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A B S T R A C T

The air quality in the subway metro indoor microenvironment has been of particular public concern. With
specific reference to the growing demand of green transportation and sustainable development, subway metro
systems have been rapidly developed worldwide in last decades. The number of metro commuters has con-
tinuously increased over recent years in metropolitan cities. In some cities, metro system has become the pri-
mary public transportation mode. Although commuters typically spend only 30–40 min in metros, the air pol-
lutants emitted from various interior components of metro system as well as air pollutants carried by ventilation
supply air are significant sources of harmful air pollutants that could lead to unhealthy human exposure.
Commuters' exposure to various air pollutants in metro carriages may cause perceivable health risk as reported
by many environmental health studies. This review summarizes significant findings in the literature on air
quality inside metro indoor environment, including pollutant concentration levels, chemical species, related
sources and health risk assessment. More than 160 relevant studies performed across over 20 countries were
carefully reviewed. These comprised more than 2000 individual measurement trips. Particulate matters, aro-
matic hydrocarbons, carbonyls and airborne bacteria have been identified as the primary air pollutants inside
metro system. On this basis, future work could focus on investigating the chronic health risks of exposure to
various air pollutants other than PM, and/or further developing advanced air purification unit to improve metro
in-station air quality.

1. Introduction

Air pollutant exposure has been extensively studied and approved to
be a vital cause of increased perceivable health risk (Pope and Dockery,
2006; Dockery et al., 1993; Araki et al., 2010). Indoor microenviron-
ment was identified as the primary source of human exposure to various
air pollutants due to the long time people spent every day (Klepeis
et al., 2000). Recently, with the rapid development of subway metro
system worldwide, human exposure to air pollutants and the related
health risk assessment inside metro indoor environment have become
of a significant public concern.

Metro transit, by avoiding congestion and reducing gasoline con-
sumption, is providing rapid and affordable transportation to urban
communities in> 60 countries. The number of metro commuters has
continuously increased over recent years in metropolitan cities. In some
cities, metro system has become the primary public transportation
mode. For example, Shanghai, as a prosperous and densely populated
city, has one of the largest urban metro traffic systems in the world.
Daily ridership averaged 9 million in 2015 and reached a record of
about 11.3 million on March 11th, 2017.

With such large population of metro riders, metro systems not only
need to provide the economic benefits, but also a safe and healthy
environment for both passengers and workers. Since metro system in-
frastructures and operation condition varied significantly at different
countries, this review summarized the findings from previous literature
according to different geographic divisions (Asia, America, Europe,
others). For all continents, the metro air research work always began
from the measurement of pollutant exposure level and the identification
of pollutant chemical speciation. In the previous literature, particulate
matters, aromatic hydrocarbons, carbonyls and airborne bacteria have
been identified as the primary air pollutants in the metro air. Then, the
influence of ventilation on metro air quality were generally in-
vestigated, and mitigation measures to reduce air pollutant concentra-
tions were developed and evaluated. It was reported that some factors
may affect air pollutant exposure levels in metro carriages, including
service time, ventilation quality, passenger numbers, platform screen
doors and driving conditions, etc. (K.Y. Kim et al., 2008; Kim et al.,
2011; Mugica-Álvarez et al., 2012a; Moreno et al., 2014a; Hernández-
Castillo et al., 2014a; Martins et al., 2015a; Zhang et al., 2012; Shiohara
et al., 2005a). Recent studies, especially in Europe, paid more and more
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attention on the health risk from exposure to metro air pollutants. To
examine this issue more carefully, this structured review of the litera-
ture was conducted to characterize air pollutants, discuss possible de-
terminants, introduce health implications, and suggest future research
inside metro indoor environment. Over 160 relevant articles were se-
lected and reviewed.

2. Asia

Asian metro system in urban area was relatively new and developed
very fast following to the formation of metropolitan cities in last
decade. As the population of people and automobile increased in me-
tropolitan area, metro was recognized as a sufficient solution to road
traffic congestion and urban air quality deterioration. Metro indoor air
quality was then received increasing public attentions. To date,> 80
articles on the topic of pollutant species, their sources and concentra-
tions, control measures have been published regarding to Asian metro
system. Research interests and focus varied with different national
regulations and stages of development. Current air quality studies in
Asian metro system focused too much on the assessment of pollutant
concentration or people exposure levels. Excessive measurements were
conducted under the similar conditions. Most of the studies were con-
ducted in East Asia area. The measurement results and information
were summarized in Table 1.

2.1. Air pollutants

Various air pollutants were observed in the metro environment,
which is mainly ascribed to the emissions from rails, wheels, catenaries,
brake pads, pantographs, and infiltration from out-station polluted air
(Kang et al., 2008; Park et al., 2014). The difference of metro system
designs led to a large variation in occurrence of air pollutants species,
levels and hence personal exposure levels. At the beginning, vehicular
exhaust emission was recognized as a primary air pollutant source and
studied extensively in the Asian metro system. Chan et al. (1999)
conducted a comprehensive survey to evaluate commuter exposure to
air pollutants inside different commuting microenvironments in Hong
Kong. Hong Kong metro system served about 21% of the public trans-
port passengers. Three individual lines namely Tsuen Wan line, Kwun
Tong line and Island line were operated mostly on underground tracks.
Traffic-related pollutants, e.g. CO, NOx, THC (Total Hydro Carbon) and
O3 were used as the target pollutants. It was found that all the air
pollutant concentrations inside metro were comparable to the other
transit modes, although it was enclosed from road atmosphere. The
same group also examined the commuter's exposure to respirable sus-
pended PM and VOCs while commuting in eight public transportation
modes. The PM10 concentration (~50 μg m−3) inside metro was found
the lowest (Chan et al., 2002a). The VOCs concentrations
(3.0–3.8 μg m−3) inside metro was ranked the second place after the
roadway transport cabins (Lau and Chan, 2003). The PM and VOCs
exposure levels of metro commuters in Hong Kong were lower than
those in most overseas cities. The heterogeneity of passenger exposure
in different transit microenvironments were then studied in Hong Kong.
Traffic-related pollutants were found larger variations than PM2.5

