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ARTICLE INFO ABSTRACT

Keywords: Particulate matter (PM2.5, PM10) in urban subway stations can significantly impact passengers’
Particulate matter health. The particle concentration in subway stations is influenced by many factors. However, few
PM10

existing studies have explored the impact of environmental control systems in-depth, especially
under different outdoor pollution conditions. To address this research gap, this study focused on
measuring and comparing the characteristics of PM2.5 and PM10 at subway stations with three
control systems (open, closed, and screen door) under varying pollution conditions in Beijing.
Particle concentrations from platforms, carriages, and outdoors were monitored and analyzed
using statistical methods. The results showed that the particle concentration in the closed system
was generally 20-40 pg/m?> higher than that in the screen system at the platform, which might be
attributed to the piston wind, as the air from the tunnel with a lot of dirt. The pollution in the
carriage was more severe for the open system than that of the screen system. The PM2.5/PM10
ratio in the carriage was 91%, 90%, and 83.84% for the closed, open, and screen systems,
respectively. This indicates that the screen door could reduce the particle concentration in the
platform to 10%-50%. The particle concentration varied among subway stations with different
environmental control systems, suggesting that the prevention and control strategies for partic-
ulate matter pollution should be different for stations with different systems.

PM2.5
Environmental control system
Subway station

1. Introduction

The recent large-scale urbanization in China and other regions worldwide has significantly increased traffic volume in large and
medium-sized cities. With the development of modern subway systems, these networks now extend to more distant suburbs, covering
greater distances and resulting in passengers spending considerably more time in them. The United States Environmental Protection
Agency (EPA) found that the average time people spend in subways accounted for 7.2% of their daily lives [1].

A consequence of this that has caused particular concern is the substantial increase in personal exposure to inhalable particulate
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matter (PM) due to commuting by subway. Particulate matter can be divided into coarse particulate (PM10 > 2.5 pm), fine particulate
(PM2.5 > 0.1 pm), and ultrafine particulate (PM < 0.1 pm). Coarse particulate matter can become trapped in the trachea and bronchi
of humans, resulting in it either being swallowed or discharged from the respiratory system via coughing [2-7].

Three types of environmental control systems are widely utilized in subway stations globally: open system, closed system, and
screen door system. In a subway station employing an open environmental control system as illustrated in Fig. 1(a), the indoor public
area is directly linked to the outdoors. Typically, a piston wind shaft and the entrances serve as ventilation for air exchange. In a closed
system, as shown in Fig. 1(b), when a train car passes through the tunnel, it is virtually isolated from the outside environment. In a
screen door system, as depicted in Fig. 1(c), the wall spans from the ceiling to the floor, thus preventing air from the platform from
entering the tunnel. The crucial difference between a closed system and a screen door system lies in the fact that the platform is entirely
isolated from the tunnel in the latter.

These different systems are designed to meet various needs and requirements of subway stations, depending on factors such as
geographical location, climate, and passenger flow. Each system has its advantages and disadvantages, and the choice of which system
to use depends on the specific circumstances and priorities of each subway station.

The environment control system plays a pivotal role in maintaining air quality in subway stations. Firstly, the volume of fresh air
provided to different locations, such as platforms and carriages, varies under different control systems. Secondly, it also indicates that
the supply or required air parameters, such as air temperature, differ between systems. Thirdly, the strategies employed to achieve the
desired air quality under different environment control systems are distinct. Therefore, identifying the characteristics and differences
of PM2.5 and PM10 at subway stations with various environment control systems holds significant implications for future control
strategies and equipment research.

A lot of research has already studied the presence of PM2.5 and PM10 in subway stations [8-50]. The geographical locations
covered by this research are shown in Table 1.

The majority of these studies were conducted through on-site testing of particulate matter (PM) at various locations within subway
stations, including the station hall and train carriage [4,9-11]. Lepeule et al. [11]measured the concentration of particles in six
different cities over eight years in eastern America. Guo et al. [12]discovered that the concentration of particles in the subway was
significantly higher than in the surrounding environment. The factors that affect the concentration and distribution of particulate
matter (PM) in subway stations include seasonal weather, time of day, traffic density, braking systems, ventilation systems, passenger
density, depth, station design, being above ground or underground, duration of station operation, location, piston effects, and outdoor
traffic [3,12-14]. In China, there are now thousands of kilometers of subway systems in large and medium-sized cities [14].
Regrettably, there are very few studies that concentrate on the distribution and control of particulate matter (PM) in subways.
Additionally, the discontinuous measurements over time in their results, with only a few days of data and sometimes even fewer data in
some studies, make any proposed findings rather inconclusive [4,12,15-19].

