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Abstract

Subway stations are typical underground transitional spaces with complex thermal environ-
ments. Existing studies often characterize the comfort zone by temperature alone and lack
cross-climate comparisons, limiting practical applicability. To address this, the standard
effective temperature (SET*) was adopted in this study as the core index to couple multiple
environmental and personal parameters. On-site measurements and questionnaire surveys
were conducted in summer in Beijing, located in the cold climate zone, and Suzhou, in the
hot-summer and cold-winter zone. Based on 410 samples from Beijing, the neutral SET*
was 23.37 ◦C for concourses and 20.43 ◦C for platforms, with 80% acceptable ranges of
20.37–26.38 ◦C and 18.4–24.62 ◦C, respectively. Optimal thermal sensation was slightly
cool, reaching −0.503 in concourses and −0.318 on platforms. Cross-climate comparison
revealed a systematic warm-side shift for Suzhou passengers from 181 samples: neutral
SET* increased to 26.46 ◦C in concourses and 23.99 ◦C on platforms, comfort zones shifted
upward to 25.00–28.97 ◦C and 21.90–27.03 ◦C, and optimal thermal sensation values of
−0.153 and −0.262 indicated weaker cool preference and higher heat tolerance. These find-
ings improve understanding of thermal comfort in subway stations and provide guidance
for environmental design.

Keywords: subway station; thermal comfort; standard effective temperature; on-site
measurement; cross-climate comparison

1. Introduction
With rapid advances in transportation, subway systems have become the preferred

mode of public transport for a growing number of people, as their high punctuality and
freedom from traffic congestion continue to attract more passengers [1,2]. By 2025, 58 cities
in China had opened 382 urban rail transit lines, with a total operating mileage of 13,071 km
and an annual passenger volume exceeding 34 billion [3]. However, the rapid expansion
of subway systems has led to a sharp increase in energy consumption. Excessive energy
use and waste have become an urgent and pressing problem that demands a solution.
In 2024, China’s rail transit consumed a total of 27.02 billion kWh of energy, an increase
of 6.83% [3]. Among these, station energy consumption accounted for 12.97 billion kWh
and train traction consumed 14.15 billion kWh. According to a previous study, the energy
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consumption intensity of subway stations has surpassed 130 kWh/m2, which is two times
that of traditional public buildings [4].

In subway stations, air conditioning is usually operated to ensure passengers’ thermal
comfort, and its settings are therefore related to passengers’ thermal comfort. Generally,
passengers’ thermal comfort is affected by multiple parameters, including air temperature,
humidity, wind speed, and clothing insulation. The most common strategy used in subway
stations is to adjust the temperature and humidity setpoint of the air conditioning system.
To meet increasingly strict comfort requirements, the temperature setpoint in subway
stations during cooling seasons is often maintained at low levels. Multiple studies have
shown that such a setting method not only fails to fully satisfy passengers’ thermal comfort
needs but also limits the energy-saving potential, undoubtedly leading to significant energy
waste [5–9]. Given the large number of subway stations in modern cities, even a slight
reduction in the energy consumption of air conditioning systems could yield considerable
energy savings. Thus, many researchers have studied the thermal comfort conditions
within subway stations under different climate zones in order to guide the operation of air
conditioning systems.

2. Literature Review
2.1. Summer Thermal Comfort in Subway Stations Across Climate Zones

At present, the design of air conditioning systems for subway stations follows the
GB50157-2013 standard [10], which requires the concourse temperature to be 2–3 ◦C lower
than the outdoor design dry-bulb temperature for air conditioning and the platform temper-
ature to be 1–2 ◦C below that of the concourse. However, several studies have demonstrated
that there are certain differences in thermal comfort within subway stations across different
climate zones.

In severe cold regions at high latitudes, researchers have primarily focused on passen-
gers’ thermal comfort and adaptive capacity under low-temperature conditions. Long-term
field measurements conducted by Yang et al. [8] in Harbin subway stations revealed that
the actual thermal comfort environment in winter deviates considerably from current
standards, and the thermal environment could satisfy approximately 70% of passengers.
The comfort temperature ranges were 10.6–19.3 ◦C for corridor, 11.2–19.9 ◦C for concourse,
and 13.8–21.6 ◦C for platform. Gu et al. [11] conducted a thermal environment and comfort
investigation in Changchun subway stations, and their results demonstrated that winter
exhibits the worst thermal conditions, and cold air infiltration was a critical factor influenc-
ing thermal comfort. This study also identified the 80% acceptable thermal comfort zones
in stations and thermoneutral temperatures for different seasons. The 80% thermal comfort
range of public areas was 22.3–28.2 ◦C in summer, 15.8–21.0 ◦C in the transitional seasons,
and 9.8–14.3 ◦C in winter. Wang et al. [12] adopted a whole-process thermal comfort track-
ing approach to investigate passengers’ thermal comfort in subway stations. The results
showed that the indoor cooling was almost unnecessary because the temperature is already
cool, and passengers still maintained high thermal comfort even when the humidity was
high, demonstrating significant potential for energy savings. The comfort temperature
range was 22.7–27.2 ◦C for the concourse and 22.8–25.4 ◦C for the platform.

In cold regions, researchers have turned their attention to passengers’ thermal comfort
during summer and transitional seasons. Gu et al. [13] investigated the thermal environ-
ment in Xi’an subway stations during autumn, evaluating the humidity environment using
the Humidity Perception Vote (HPV) and assessing the thermal environment through a
combined approach of the thermal sensation vote (TSV) and the Heat Deficit Rate (HDR).
They plotted out the 80% satisfaction temperature and humidity ranges and obtained an
autumn thermal environment evaluation index suitable for the Xi’an region by correcting
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the HDR. Li et al. [14] conducted a comfort assessment of various environments within
the subway station using a novel field-based approach based on multimodal physiological
signals. Pan et al. [7] conducted on-site measurements in Beijing subway stations. Based on
628 questionnaires, the results demonstrated that passengers’ thermal sensation undergoes
significant changes during their subway trips. The 80% acceptable comfort temperature
range was 26–29.6 ◦C at the entrance, 25.5–32 ◦C in the concourse, 24.5–28.5 ◦C on the
platform, and 24.2–27.6 ◦C inside the carriage. In addition, although these temperature
ranges exceeded the design temperature for summer environmental control stipulated in
GB 50157, passengers still considered it acceptable.