across different microenvironments. The lowest average PM2.5 con-
centrations were observed in the metro platform air (F. Yang et al.,
2015). An independent approach unravelling the bacterial diversity
within the Hong Kong metro system was used. It was found that mi-
crobial diversities and assemblages varied depending on architectural
characteristics, nearby outdoor microbiomes, and connectedness with
other lines (Leung et al., 2014). After Hong Kong, dozens of measure-
ment campaigns were conducted all over the Asian metropolitan cities.

Li et al. (2006) and Li et al. (2007) measured the concentrations of
CO2, CO, TVOC, TSP (Total Suspended Particle), PM10, PM2.5, PM1,
benzene, toluene and xylene in Beijing metro transit system. Only CO
showed significant seasonal variations (greater in winter than in

summer). The concentrations of TVOC, TSP and PM10 were significantly
higher during rush hours than during regular hours. The in-train con-
centrations of VOC species were mainly influenced by the ambient
pollutant concentrations; while the in-train concentration of CO2 was
mainly influenced by the number of passengers. Exposure to fine par-
ticles as well as particulate PAHs (Polycyclic Aromatic Hydrocarbons)
in three transportation modes (walking, metro and bus) were examined
in Beijing. The lowest median PM2.5 mass concentration (56.9 μg m−3)
and particle number concentrations (2.2 × 104 cm−3) were observed
in metro system (Yan et al., 2015). The characteristics of carbonyl
compounds were investigated for taxi, bus and metro in Beijing. Metros
energized by electricity without exhaust had the lowest levels with total
concentrations of 98.5 ± 26.3 μg m−3 (Pang and Mu, 2007). Com-
pared to PM and VOCs, high culturable bacteria (12,639 CFU m−3) and
fungi (1806 CFU m−3) concentrations were observed for the metro
system, respectively (Dong and Yao, 2010).

Different from Beijing, most of the previous studies in Shanghai
focused on the PM exposure levels in metro system. The mean levels of
PM1, PM2.5, and PM10 were observed at 231 ± 152, 287 ± 177, and
366 ± 193 μg m−3, respectively (Ye et al., 2010; Xu et al., 2013; Qiao
et al., 2015a; Xu et al., 2016). Commuters' real-time exposure to PM and
BC (Black Carbon) by several common travel modes (bus, walking,
cycling, taxi and subway) were measured. The average PM1 exposure
levels and inhalation doses during commuting were 122 ± 77 μg m−3

and 28.6 ± 25.9 μg for metro trips (Yu et al., 2012). The average BC
exposure concentrations and inhalation doses during commuting were
9.43 ± 2.89 μg m−3 and 0.95 ± 0.29 μg for metro trips, respectively
(Li et al., 2015). Measurements were conducted to assess PM levels,
chemical compositions, morphology and mineralogy. Newer under-
ground metro system showed lower PM pollution than the old above-
ground system, which was likely attributable to the advanced ventila-
tion setup and air filter. Fe, Mn, Cr, Cu, Sr, Ba and Pb concentrations in
all of the metro lines were significantly higher than those in the urban
ambient air, implicating that these metals may be associated with the
metro systems operation (Guo et al., 2014; Lu et al., 2015). Fe was
observed as the most abundant metal element, following by Ca, Al, Mg,
Mn, Zn, Cu, Cr, Ni, Pb and Hg (Qiao et al., 2015b). Only a few studies
measured VOCs concentrations inside metro system in Shanghai. The
exposure levels of in-train VOCs (benzene, toluene, ethylbenzene, xy-
lene, styrene, formaldehyde, acetaldehyde, acetone and acrolein) were
strongly dependent on service time of metro trains, passenger numbers
and driving conditions (Gong et al., 2017). The total carbonyl con-
centrations of in-train were about 1.4–2.5 times lower than in stations.
Most carbonyls concentrations were much higher in the morning rush
hour than in other time (Feng et al., 2010).

