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Abstract: This study evaluated outdoor thermal comfort in commercial and residential
mixed-use blocks in hot and humid climates. A subjective survey questionnaire examined
thermal environment metrics, individual data, and 141 pedestrian responses. The findings
indicated that the average air temperature (31.8 °C) and relative humidity (65.8%) of the
four mixed-use blocks were considerably high. The thermal environment differed between
each block owing to the influence of block texture and building form. In addition, subjective
sensation scores differed among the blocks, aligning with subjective preferences, though
subjective acceptability remained largely within a “neutral” range across all blocks. The
relationship between thermal environment and subjective perception was intricate, as their
patterns of variation were not merely characterized by simple positive or negative corre-
lations but were influenced by a multitude of factors. Multiple linear regression analysis
indicated that air temperature, relative humidity, and mean radiant temperature were
crucial factors affecting subjective acceptability, all demonstrating statistical significance
at p-value < 0.05. Furthermore, this study examined the effect of morphological features
on thermal comfort, identifying texture density, street height-to-width ratio (D/H), and
orientation strategy as significant factors. The research provides valuable insights into out-
door thermal comfort in mixed-use blocks and provides recommendations for enhancing
thermal environment management.

Keywords: outdoor thermal comfort; commercial and residential mixed-use block; thermal
environment; subjective perception; hot and humid climate

1. Introduction

The spatial proximity of residential, workplace, and service facilities in commercial and
residential mixed-use blocks has become a popular approach in modern urban planning
and design. With the growing advocacy for diversified urban forms, commercial-residential
mixed-use developments that integrate environmental and economic benefits have emerged
as an effective solution for sustainable urban planning [1]. They contribute positively to
the “three Es” of sustainability (economy, equity, and environment) [2], urban aesthetics,
social equity, and public safety (Jane Jacobs” famous “eyes on the street” theory) [34].
Furthermore, creating a healthy environment in commercial and residential blocks can
improve the well-being and comfort of citizens. Studies have shown that improving the
environmental quality of urban streets is crucial for attracting pedestrians to spend time
outdoors and meeting the citizens’ need for physical and psychological comfort [5-7].
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Therefore, studying the healthy environment of commercial and residential mixed-use
blocks is an important basis for high-quality urban development and public health.

Previous research has demonstrated a link between a healthy and an outdoor thermal
environment in commercial and residential mixed-use blocks. They have proven that a
well-maintained outdoor thermal environment can increase the usage of outdoor spaces,
lower building energy consumption, and optimize urban liveability [8-10]. Conversely, a
poor thermal environment increases the likelihood of health issues such as cardiovascular,
respiratory, and cerebrovascular illnesses, acute kidney failure, diabetes, and other related
health issues in outdoor spaces [11,12]. Therefore, evaluating the healthy environment of
commercial and residential mixed-use blocks from the perspective of an outdoor thermal
environment is reasonable and applicable. The outdoor thermal environment is an objective
environmental indicator, encompassing factors like air temperature, relative humidity, wind
speed, and mean radiant temperature, typically evaluated in conjunction with individual
factors (such as metabolic rate and clothing insulation) and subjective measures (like
subjective sensation, satisfaction, and preference) [13]. Outdoor thermal comfort evaluation,
which is among the most critical metrics for gauging a healthy environment, has been
widely used in various outdoor spaces, such as campuses [14-16], parks [17-19], and urban
squares [20,21].

In addition, the impact of outdoor spatial characteristics of the built environment on
thermal comfort is increasingly valued. Jamei et al. [22] assessed how urban greenery and
building design affect outdoor thermal comfort, confirming their crucial role in regulating
micro-climates and formulating mitigation strategies to improve pedestrian-level thermal
comfort. Lai et al. [23] discovered that changing the shape of buildings, squares, green
spaces, and water bodies can improve outdoor thermal comfort, proposing a comfort
strategy tailored for hot and humid climates. Lin et al. [24] created thermal comfort
standards for outdoor spaces in landscape architecture by reviewing existing strategies and
guidelines for the thermal environment. Although extensive research has been conducted
on urban outdoor thermal comfort, existing studies are mainly focused on single-functional
areas (e.g., commercial or residential blocks). Systemic investigations into mixed-use
blocks remain conspicuously underrepresented. According to a Web of Science search
using the keywords “mixed-use district and thermal comfort”, only 23 relevant studies
were identified globally between 1900 and 2025. To our knowledge, the building forms,
district types, and citizens” activity patterns in commercial and residential mixed-use
blocks are more diverse and complex than those in residential or commercial blocks,
resulting in different evaluation methods and results for outdoor thermal comfort [25-27].
Moreover, the commercial and residential mixed-use blocks are divided into modern and
contemporary according to their construction years. Differences in these blocks’ spatial
scale, texture, and building materials are substantial [28-30]. Therefore, evaluating and
comparing the outdoor thermal comfort of modern and contemporary commercial and
residential mixed-use blocks is particularly important.

This study evaluated outdoor thermal comfort across four commercial and residential
mixed-use blocks with different morphological textures in Guangzhou, China. Using field
investigations and a questionnaire survey, key thermal environment indicators (such as
air temperature, relative humidity, air velocity, and mean radiant temperature), individual
indicators (metabolic rate and clothing insulation), and subjective perception indicators
(sensation, preference, and acceptability) were investigated. The association between the
thermal environment and subjective perception was also analyzed, while the effects of cli-
matic factors and morphological elements on outdoor thermal comfort were also explored.
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2. Materials and Methods

2.1. Climate and Location

This study selected four commercial and residential mixed-use blocks at the center of
Guangzhou, China, a subtropical city characterized by high temperatures and humidity. As
depicted in Figure 1, which illustrates Guangzhou'’s climate data (based on meteorological
records from 1991 to 2020 [31]), the maximum monthly average temperature (28.9 °C) occurs
in July, while the lowest (13.8 °C) is recorded in January. The average precipitation in May
and June exceeded 300 mm. Overall, Guangzhou experiences prolonged periods of high
temperature and humidity. When selecting the locations of the commercial and residential
mixed-use blocks, this study comprehensively considered the environmental factor, block
shape, and building features. The locations are distributed in two representative blocks in
the urban area of Guangzhou, namely, the Shisanhang Block (modern) and the Zhujiang
New Town Block (contemporary), as shown in Figure 2.
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Figure 1. Climate conditions of Guangzhou, China.