In the hot-summer and cold-winter climate zone, summer is characterized by high
temperature and high humidity, where the combined effects of climatic factors pose a
greater challenge to passenger thermal comfort. Huang et al. [15] established a model
for predicting the thermal comfort inside the subway, and, based on this, determined
the thermal comfort influencing variables as well as the optimal parameter combinations.
Through an on-site investigation of a typical subway station in Changsha, Hu et al. [16]
incorporated the influence of passenger dwell time on thermal comfort and found that
short-stay passengers were more sensitive to temperature variations, with a comfort range
of 24.5–24.8 ◦C. In contrast, the comfort range of long-stay passengers who had acclimatized
to the indoor microclimate broadened to 25.6–26.3 ◦C, confirming the influence of thermal
adaptation on thermal comfort. In the hot-summer and warm-winter zone, the summer
lasts for an extended period with particularly intense hot–humid conditions. The annual
mean temperature is relatively high, making thermal comfort during the cooling season
a research priority. Fang et al. [17] conducted a thermal comfort study in Guangzhou
subway stations located in this climate zone. The results showed that the neutral SET* was
21.6 ◦C at platform and 19.6 ◦C at the entrance, and the comfort range at platform was
21.6 to 28.8 ◦C. Chen et al. [9] investigated the thermal environment and thermal comfort in
subway stations in a hot-summer and warm-winter zone city Guangzhou through thermal
sensation questionnaire surveys. The results from 1481 valid responses showed that
passengers have different thermal comfort characteristics among low, medium, and high
metabolic rates, with 80% acceptable temperature ranges of 19.07–30.34 ◦C, 17.10–28.92 ◦C,
and 21.36–28.25 ◦C, respectively. Regardless of whether it was during peak hours or not, the
thermal sensation vote remained within −0.7 < TSV < 0.7, and the thermal comfort range
exceeded the 22–27 ◦C range specified by ISO 7730 [18], demonstrating a high tolerance
to heat. Furthermore, Han et al. [19] conducted a study on the thermal environment
within Seoul subway stations by combining physical environment measurements with
questionnaire surveys. They found that the thermal comfort range in the concourse was
15.9–31.5 ◦C, further confirming the widespread nature of thermal comfort characteristics
in subway stations.

These studies show that passengers’ thermal comfort in subway stations varies sub-
stantially across climate zones, station zones, and activity states. Field-measured neutral
temperatures and acceptable ranges often deviate from the fixed design assumptions in the
current standard, and passengers in many cases accept a wider range of thermal conditions
than the standard comfort zone. This suggests that a single nationwide environmental
control strategy may not adequately reflect local thermal adaptation. Therefore, in this
study, a unified thermal comfort evaluation index was adopted for cross-climate zone
comparative analysis to identify the systematic regional differences in passenger thermal
comfort, and to provide support for climate-adaptive environmental design.
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2.2. Factors Influencing Thermal Comfort in Subway Stations

As a typical large-scale underground public building, the internal thermal environment
of a subway station is significantly influenced by the complex train piston ventilation,
building structure, and high-density passenger flow, exhibiting pronounced unsteady
and spatiotemporally non-uniform characteristics. Factors such as the usage period of
subway stations [20], ventilation modes [21], and thermal experience [22,23] have been
demonstrated to have certain effect on passengers’ thermal comfort. In recent years,
scholars have investigated the thermal comfort mechanisms of subway stations in summer,
aiming to reveal the influencing mechanisms of thermal comfort and thereby determine
the design temperature for air-conditioning systems within the subway stations.

Existing research indicates that thermal comfort in subway stations is not determined
by a single factor, but, rather, results from the combined influence of climatic conditions,
building structure, train operations, passenger density, and individual adaptability. Its
complexity is far greater than that of conventional indoor spaces. From the perspective
of outdoor weather and station depth, a study in Athens has revealed that fluctuations in
external temperature can significantly affect the thermal environment inside the station,
and the shallower the depth, the more pronounced this effect becomes [24]. This implies
that the design of subway stations can hardly be discussed independently of the local
climatic context when addressing thermal comfort. Meanwhile, the impact of architectural
form and train operations should not be overlooked. The research conducted in Harbin [25]
demonstrated that platform door types, the interval of train operation, and even the piston
effect can directly alter the temperature and humidity distribution within a station. Fur-
thermore, Chen et al. [26], in Wuhan, through the calculation of thermoneutral temperature
and thermal comfort zones, further revealed a significant association between passengers’
thermal sensation and the architectural form of subway stations.

Unlike conventional buildings, passenger flow density and individual adaptability in
subway stations add another dimension of complexity to thermal comfort. Kapil et al. [27]
incorporated passenger activity levels and crowd density into a thermal comfort prediction
framework using an agent-based modeling approach, resulting in a model with good
interpretability. Simulation results for a low-density carriage in Shanghai [28] further
demonstrated that when occupant density decreases, air velocity becomes the key factor
dominating comfort sensation rather than radiation and convection. In transitional build-
ings such as subway stations, individual thermal adaptation is also a key factor affecting
thermal comfort.

Yang et al.’s [29] research found that waiting time significantly affects passengers’
thermal comfort. As passengers moved, the thermal neutral temperature increased from
18.3 ◦C to 20.3 ◦C, rising by two degrees. A survey at a UK airport terminal [30] further
confirmed from another perspective that the thermal comfort range of transient occupants
in transitional spaces is much wider than that of long-term staff. These findings collectively
indicate that, in the summer subway station environment, passengers’ thermal comfort and
their thermal sensation cannot be measured by temperature alone but should be assessed
through a comprehensive consideration of multiple environmental parameters.