Other than Hong Kong, Beijing, Shanghai, there has not been a large
number of relevant research in other Chinese cities. Only a few field
measurements intermittently reported the metro indoor air quality in
those cities. Chan et al. (2002b) and Chan et al. (2003) examined
commuter exposure to respirable PM (PM10 and PM2.5), CO, and VOCs
in various public transport environments (metro, bus and taxi) in
Guangzhou. For all the measured pollutants, the exposure levels in
metro were noticeably lower than those in the roadway transports. The
exposure levels measured in evening peak hours were slightly higher
than those in afternoon non-peak hours. The metro air quality assess-
ment in Tianjin showed the average concentration of the PM2.5 was
151.43 μg m−3 inside the metro train during rush hours (Wang et al.,
2016). PM2.5 concentrations on the platform were higher than those
inside train. The highest element in PM2.5 samples was Fe with the level
at 17.55 μg m−3 (Wang et al., 2016). In Taipei metro system, experi-
mental results demonstrated that PM levels inside trains (8–68 μg m−3)
and on platforms (7–100 μg m−3) were lower than those measured for
other metro systems worldwide (Cheng et al., 2008; Cheng and Lin,
2010). The same group later extended the investigation to more metro
lines as Taipei metro system developed. Measurement results showed
that PM10, PM2.5 and CO2 levels inside metro trains travelling
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underground were approximately 20–50% higher than those in above-
ground (Cheng and Yan, 2011; Cheng, 2012). A comprehensive mea-
surement campaign was then conducted to measure the metro indoor
air pollutants, including humidity, temperature, CO, CO2, for-
maldehyde (HCHO), TVOCs, O3, PM10 and PM2.5, bacteria and fungi, in
Taipei. The concentrations of CO, CO2 and HCHO were under the limits
in the standards. However, TVOCs levels, bacterial levels, and PM10 and
PM2.5 concentrations exceeded the stipulated standards. Increased air
change rates in each station might reduce the exposure to bacteria and
CO2 (Chen et al., 2016).

As one of the earliest metro system in Asia, the indoor air quality in
Seoul metro system was studied extensively. Yu et al. (2004) evaluated
asbestos exposure among Seoul metropolitan metro workers and iden-
tified possible sources of asbestos exposure, including gaskets, ceiling
boards, ceiling materials, and dust settled inside ducts. In 2008, a series
of studies reported the concentrations of PM10, PM2.5, CO2 and CO in-
side trains and platforms. The results showed that PM10 levels inside
metro exceeded the Korean indoor air quality standard by 37–83%
(Park and Ha, 2008). On the other hand, some found the average PM10

level in the metro trains were below the limit in the standards for cabins
(Kwon et al., 2008; J.C. Kim et al., 2008). To clearly identify sources of
metro particles, PM samples were characterized by a single-particle
analytical technique (particle electron probe X-ray microanalysis).
Particles with relative abundances of 75–91% Fe-containing, indicating
that metro particles were generated from wheels and brakes (Jung
et al., 2010). Chemical composition of particles was then examined in
more details. Fe-containing particles and Soil/road dust particles ac-
counted for 69% and 18% of PM2.5–1.0 in PM samples, with minor
fractions of Mg, Al, Si, Ca, S, and C (Jung et al., 2012; Byeon et al.,
2015). The relationship between PM concentration and multivariate
factors were analyzed using statistical methods. The station depth and
number of trains passing through stations were found to be the de-
terminants on PM levels (Kwon et al., 2015). To capture the multi-
variate and periodic characteristics of all the air samples, a predictive
monitoring and diagnosis system using a lifting technique was devel-
oped, which can identify the contributions of various pollution sources
(Y. Kim et al., 2010; Y.S. Kim et al., 2010; M.J. Kim et al., 2012; Kang
et al., 2013; Oh et al., 2012; Liu and Yoo, 2015). Measurements were
performed to assess the levels of fungi concentration in metro stations
in Seoul. The airborne fungi concentrations measured during the
morning and evening rush hours were significantly higher than those
measured during non-rush hours. High concentrations of fungi were
observed in the settled dust samples, indicating that the settled dust
may be the main source of airborne fungi (Cho et al., 2006). Con-
centrations of total airborne bacteria were detected up to
4997 CFU m−3, with a geometric mean of 191 CFU m−3. It was found
that bacterial aerosol concentration in the metro systems varied
throughout the seasonal transitions (Hwang et al., 2010). They in-
creased by more than three times from spring to summer, and decreased
by more than two times from fall to winter (Heo and Lee, 2015). There
was a significant correlation between culturable airborne fungi and
various environmental factors, including the presence of platform
screen doors, temperature, relative humidity, and number of passengers
(Sung et al., 2016). VOCs were investigated and found below the limit
in national standard (Lee et al., 2011).

Besides China and South Korea, a number of studies were conducted
in Tokyo, Japan, Tehran, Iran, Delhi, India and St. Petersburg, Russia.
In Tokyo metro system, the PM mass concentration showed seasonal
variations, and was higher in December and October than in March and
June. The elements that were observed at high concentrations were Fe,
Ba, Cu and Ca (Furuya et al., 2001). It was also found that there was a
positive correlation between airborne particles and fungi, but not cor-
relation between humidity and fungi (Kawasaki et al., 2010). The PM
and bacterial contamination in Tehran metro system was investigated.
Maximum and minimum bacterial contamination levels were
1073 CFU m−3 and 242 CFU m−3, respectively. The average

concentrations of PM10 and PM2.5 were found at 94.4 ± 26.3 and
52.3 ± 16.5 μg m−3 (Kamani et al., 2014). Fourteen bacterial species
and genera were found with the dominant species of Staphylococcus,
Micrococcus and Bacillus (Naddafi et al., 2011; Hoseini et al., 2013).
Measurements of PM2.5 exposures were conducted in various transport
microenvironments in Delhi. The metro PM concentrations were ~20%
greater than the ambient but were still lower than most of other
transport modes (Goel et al., 2015). The fungal and bacterial aerosols in
four St. Petersburg metro stations were examined over a 4-month
period. Fifty fungal species were found, among which were Acre-
monium, Aspergillus, Cladosporium and Penicillium. The fungal air pro-
pagules number increased significantly in spring at all the stations
(Bogomolova and Kirtsideli, 2009).