Shisan Hongs Block (modern) Zhujiang New Town Block (contemporary)

Figure 2. Locations of the surveyed mixed-use blocks.

2.2. Block Conditions

Figure 3 presents the locations, textures, and building features of the four mixed-
use blocks (A, B, C, and D), all of which integrate commercial and residential functions.
Blocks A and B are located in the historical and cultural Shisan Hongs Block in Guangzhou.
Both blocks were constructed between the late 19th century and early 20th century as
modern commercial and residential blocks. Block A exhibits a total street width of 13 m,
comprising a 5 m vehicular lane flanked by 4 m sidewalks on each side. Developed in
the early 20th century as standardized multi-story row houses, the buildings integrate
ground-floor commercial spaces with upper-level residential units. Most street-facing
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structures maintain a modest scale, typically not exceeding four stories. In contrast, block B
is characterized by densely arranged Zhutongwu (“bamboo tube houses”), known for their
narrow facades, deep interiors, and low-rise profiles (generally fewer than three stories,
with street-facing elevations under 5 m in height). These structures typically adopt a “shop
in front and residence in back” configuration, with primary commercial frontages lining
streets under 10 m wide and rear service alleys constrained to a narrow 2-3 m. The resulting
urban fabric is a tightly woven, crisscrossing network of streets and alleys. Blocks C and D,
situated within Zhujiang New Town, represent contemporary urban development from
the early 2000s. These blocks feature modern street systems and mixed-use typologies.
Block C has a total right-of-way width of 56 m, including a 24 m roadway, a 6 m central
greenbelt, and asymmetrical sidewalks (16 m on the left, 10 m on the right). Block D
features a 9 m roadway with sidewalks of 9 m (left) and 5 m (right). Both blocks follow a
“ground-floor commercial + residential upper floors” model, with individual retail units
occupying at least 80 square meters. The streetscapes are dominated by high-rise buildings
ranging from 25 to 35 stories. Therefore, the four blocks in this study comprehensively
encompass typical modern and contemporary urban fabrics from southern China in terms
of textures [32], traditional dense alleyways, and modern multifunctional composite roads,
and include both low-rise and high-rise buildings regarding street-front building heights,

thereby ensuring the methodological integrity and representativeness of this study.

= =

Mixed-use Block D

Figure 3. Block conditions of the four mixed-use blocks.
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2.3. Survey Plan

In this study, outdoor thermal comfort was evaluated through thermal environment
measurement, individual data collection, and a subjective questionnaire survey. The
fieldwork was conducted in pedestrian areas on the ground floor of the mixed-use block.
Given the region’s hot and humid climate, the survey took place between June and July
2024. Data collection occurred on four days each month: 18, 19, 24, 25 June and 2, 3, 6, 8
July, with the survey times from 8:30 to 12:00. The questionnaire was administered while
participants walked or stood in the outdoor spaces. To ensure stable and consistent physical
and psychological responses, participants were required to maintain their usual activities
while verbally completing the questionnaire, ensuring the authenticity and reliability of
the data collected.

2.3.1. Determination of Thermal Comfort Indicators

Overall, the criteria for assessing outdoor thermal comfort in mixed-use blocks in-
clude thermal environment conditions, individual information, and subjective perceptions
according to the features of this study and the current standards of thermal comfort [11,33].
The thermal environment involves air temperature, relative humidity, air velocity and
mean radiant temperature. Individual data primarily focus on metabolic rate and clothing
insulation, while subjective perceptions cover subjective sensation, subjective preference,
and subjective acceptability. This study selected four indicators of the thermal environ-
ment, two indicators of individual factors, and three indicators of subjective perception, as
detailed in Table 1.

Table 1. Outdoor thermal comfort indicators for the mixed-use blocks.

Subjective Perception

Th 1 Envi t Individual Dat

ermat Environmen Sensation Preference Acceptability ndividual Lata

Air temperature (°C) .
Mean radiant Thermal sensation Thermal preference Subjective Metabolic rate

temperature (°C) acceptability Clothing insulation
Relative humidity (%)  Humidity sensation =~ Humidity preference

Air velocity (m/s) Draft sensation Alr velocity

preference

2.3.2. Measurement of Thermal Environment

The thermal environmental metrics consist of air temperature, relative humidity, air
velocity, and globe temperature. The measurement devices, which were positioned at
three positions (A-C) along the configuration of each mixed-use block (see Figure 4), are
listed in Table 2. As most participants were either standing or walking, the measurement
devices were set at a height of 1.1 m in line with the Chinese standard “Standard of test
methods for the thermal environment in buildings” [34]. Data from each device were
recorded and stored automatically in 5 min intervals during the survey. In addition,
the globe temperature data in this study were obtained through measurements using
a 50 mm diameter globe thermometer under outdoor environmental conditions, from
which the mean radiant temperature was calculated. The use of a globe smaller than
the one typically used for WBGT measurements is primarily due to its lower response
times [35], which enables real-time monitoring of climatic conditions. Considering the
natural convection characteristics of the measurement environment, we strictly adhered
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to ISO 7726 Standard [36] and employed the calculation formula for natural convection
conditions, as shown in Equation (1):

1/4

1/4

8 (|Tg—T

T, = (Tg+273)4+O‘ZSE>< 10 (‘ gD a‘) x (Tg — Ta) —273 (1)
&

where Ty is the temperature of the black globe in °C. ¢ is the emissivity of the black globe
(without dimension); under the ideal blackbody assumption, the standard value of 1 is
adopted for calculation. T, is the air temperature in °C. D is the diameter of the globe
in meters.
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Figure 4. Measurement devices and their distribution in the mixed-use blocks.