2.3. Analysis of Thermal Environment Evaluation Indices in Subway Stations

Based on the unsteady environmental characteristics of subway spaces in summer—high
humidity, strong air movement, and highly dynamic passenger flow transitions—selecting
a microclimate evaluation index with strong applicability is the core prerequisite for con-
ducting thermal comfort assessments in subway stations. A review of existing studies
reveals that the thermal comfort evaluation indices adopted for transportation hubs and
transitional spaces are notably diverse yet exhibit obvious limitations.
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For thermal comfort evaluation in subway stations, the U.S. Department of Transportation
developed the Relative Warmth Index (RWI) and the Heat Deficit Rate (HDR) model. These
indices focus on the human heat balance during transitional periods. They can be effectively
applied to the assessment of transient thermal environments, and have been widely used for
thermal environment evaluation in transient and non-steady-state scenarios.

Zhu et al. [31] employed the dynamic thermal comfort evaluation models RWI and
HDR to analyze the environmental characteristics of subway stations and the thermal
comfort variation patterns of passengers during station entry and exit. They further
investigated the thermal comfort conditions of different evaluation units in public areas
across various seasons, and obtained passenger thermal comfort levels under different
environmental conditions. However, although the RWI index has been relatively widely
applied, it has primarily been used in non-steady-state scenarios in cold environments or
regions. When applied to the typical high-temperature and high-humidity conditions of
summer, its capacity to account for humidity parameters and evaporative heat dissipation
is notably insufficient. Wu et al. [32] conducted a field measurement study using the RWI
index to evaluate a transfer station in Beijing during summer. The results showed that the
passenger satisfaction rate with the thermal environment was only 13%, and there was
a deviation of up to 55% between the average thermal comfort level and the ASHRAE
standard value, indicating that the thermal comfort environment in subway stations must
be enhanced in summer. Some researchers [33] have applied the predicted mean vote
(PMV–PPD) model, adaptive models (such as the ASHRAE standard 55-2020 [34] and EN
15251 [35] adaptive models), and the aPMV model incorporating psychological correction
to evaluate thermal comfort in subway stations. The results showed that the PMV–PPD
and aPMV models overestimated passengers’ cool sensations, and although the ASHRAE
standard 55-2020 [34] and EN 15251 [35] adaptive methods were more lenient, they still
could not fully match the actual thermal sensation of passengers.

To overcome these limitations, Zhang et al. [36] argued that relative humidity may
serve as the primary parameter for thermal comfort, and based on the existing ventilation
performance indicators related to thermal comfort, they proposed a new ventilation per-
formance indicator: Effective Humidity Temperature (EMT). Subsequently, by integrating
EMT with the cooling effect of air movement, they further developed the Effective Draft and
Moisture Temperature (EDMT), which achieved an accuracy of 96.7–99.2%. Zhang et al. [37]
employed RWI and HDR to investigate thermal comfort in railway stations. Their findings
indicated that the application of RWI is limited to specific operational scenarios, while
HDR is not suitable for station environments. As indicated in the research conclusions of
Ding et al. [38], the applicability of RWI and HDR in subway stations remains questionable.

In contrast, the standard effective temperature (SET*) serves as a comprehensive
dynamic thermal balance indicator. It not only integrates various physical parameters
such as air temperature, average radiant temperature, relative humidity, and air velocity,
but it also accounts for changes in clothing insulation and metabolic rate during different
passenger phases including entering, waiting, and riding. This index has been adopted
by authoritative international standards and has become a preferred reference index in
environmental assessment in recent years [39,40].

Zhang et al. [41] considered the thermal adaptation of passengers in five subway
stations in Wuhan and used SET* to determine the thermal comfort temperature range
in subway stations. Cheung et al. [42] employed SET* to determine the optimal comfort
temperature range for semi-outdoor workspaces in Singapore during the hottest months,
yielding a result of 25.0–28.0 ◦C. Negin et al. [43] adopted SET* as a measure of thermal
comfort and established a thermal comfort prediction model. Lan et al. [44] evaluated
the thermal comfort of indoor spaces in a multistory building based on the SET* index,
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and derived optimal indoor temperature according to different thermal comfort levels.
The choice of index affects the applicability of the conclusions. The steady-state PMV
model is suitable for static spaces with uniform environments and occupants at rest for
extended periods, while the adaptive model is applicable to spaces where the thermal
environment can be adjusted. Based on the above analysis, this study uses the standard
effective temperature (SET*) as the main thermal index to fully evaluate the impact of the
subway station’s complex transitional environment on human thermal comfort.

2.4. Research Gap

Although the above studies have yielded substantial findings on thermal comfort in
subway stations, the following research gaps remain.

(1) When presenting thermal comfort results, existing studies commonly characterize the
comfort zone using a single temperature interval, which may not be consistent with
the actual situation. As underground transitional spaces, subway stations feature
a complex internal thermal environment with significant parameter fluctuations,
and passenger thermal comfort is affected by multiple interacting factors. If the
comfort zone is expressed solely in terms of temperature while neglecting humidity,
air velocity, and other parameters, it may lead to misjudgment of thermal comfort
under certain conditions, potentially resulting in passenger complaints.

(2) Existing research has mainly focused on local thermal comfort conditions, but sys-
tematic cross-climate comparisons of passenger thermal comfort in subway stations
remain limited. Populations from different climatic regions may develop distinct
thermal adaptation and psychological expectations, so results obtained from one
city cannot be directly extrapolated to another. Without comparative evidence from
different climate zones, environmental design for subway stations tends to rely on
conservative national standards rather than climate-adaptive strategies.

Therefore, this study selected Beijing in the cold climate zone and Suzhou in the
hot-summer and cold-winter climate zone to conduct thermal environment measurements
and subjective questionnaire surveys. SET* was adopted as the unified index to determine
the thermoneutral temperature and thermal comfort range in the concourse and platform
during summer. On this basis, the thermal comfort characteristics and their differences
across the two climate zones were compared and analyzed.