2.2. Ventilation

Indoor air quality in metro systems was greatly influenced by the
ventilation systems. Efficient ventilation systems could maintain indoor
air quality and reduce the pollutant entry from outdoor atmosphere. To
date, most of the relevant studies were conducted in South Korea.
Measurement of natural ventilation rate in Seoul metro system was
performed. The dilution factor by natural ventilation was found to be
approximately 35% along all the measured metro lines (Kwon et al.,
2010). The mechanical ventilation performance in the metro tunnel was
then investigated using commercial-available ANSYS CFX software by
solving Reynolds-averaged Navier-Stokes equations. The numerical re-
sults were validated with experimental results. It was found that the
average velocity of the airflow in the shaft increased when the velocity
of the air-curtain increased (Juraeva et al., 2016). The PM concentra-
tion was reduced significantly in the tunnel when the air-curtain and
train-wind were operated. The results suggested an optimum con-
necting location of the ventilation shafts to maximize the ventilation
efficiency (Juraeva et al., 2013). A ventilation system of connecting
ducts and installing the guide vanes on both sides of the ducts was
found effective from the modelling results (Juraeva et al., 2015). A
predictive model was proposed to estimate both the PM concentration
and the energy usage of the ventilation system. The comparison results
with other prediction models showed that the proposed model can
decrease 20% prediction error of PM concentration in platform (Lee
et al., 2015). Besides South Korea, a few studies were conducted in
China. Yuan and You (Yuan and You, 2007) reported a two-equation
turbulence model that can be used to predict velocity field and tem-
perature field influenced by the ventilation system in the station. The
piston effects influenced by draught relief shaft was examined in Taipei
metro system. It was found that the length of draught relief shaft was an
important design parameter for efficient air exchange by piston effects
for underground metro systems (Lin et al., 2008). Based on a numerical
analysis using computational fluid dynamics (CFD) method, Wu et al.
(Wu et al., 2013) reported that a metro system with two shafts rather
than that with one shaft could significantly improve air exchange effi-
ciency. For the one-shaft system, it worked better with the shaft at the
train-arrival side rather than at train departure side.

2.3. Mitigation measures

Several mitigation measures were developed and applied to reduce
pollutant levels in the metro system. South Korean researchers con-
ducted most of the investigation in this field. Platform screen doors
(PSD) was recognized as an efficient measure to improve the metro air
quality. It showed that airborne bacteria concentrations at the stations
without PSD was higher than those with PSD (Hwang et al., 2010). A
multivariate statistical approach, called statistical hypothesis testing,
was developed to determine the effect of the installation of a PSD
system (Yong et al., 2011). The concentrations of PM10 and PM2.5 were
measured continuously before and after the PSD system was installed.
The mean PM10 concentration in the later period (after PSD
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installation) was significantly reduced by 16–30% compared to the
earlier period (K.H. Kim et al., 2012; Son et al., 2014a; Han et al.,
2014). The change of PM size distribution in a metro station with PSD
installed was investigated. It was found that the inflow of coarse mode
particles from the tunnel seemed unavoidable with PSD alone. A com-
bination of PSD and ventilation that can block fine PM inflow was more
effective (Kwon et al., 2016). Other than PSD, a newly developed metro
in-train air purifier was installed on the ceilings of the carriages and the
effectiveness was evaluated. It was found that the PM10 concentrations
in two metro lines decreased from 132.8 to 112.2 μg m−3 (15.5% ef-
ficiency) and from 154.4 to 114.2 μg m−3 (26.0% efficiency), respec-
tively (J.B. Kim et al., 2014). Efficiency of adsorbents purification for
the removal of VOC and NO2 in an underground metro station was
evaluated. The performance of higher contents of granular activated
carbon was better than that of higher contents of the constructed
carbon. When the purifier was applied to the metro ventilation system,
the removal efficiencies were found to be 75% and 85% for NO2 and
VOC, respectively (Son et al., 2011). Li and You (2011) evaluated a
ventilation system integrated with PSD during the transition season and
winter. The results showed that it met the indoor air quality require-
ments and saved energy consumption. Also, an innovative PSD system
with controllable slits was introduced, aiming to improve traditional
PSD and automatic platform gates system. Compared with the tradi-
tional PSD system, the new environmental control system met air
quality requirements and the energy consumption was reduced by using
optimized opening and operating programs (Z. Yang et al., 2015). In the
newly built metro platforms, PSDs have been frequently installed in
recent years.