Despite the scope of the aforementioned research, several issues persist regarding our comprehension of particulate pollution in
subway stations. Primarily, nearly all the studies concentrate solely on the characteristics of PM2.5 and PM10, overlooking the impacts

(b) Closed system (c) Screen door system

Fig. 1. Different environmental control systems (the red blocks indicate the platform door and the red arrows indicate the distance from the top of
the platform door to the ceiling).
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Table 1
The current research regarding PM2.5 and PM10 in subways.

Area City Country Studies

North America Montreal Canada 8]
New York America [10]
Los Angeles America [20]
Puna America [23]
Philadelphia America [44]
Mexico city Mexico [16,24,25]

Europe Stockholm Sweden [26]
London England [15]
Birmingham England [27]
Paris French [21]
Barcelona Spanish [28]
Milan Italy [29]
Naples Italy [45]
Lisbon Portugal [47]1
Istanbul Turkey [30]

Asia Tehran Iran [31]
Seoul Korean [9,32,46]
Fukuoka Japan [22]
Shanghai China [12,13,44,49]
Beijing China [7,33,34]
Guangzhou China [35]
Xi’an China [36,50]
Suzhou China [371
Tianjin China [39]
Chongging China [48]
Taipei China [38]

of subway station control systems. An exception is He et al. [43], from several years ago who studied the effects of different envi-
ronmental control systems. Nonetheless, this research was carried out without taking external conditions into account, and primarily
centered around health risks, resulting in the omission of crucial data. Additionally, the absence of a clear comparison between various
control systems and different types of particulate pollution implies a limited understanding of the effects that different control systems
can have.

Nowadays, understanding and controlling the impact of particulate matter in subways on people’s health and safety has become a
matter of vital concern. Monitoring and analyzing the concentrations and patterns of variation of particulate matter in subway stations
is a crucial step towards improving the overall air quality within these transportation hubs and supporting the development of healthy
urban transportation systems. This research can contribute to the design of more effective filtration equipment and serve as the basis
for further studies.

We conducted a comparative study of different control systems used in subway stations by measuring the particulate matter
concentration levels at various locations within them. In Beijing, we monitored particulate matter concentration levels in subway
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Fig. 2. Monitored subway lines in Beijing: line 6 (green), line 8 (yellow) and Yizhuang (red).
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stations across three different lines, each with distinct environmental control systems. To gain a more in-depth understanding of
pollution patterns, measurements were also taken at various locations within the stations under a variety of outdoor conditions. This
comprehensive approach allowed for a more detailed analysis of how pollution levels vary within these transportation hubs.

2. Background and methodology
2.1. Monitored subway stations and measurement sites

Taking into account the environmental control systems and outdoor conditions, we selected subway stations from Lines 6 (green), 8
(yellow), and Yizhuang (red) in Beijing for monitoring (see Fig. 2). This decision was based on the proximity of these lines and their
similar outdoor conditions. All stations on Line 6 have closed environmental control systems, with a total line length of 42.8 km and 26
stations. We chose six stations for monitoring. Line 8 spans a total of 45.6 km with 35 stations, excluding Zhuxinzhuang (ZXZ), which
has an open system; the rest have screen door systems. We monitored nine stations on Line 8. As Nanluoguxiang (NLGX) serves as an
interchange station for Lines 6 and 8, it was also included in our study. The Yizhuang line has 14 stations and a length of 23.3 km. We
only monitored the above-ground stations on this line to provide a comparison with the underground stations.

The measurement sites for all stations are displayed in Fig. 3. We simultaneously tested the four measurement sites at each plat-
form, positioned at a height of 1.5 m. The distance from the screen door or safety door was also set at 1.5 m, with the side wall being 10
m away. Consistent with this method, we used the same measurement points for the platforms of all other stations.