Table 2. Measurement devices information.

No. Device Model Testing Content Title 3
Hot-wire TES-1341(TES Electrical Air temperature +0.4 °C
1 anemometer Electronic Corp., Relative humidity +£3%RH
Taiwan, China) Air velocity +£3%rdg + 1%FS
2 Globe thermometer AZ_87786(.AZ Instru.ment Globe temperature £0.6 °C
Corp., Taiwan, China)

2.3.3. Collection of Individual Data

In this study, an individual data point includes metabolic rate and clothing insula-
tion. The participant’s activities and attire were documented through observations and
a questionnaire, with estimates based on reference values from the ASHRAE Standard
55-2023 [13].

2.3.4. Survey of Subjective Questionnaire

A subjective questionnaire survey was conducted with participants in the four mixed-
use blocks, gathering personal details such as gender, age, and duration of local residence, as
shown in Table 3, along with their subjective perception. The scale of subjective perception
is shown in Table 4 [37]. The subjective sensations were conducted by a seven-point
scale [13], including a thermal sensation scale for temperature ranging from “hot” to
“cold”, a humidity sensation scale for moisture levels ranging from “very wet” to “very
dry”, and a draft sensation scale for an air velocity ranging from “very strong” to “very
weak”. Subjective preferences were measured using a three-point scale for temperature
from “warmer” to “cooler”, for humidity from “wetter” to “drier”, and for air velocity
from “more” to “less”. The subjective acceptability was investigated using a seven-point
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range from “very unacceptable” to “very acceptable” [33]. For statistical analysis, the
range demarcation method recommended by ASHRAE Standard [13] was adopted, which
involves defining the boundaries of scale ranges with £0.5 intervals. For instance, in the
subjective acceptability scale, “neutral” was between —0.5 and 0.5, “slightly acceptable”
was between 0.5 and 1.5, “acceptable” was between 1.5 and 2.5, and “very acceptable” was
above 2.5.

Table 3. Participants’ information.

Male Female
Number 93 62
Age 16-78 (Average: 36) 16-83 (Average: 36)
Duration of local residence (years) >1 >1
Clothing Shorts and trousers Shorts, trousers and skirts
Behavior Sitting, standing, and walking Sitting, standing, and walking
Table 4. Subjective perception scale.
Thermal Humidity Draft Thermal Humidity  Air Velocity Subjective
Sensation Sensation Sensation = Preference  Preference  Preference Acceptability
3 Hot Very wet Very strong Very acceptable
2 Warm Wet Strong Acceptable
1 Slightly Slightly wet Slightly Warmer Wetter More Slightly acceptable
warm strong
0 Neutral Neutral Neutral Nochange  Nochange  No change Neutral
B Slightly . Slightly . Slightly
1 cool Slightly dry weak Cooler Drier Less unacceptable
-2 Cool Dry Weak Unacceptable
-3 Cold Very dry Very weak Very unacceptable

A total of 155 individuals (93 males and 62 females) took part in the survey evenly
distributed across the four mixed-use blocks. The age distribution of participants was
broad, with males ranging from 16 to 78 years old and females ranging from 16 to 83 years
old. However, the average age for both male and female participants was 36 years. During
the survey, all participants had resided in the area for at least one year. Moreover, male
participants mainly wore shorts or trousers, whereas some female participants wore skirts.
Due to the exceptionally narrow streets in blocks A and B, transportation modes other than
pedestrian traffic were rarely observed, and mobile street vendors were scarcely seen in
these areas. To ensure sample consistency, all surveyed individuals were documented in
either standing or walking postures during the investigation.

2.4. Data Analysis

In this study, each data point of the thermal environment (air temperature, relative
humidity, air velocity, and mean radiant temperature) and the corresponding data point of
individual information (metabolic rate and clothing insulation) and subjective perception
(subjective sensation, subjective acceptability, and subjective preference) were considered
as a data sample. In total, 141 valid samples were gathered (32 for mixed-use block A,
36 from block B, 33 from block C, and 40 from block D). To address the issue of uneven
distribution of neighborhood sample sizes, the independent samples ¢-test was employed.
The statistical results revealed significant differences between neighborhoods (p < 0.05),
demonstrating not only distinct thermal environmental characteristics but also significant
spatial variations in subjective thermal perception. In addition, statistical analysis was
performed using SPSS v22.0, and diagrams were created with Excel 2016. The connection
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between subjective perception and the thermal environment factors was analyzed, with
the significance of the thermal environment indicators determined through multiple linear
regression. The statistical tests used a significance level of 0.05.

3. Results
3.1. Values of Thermal Environment

Table 5 provides the highest values, lowest values, mean values, and standard devia-
tion values for the indicators of the thermal environment. Throughout the survey, the air
temperatures fluctuated between 29.6 °C to 37.5 °C, and the mean radiant temperature
spanned a broader range, from 29.8 °C to 43.5 °C. The upper limit of mean radiant tem-
perature was significantly higher than that of air temperature, primarily attributable to
the outdoor environmental characteristics of the study site. Under open space conditions,
direct solar radiation on building surfaces and ground elements leads to rapid surface
temperature increases through radiate heat transfer mechanisms, consequently resulting
in significantly elevated mean radiant temperatures. The temperature differential pattern
effectively demonstrates the dominant role of radiate heat transfer in outdoor thermal
environments and provides important empirical evidence for understanding urban heat
island effects. In addition, the average relative humidity was recorded at 65.8%, peaking at
81.8%. Regarding the air velocity, the average value was 0.48 m/s and it ranged from 0.01
t02.29 m/s.