2.4. Health assessment

Compared to above-mentioned studies, metro air quality research
related to health assessment was much less in Asia. Recently, passenger
health risk assessment based on a non-Gaussian dynamic sensor vali-
dation method was developed in metro systems (M.J. Kim et al., 2014).
A dynamic independent component analysis based on iterative re-
construction algorithm was proposed to restore the faults to normal
measurements and validated with the experimental data. The mea-
surement results in previous studies assumed that (1) the measured
pollutant concentrations follow an identical Gaussian distribution, and
(2) current data of the pollutant concentrations were statistically in-
dependent of past ones. However, the pollutant concentrations mea-
sured from the underground environments were correlated, which
meant they followed a non-Gaussian distribution. Therefore, M.J. Kim
et al. (2014) proposed a new sensor fault validation model with health
risk assessment of indoor air quality and applied to the data obtained
from the underground metro station at Seoul Metro, Korea for taking
non-Gaussianity and dynamics of the air pollutant concentrations into
account. A comprehensive indoor air quality index was used to de-
termine the influence of sensor reliability on passengers' health risk
inside the metro station. The results showed that it can more accurately
validate sensor faults than conventional methods and produce an im-
proved indoor air quality level in the metro station (M.J. Kim et al.,
2014). The association between traffic-related air pollution and adverse
cardiovascular effects for different commuting modes (metro, bus, car,
and walking) was studied with 120 young, healthy subjects in Taipei. It
was found that decreases in the heart rate variability indices were as-
sociated with increased levels of PM2.5. The effects of PM2.5 on cardi-
ovascular endpoints were the lowest in the metro mode (Liu et al.,
2015).

3. America

As the metro system was built very early in America, the study on
air quality in American metro environment began many decades ago.
Although the number of research paper is less than that in Asia, there

have still been> 20 articles published. Different from Asia, research
interests and attentions were more focused on species and health re-
lated issues instead of control measures. Although the air pollutant
species and their potential health effects were well investigated, the
mitigation measures were barely studied in American metro system.
Most of the studies were conducted in the United States of America. The
measurement results and information were summarized in Table 2.

3.1. Air pollutants

As early as 1977, the chemical composition of PM in Newark metro
air were determined. Several inorganic constituents (e.g. sulfate, ni-
trate, bromate and silica) were found. The possible sources of the pol-
lutants were recognized as the emissions from automobiles, power
plants, incineration, braking operations and track-wheel abrasion of the
metro trains (Trattner et al., 1977). Then, many studies were conducted
in the northeast of USA. In Boston, the concentrations of six gasoline-
related VOCs: benzene, toluene, ethylbenzene, m-/p-xylene, o-xylene
and formaldehyde in four different commuting modes (driving, metro,
walking, and biking) were compared. The VOCs concentration in metro
system was relatively low. However, high VOCs exposure might occur
due to long commuting time underground (Chan et al., 1993). In Wa-
shington D.C., biological and nonbiological aerosols in a metro en-
vironment were characterized using UV (UltraViolet) fluorescence and
PCR (Polymerase Chain Reaction). Only a small fraction of the total PM
(typically< 1%) were found as biological aerosols. The total number
concentration of PM exhibited a diurnal cycle that depended on the
station usage. The most common element in the PM was Fe. Sodium
chloride was prevalently observed in the PM mass (Birenzvige et al.,
2003). In New York City (NYC), measurement campaign was conducted
to determine sources, levels, and exposure pathways of Fe, Mn, and Cr.
It was found that personal samples had much higher concentrations of
Fe, Mn, and Cr than home indoor and ambient samples, which indicated
that Fe dust in the NYC metro system was the dominant source of air-
borne exposures to Fe, Mn, and Cr (Chillrud et al., 2004; Chillrud et al.,
2005). The composition and diversity of microorganisms associated
with bioaerosols in NYC metro environment were then measured. The
bacterial composition was relatively simple: only 26 taxonomic families
made up 75% of the sequences. Identifiable bacterial sequences were
composed of soil, environmental water, and human skin commensal
bacteria (Robertson et al., 2013). To study the health risks and benefits
associated with using public buses and metros rather than car, the
magnitude and variance of personal exposure to PM2.5 for transporta-
tion by car, metro, or walking were assessed. Total PM2.5 exposures did
not differ among car, metro, and walking. Exposure to PM2.5 appeared
to be higher for the metro (19.6 μg m−3 min) than for the car
(13.1 μg m−3 min) (Morabia et al., 2009). Travelers exposure to fine
PM was assessed in terms of mass and number concentrations across
various transportation micro-environments in NYC. The highest ex-
posure occurred at underground metro stations and onboard metro
trains (Wang and Gao, 2011). BC and PM2.5 concentrations in selected
metro stations were measured. Real time BC concentrations ranged
from 5 to 23 μg m−3, with 1 min average peaks larger than
100 μg m−3, while real time PM2.5 levels ranged from 35 to
200 μg m−3 (Vilcassim et al., 2014).

Besides northeast of USA, many related studies were conducted in
California. An extensive sampling campaign was conducted in 2010 to
measure PM concentrations in two lines of the Los Angeles metro
system. The average PM10 concentrations at station platforms and in-
side the train were 78.0 μg m−3 and 31.5 μg m−3, respectively. It
suggested that local emissions (i.e., vehicular traffic, road dust, opera-
tion of trains) were the main sources of airborne PM for the metro
system (Kam et al., 2011a). The same research group then performed a
comprehensive PM chemical analysis including total and water-soluble
metals, inorganic ions, elemental and organic carbon, and organic
compounds. It showed that, among all the elements, Fe makes up to
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27% and 32% of gravimetric mass in coarse PM and fine PM, respec-
tively. Reactive oxygen species activity was strongly correlated with
water-soluble Fe, Ni, and OC (Kam et al., 2011b). The exposure to
particle-bound PAH across transportation microenvironments was
characterized with twenty four adult residents carrying a portable air
pollution monitor for a total of 96 days. Average PAH concentrations
were the lowest while travelling in public transportation
(61–124 ng m−3) compared to other travelling modes (Houston et al.,
2013). They also monitored the PM number concentrations and noise
levels on 17 station platforms in the Los Angeles metro system. It was
found that PM number concentrations were about 2000 particles cm−3

higher at open platform than standing under a shade canopy, but the
noise levels were significantly lower at open platform compared to
under canopy (Houston et al., 2016).