2.2. Measurement parameters and equipment

The monitoring period spanned from December 2016 to January 2017, with additional measurements carried out in March 2017 in
working areas. Due to safety concerns, the measurements were only conducted during non-peak hours between 13:00 and 15:00. The
testing duration at each measurement site was approximately 30 min per day, with a 1-min interval. The primary parameters
monitored both inside and outside the station included the concentrations of PM2.5 and PM10 at various locations such as the
platform, passenger hall, outside the station, carriages, and the work area. A portable Dusttrak II aerosol monitor (Model 8532, TSI,
USA) was employed to measure the concentrations of PM10 and PM2.5, as well as temperature and humidity, with a resolution of
£0.1%. This device features data logging and a light-scattering laser photometer for real-time aerosol mass readings. During the testing
process, the instrument was mounted at a height of 1.5 m from the ground, which corresponds to the breathing zone of a standing
individual. The test equipment was calibrated before each measurement was conducted [7] and got regular maintenance in a pro-
fessional institution. All tests were conducted in strict accordance with the guidelines provided by the subway authorities.

2.3. Data analysis

Different countries have different evaluation standards for concentrations of PM2.5 and PM10. The Chinese standard [51] divides
the PM2.5 and PM10 concentration limits into two levels. In this study, we adhered to the second level of standards. Consequently, the
mean daily concentration limits for PM2.5 and PM10 were set at 75 pg/m° and 150 pg/m?, respectively.

As is customary in studies such as this, we employed SPSS (Statistical Package for Social Science) to analyze the monitoring data. A
general linear model (GLM) was applied to investigate the potential effects of particulate matter concentration in the subway. A
general linear model, also known as a multivariate regression model, can be represented as follows:
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Fig. 3. Schematic of the measurement points on the platforms.
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where Y is a matrix with a series of multivariate measurements relating to the dependent variables; X is a matrix of observations
regarding the independent variables; B is a matrix containing parameters that are typically estimated; and U is a matrix that is used to
capture errors. The relationship between PM10 and PM2.5 at different locations was principally tested using correlation analysis. This
form of analysis is a statistical approach that can be used to study the strength of a relationship between two, numerically measured,
continuous variables. Pearson’s sample correlation coefficient was adopted as the calculation model, i.e.:

EX — EX)][Y — E(Y)]
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where, E and D are the mathematical expectation and variance, respectively. p is the overall correlation coefficient and y is the sample
correlation coefficient (Pearson’s sample coefficient). X and Y are random variables, with x; and y; representing the observations.

3. Results and discussion

As previously mentioned, the concentrations of PM2.5 and PM10 for both lines 6 and 8 were carefully monitored. By comparing
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Fig. 4. Platform measurement results for closed systems and screen door systems.
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various stations, our aim was to determine the influence of different environmental control systems on particulate matter concen-
trations. These findings would then hold significant value for future projections.

3.1. Particulate matter concentration and characteristic at platform

Fig. 4 displays the concentration of PM2.5 and PM10 in closed systems (Line 6) and screen door systems (Line 8) over a week. Six
stations with similar passenger flows (approximately 60 passengers/hour) and train frequencies per 5-min interval were selected for
each line. Measurements for the two different systems were conducted simultaneously, and an outdoor monitoring point was chosen at
NLGX, which is where the two lines intersect. Fig. 4 shows the average values across all the measurement points. The total number of
data points exceeds 1000, including outdoor measurements.

Fig. 4 illustrates that, regardless of external concentration or date, particle concentrations of both PM2.5 and PM10 were
consistently higher in the closed system (Line 6) compared to the screen door system (Line 8). In Fig. 4(a), in the closed system, the
highest concentration of PM2.5 reached 415 pg/m?, while the lowest was 94 pg/m>, both of which exceed the standard value of 75 pg/
m°. For the screen door system (Line 8), the maximum concentration of PM2.5 was 395 pg/m°, and the lowest value was 42 pg/m®,
which is below the standard. In Fig. 4(b), the lowest concentrations of PM10 for both systems were also below the standard limit of 150
pg/m>.