Table 5. Values of thermal environment.

Maximum Minimum Mean Star}de}rd
Deviation
Air temperature (°C) 375 29.6 31.8 1.7
Mean radiant 435 29.8 3.6 20
temperature (°C)
Relative humidity (%) 81.8 48.8 65.8 74
Air velocity (m/s) 2.29 0.01 0.48 041

Figure 5 displays the variations in the average thermal environment values from 8:30 a.m.
to 12:00 a.m. The air temperature and mean radiant temperature gradually increased over
time, while the relative humidity decreased over time. In addition, the changes in air
temperature, mean radiant temperature, and relative humidity were consistent, while the
shifts in air velocity were irregular, likely influenced by the wind direction and frequency
in the outdoor areas.
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Figure 5. Average value of thermal environment over time.

3.2. Values of Individual Data

Figure 6 illustrates the behavior proportion of participants in mixed-use blocks A-D.
The behaviors of participants in the four mixed-use blocks were sitting, standing, and
walking. Mixed-use blocks A, B, and D had the highest proportion of walking participants,
accounting for 75%, 46%, and 80%, respectively, and mixed-use block C had the highest
proportion of standing participants, accounting for 50%. All in all, the metabolic rates
of participants in the four surveyed blocks were 1.0 met (60 W/m?) for sitting, 1.2 met
(70 W/m?) for standing, and 2.0-2.6 met (115-150 W/m?) for walking according to the
comparison table of the metabolic rates and behaviors in the ASHRAE Standard 55 [13].

Mixed-use block
D
Mixed-use block

S 50% 36%
C
Mixed-use block
B

Mixed-use block
A

81%

46%

75%

m Sitting m Standing ' Walking

Figure 6. Behaviour proportion of participants in mixed-use blocks A-D.
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Figure 7 shows the clothing ratio of participants in mixed-use blocks A-D. The attire in
the four blocks included shorts (walking shorts and short-sleeve shirts), trousers (trousers
with short-sleeve or long-sleeve shirts), and skirts (knee-length skirts with short-sleeve
shirts). Most participants wore trousers and short-sleeve shirts, with mixed-use block C
having the highest proportion at 67%, followed by the proportion of participants wearing
walking shorts and short-sleeve shirts, with mixed-use block B having the highest propor-
tion at 43%. In addition, only three participants were dressed in trousers and long-sleeve
shirts in mixed-use block B (2%) and D (5%), and four participants were dressed in knee-
length skirts and short-sleeve shirts in mixed-use block B (9%). The clothing insulation of
participants in the four surveyed blocks was 0.36 clo for walking shorts with short-sleeve
shirts, 0.57 clo for trousers with short-sleeve shirts, 0.61 clo for trousers with long-sleeve
shirts, and 0.54 clo for knee-length skirts with short-sleeve shirts, based on insulation values
for typical ensembles outlined in ASHRAE Standard 55 [13].

Mixed-use block - |
D 58% 5%

Mixed-use block
% 67%
C
Mixed-use block
B 4% 46% 2%9%

Mixed-use block
A — 62%

B Walking shorts, short-sleeve shirt

Figure 7. Clothing ratio of participants in mixed-use blocks A-D.

3.3. Values of Subjective Questionnaire

Table 6 presents the average values of the subjective questionnaire for participants in
the outdoor areas of the four mixed-use blocks, involving subjective sensation, subjective
acceptability, and subjective preference. In terms of subjective sensation, owing to the
high air temperature during the survey, the thermal sensation scores were elevated with
participants in blocks A and D reporting feeling “hot” (average value of 2.5), while those in
blocks B and C described feeling “warm” (average value of 1.8). For humidity sensation,
participants in block D reported a “neutral” sensation, while those in blocks A-C felt
“slightly wet” to “wet”, with block A having the highest average value at 2.1. In addition,
participants in mixed-use blocks A, C, and D perceived a “slightly weak” draft sensation,
whereas those in block B reported a “neutral” draft sensation.

Regarding subjective acceptability, the participants in the four mixed-use blocks had
consistent thermal acceptability, although their subjective sensations varied. Except for
the participants in mixed-use block D who felt “slightly acceptable”, those in the other
mixed-use blocks felt “neutral”. It can be seen that participants’ acceptance of their envi-
ronment was much more “tolerant” than their subjective sensations of the environment.
This finding reveals the complex relationship between thermal perception and thermal
adaptation: participants” thresholds for subjective acceptability were significantly higher
than their subjective sensation ratings, clearly demonstrating fundamental differences in
the evaluation scales between subjective acceptability and sensation. This discrepancy
may stem from psychological adaptation mechanisms and long-term thermal exposure
tolerance, a finding that holds significant implications for understanding human thermal
comfort evaluation mechanisms.
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Table 6. Average values of subjective perception in the four mixed-use blocks.