Mexico City is another city with many metro air quality assessments
in America. Survey studies measured commuters' exposure to PM2.5,
CO, benzene, and the chemical composition of PM2.5 on different routes
and transport modes in Mexico City. The concentrations of all pollu-
tants were observed lower in metro than other transportation modes at
all the time (Gómez-Perales et al., 2004). Concentrations of PM2.5 were
observed between 60 μg m−3 and 93 μg m−3 in the metro that were 6%
larger than outside concentrations. Greater Fe, Cu, Ni, Cr and Mn
concentrations were found in the metro samples as compared to the PM
in ambient PM samples by up to 2.6 times (Mugica-Álvarez et al.,
2012b). Later, a study that focused on describing the personal exposure
to PM2.5 during their daily activities was conducted. A total of forty
healthy volunteers carried PM2.5 personal monitors during 13 h and
registered their activities in a written diary. Among all the environ-
ments, the highest concentration (106.2 μg m−3) occurred in the metro
(Vallejo et al., 2004). The commuters' VOCs exposure levels were also
investigated in Mexico City. Benzene, toluene, ethylbenzene, m/p-xy-
lene, and formaldehyde were measured in various transport modes: car,
microbus, bus, and metro. The results showed that the average con-
centrations of all chemicals inside cars and microbuses were statisti-
cally higher than in metro trains (Shiohara et al., 2005b). An aero-
biological study were carried out to assess airborne bacterial and fungi
concentrations, as well as their relationship with several factors, such as
depth of the station, sampling site, temperature, and relative humidity.
Fifty-seven fungi and sixty-one bacteria colonies were found. Con-
centration levels of bacteria (1–484 CFU m−3) and fungi
(51–715 CFU m−3) inside metro were higher than outdoors by up to 8
times. Most of bacteria were identified as Gram-positive nonsporulating
short bacillus, while the most abundant fungi were identified as As-
pergillus, Penicillium, and Alternaria (Hernández-Castillo et al., 2014b).

There were some studies regarding to the metro air quality other
than USA and Mexico. Mn concentrations in the underground metro air
were measured in Montreal, Canada. Low levels of Mn in respirable and
total PM were found, with averages of 18 and 32 μg m−3, respectively
(Boudia et al., 2006). In the Buenos Aires underground metro system,
TSP samples were collected and analyzed by using the PIXE (Particle
Induced X-ray Emission) technique. PM concentrations were found to
be between 152 μg m−3 and 270 μg m−3, which were about 3 times
larger than those in urban ambient air. The most enriched element in
samples was Fe, the levels of which ranged from 36 to 86 μg m−3

(Murruni et al., 2009). Personal exposure to PM (fine and Ultrafine
Particles, UFP) in different transport modes (bicycle, bus, car and
metro) was measured in a busy assigned route in downtown Santiago,
Chile. PM2.5 and UFP exposure in metro were 16.9 μg m−3 and
8400 particles cm−3, respectively (Suárez et al., 2014).

3.2. Ventilation

Compared to Asian studies, ventilation and mitigation measures
were not paid much attention in America. A realistic computational
fluid dynamics approach was developed to simulate airflow in metro
tunnels and stations. The dispersion and transport of pollutants though

the stations were simulated by correlating to the airflow dynamics
(Camelli et al., 2014).

3.3. Mitigation measures

The effectiveness of magnetic filters on removing PM from a metro
tunnel was evaluated. It was found that PM removal efficiency in-
creased as fan frequency increased. Maximum removal efficiency of
PM10 (52%), PM2.5 (46%), and PM1 (38%) were observed at 60 Hz fan
frequency (Son et al., 2014b).

3.4. Health assessment

The health related assessment was studied much more than that in
Asia. In NYC, average personal Mn and Cr exposure concentrations
were observed much lower than the United States Occupational Safety
and Health Administration's Permissible Exposure Limit (PEL) guideline
concentrations (Mn = 5 mg m−3; Cr = 1 mg m−3, average level for
8 h). To investigate the potential for health effects of exposure at these
levels, a pilot study of personal exposures to Fe dust with biomarkers of
metal exposure, oxidative stress, and DNA damage in blood and urine
samples was conducted. Urinary isoprostane concentrations were sig-
nificantly correlated with the number of years working in the metro
system, and were detected at higher concentrations in metro workers
than in bus drivers or office workers (Grass and Family, 2010). In
Mexico City, the measurement results suggested that, for comparable
commuting durations, metro commuters passengers were exposed to
lower levels of VOC than car and microbus. The lifetime carcinogenic
risk from commuting by metro was 1.3–1.7 × 10−5 (Shiohara et al.,
2005a). In Los Angeles, the composition and estimated lung cancer risk
of PM2.5 for five differential commute environments were compared.
Metals associated with stainless steel, e.g. Fe, Cr, and Mn, were elevated
for the metro environment, which most likely originated from abrasion
processes between the rail and brakes. Lung cancer risk due to in-
halation of PAHs was calculated. Results showed that lung cancer risk
for the metro is 3.8 and 4.5 times lower than driving on freeways and
busy roadways (Kam et al., 2013).