The PM2.5 and PM10 concentrations of the platform in the screen door system are consistently lower by 10%-50% compared to
those in the closed system, regardless of external conditions. This may be attributed to the piston wind effect. In the closed system (Line
6), the platforms are connected to the tunnel, and the concentration of particles on the platform is significantly influenced by the piston
wind. In contrast, screen door systems (Line 8) have platforms that are virtually isolated from the tunnel, minimizing the impact of
piston wind. Although other factors, such as run time, passenger flow, train frequency, measurement time, and structure, are similar or
identical for both lines, the environmental control system appears to be the primary reason for this phenomenon.

Another noteworthy observation from the above results is that outdoor conditions have a considerable impact on subway stations.
Regardless of the system, an increase in particle concentration outside led to a corresponding increase in concentration on the plat-
form, and vice versa. This suggests that effective environmental control is crucial to maintaining optimal air quality in subway stations.

To compare the influence of trains on platform particle concentration among different environmental control systems, three types
of systems were monitored at Line 6 (closed), Line 8 (screen door), and ZXZ station (an open system at the end of Line 6), before and
after trains entered the station. The selection of these stations was based on their similar structure to many other stations of the same
type, making them representative of the majority of Beijing stations using the three distinct control systems. The changes in PM2.5 and
PM10 concentrations on the platform are presented in Tables 2 and 3. Measurements were taken simultaneously for the three systems,
with data recorded 1 min prior to the carriage door opening and 1 min after the door had closed, in order to examine the impact of air
from the train on the platform.

As illustrated in Tables 2 and it can be observed that when trains entered the stations and the external conditions were favorable,
the concentrations of PM2.5 and PM10 increased. This is because the platform’s concentration is higher than in the tunnel, which is
directly connected to the outdoors. The percentage increases in PM2.5 for the closed, screen door, and open systems were 29%, 22%,
and 0%, respectively. Similarly, the percentage increases in PM10 for each system were 33%, 28%, and 9%, respectively. The highest
percentage increase was observed in the closed system, while the lowest was noted in the open system.

However, when there was severe pollution outside, the trend reversed (Table 3). The pollution in the tunnel was heavier than that
on the platform. In this case, the open system experienced the highest percentage increase (1.7% and 1.9% for PM2.5 and PM10,
respectively), while the lowest increase was recorded for the closed system (—1.7% and —2.8% for PM2.5 and PM10, respectively). The
screen door system displayed an intermediate increase under both conditions (1.4% and 0.4% for PM2.5 and PM10, respectively, under
the most severe conditions).

In the case of an open system, the station is directly connected to the external environment, making it more susceptible to its
influence. Indeed, the impact of the external environment is even greater than that of the tunnel, as the changes outside are more
pronounced. On the other hand, both the closed and screen door systems are primarily affected by the internal environment, which
includes the tunnel and the passenger hall. As a result, the fluctuations in the concentrations of PM2.5 and PM10 in these systems
follow an opposite trend to that of the open system.

A correlation analysis was conducted among the results for the three representative stations. The findings (presented in Table 4)
revealed a significant correlation in different systems, with the R-values all less than 0.02, approaching zero. The linear regression
equations for PM2.5 concentration in the closed, screen door, and open systems were Y = 0.622X+91.093, Y = 0.602X+41.534, and Y
= 0.895X+0.522, respectively. Similarly, the equations for PM10 concentration were Y = 0.641X+123.335 in closed systems, Y =
0.708X+46.103 in screen door systems, and Y = 0.902X-7.000 in open systems. The revised R-squared values ranged from 0.697 to

Table 2
Variations in PM2.5 and PM10 when outside was good (ug/m®).
Outside Closed system Screen door system Open system
PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10
Before train entered 62 68 102 103 81 91 56 62
After train left 143 153 104 126 56 68
Percentage increase 29% 33% 22% 28% 0% 9%
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Table 3
Variations in the PM when outside was heavy pollution (pg/mB).
Outside Closed system Screen door system Open system
PM2.5 PM10 PM2.5 PM10 PM2.5 PM10 PM2.5 PM10
Before train entered 549 573 544 539 438 446 328 359
After train left 535 524 444 448 337 366
Percentage increase -1.7% —2.8% 1.4% 0.4% 2.7% 1.9%

Table 4
Correlation analysis for PM levels inside and outside subway stations.
Station PM Equations R Revised R? Sig.
Closed system PM2.5 Y = 0.622X+91.093 0.880 0.742 0.020
PM10 Y = 0.641X+123.335 0.992 0.981 0.000
Screen door system PM2.5 Y = 0.602X+41.534 0.940 0.866 0.000
PM10 Y = 0.708X+46.103 0.991 0.980 0.000
Open system PM2.5 Y = 0.895X+0.522 0.857 0.697 0.003
PM10 Y = 0.902X-7.000 0.963 0.916 0.000

0.981, indicating a strong correlation between PM2.5 and PM10 concentrations in subway stations and external conditions, regardless
of the environmental control system in place.