Subjective Perception

Average Value

Block A Block B Block C Block D
Thy 1
. sen‘;gftri‘gn 2.5 (Hot) 1.7 (Warm) 1.8 (Warm) 2.5 (Hot)
Sensation Humidity ) )
sensation 2.1 (Wet) 1.0 (Slightly wet) 0.8 (Slightly wet) 0.4 (Neutral)
Draft sensation —0.8 (Slightly weak) —0.1 (Neutral) —0.8 (Slightly weak) —0.9 (Slightly weak)
Thfermal —0.9 (Cooler) —0.8 (Cooler) —0.9 (Cooler) —1.0 (Cooler)
Preference preterence
Humidity . . . .
—0.8 (Drier) —0.6 (Drier) —0.7 (Drier) —0.6 (Drier)
preferlence
Air velocity
pr ebference 0.8 (Stronger) 0.5 (Stronger) 0.8 (Stronger) 0.9 (?ti’or;g;:r)
- Subjective _ _ 1.3 (Slightly
Acceptability acceptability 0.3 (Neutral) 0.3 (Neutral) 0.4 (Neutral) acceptable)

Figure 8 shows the frequency distributions of the participants” sensations (thermal,
humidity, and draft sensations) in mixed-use blocks A-D. In terms of thermal sensation,
most participants felt “warm” and “hot”. Block A has the highest proportion at 93.8%,
followed by blocks D (88.8%), C (72.7%), and B (69.5%). In addition, only a few participants
felt “neutral” in blocks B and C, at 8.3% and 9.1%, respectively. Furthermore, 5.5% of
participants felt “slightly cool” in block B, which may be related to the psychological
effects of narrow alleys and shaded trees. Regarding humidity sensation, the proportion
of the two modern mixed-use blocks A and B was mainly concentrated in “wet” and
“very wet”, accounting for 87.6% and 74%, respectively. However, for the two modern
mixed-use blocks C and D, humidity sensation was considerably reduced between “wet”
and “very wet”, whereas that in mixed-use block D was mainly “neutral”, accounting
for 63.3%. Notably, the block form and environment have a substantial impact on the
participants” humidity sensation. However, the relative humidity difference between the
four blocks was insignificant. In terms of draft sensation, most participants in blocks A,
C, and D felt that the air velocity was “slightly weak”, accounting for 37.5%, 28.7%, and
28%, respectively. However, in block B with dense texture and narrow alleys, 38.9% of
participants felt “neutral” and 27.8% felt “strong”, indicating that the air pressure generated
by narrow alleys increases airflow and affects participants” draft sensation.

0,
100% ¥ " 63% 28% 5509, 3?
90% 182% 198% 6.9%
278 0 15.6%
80% ’ 370% 10 ° 27.8% 200% 50,
43.8%
s 12.5%
0% | S 6018%% 270% 172%
24.7%
; o0 54.5% ’
) 0, B °
8 5o 417% 38.9%
g 3100 167% 33 378 ’ 237%
K 40% o
43.8% 28.0%
30% 16.7%
34.4% 914%
20% ° 16.7% 190 22.5% 8.1% ° 19.4% 20.0%
B o 6.9% 104% 15.0%
10% 8.3% : 0,
i 619% 16.7%
ooy | 625 slsbe 01% 11.2% 3]{}3 e, 108 11.1% SI/" 6.0:
Block A Block B Block C Block D|Block A Block B Block C Block D|Block A Block B Block C Block D
Thermal sensation Humidity sensation Draft sensation

2m-100 2m3

u-3

Figure 8. Frequency distributions of participants’ sensation in mixed-use blocks A-D.

Figure 9 shows the frequency distributions of participants’ subjective preferences in
the four mixed-use blocks. Owing to the high temperature during the summer, participants
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in the four mixed-use blocks preferred to be cooler, accounting for 93.7%, 86.1%, 93.9%,
and 97.5% in mixed-use blocks A-D, respectively. In terms of humidity preference, most
participants preferred to be drier in the four mixed-use blocks. The humidity preference
accounted for 87.5% in mixed-use block A, which was the highest, followed by mixed-use
blocks C, B, and D (72.7%, 55.6%, and 55%, respectively). However, almost half of the
participants in mixed-use block D (45%) preferred no change in relative humidity, although
their humidity sensation was high, likely owing to the residents” high tolerance towards
the thermal environment. As for air velocity preference, more than half of the participants
across all four mixed-use blocks preferred strong air velocity, with as many as 90% of those
in block D expressing this preference, likely due to the hot and humid climate. In addition,
30.6% of participants in block B preferred constant air velocity, the highest percentage
among the blocks, echoing aligning with their “neutral” draft sensation.
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Figure 9. Frequency distributions of participants” subjective preferences in mixed-use blocks A-D.

Figure 10 shows the frequency distributions of participants’ acceptability in the
four mixed-use blocks. More than half of the participants in mixed-use blocks A, B, and
D believed that the thermal environment was above “neutral” acceptance, accounting for
68.8% in mixed-use block A, 58.4% in block B, and 85% in block D. Furthermore, 65% of the
participants in block D felt that the thermal environment was “acceptable”. In addition,
66.7% of the participants in block C had a thermal acceptance level below “neutral”, and
the majority were at “slightly unacceptable”, accounting for 54.5%.
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Figure 10. Frequency distributions of participants’ acceptability in mixed-use blocks A-D.
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3.4. The Relationship Between Indicators of Thermal Environment and Subjective Perception

Figure 11 visually presents the correlation matrix between thermal environment indi-
cators and subjective perception indicators through a heatmap. It reveals a strong positive
correlation between air temperature and mean radiant temperature (r? = 0.93, p < 0.01),
confirming their synergistic variation pattern in outdoor thermal environments. Simul-
taneously, a significant negative correlation exists between air temperature and relative
humidity (r? = —0.80, p < 0.01), consistent with the inverse temperature-humidity rela-
tionship principle in thermodynamics. In addition, thermal environment indicators show
weak correlations with their directly corresponding subjective perception dimensions, such
as air temperature vs. thermal sensation (r?> = 0.26) and relative humidity vs. humidity
sensation (r? = 0.22). However, cross-dimensional analysis indicates potential interactive
effects between environmental parameters and non-corresponding perception indicators,
exemplified by relative humidity vs. air movement sensation (1 = 0.24) and air temperature
vs. air movement sensation (r?> = —0.17). These findings demonstrate the nonlinear charac-
teristics of human thermal perception systems, suggesting that the relationship between
thermal environmental stimuli and subjective perception is not a simple one-to-one map-
ping. Rather, it may be mediated by multiple factors including psychological adaptation
and behavioral adjustment mechanisms.
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Figure 11. Relationship among indicators of thermal environment and subjective perception.

