Avg. 30.33 32.17 31.21 30.04 30.09 28.13
Tyt (°C) Max. 37.90 34.50 37.90 31.80 34.90 30.30
mrt Min. 25.70 28.70 26.90 28.40 27.40 25.70
S.D. 241 1.73 2.89 1.04 2.31 1.53
Avg. 0.57 0.66 0.51 0.52 0.55 0.60
Vi (m/s) Max. 2.30 1.90 1.80 1.30 2.30 1.40
e Min. 0.00 0.00 0.00 0.00 0.00 0.00
S.D. 0.51 0.54 0.54 0.44 0.51 0.51
Avg. 72.92 71.07 74.00 72.06 72.09 75.38
RH (%) Max. 81.90 81.30 81.90 78.80 78.50 80.60
° Min. 64.60 66.40 66.00 65.30 64.60 69.70
S.D. 4.55 4.36 4.78 422 4.28 3.86
Avg. 28.69 29.84 28.73 28.66 28.45 27.77
T, (°C) Max. 31.90 31.30 31.90 30.30 31.40 29.70
a Min. 25.90 27.90 26.30 27.00 25.90 25.90
S.D. 1.52 1.09 1.33 0.93 1.91 1.44
Avg. 0.35 0.45 0.22 0.43 0.40 0.27
SVE Max. 0.57 0.57 0.28 0.50 043 0.29
Min. 0.16 0.38 0.16 0.35 0.36 0.24
S.D. 0.11 0.07 0.06 0.08 0.04 0.02
Avg. 29.18 30.7 29.8 29.2 289 27.3
o Max. 34.20 33.7 34.2 31.8 33.8 31.1
PET (°C) Min. 23.40 27.0 255 26.5 24.2 23.4

S.D. 2.48 2.0 24 1.5 2.7 25




Sustainability 2024, 16, 657

10 of 18

Figure 10. Environmental conditions within the study area: (a) air temperature; (b) relative humidity;
(c) wind velocity; (d) sky view factor; (e) PET.

Besides the thermal conditions of the walkways, this study assessed the thermal
perception of pedestrians along the walkways in the study area. Figure 11 presents the
percentages of thermal sensation vote (TSV) classified into seven levels (i.e., cold, cool,
slightly cool, neutral, slightly warm, warm, and hot) concerning five campus pedestrian
walkways. The result shows that for all campus walkways, the highest TSV percentage
(34.5%) was slightly warm (TSV = +1), and 18.8% of pedestrians felt neither too hot nor
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too cold. The highest TSV percentage of walkway No. 5 was neutral (TSV = 0), while that
of walkway No. 3 was slightly warm (TSV = +1) and those of walkways No. 1, 2, and 4
were warm (TSV = +2). At the neutral sensation level (TSV = 0), walkway No. 5 had the
highest votes (37.5%), followed by walkway No. 3 (20.0%), No. 4 (16.3%), No. 2 (13.8%),
and No. 1 (6.3%). This can imply that the most comfortable walkway is walkway No.
5 (cantilever-covered walkway with sparse trees), and the least comfortable walkway is
walkway No. 1 (walkway with sparse trees on one side).

m-3(Cold) m-2(Cool) m-1(Slightlycool) MO (Nuetral) [O+1(Slighty Warm) @+2(Warm) ®+3 (Hot)

3.8% 6.3% 30.0% 36.3% 23.8%

Walkway No.1 [N I |
3.8% 13.8% 40.0% 36.3% 6.3%
Walkway No.2 - RS I ]
20.0% 20.0% 47.5% 12.5%
Walkway No.3 I
2.5% 7.5% 16.3% 27.5% 36.3% 10.0%
Walkway No.4 [ I | ]
3.8% 20.0% 37.5% 27.5% 75% 3.8%
Walkway No.5 I [ ||
1.3% 11.0% 18.8% 34.5% 25.8% 8.8%
All walkways [ I | ]

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Percentages of TSV

Figure 11. Frequency distribution of thermal sensation vote associated with each walkway.

Figure 12 presents the percentages of acceptable and unacceptable votes for sample
pedestrians using walkways No. 1 to No. 5. The results show that most pedestrians
accept the thermal condition of campus walkways, albeit at different thermal sensations.
Walkway No. 5 (cantilever-covered walkway with sparse trees) and walkway No. 3
(walkway with dense trees) have the highest acceptability (100% both), followed by 90%
for walkway No. 4 (open-sided covered walkway with sparse trees), 84% for walkway No.
2 (walkway with sparse trees), and 80% for walkway No. 1 (walkway with sparse trees on
one side), respectively.

o  Walkways with sparse trees on one side (No. 1) vs. both sides (No. 2). The walkway
with trees on one side (No. 1) produces a higher air temperature than that with trees
on both sides (No. 2). The PET of walkway No. 1 is higher than that of walkway No. 2
and slightly higher than the neutral PET. Walkway No. 1 has a higher TSV than that of
No. 2, and it has fewer votes at the neutral sensation level (TSV = 0) than that of No. 2.
It is clear that pedestrians on the walkway with sparse trees on one side (No. 1) feel
less comfortable than those with trees on both sides (No. 2).