3. Material and Methodology
3.1. On-Site Environmental Measurement

To investigate the dynamic thermal environment characteristics of subway stations
and the deviations in subjective thermal comfort across different climate zones, this study
conducted on-site measurements from July to August 2025 at several subway stations with
typical station structures and passenger flow characteristics in Beijing, a representative
city of the cold climate zone, and Suzhou, located in the hot-summer and cold-winter
zone. The measurement period was from 7:00 to 21:00 every day, covering the morning
peak (7:00–9:00), off-peak (9:00–17:00), evening peak (17:00–19:00), and evening off-peak
periods. A total of 22 subway stations in Beijing and 8 stations in Suzhou were selected as
measurement sites. These stations were selected through stratified sampling based on the
construction age of the stations, transfer conditions, and the types of surrounding land use,
ensuring the representativeness and diversity of the samples in terms of spatial attributes,
thereby reflecting the thermal environment differences among subway stations in different
functional areas.

At each station, the measurement sites were distributed outside the subway station, in
the concourse, and on the platform. Outdoor measurement sites were positioned within 5 m
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of the station entrance in an unshaded area. Inside the station, three measurement points
were evenly distributed in both the concourse and the platform, respectively. The typical
subway station structure and the locations of measurement points in the concourse and on
the platform are shown in Figure 1. The measurement parameters included air temperature,
air humidity, wind speed, and CO2 concentration. Each measurement site was equipped
with a TR-76Ui-S temperature and humidity recorder (T&D Corporation, Matsumoto,
Japan) and a Testo 425 hot-wire anemometer (Testo SE & Co. KGaA, Titisee-Neustadt,
Germany). The detailed parameters are shown in Table 1.

Figure 1. Spatial structure and measurement layout of the subway station. (a) Schematic diagram of
subway station space. (b) Layout of instruments in both the concourse and the platform.

Table 1. Measurement instruments and specifications.

Instrument Parameter Measurement Range Accuracy Resolution

TR-76Ui-S
Air temperature −25–70 ◦C ±0.3 ◦C at 10 to 40 ◦C 0.1 ◦C

Relative humidity 10–99% ±2.5% at 15 to 35 ◦C, 30 to 80%RH 0.1%
CO2 concentration 0–9999 ppm ±50 ppm + 0.05 of reading 1 ppm

Testo 425 Air velocity 0–25 m/s 0.07 m/s 0.01 m/s

During the measurements, all instruments were installed at a height of 1.1 m above
the ground [45] and were preheated to stabilize readings before the measurement started,
ensuring measurement accuracy. Outdoor environmental parameters were recorded im-
mediately at the entrance after each participant completed the prescribed 5 min outdoor
exposure period. Subsequently, when participants arrived at the designated concourse or
platform measurement point and filled out the questionnaire, the environmental parame-
ters at that point were recorded simultaneously. The time stamps of outdoor recordings
and indoor measurement points were strictly matched to the moment of questionnaire
completion, thereby ensuring that each subjective comfort rating was directly linked to the
instantaneous thermal environment conditions experienced by the individual at the time of
voting, minimizing errors caused by time mismatch.

3.2. Questionnaire Survey

While conducting on-site measurements, a subjective questionnaire survey was also
conducted among passengers entering the station. The collection of personal data and ex-
periment study have been validated by the Science and Technology Ethics Committee. The
questionnaire consisted of two parts: basic information of the participants and subjective
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human perceptions. The basic information included gender, height, weight, age, years of
residence in the local area, and clothing insulation determined through a standard clothing
checklist. The subjective perception survey comprised the thermal sensation vote (TSV) and
the thermal comfort vote. The options for heat sensation voting (TSV) were set according
to the 7-level scale of ASHRAE Standard 55-2020 [34], ranging from −3 (cold) to +3 (hot),
where 0 indicated neutrality. Heat comfort was measured using a 5-level scale [46–48]:
0 (comfortable), 1 (slightly uncomfortable), 2 (uncomfortable), 3 (very uncomfortable),
4 (unbearable). This discomfort-oriented scale can more accurately and finely reflect the
passengers’ transient thermal comfort state.

The passengers who participated in the survey were recruited at the station entrance.
All volunteers who participated in the survey were presented with an informed consent
form and agreed to participate. The investigators explained the purpose of the study
and obtained informed consent from the participants. Permission to conduct the field
measurements and questionnaire surveys was also obtained from the relevant subway
station authorities. Before the tests, each participant first underwent a 5 min exposure
outside the station to stabilize their perception of the outdoor thermal environment and
ensure that all participants had similar thermal experiences at the start of the test. Then,
they entered the subway station following the normal procedure, and each participant was
guided to the nearest suitable measurement site—either in the concourse or on the platform
site according to the entrance location. As passengers usually do not stay in the concourse
for a long time in actual situations, passengers at the concourse site immediately filled out
the questionnaire upon arrival without an additional exposure time. For passengers at the
platform site, they needed to wait for approximately 3 min (this duration was determined
based on the average waiting time for subway) before filling out the questionnaire. To
reflect the real passenger flow situation and minimize the burden and resistance of the
participants, each passenger only received one questionnaire survey.

Clothing insulation was calculated using the insulation values of individual garments
provided in ASHRAE Standard 55-2020 [34]. A series of typical summer clothing items
(such as short-sleeved T-shirts, thin pants, shorts, skirts, underwear, socks, sandals, sports
shoes, etc.) are listed in the questionnaire. The subjects ticked each item according to what
they were wearing on that day. The total clothing insulation (clo) was obtained as the
arithmetic sum of the insulation values of all individual garments.

3.3. SET* Calculation

To comprehensively characterize the complex dynamic thermal environment within
subway stations, the standard effective temperature (SET*) is adopted as the core thermal
environment index. The standard effective temperature SET* is based on the human ther-
mal physiological model. Its core principle lies in determining the equivalent temperature
in the standard reference environment by solving the heat balance equation and the ther-
moregulation equation. This is achieved by solving the following system of human thermal
balance equation:

(1) Human heat balance equation

M − W = (C + R + Esk) + (Cres + Eres) (1)

where M is the metabolic heat production (W/m2), W is the external work performed
(W), C and R are the convective and radiative heat losses, respectively (W/m2), Esk is the
evaporative heat loss from the skin (W/m2), and Cres and Eres are the sensible and latent
heat losses through respiration, respectively (W/m2).