3.5. The Connection Between Thermal Environment, Subjective Sensation, and Subjective Preference

Using data from 141 questionnaire responses, Figure 12 displays the correlation be-
tween thermal environmental indicators and subjective sensation and preference, revealing
the threshold values for subjective reactions to objective parameters.
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Figure 12a illustrates the connection between air temperature/mean radiant tempera-
ture and both thermal sensation and preference. Due to the high air temperature and mean
radiant temperature in the four mixed-use blocks, the corresponding thermal sensation
values were in the range of “warm” (TSV > 1.5). Among them, block A with the highest air
temperature and mean radiant temperature (32.3 °C and 33.9 °C) had the highest thermal
sensation value of 2.5. In contrast, block B, which had the lowest air temperature and mean
radiant temperature (31.2 °C and 32.3 °C) corresponded to the lowest thermal sensation
value of 1.7, reflecting the conventional correspondence between temperatures and thermal
sensation. However, block D had a thermal sensation 0.8 higher than block B, reaching 2.5,
despite similar temperature, indicating that thermal sensation is influenced not only by
temperature but also by other factors, such as additional thermal environmental elements
and block morphology. As a contemporary block, the street width and building height
of block D were several times higher than that of modern block B, which may be a factor
affecting the differences in participants’ thermal sensations. In terms of thermal preference,
the values for the four mixed-use blocks were between —0.8 and —1, indicating that par-
ticipants preferred cool temperatures, which corresponded to the high temperatures and
thermal sensation values.

Figure 12b presents the connection between relative humidity, humidity sensation,
and humidity preference. Block A recorded the highest humidity sensation value at 2.1
(wet), followed by block B (1.0), block C (0.8), and block D (0.4). In addition, the relative
humidity of block A was 66.7%, ranking second among the four blocks, whereas block
B had the highest relative humidity, reaching 73.8%. No complete correspondence was
observed between the relative humidity and humidity sensation, which means that the
humidity sensation may be influenced by other factors and result in sensory bias. For
example, the high temperature in block A created a high-temperature and highly humid
environment, which may affect the participants” sensation of relative humidity. In addition,
sweating during walking in such an environment could also lead to incorrect judgment
of humidity sensations. Minimal difference was observed in humidity preference values
among the four blocks, and participants preferred to be dry, which corresponded to high
relative humidity and humidity sensation values.

Figure 12c illustrates the connection between draft sensation and air velocity prefer-
ence. Regarding draft sensation, block B with the lowest wind speed (0.25 m/s) had the
highest draft sensation value, which was —0.1 (neutral). By contrast, the air velocities in
other mixed-use blocks were higher than that in block B, but their draft sensations were
only between —0.8 and —0.9 (slightly weak). This indicated that the connection between
air velocity and draft sensation was inconsistent, with several factors at play, including the
walking speed and direction of the participants, as well as wind speed, direction, and the
spatial perception of the alley. For example, block B gave people a sense of openness and
quiet space, which was consistent with the perception given by a space with low air velocity.
Therefore, participants felt that the air velocity in block B was moderate although low. By
contrast, blocks C and D were contemporary blocks with towering buildings, giving people
a sense of closure and noise, which was consistent with the perception given by a space
with high air velocity. However, the actual air velocity did not reach the value perceived
by the participants, resulting in low draft sensation. Regarding air velocity preference,
participants in all four blocks preferred strong air velocity, and their values were negatively
correlated with draft sensation.

3.6. Connection Between Thermal Environment and Subjective Acceptability

The previous analysis indicates that subjective perception was affected by the thermal
environment. To investigate the specific factors and their impact further, a multiple linear
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regression analysis was performed on the indicators between the thermal environment and
subjective acceptability. In this study, SPSS v22.0 software was utilized to analyze the influ-
ence and weight of the indicators. Thermal environmental factors such as air temperature,
relative humidity, air velocity, and mean radiant temperature were treated as independent
variables, while subjective acceptability was considered the dependent variable.

The linear regression analysis between the subjective acceptability indicators and the
thermal environment is presented in Table 7, with the linear regression model outlined
in Equation (2). Based on the adjusted R? evaluation criteria, the connection between
subjective acceptability and the thermal environment (air temperature, relative humidity,
air velocity, and mean radiant temperature) demonstrated a good fit (adjusted R? = 0.720).
Additionally, the F-test yielded a significant result (F = 58.711, p < 0.001), indicating that
the thermal environment affects subjective acceptability. Moreover, the variance inflation
factor values for all indicators, which assess multicollinearity among variables, were below
5, confirming that the linear regression model is solid and free from multicollinearity issues.
The p-value (significance analysis), which, for air temperature, relative humidity, and mean
radiant temperature were below 0.05, indicated their relevance to subjective acceptability.
Thus, a multiple linear regression model correlating subjective acceptability indicators and
the thermal environment was established, as described in Equation (2). In addition, the
coefficient B value denotes the weight of the indicators, with the positive or negative sign
indicating the trend of their impact on overall satisfaction [38]. The model illustrates that air
temperature and mean radiant temperature carry a greater weight with a B value of —0.182
and 0.210, respectively, while relative humidity has a lower weight of —0.061. Furthermore,
the influences of air temperature and relative humidity are negative, indicating that higher
values correspond to lower subjective acceptability.