4. Europe

Similar to America, the air quality in European metro environment
was investigated very early. Since there were metro systems in many
cities, the relevant studies were conducted in many countries. Over 50
papers were selected to summarize the findings. Most of research in-
terests and attentions focused on species and health related issues. The
measurement results and information were summarized in Table 3.

4.1. Air pollutants

In 1998, six London metro stations were sampled for the bacteria
and fungal. The numbers of fungi found in most of the samples were
approaching 150 CFU m−3 (Gilleberg et al., 1998). Measurements of
personal exposure to PM2.5 in various transport microenvironments
(bicycle, bus, car and metro) were conducted in central London. Mean
exposure levels (247.2 μg m−3) in London metro system were 3–8 times
higher than the on-road transport modes (Adams et al., 2001). Personal
exposure to PM5 and the number, shape, size distribution and elemental
composition of collected PM were assessed using computer-controlled
scanning electron microscopy and energy dispersive X-ray detection.
The most PM were Fe/Si particles with the average Fe concentration at
22.8% and the Si concentration at 17.4% together with C, Ca and K
(Sitzmann et al., 1999). Since the UFP fraction that may contribute
significantly to PM number concentrations and surface area, the
chemistry of PM0.1 was measured using coupled plasma mass spectro-
metry and ion chromatography. The results showed similar metal-rich
concentrations as the coarse and fine fractions. Scanning electron
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microscopy showed that the coarse fraction of underground PM had a
morphology indicative of generation by abrasion, absent for fine and
ultrafine particulates (Loxham et al., 2013).

Barcelona was another European city with many metro air quality
research. The personal exposure to inhalable pollutants during bus,
metro, tram and walking journeys were compared. Average number
concentrations of PM in 10–300 nm size were lowest using metro trains
(< 2.5 × 104 particles cm−3) (Moreno et al., 2015a). A high resolution
air quality monitoring campaign (PM, CO2 and CO) was conducted on
differently designed station platforms in the Barcelona metro system.
Different size-fractioned PM concentrations varied significantly
(PM1:6–128 μg m−3, PM3:16–314 μg m−3, and PM10:33–332 μg m−3).
CO concentrations were found very low (< 1 ppm) and CO2 averages
range from 371 to 569 ppm (Querol et al., 2012). Indoor air quality and
passenger exposure in the Barcelona metro, focusing on PM levels and
their metal contents, were evaluated. The PM2.5 levels (11–32 μg m−3)
inside the trains in summer were the lowest among worldwide metro
systems due to the air conditioning system working in all carriages
(Moreno et al., 2014b). A source apportionment analysis found that
metro was a significant source for exposures to Fe, Mn, Cu and Ba
(Minguillón et al., 2012; Martins et al., 2016b). Besides, PM2.5 could
also comprise of carbonaceous aerosol, crustal matter, secondary in-
organic compounds, insoluble sulfate and halite, PAHs, nicotine, le-
voglucosan and aromatic musk compounds (Martins et al., 2016a). The
results showed different chemical profiles for each station, but was al-
ways dominated by Fe. PM2.5 source included rails, wheels, catenaries,
brake pads and pantographs. Particle generation process was re-
cognized as mechanical wear at the brake–wheel and wheel–rail in-
terfaces. Magneticmetallic flakes and splinters were released and un-
derwent progressive atmospheric oxidation from metallic iron to
magnetite and maghemite (Moreno et al., 2015b).

Many metro air quality studies were also conducted in Italy. The
viable or culturable airborne fungi were investigated inside two Milan
metro stations. Four dominant genera, Cladosporium, Penicillium,
Epicoccum and Alternaria, were found in the station air (Picco and
Rodolfi, 2000). Measurement results in Naples metro system showed
that the average PM10 concentrations measured in the underground
station platforms range between 172 and 262 μg m−3, which were
2–14 times higher than outdoors (Cartenì et al., 2015). Then, PM10,
respirable fraction, respirable combustible dust, and the organic, me-
tallic, siliceous, and fibrous components were investigated in Rome
metro system. PM concentration in the tunnels and platforms was three
times higher than that at the entrances to the underground metro sta-
tions. Silica sand in the train braking system caused a dispersion of
quartz in the air in percentages varying from 5% to 14% (Ripanucci
et al., 2006). In Milan, UFPs, PM10, PM2.5, PM1 exposure levels for four
transport modes (i.e., walking, cycling, car, and metro) were measured.
The metro mode was characterized with the highest PM10, PM2.5, PM1

mass concentrations, which were respectively about 2–4 times higher
than other modes (Ozgen et al., 2016). In Milan metro system, an ex-
tensive measurement campaign was conducted to investigate PM10

concentrations, physical and elemental composition, origins, and
source contributions. Average PM10 concentrations between 105 and
283 μg m−3 were observed at the platform level. Fe, Ba, Sb, Mn and Cu,
likely originating from mechanical processes, accounted for most of the
PM10 mass at the platform level. Wheel, brake and track wear were
found to contribute 40–73% of total PM10 mass and electric cable wear
(Cu and Zn oxides) 2%–3% (Colombi et al., 2013; Perrino et al., 2015).