(2) Core layer heat balance equation
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(mcp)cr
AD

dTcr

dt
= M − W − (Cres + Eres) − (mblcbl)(Tcr − Tsk) (2)

where (mcp)cr is the heat capacity of the core layer (J/◦C), AD is the skin area (m2), Tcr is the
core temperature (◦C), mbl is the skin blood flow rate (kg/(s·m2)), cbl is the specific heat
capacity of blood (J/◦C), and Tsk is the skin temperature (◦C).

(3) Skin layer heat balance equation

(mcp)sk
AD

dTsk
dt

= (mblcbl)(Tcr− Tsk) + (C + R) − Esk (3)

where (mcp)sk is the specific heat capacity of skin layer (J/◦C), and Esk is the evaporative
heat loss from the skin (W/m2).

When calculating SET*, the skin temperature and skin wettedness are first iteratively
determined using Equations (1)–(3). These values of skin temperature and skin wettedness
are then substituted into the standard environment, where the air temperature that produces
the same (Tsk, w) as in the actual environment is solved through reverse iteration. This air
temperature is defined as SET*.

In this study, as the subway stations are entirely underground spaces, the mean radiant
temperature was assumed to be equal to the air temperature [49,50]. Metabolic rate and
clothing insulation were estimated in accordance with ASHRAE standard 55-2020 [34]. The
metabolic rate was set to 2.0 met for the concourse (walking at 0.9 m/s) and 1.2 met for the
platform (standing, relaxed). Clothing insulation was determined by calculation from the
clothing actually worn by each participant, and air velocity input was taken as the average
of the recorded wind speeds during questionnaire completion.

This study employed the pythermalcomfort model to calculate SET*. This model
incorporates all relevant formulas necessary for SET* computation, and the accuracy of this
Python program (Python 3.12, pythermalcomfort 3.8.0) has been validated [51].

4. Result
This section presents the thermal comfort results in detail, using Beijing as the exam-

ple. The detailed results for Suzhou are presented in Section 5, where the cross-climate
differences are discussed.

4.1. Thermal Environment Characteristics

Figure 2a illustrates the distribution of temperature and relative humidity at different
measurement sites in the subway station. The data were recorded when participants
completed the questionnaire. The measurements were conducted from July to August 2025,
between 7:00 and 21:00 each day. The indoor temperature distribution displayed a gradual
decline from the entrance toward the interior. The outdoor average temperature was 33.0 ◦C,
whereas the indoor temperature range was 24.6–31.6 ◦C. Specifically, the mean temperature
in the concourse was 27.7 ◦C, while the platform registered a slightly lower value of 26.9 ◦C.
In contrast, the humidity distribution exhibited an opposite pattern, with the lowest relative
humidity observed outdoors. Due to factors such as passenger occupancy and moisture
release from the soil, the platform’s average humidity was slightly higher than that of
the concourse. Overall, humidity within the station fluctuated significantly, reaching a
maximum of 75%, which could negatively affect thermal comfort.
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Figure 2. The distribution of measured environmental parameters in subway stations. (a) Temperature
and relative humidity. (b) CO2 concentration and air velocity.

Figure 2b illustrates the notable spatial variations in air velocity. The concourse
was spacious and the air velocity was generally low and stable, with an average value of
0.27 m/s. Conversely, air speed on the platform was considerably higher and more unstable,
largely driven by the piston effect of passing trains. The average velocity there reached
0.81 m/s, with a peak instantaneous reading of 3.30 m/s. Meanwhile, CO2 concentrations
throughout the station were maintained at low levels (below 800 ppm), pointing to effective
ventilation that satisfied comfort standards for indoor air quality.

4.2. Statistical Analysis of Subjective Questionnaires

In Beijing, a total of 411 questionnaires were distributed across the concourse and
platform within subway stations, of which 410 were valid. Of these valid responses,
217 originated from the platform and 193 from the concourse. The summary of the investi-
gated stations and the questionnaire survey results is presented in Table 2.

As shown in Figure 3, in terms of thermal sensation vote (TSV), passengers in the concourse
generally perceived a warm environment, with the proportion reporting “slightly warm” as
high as 45.1%, while only 30.6% voted “neutral”. In contrast, the thermal sensation of platform
passengers shifted toward the cooler side, with the “neutral” proportion rising to 43.3% and
“slightly cool” increasing to 13.8%. Regarding thermal comfort vote (TCV), the percentage of
passengers in a “comfortable” state (TCV = 0) on the platform reached 63.4%, substantially
higher than the 50.8% recorded in the concourse. In the concourse, the temperature was
generally high, and the relative humidity commonly remained at high levels.

Figure 3. Results of subjective voting in Beijing subway stations. (a) TSV. (b) TCV.
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Table 2. Station characteristics and participant distribution.

Category Option Count Percentage Category Option Count Percentage

Station type
Non-transfer

station 12 54.54%

Age

0–10 0 0.00%

Transfer stations 10 45.46% 10–20 23 5.60%

Station depth/m
<15 3 13.63% 20–30 279 67.88%

15–25 14 63.64% 30–40 51 12.41%
>25 5 22.73% 40–50 26 6.33%

Station age <10 14 63.64% 50–60 19 4.62%
>10 8 36.36% >60 13 3.16%

Ventilation mode mechanical
ventilation 22 100.00%

Weight

40–50 45 10.95%

Surrounding land use

Commercial and
office area 9 40.91% 50–60 201 48.91%

Residential and
recreational area 11 50.00% 60–70 99 24.09%

Transport hub 2 9.09% 70–80 37 9.00%

AC setpoints
(Concourse)/◦C

<26 2 9.09% >80 29 7.06%

26–28 16 72.72%
Years of
Resident

<1 year 16 3.89%
>28 4 18.18% 1–3 years 43 10.46%

AC setpoints
(Platform)/◦C

<26 7 31.82% 3–10 years 188 45.74%
26–28 14 63.64% >10 years 164 39.90%

>28 1 4.54%

TSV

−2 1 0.24%

Converted passenger
density (persons/m2)

<0.03 8 36.36% −1 40 9.73%
0.03–0.1 10 45.46% 0 153 37.23%

>0.1 4 18.18% 1 151 36.74%

Gender
Male 245 59.61% 2 45 10.95%

Female 166 40.39% 3 20 4.87%

Height/cm

<150 0 0.00%

TCV

0 227 55.23%
150–160 65 15.82% 1 134 32.60%
160–170 226 54.99% 2 40 9.73%
170–180 82 19.95% 3 4 0.97%

>180 38 9.25% 4 6 1.46%

4.3. Thermal Comfort Analysis Based on SET*

The thermoneutral temperature is defined as the environmental temperature at which
occupants feel neither cold nor hot, and it is a basic parameter reflecting thermal sensation
needs. Due to individual differences in gender, age, weight, and living habits, thermal
sensation votes may differ significantly among passengers even under the same temporal
and spatial conditions.