o  Walkways with sparse trees vs. dense trees. The results show that the walkways
surrounded by either sparse trees (No. 2) or dense trees (No. 3) have the same air
temperature and wind speed. The PET of walkway No. 3 is slightly lower than that of
walkway No. 2. This may be because walkway No. 3 has dense trees, which cause
less light, and walkway No. 2 has tall and open trees, which allow light to reach the
walkway. Pedestrians on walkway No. 2 feel hotter than those on No. 3; the thermal
sensation vote is higher. Pedestrians on the walkway with sparse trees (No. 2) feel less
comfortable than those with dense trees (No. 3).

o  Walkways with dense trees vs. covered walkways with sparse trees. The air tempera-
tures of both walkway types are similar, while the wind speed of the covered walkway
(No. 4) is slightly higher than that of the walkways with dense trees (No. 3). Walkway
No. 3 allows the sunlight to reach the walkway, while walkway No. 4 protects the
walkway from direct sunlight. The PET on walkway No. 4 is lower than that on
No. 3. The thermal sensation votes of both walkway types are about the same, but
walkway No. 4 has a wider thermal acceptability range (from TSV+3 to TSV—-2). It



Sustainability 2024, 16, 657

12 of 18

can be concluded that pedestrians on the covered walkway (No. 4) feel slightly more
comfortable than those on the walkway with dense trees due to the lower PET.

Covered walkways vs. cantilever-covered walkways. The thermal comfort conditions
of both walkway types are quite different. Walkway No. 4 (one-sided covered walk-
way) has a higher air temperature than walkway No. 5 (cantilever-covered walkway).
Moreover, the wind speed of walkway No. 5 is significantly higher than that of walk-
way No. 4. This may be because walkway No. 5 has tall and open trees, so the wind
is rapidly circulated. The PET of walkway No. 5 is thus significantly lower than that
of walkway No. 4 (lower by 1.6 °C PET). The thermal sensation vote ranges of both
walkway types are similar, but the percentage of thermal acceptability of walkway
No. 5 is more than that of walkway No. 4. It can be concluded that pedestrians on
cantilever-covered walkways feel more comfortable than those on covered walkways.
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Figure 12. Thermal acceptability votes associated with each walkway: (a) No. 1 walkway with
sparse trees on one side; (b) No. 2 walkway with sparse trees; (c¢) No. 3 walkway with dense trees;
(d) No. 4 open-sided covered walkway with sparse trees; (e) No. 5 cantilever-covered walkways with

sparse trees.

4.2. Analysis of Thermal Acceptability Range

This study analyzed the thermal acceptability range of pedestrian walkways in the

study area. First, this study categorized the thermal sensation vote (TSV) of all pedestrian
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samples (1 = 400) by the physiological equivalent temperature (PET) values as tabulated in
Table 4. It is noted that the estimated PET values were derived from environmental and
personal data, and the TSV values were obtained from interview surveys.

Next, according to the TSV of pedestrians, the mean thermal sensation vote (MTSV)
was calculated for each PET value. Then, the linear relationship between MTSV and PET
was developed, as shown in Figure 13. Using this relationship, the neutral temperature of
PET can be determined to be 25.2 °C.

Finally, the thermal acceptability range was determined. Thermal accessibility repre-
sents the acceptability of humans to the thermal condition. It is defined as the range of PET
(°C) in which thermal acceptability votes are greater than 80%. The last column in Table 4
presents the percentage of thermal acceptability votes, which is the ratio of the number
of acceptable voters to the total voters at each PET. Then, the relationship between the
percentage of thermal acceptability votes and PET was analyzed using the second-order
quadratic polynomial equation as shown in Figure 14. This figure shows that the range of
acceptable temperature PET at an 80% thermal acceptability vote is 24.6-32.0 °C PET.

Table 4. Pedestrian thermal sensation votes and acceptable votes at different PET values.

Thermal Sensation Votes (TSVs) Thermal
PET (°O) 3 2 1 0 1 2 3 Total MTSV Acceptable Votes
23 0 0 0 0 3 3 0 6 —1.50 6 (100.0%)
24 0 0 7 6 5 0 0 18 0.10 18 (100.0%)
25 0 3 8 14 6 0 0 31 0.26 26 (83.9%)
26 0 2 6 7 5 0 0 20 0.25 18 (90.0%)
27 0 5 14 11 8 0 0 38 0.42 36 (94.7%)
28 6 18 38 13 5 0 0 80 1.10 74 (92.5%)
29 2 6 19 5 9 0 0 41 0.69 39 (95.1%)
30 5 27 19 8 3 2 0 64 1.28 59 (92.2%)
31 8 22 14 6 0 0 0 50 1.63 45 (90.0%)
32 6 14 4 3 2 0 0 29 1.67 26 (89.7%)
33 8 6 4 2 0 0 0 20 2.00 12 (60.0%)
34 0 0 3 0 0 0 0 3 1.00 3 (100.0%)
Total 35 103 136 75 46 5 0 400 38 362 (90.5%)
3.00
y=0.2219x-5.5838
2.00 R2=10.7249 e ..
o o
o ..
1.00 Ewas .
S e [ ]
> o * ,.-~""'.
g 000 "
> 20 e 25 30 35
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°
-2.00
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PET °C

Figure 13. Relationship between PET and MTSV.
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Figure 14. Relationship between PET and percentage of thermal acceptability votes.