Sa =2.543 — 0.182Ta — 0.061RH + 0.091Va + 0.210Tr (2)

Table 7. Multiple linear regression analysis between subjective acceptability and thermal environment.

Indicator B P VIF Adjusted R? F
Air temperature —0.182 0.001 * 3.261 58.711
Relative humidity —0.061 0.004 * 2.680 0.720 (p < 0 001)
Air velocity 0.091 0.210 1.351 p=t
Mean radiant 0.210 0.001 * 3.812
temperature
Constant 2.543 0.012 -
¥ <0.05.

Dependent variable: Sa, subjective acceptability; independent variable: Ta, air temper-
ature; RH, relative humidity; Va, air velocity; Tr, mean radiant temperature.

4. Discussion
4.1. Impact of Climatic Factors on Thermal Comfort

This study was carried out in a region characterized by consistently hot-humid con-
ditions throughout the year. As a result, participants in such climates developed a strong
tolerance for high temperatures and relative humidity, contributing to their generally high
levels of satisfaction and acceptance of the thermal environment [33]. This observation
aligns with findings from various studies conducted in similar hot-humid climates [39-42].
Regarding climatic factors, air temperature and mean radiant temperature had a prominent
impact on thermal comfort, and the changes in thermal sensation and thermal preference
were closely related to the variations in them, as depicted in Figure 12a. Additionally,
the linear regression analysis showed that air temperature and mean radiant tempera-
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ture remarkably influenced subjective acceptability, as shown in Table 7. This viewpoint
is supported by the thermal comfort study in residential areas from Adunola [43], who
proposed that the temperature was a critical factor in determining respondents” comfort
levels. Similarly, Humphreys [44] noted that in most thermal comfort studies, temperature
accounts for a larger portion of the variation in responses compared to changes in other
climatic factors. Regarding the effect of relative humidity on thermal comfort, high hu-
midity often coincides with high temperatures, leading to moisture-saturated air and a
rise in temperature, which worsens thermal comfort. Additionally, high humidity hinders
the body’s ability to dissipate metabolic by inhibiting evaporation, particularly in hot
and humid conditions, where heat storage builds up during physical activity. As a result,
reduced evaporate cooling intensifies thermal strain and heat retention, making it difficult
for sweat to evaporate from the skin, which leads participants to mistakenly believe that
the environmental humidity has increased, thereby distorting their judgment of humidity
perception. This discrepancy highlights the difference between skin humidity and envi-
ronmental humidity, and similar findings have been supported by other research [45-47].
These findings necessitate a multidimensional evaluation framework for future thermal
comfort studies, advocating synchronized monitoring of physiological indicators (e.g., skin
conductance, sweat evaporation rate) and environmental parameters to better decipher
the interaction between objective measurements and subjective humidity perception. The
influence of air velocity on thermal comfort follows a similar pattern. The interaction be-
tween air movement caused by walking and the surrounding air velocity leads to reduced
perception ability of air velocity, as shown in Figure 11. Some studies have shown the
influences of air movement on outdoor thermal comfort, incorporating these findings into
thermal comfort optimization and thermal environment regulation [48-52].

4.2. Effect of Urban Morphology on Thermal Comfort

This study identified discrepancies between thermal environments and subjective
perceptions across four mixed-use blocks. For instance, block D had an air temperature of
only 0.6 °C higher than block B, yet 66.3% of respondents in block D reported “hot” thermal
sensations—nearly three times higher than block B. Excluding climatic influences, these
thermal comfort disparities correlated with urban form characteristics, including block tex-
ture and street height-to-width ratios. It should be noted that this analysis excludes radiant
temperature considerations for two key reasons: First, this study focuses on comparing
modern vs. contemporary street configurations’ impacts on outdoor comfort. Radiant tem-
perature is highly variable due to solar radiation and surface reflectivity (building facades
and ground materials), making it unsuitable for the stable characterization of inherent
thermal properties in urban forms. Second, air temperature demonstrates greater spatial
and temporal stability due to environmental buffering effects, providing a more reliable
indicator of systematic thermal impacts from street dimensions (e.g., height-to-width ratios,
and orientations). Thus, this analysis emphasizes air temperature, relative humidity, and air
velocity while excluding transient radiative interference to highlight essential relationships
between urban form and thermal comfort.

Using the classic method by Yoshinobu Ashihara, the street height-to-width ratios
(D/H) were calculated by measuring building heights (H) and street widths (D) in the four
blocks. Results showed D/H of 2.0:1, 1.4:1, 0.6:1, and 0.3:1 for blocks A-D, respectively.
Ashihara’s spatial perception experiments [53,54] indicate that D/H > 1 enhances perceived
openness significantly, while a lower ratio increases enclosure perception. Topological anal-
ysis reveals modern blocks A and B exhibited higher street network density (>12 primary
intersections/km?) compared to contemporary blocks C and D (>8 intersections/km?),
as shown in Figure 13. Correlating height-to-width ratios with thermal data (as shown in



Energies 2025, 18, 2015

18 of 22

Table 8) confirmed that block D (D/H < 1) recorded the highest average thermal sensation
value despite an average air temperature of only 31.8 °C. Conversely, traditional block B
(D/H > 1) showed higher relative humidity but lower humidity sensation scores, along
with the highest draft sensation value despite an average air velocity of 0.25 m/s. These
findings align with Niachou K’s research [55] on canyon-like streets, which demonstrated
that D/H between 0.5 and 0.65 creates wake interference reducing air velocity and draft
sensation, while D/H > 0.65 enables stable airflow recirculation enhancing draft sensation.
This confirms that street height-to-width ratios significantly influence thermal comfort,
with D/H > 1 configurations demonstrating superior heat mitigation potential in hot and
humid climates.
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Figure 13. Block morphology analysis diagrams of the four mixed-use blocks.