Due to the complex thermal environment inside subway stations, this study intro-
duced the standard effective temperature (SET*) as a comprehensive evaluation index,
which can simultaneously reflect air temperature, humidity, air velocity, metabolic rate, and
clothing insulation. The thermoneutral SET* was calculated using the bin method. Based
on the sample size and the distribution of measured temperatures, the SET* values were
divided into several intervals at a step of 0.5 ◦C. The mean thermal sensation vote (MTSV)
for each interval was then obtained by calculating the arithmetic mean of the TSV values
of all passengers within that interval, with the interval center SET* as the representative
value. On this basis, a linear regression model was established with MTSV as the depen-
dent variable and the interval center SET* as the independent variable. The MTSV–SET*
regression results for the concourse and platform are shown in Figure 4. Thermal sensation
votes in both the concourse and platform were significantly positively correlated with SET*.
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The R2 of the two models reached 0.756 and 0.809, respectively, indicating the dominant
role of SET* in human thermal sensation. By solving for the SET* value at which MTSV = 0,
the thermoneutral SET* was determined to be 23.37 ◦C in the concourse and 20.43 ◦C on
the platform. The regression equations and thermoneutral SET* values are summarized in
Table 3. The thermoneutral SET* values in the two zones differed significantly, with a dif-
ference of 2.94 ◦C. This difference mainly resulted from the different thermal environments
of the concourse and platform as well as the thermal adaptation of passengers during the
entry process.

Figure 4. Mean thermal sensation vote against SET* in different station zones. (a) Concourse.
(b) Platform.

Table 3. Thermal neutral SET* calculation for concourse and platform.

Location Equation R2 Samples Thermoneutral SET*

Concourse MTSV = 0.283SET* − 6.61 0.756 193 23.37 ◦C
Platform MTSV = 0.202SET* − 4.14 0.809 217 20.43 ◦C

Meanwhile, the slopes of the two models exhibited completely different character-
istics, directly reflecting the sensitivity of human thermal sensation to changes in SET*
under different environments. The slope of the concourse regression model reached 0.283,
meaning that for every 1 ◦C increase in SET*, the mean thermal sensation vote increased
sharply by 0.283. In contrast, the slope of the platform model was only 0.202, indicating that
concourse passengers were significantly more sensitive to SET* fluctuations. This difference
in slopes essentially originated from the differences in dynamic exposure characteristics
and physiological metabolic levels between passengers in the two spaces. As a transitional
zone, the concourse was characterized by passengers who had just entered the station and
were mostly walking, thus showing higher sensitivity to SET*. By comparison, passengers
on the platform were mostly standing while waiting, with markedly lower metabolic rates.
Moreover, the platform environment experienced greater fluctuations in air velocity caused
by trains entering and leaving the station, which made the influence of SET* on thermal
sensation more moderate.

To determine the thermal comfort zone, based on the established MTSV–SET* regres-
sion equations, an MTSV threshold of ±0.85 was taken as the boundary corresponding to
80% satisfaction according to the PMV–PPD relationship as Equation (4).

PPD = 100 − 95exp(−0.03353PMV4 − 0.2179PMV2) (4)

Substituting MTSV = +0.85 and −0.85 into the regression equations for the two zones
yielded the 80% acceptable SET* range. For the concourse, the upper limit was 26.38 ◦C
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and the lower limit was 20.37 ◦C. For the platform, the upper limit was 24.62 ◦C and the
lower limit was 16.24 ◦C. However, the lower boundary for the platform is below the
observed minimum SET* of 18.4 ◦C, indicating that it is an extrapolated estimate beyond
the measured data range. As its accuracy cannot be validated by the field measurements,
the 80% acceptable range for the platform is taken as 18.40–24.62 ◦C. Both the upper and
lower limits of the acceptable SET* range in the concourse were higher than those on the
platform, while the span of the comfort zone in the concourse was narrower than that on
the platform. The main reason for this phenomenon is that the concourse has a relatively
stable thermal environment. Passengers who have just entered the station are in a state of
higher metabolic activity, making their thermal sensation more sensitive to temperature
changes. As a result, the comfort zone in the concourse is narrowed and located at higher
temperatures. In contrast, the platform environment is more variable, and the combined
effects of higher air velocity and lower metabolic rate result in a wider comfort zone located
at lower temperature. To visually present the thermal comfort zones of the two areas,
the SET* ranges were mapped onto the temperature–humidity coordinate system using
the mean environmental parameters at each measurement point. As shown in Figure 5,
within the relative humidity range of 40–70%, the thermal comfort zone in the concourse is
generally located at higher temperatures, while the platform exhibits a wider temperature
range. The figure reveals that the comfortable votes were predominantly distributed in
areas with lower temperatures, whereas the uncomfortable votes were distributed in hot
and humid regions. On the platform, comfortable votes were more extensively and densely
distributed across the entire zone, while discomfort votes were likewise predominantly
clustered in hot and humid areas.

Figure 5. Thermal comfort zone and TCV distribution. (a) Concourse. (b) Platform.