4.3. Comparison of Other Outdoor Thermal Comfort Studies

To date, the study on outdoor thermal comforts in Thailand has been very limited.
The main contribution of this research work is the investigation of urban outdoor thermal
comfort in campus walkways in the hot and humid tropical climate of Thailand. This study
applied PET and TSV as indicators to estimate the thermal comfort condition and thermal
sensation similar to other outdoor thermal comfort studies.

Based on the results, the pedestrians’ neutral temperature was 25.2 °C PET and the
acceptable temperature range was 24.6-32.0 °C PET from June to October in a university
campus context in Chiang Mai, Thailand. The acceptable temperature ranges here were
close to those in other neighboring countries with the same climatic zones. The acceptable
temperature ranges were 25.9-32.3 °C PET in Malaysia, 24.7-27.8 °C PET in China (Chang-
sha), 21.3-28.5 °C PET in Taiwan, and 21.3-27.3 °C PET in Hong Kong [11,19,27,48,52]. It
can be seen that there were thermal adaptation behaviors among pedestrians in the study
area. The acceptable temperature range (24.6-32.0 °C PET) of pedestrians was slightly
warmer than their neutral temperature (25.2 °C PET). Moreover, the acceptable temper-
ature range of pedestrians using campus walkways (24.6-32.0 °C PET) was higher than
the neutral comfort range (PET < 30 °C) defined for tropical regions [24]. This implies that
those pedestrians who felt neither too hot nor too cold accept slightly heat stress under
outdoor conditions in tropical climates. This finding is in agreement with Lai et al. (2014)
and Aghamohammadi et al. (2021) [11,16], in which the pedestrians in tropical climates
have adapted to the warm environment.

It is also noteworthy that in tropical climates, shading is very necessary for outdoor
spaces and walkways. In this study, pedestrians feel more comfortable in the shaded
walkways, such as covered walkways, walkways with trees, or both. They accept the
thermal condition of all campus walkways in the study area but at different levels of
acceptability. The results indicate that the combination of shading level and air flow on
pedestrian walkways would affect the thermal comforts of pedestrians, and thus the design
of walkway conditions in hot and humid tropical regions must ensure the shading level to
attain the acceptable thermal conditions.

5. Conclusions and Recommendations

This study presented an investigation of outdoor thermal comfort and the thermal
perception of pedestrians using walkways within a university campus in Thailand, located
in the hot and humid tropical climatic zone. The field study was carried out in summer from
June to October. This study focused on examining a thermal comfort range and estimating
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neutral temperature and acceptable temperature ranges of pedestrians in campus walkways
through questionnaire surveys and microclimatic measurements.

The neutral physiological equivalent temperature (PET) was 25.2 °C and the 80% ac-
ceptable temperature range was 24.6-32.0 °C in campus walkways in Chiang Mai, Thailand.
The acceptable temperature range of pedestrians using campus walkways (24.6-32.0 °C
PET) was higher than the neutral comfort range (PET < 30 °C) defined for tropical regions.

Based on field surveys, most pedestrians in the university campus accept the thermal
condition of all walkways but at different levels of acceptability. Pedestrians expect a
slightly warm climate in the existing outdoor walkways in a university campus. This study
compared the thermal conditions and the thermal sensation of pedestrians among campus
walkways under five physical and environmental conditions, including a walkway with
sparse trees on one side, a walkway with sparse trees on both sides, a walkway with dense
trees, a covered walkway with sparse trees, and a cantilever-covered walkway with sparse
trees. The thermal conditions of these walkways vary according to their meteorological
data. Among all, the cantilever-covered walkway with sparse trees is the most comfortable
due to its lower air temperature, less sunlight, and better wind ventilation. The PET of this
walkway type is closest to the neutral PET, compared to other types of walkways.

This study has some limitations and can be further investigated. First, the field
study was conducted during daytime between June and October. To better understand
the impact of the microclimate on pedestrian behaviors, further outdoor thermal comfort
studies should consider seasonal and temporal variations. Second, the sample subjects
in questionnaire surveys had age restrictions due to the university campus context. Most
participants are students and young adults. To capture the population of pedestrians within
a city or community, a wider range of pedestrian ages should be considered. Finally, several
experimental design alternatives of walkway conditions should be further assessed to
attain the optimal designs of campus walkways under different environmental conditions.

Outdoor thermal comfort studies are of considerable importance in evaluating the en-
vironmental quality of walkways and designing the physical and environmental conditions
of walkways. It can further be applied to the design of sustainable transport in urban green
university campuses, especially in hot and humid regions, for increasing the utilization
rate of non-motorized transport. Shaded and naturally ventilated walkways should be con-
sidered to improve thermal comfort and thus provide pedestrians with an environmentally
friendly outdoor lifestyle as well as promote green and sustainable university campuses.
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