The variable coefficients in the equations represent the degree of variation. In this case, the variable coefficients for the open system
were the highest (0.895 for PM2.5 and 0.902 for PM10). This suggests that the open system is most susceptible to external envi-
ronmental conditions.

3.2. Concentrations and characteristic in the carriages

To investigate how airflow from public areas in screen door and open systems may affect particle concentration inside train car-
riages, we monitored trains running on Line 8 (screen door system) and Yizhuang Line (open system). The environment inside the
carriage is similar at both closed system stations and screen door systems, which are controlled by the HVAC system. Therefore, we
only present the results for the screen door and open system. On Line 8, six stations including Guloudajie (GLDJ), Andelibeijie (ADL),
Anhuagiao (AHQ), Beitucheng (BTC), Aoti Center (ATC), and Olympic (ALPK) were monitored. On the Yizhuang Line, seven stations
were monitored, including Jiugong (JG), Yizhuangqiao (YZQ), Wenhuayuan (WHY), Wanyuanjie (WYJ), Rongjing East Street (RJD),
Rongchuang East Street (RCD), and Tongji South Road (TJN). The data was recorded when the carriage was in the tunnel, entering the
platform (slowing down), stopping at the platform (doors open), and leaving the platform (accelerating). Measurements were taken
over a period of 30 min. The results are averaged across the 30-min period.

Fig. 5 displays the results for Line 8 (screen door system) under two distinct external conditions. When the external environment
was favorable, the average PM2.5 concentration measured 18 pg/m°>. The PM2.5 concentration inside all carriages was higher than the
external level but below the standard limit (75 pg/m®). As observed in Fig. 5(a), the PM2.5 concentration generally exhibited a slight
increase when the carriage doors were opened; however, this increment was not substantial. In contrast, when the external pollution
level was severe (549 pg/m®) as depicted in Fig. 5(b), the carriage’s PM2.5 concentrations at all stations were lower than the external
values. The minimum value of 215 pg/m° was recorded at ALPK when the doors were open, while the maximum of 292 pg/m® occurred
at ADL during acceleration. Although these levels were still significantly higher than the standard (75 pg/m>), they were lower than the
external pollution concentrations. Unlike the scenario with good external conditions, a notable decrease in PM2.5 concentration was
observed in most stations when the carriage doors were opened. This phenomenon may have been caused by the movement of air
between the carriage and the platform, with changes in passenger flow and pressure contributing to the effect.

Fig. 6 presents the results for an open system. The patterns of PM2.5 concentration in this case were opposite to those observed in a
screen door system (Line 8). When the train was in operation, the concentration typically decreased under favorable external con-
ditions (around 77 pg/m3) as shown in Fig. 6(a). However, the concentration increased when there was severe external pollution (630
pg/m>). In Fig. 6(b), in an open system, the platform and tunnel are directly connected to the external environment, hence the particle
concentration inside the carriages is significantly influenced by external pollution. As the train operates, infiltration occurs contin-
uously, leading to a noticeable increase or decrease in accordance with the external conditions.

Comparing the findings in Figs. 5 and 6, it can be observed that regardless of the external conditions, the pollution level inside the
carriage is consistently higher in the open system compared to the screen door system, especially when the external environment is
severely polluted. The PM2.5 pollution in the carriage of the open system is 40%-70% higher than that in the screen door system. This
discrepancy is attributed to the differing environmental control systems employed. In the open system, the carriage is directly con-
nected to the tunnel, which in turn, is directly linked to the external environment through an air shaft. Conversely, in the screen door
system, the carriage is connected to the tunnel via the HVAC system, which has the capability to filter pollutants within the tunnel.