Notably, the neutral temperature is merely the temperature at which the mean thermal
sensation vote equals zero, and it is not the temperature at which passengers feel most
comfortable. The survey results showed that although approximately 36% of passengers
voted “neutral” in thermal sensation, some of them still reported varying degrees of
discomfort. Meanwhile, a large number of passengers who voted “slightly cool” (TSV = −1)
reported high thermal comfort (TCV = 0). This phenomenon indicates that simple thermal
neutrality is not equivalent to optimal thermal comfort. To further analyze the relationship
between thermal sensation and thermal comfort, a quadratic polynomial regression was
performed between the thermal sensation vote (TSV) levels and the corresponding mean
thermal comfort vote (MTCV). A non-linear regression model was established to describe
the relationship between subjective discomfort and thermal sensation in the concourse and
platform. The relationship between mean thermal sensation and thermal comfort in the
concourse and platform is shown in Figure 6.
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Figure 6. Relationship between thermal sensation and thermal comfort. (a) Concourse. (b) Platform.

The results showed that the mean thermal comfort vote and the mean thermal sensa-
tion vote exhibited a quadratic relationship in both zones. As the thermal sensation moved
from the “cool” side to the “warm” side, the mean discomfort level first decreased, reached
a minimum, and then increased again. For the concourse, the minimum MTCV of 0.174 was
reached at TSV = −0.503 (95% CI [−0.586, −0.422]), while for the platform, the minimum
MTCV of 0.135 was reached at TSV = −0.318 (95% CI [−0.366, −0.270]). The minimum
points of both curves were located on the left side of TSV= 0 (slightly cool side), indicating
that the most comfortable thermal sensation for passengers in subway stations in summer
is not neutral but, rather, a slightly cool state. In addition, even at the optimal thermal
sensation corresponding to the minimum points, the mean thermal comfort votes in the
concourse and platform still reached 0.174 and 0.135, both of which remained greater than
zero. This reflects individual differences and suggests that the average discomfort at the
group level cannot be completely eliminated in any environment.

5. Discussion
The thermal sensation of subway passengers is not only constrained by the transient

physical microclimate inside the station, but also depends more deeply on their long-term
regional climatic thermal adaptation and physiological self-regulation. Individuals who
have lived in a specific climate zone for a long time undergo adaptive changes in physiolog-
ical characteristics and psychological expectations due to climate exposure, thus forming
differentiated thermal comfort needs. To examine these cross-climate differences, the field
survey data from Suzhou are introduced and compared with the Beijing results presented
in Section 4. In Suzhou, a total of 181 valid questionnaires were collected, including 97 from
the concourse and 84 from the platform. The surveyed passengers covered a wide range
of gender, age, height, and body weight, ensuring the representativeness of the sample.
Table 4 presents the subway station characteristics and the distribution of participants in
the Suzhou field measurements.

The hourly outdoor air temperatures of the two cities are shown in Figure 7. Suzhou
shows higher temperature and a longer duration of hot conditions than Beijing. The
measurement point layout, instrument specifications, questionnaire design, and SET*
calculation method in Suzhou were consistent with those in Beijing. Table 5 summarizes the
thermal comfort parameters for the two cities. The detailed Suzhou results are presented in
Figure 8.
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Table 4. Station characteristics and participant distribution in Suzhou.

Category Option Count Percentage Category Option Count Percentage

Station type
Non-transfer

station 5 62.50%

Age

0–10 0 0.00%

Transfer stations 3 37.50% 10–20 12 6.62%

Station depth/m
<15 3 37.50% 20–30 102 56.35%

15–25 4 50.00% 30–40 39 21.55%
>25 1 12.50% 40–50 13 7.18%

Station age <10 5 62.50% 50–60 15 8.29%
>10 3 37.50% >60 0 0.00%

Ventilation mode mechanical
ventilation 8 100.00%

Weight

40–50 18 9.94%

Surrounding land use

Commercial and
office area 3 37.50% 50–60 91 50.28%

Residential and
recreational area 4 50.00% 60–70 52 28.73%

Transport hub 1 12.50% 70–80 14 7.73%

AC setpoints
(Concourse)/◦C

<26 1 12.50% >80 6 3.31%

26–28 7 87.50%
Years of
Resident

<1 year 11 6.08%
>28 0 0.00% 1–3 years 15 8.29%

AC setpoints
(Platform)/◦C

<26 2 25.00% 3–10 years 74 40.88%
26–28 6 75.00% >10 years 81 44.75%

>28 0 0.00%

TSV

−2 1 0.55%

Converted passenger
density (persons/m2)

<0.03 3 37.50% −1 22 12.15%
0.03–0.1 4 50.00% 0 99 54.70%

>0.1 1 12.50% 1 51 28.18%

Gender
Male 99 54.70% 2 8 4.42%

Female 82 45.30% 3 0 0%

Height/cm

<150 0 0.00%

TCV

0 132 72.93%
150–160 21 11.60% 1 44 24.31%
160–170 107 59.12% 2 4 2.21%
170–180 38 21.00% 3 1 0.55%

>180 15 8.29% 4 0 0%

Figure 7. Hourly outdoor air temperature comparison between Beijing and Suzhou.

https://doi.org/10.3390/buildings16193960

https://doi.org/10.3390/buildings16193960


Buildings 2026, 16, 3960 16 of 21

Table 5. Comparison of thermal comfort parameters across locations and climate zones.

Parameter Beijing Concourse Beijing Platform Suzhou Concourse Suzhou Platform

Regression equation MTSV = 0.283SET* −
6.61

MTSV = 0.202SET* −
4.14

MTSV = 0.339SET* −
8.75

MTSV = 0.280SET* −
6.71

Neutral SET* (◦C) 23.37
(22.82–23.89)

20.43
(19.94–21.00)

26.46
(25.98–26.95)

23.99
(23.52–24.41)

80% Comfort upper (◦C) 26.38
(26.09–26.69)

24.62
(24.22–24.74)

28.97
(28.56–29.42)

27.03
(26.60–27.43)

80% Comfort lower (◦C) 20.37
(19.76–20.93) 18.40 25.00

(24.51–25.48)
21.90

(21.54–22.27)

Optimal TSV −0.503
(−0.586, −0.422)

−0.318
(−0.366, −0.270)

−0.153
(−0.207, −0.101)

−0.262
(−0.269, −0.255)

bin-level R2 0.756 0.809 0.767 0.843

Figure 8. Thermal sensation and thermal comfort in Suzhou subway stations. (a) MTSV–SET* in the
concourse. (b) MTSV–SET* on the platform. (c) TCV–TSV in the concourse. (d) TCV–TSV on the platform.