Table 8. Comparative analysis of street height-to-width ratios and thermal environment indicators.

Temperature Aspect Humidity Aspect Air Velocity Aspect
Block D/H Air Thermal Relative Humidity Air Draft
Temperature Sensation Humidity Sensation Velocity Sensation
A 2.0:1 334 2.5 66.7 2.1 0.38 -0.8
B 1.4:1 31.9 1.7 73.8 1.0 0.25 —0.1
C 0.6:1 324 1.8 61.4 0.8 0.72 -0.8
D 0.3:1 32 2.5 61.6 0.4 0.58 -0.9

4.3. Suggestion for Improving Thermal Comfort in Mixed-Use Blocks

Based on the analysis of outdoor thermal comfort across the four mixed-use blocks, this
study proposes the following recommendations for enhancing outdoor thermal comfort:

(1) Street height-to-width ratio optimization: A desirable thermal environment and
enhanced user comfort can be achieved when the street height-to-width ratio exceeds
0.65. Therefore, the street width should be appropriately increased while reducing the
height of buildings on both sides. Based on the analysis of the relationship between
block height-to-width ratio and thermal comfort in this study, the optimal ratio for
vehicle lanes is 0.65-1.4. This range reduces wake interference according to Niachou
K’s research, enhances airflow stability, and improves subjective comfort. Additionally,
pedestrian walkways should maintain a ratio greater than 0.65 to facilitate stable air
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circulation and increase wind speed perception. As demonstrated in this study, block
B with a 1.4:1 ratio (exceeding 0.65) provided significantly higher comfort levels
compared to block D with a 0.3:1 ratio.

(2) Street network density enhancement: High-density street networks improve ven-
tilation efficiency and alleviate subjective thermal stress. According to this study,
contemporary blocks should aim to increase their road network density to modern
block levels. Statistical results show that modern blocks A and B had densities exceed-
ing 12 streets/km?, while contemporary blocks C and D had densities between 8 and
12 streets/km?. Block B with high-density streets demonstrated optimal ventilation
performance: despite high relative humidity (up to 73.8%), its wet sensation index
remained low (1.0), as shown in Figure 13.

(38) Strategic street orientation planning: Street orientation significantly affects air velocity
and thermal comfort by interacting with prevailing wind directions. Streets should
preferably align with dominant winds (e.g., east-west orientation for easterly winds),
especially in areas with height-to-width ratios exceeding 0.65. Avoiding north—south
orientations conflicting with dominant winds is crucial. The orientation design of mod-
ern block B in this study promoted air penetration, effectively improving perceived
wind comfort.

4.4. Study Limitations and Suggestions for Future Research

First, the thermal environment indicators and participants” information obtained from
the on-site study were uncontrollable, resulting in irregularities and deficiencies in the
variables used in this study. Second, the limitations of commercial and residential mixed-
use block areas, study periods, as well as the number of measuring instruments available,
influenced the sample size and distribution, which introduced sample bias and somewhat
affected the precision and general applicability of the findings. In addition, the experimental
instruments employed in this study, such as the globe thermometer, feature reduced
dimensions compared to standard specifications. While it enhances response time, making
the instruments more suitable for real-time monitoring scenarios, it inevitably results in
a systematic underestimation of the radiative heat low as demonstrated experimentally
in [56], with the consequent uncertainties in the evaluation of thermal discomfort and
heat stress for pedestrians as demonstrated in [57]. Last, the participants in this study
were all pedestrians, effectively supporting the subjective evaluation data of the study.
However, detailed and targeted participant types, such as profession, age, and gender, were
lacking, resulting in insufficient study granularity. To further enhance the precision and
generalization of the study, critical parameters such as sample size, regional distribution,
and survey period should be systematically accounted for in future studies. Meanwhile, the
measurement protocols, instrument precision, and computational methodologies should
be optimized and refined. Additionally, the diversity and quantity of participants during
the sampling process are recommended to further expand, as well as to achieve data
comparison and verification by multi-dimensional cross-analysis.

5. Conclusions

An outdoor thermal comfort evaluation of four mixed-use blocks in hot-humid cli-
mates was investigated between June and July. This study examined the thermal envi-
ronment, individual information, and subjective perceptions, analyzing the correlation
between these perceptions and environmental conditions. It also explored how climatic
factors and morphological elements impacted outdoor thermal comfort. The key findings
include the following:
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(1) The mean value of air temperature was 31.8 °C and the relative humidity was 65.8%
in four mixed-use blocks, displaying the climate feature of high temperature and high
humidity, highlighting challenges in achieving thermal comfort standards.

(2) Although the subjective sensation and subjective preference differed among the four
mixed-use blocks, they exhibited corresponding patterns. However, the average
subjective acceptability was not affected by subjective sensations and preferences,
presenting a “neutral” value in most blocks.

(3) The indicators of thermal environment and subjective perception did not indicate
simple linear relationships, as they were influenced by the interplay of various envi-
ronmental factors, spatial layout, and psychological cognition. For instance, blocks
B and D had comparable average temperatures but showed notable differences in
thermal sensation.

(4) Multiple linear regression analysis revealed that air temperature, mean radiant temper-
ature, and relative humidity were the critical factors affecting subjective acceptability
across the four blocks.

(5) Urban morphology impacted outdoor thermal comfort substantially, where three
critical morphological determinants—texture density, street height-to-width ratio
(D/H), and orientation strategy—played pivotal regulatory roles.
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