The PM2.5/PM10 ratio is elevated, posing a greater risk to passengers. The ratio of PM2.5 to PM10 for different environmental
control systems under favorable external conditions was calculated and analyzed, as shown in Table 5. With external PM2.5 and PM10
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Fig. 5. p.m.2.5 concentration in the carriages for a screen door system.

levels of 34 pg/m® and 37 pg/m?, respectively, the highest ratio was observed outdoors, at 91.89%. This was followed by the closed
system and open system, at 91% and 90%, respectively. The screen door system registered the lowest ratio at 83.84%. This outcome
also indicates that the environmental conditions in the screen door system are superior to the others, as the environment is largely
influenced by the air control system, and the impact of external and tunnel factors is minimal. In contrast, the open system is directly



X. Wang et al. Heliyon 9 (2023) 20116

130
 Tunnel 1 Slowing down
CZd Doors open [ Accelerating

120

110

100

90

80

PM2.5 concentration (pg/m?)

70

”

60

WY RID RCD
Subway station

(a) Good conditions of outside (PM2.5 was 77ug/m>)

m Tunnel 1 Slowing down -
560 |- Doors open [ Accelerating - _

500 | _
480 | —

460

PM2.5 concentration (p1g/m?)

440 |

420

IG YZQ WHY wWYJ RID RCD TIN
Subway station

(b) Heavy pollution outside (PM2.5 was 630ug/m?®)

Fig. 6. p.m.2.5 concentration in the carriages for an open system.
connected to the outdoor environment, making it more susceptible to external influences.

4. Limitations

Due to the limitations of measurement conditions, considering the safety of the measured individuals, the convenience of pas-
sengers, and the requirements of the subway company, the dataset is not extensive. For future research, long-term measurements at
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Table 5
The PM2.5 to PM10 ratio at carriages (pg/m®).
Outside Screen door system Closed system Open system
PM2.5 34 83 91 36
PM10 37 929 100 40
PM2.5/PM10 91.89% 83.84% 91% 90%

various stations and locations are necessary for more comprehensive situation studies. Nevertheless, the existing data is statistically
significant in demonstrating the general concentration characteristics of PM2.5 and PM10 in different environmental control systems
at different locations. In these systems, the values of PM2.5 and PM10 are analyzed and compared under varying outdoor conditions.

The differences in station structure, such as length, width, and depth, passenger flow, seasonality, and operational frequency, were
not taken into account in this study. The objective of this paper is to examine the impact of environmental control systems, and to
minimize the influence of these factors, measurements were conducted at similar stations with close subway length and depth, and
during non-peak periods when passenger flow and operational frequency are comparable. The methodology presented in this paper
could be adopted and the results used as a reference for future studies that involve more in-depth and comprehensive measurements.

5. Conclusions

This paper presents the findings of the monitoring and analysis of PM2.5 and PM10 concentrations in subway stations with various
environmental control systems in Beijing, China. The particle characteristics at subway stations with three distinct control systems
were initially examined and compared at different locations, such as on platforms and within carriages. Furthermore, this study marks
the first time that working areas within a closed system have been measured in such an investigation. The primary conclusions are as
follows:

The concentration of particles varies at subway stations equipped with different environmental control systems. The PM2.5/PM10
ratio differs between subway stations and outdoor environments, with outdoors having the highest concentration, followed by closed
systems and then open systems. This indicates that the screen door system can reduce the particle concentration on the platform to a
certain extent. Regardless of the type of environmental control system, the pollution level inside the carriage is higher for the open
system compared to the screen system. The PM2.5 and PM10 concentrations at the subway platform show a strong correlation with
outdoor conditions. When trains enter the station under favorable outside conditions (PM2.5 was 62 pg/m>), both PM2.5 and PM10
concentrations increase. However, when there is severe pollution outside, the trend reverses. This suggests that the prevention and
control strategies for particulate matter pollution in stations with different systems should be tailored accordingly.

However, there are also limitations to the study, such as the need for more measurements during peak periods and different seasons
in the future to further build upon these findings. The continuous accumulation of this type of data will aid in directing future
monitoring efforts for the betterment of public health in rapidly evolving transportation systems in urban areas globally.
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