The linear regression relationship between passengers’ thermal sensation vote (TSV)
and temperature is shown in Figure 9. Figure 10 shows the comparison of neutral SET*
and average temperature between Beijing and Suzhou. There are significant differences
in thermal comfort characteristics between the two cities. In terms of thermoneutral
SET*, passengers in Suzhou had a significantly higher neutral SET* than those in Beijing
in the cold region. The thermoneutral SET* in the Suzhou concourse reached 26.46 ◦C,
which was 3.09 ◦C higher than that at the same location in Beijing, while the platform
value reached 23.99 ◦C, which was 3.56 ◦C higher. This cross-regional difference in both
physical and subjective perception reflects the reshaping influence of outdoor macroclimatic
conditions on passengers’ subjective thermal perception. Suzhou has higher outdoor

https://doi.org/10.3390/buildings16193960

https://doi.org/10.3390/buildings16193960


Buildings 2026, 16, 3960 17 of 21

summer temperatures and a longer duration of high temperatures, and residents are
repeatedly exposed to high-temperature and high-humidity environments in daily life.
When the neutral state is defined as the subjective temperature point of neither cold nor
hot, Suzhou passengers tend to report “neutral” at a higher SET*. Meanwhile, during the
process of entering subway stations, passengers in Suzhou experience a greater temperature
and humidity drop than those in Beijing. This stronger thermal contrast shock lowers
passengers’ temperature expectations for the station interior and psychologically raises the
thermoneutral temperature.

Figure 9. Comparison of TSV linear fits across different station spaces in Beijing and Suzhou.

Figure 10. Comparison of neutral SET* and average temperature between Beijing and Suzhou.

In terms of thermal sensation sensitivity, the regression slopes of the concourse models
(Figure 9) in the two cities were relatively close. The slope was 0.283 for Beijing and 0.339
for Suzhou, an increase of about 19.7%. The 80% acceptable SET* range in the Suzhou
concourse was 25.00–28.97 ◦C, with a span of 3.97 ◦C, which was narrower than that in
Beijing. The entire comfort zone in Suzhou also shifted noticeably toward the warm side.
For the platform, the acceptable range in Suzhou was 21.90–27.03 ◦C, with a span of 5.13 ◦C,
which shifted upward compared with Beijing. Meanwhile, the optimal TSV values in
both cities were all located on the slightly cool side. The optimal TSV values were −0.503
and −0.318 for the Beijing concourse and platform, and −0.153 (95% CI [−0.207, −0.101])
and −0.262 (95% CI [−0.269, −0.255]) for Suzhou. Although this indicates that Suzhou
passengers also showed a preference for the slightly cool side, the degree was smaller
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than that in Beijing. The optimal TSV deviated from thermal neutrality toward the slightly
cool side, indicating that passengers preferred a slightly cooler environment than neutral
and felt most comfortable under such conditions. For subway operators, if the goal is
to maximize passenger thermal comfort, the air-conditioning setpoint can be adjusted to
slightly below the neutral temperature.

Overall, the thermal comfort characteristics of Suzhou passengers showed a system-
atic shift compared to Beijing. In the concourse, the higher thermoneutral SET* and the
narrower comfort zone together indicate that the thermal comfort characteristics of Suzhou
passengers concentrated toward the warm side. On the platform, both the thermoneutral
SET* and the thermal comfort zone in Suzhou shifted upward, while the span of the comfort
zone narrowed. Based on these differences, the air-conditioning setpoints in the two cities
should also be different.

6. Conclusions
This study selected Beijing in the cold climate zone and Suzhou in the hot-summer

and cold-winter zone as representative cities. During the high-temperature period in
summer, on-site measurements and subjective questionnaire surveys were conducted in
the concourse and platform in subway stations. Using the standard effective temperature
(SET*) as the core evaluation index, the thermal environment characteristics, thermoneutral
temperature, and thermal comfort zones in subway stations were analyzed. Additionally, a
cross-climate comparison of passengers’ thermal comfort characteristics was performed.
The main conclusions are as follows:

(1) The concourse and platform exhibited markedly different thermal environments. In
Beijing, 45% of passengers in the concourse perceived the environment as warm, and
the thermal discomfort rate reached 49.2%. On the platform, thermal sensation was
more balanced, with 43.3% voting neutral and only 36.6% reporting discomfort. In
Suzhou, the discomfort rate was 28.6% and 25%, respectively.

(2) The concourse and platform showed different thermal comfort characteristics, with
the thermoneutral SET* consistently higher in Suzhou than in Beijing. In Beijing,
the thermoneutral SET* was 23.37 ◦C in the concourse and 20.43 ◦C on the platform,
while in Suzhou it reached 26.46 ◦C and 23.99 ◦C. In addition, concourse passengers
responded more intensely to temperature changes than platform passengers.

(3) An 80% acceptable SET* range was calculated based on the questionnaire results. In
Beijing, the acceptable range was 20.37–26.38 ◦C for the concourse and 18.40–24.62 ◦C
for the platform; in Suzhou, the corresponding ranges were 25.00–28.97 ◦C and
21.90–27.03 ◦C. In both cities, the optimal thermal sensation deviated from neutrality
toward the slightly cool side, with optimal TSV values of −0.503 and −0.318 in Beijing,
and −0.153 and −0.262 in Suzhou, indicating a weaker cool preference and higher
heat tolerance among Suzhou passengers.

Based on on-site measurement, this study obtained the thermal comfort characteristics
and acceptable temperature ranges of passengers in the complex environment of subway
stations, and compared the differences between the two climate zones. This shift is con-
sistent with long-term climate adaptation, indicating that climate adaptation is one of the
main contributing factors. At the same time, station design, ventilation, air conditioning,
and other operational aspects also have some influence on these differences between the
two cities. The results provide a foundation for the optimization of thermal environments
and the regulation of air-conditioning systems in subway stations. However, this study has
limitations that need to be noted: the sample size was limited due to practical difficulties,
and only two representative cities from two climate zones were selected, which may limit
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the generalizability of the findings. Future studies with larger samples are needed to yield
more accurate and generalizable conclusions.
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