Besides London, Barcelona and Milan, the metro air quality studies
were also conducted in some Western European cities. In Lisbon, PM10

and PM2.5 concentrations were measured and compared across different
microenvironments, e.g. walking, bus, mini-bus, tram and metro. The
metro train presented the highest PM2.5 inhalation (Ramos et al., 2015).
In Berlin, a comparison between metro and car exposures showed sig-
nificantly higher concentrations of PAHs in the metro train (Fromme
et al., 1998). In Frankfurt, it was found the WHO limits for PM10 and

PM2.5 were exceeded at nearly all times at underground stations, sub-
terranean metro stations and subterranean shopping arcades (Gerber
et al., 2014). In Paris, the average PM10 and PM2.5 concentrations in
metro system were approximately 5–30 times higher than those mea-
sured in Paris streets. PM levels were influenced by the rate at which
train and people passed through the station (Raut et al., 2009).

There were also some measurements studies in Northern Europe.
The concentrations of PM10 and PM2.5 were measured at metro stations
in central Stockholm. The results showed that PM10 concentrations at
two subterranean stations were far exceeding the outdoor limit value
(Gustafsson et al., 2012). The average PM10 and PM2.5 concentrations
were 470 and 260 μg m−3, which were 5 and 10 times higher than
those measured on the busiest streets in central Stockholm (Johansson
and Johansson, 2003). A large number concentration of nano-sized
particles, at a mean concentration of 12,000 particles cm−3, were ob-
served. Several volatile and semi-volatile organic compounds, carci-
nogenic aromatic compounds and traces of flame retardants were found
on metro particle size fractions of PM10 and PM2.5 (Midander et al.,
2012). PM2.5 and particle number concentrations were also monitored
in the Helsinki metro system. The average daytime PM2.5 concentra-
tions were 47 ± 4 and 60 ± 18 μg m−3 at the two underground
metro stations. The most enriched element in PM2.5 samples was still
Fe, with the concentration of 29 ± 7 μg m−3 at the underground
metro station. Other enriched elements included Mn, Cr, Ni, and Cu
(Aarnio et al., 2005). In Norway, the airborne bacterial was char-
acterized (concentration level, diversity, and virulence- and survival-
associated properties) at a metro station. A total of thirty-seven dif-
ferent genera were identified, with the majority genera: Bacillus, Mi-
crococcus, and Staphylococcus. It suggested that anthropogenic sources
were major contributors to airborne bacteria at metro stations (Dybwad
et al., 2012).

Measurements were also conducted in Middle Europe. In Prague
metro system, PM10 concentration inside the metro trains was recorded
two times larger than the ambient outdoor concentrations (Braniš,
2006). PM concentrations were substantially increased in the coarse
fraction when the metro was in operation. PM was highly enriched with
Fe, especially in the coarse fraction, comprising 46% of PM10 (Cusack
et al., 2015). In Budapest, the concentrations of PM10, PM2.5 and TSP
were measured. PM10 pollution was 2–3 times higher in the metro
station than that in the street. PM pollution level was not influenced by
the depth of the platforms (Dura and Szalay, 2007). In metro air, Fe,
Mn, Ni, Cu, and Cr concentrations were 10 times higher than in outdoor
air. Fe accounted for 40% and 46% of the PM10–2.0 and PM2.0 masses,
respectively. Mechanical wear and friction of electric conducting rails
and bow sliding collectors were identified as the primary sources
(Salma, 2007; Salma et al., 2009).

In Eastern Europe, metro air quality studies were mostly conducted
in Athens and Istanbul. In Athens, TVOCs, PM10, ΡΜ2.5, ΡΜ1 as well as
temperature and relative humidity were simultaneously monitored in
the metro trains (Assimakopoulos et al., 2013). All of the pollutants
concentrations presented their peak values during the morning rush
hours. Mean PM1, PM2.5 and PM10 concentrations at the deeper and
most crowded station reached 18.7, 88.1 and 320.8 μg m−3, which
were 3–10 time greater than those in ambient air (Barmparesos et al.,
2016). A series of measurements were conducted in Istanbul. The re-
lative abundance of Fe-containing PM collected in the metro stations
was 3.5–8 times higher than in the Istanbul atmosphere (Şahin et al.,
2012). The average daytime PM2.5 concentrations (49.3 to
181.7 μg m−3) were higher than the ambient air PM2.5 standard.
However, compared to other transportation modes (bus, car and
walking), the lowest average PM2.5 concentration was measured inside
metro trains (Onat and Stakeeva, 2014; Onat and Stakeeva, 2013).
Recently, a sampling campaigns were conducted to assess and compare
the air quality at three South European subway systems (Barcelona,
Athens and Oporto). Fe was still the most abundant element, ac-
counting for 29–43% of the total PM2.5 mass. It was found that the
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PM2.5 concentrations varied significantly among the European metro
systems likely due to distinct station, tunnel designs and ventilation
systems. Lowest PM2.5 concentrations were observed with the low fre-
quency of the trains when air conditioning system was operating
properly (Martins et al., 2016c).

4.2. Ventilation

The effects of ventilation conditions and station design on metro air
quality were investigated in the Barcelona metro system. PM levels
were doubled if tunnel ventilation was switched off. PM was accumu-
lated at one end of the platform rather than in the middle. To maintain
good air quality, narrow platforms served by single-track tunnels
should be equipped with forced tunnel ventilation. The air quality in
the stations with spacious double-track tunnels were not greatly af-
fected when tunnel ventilation was switched off (Moreno et al., 2014a).

4.3. Mitigation measures

The new metro lines with PSDs showed lower PM2.5 concentrations
than those in the conventional system. PM concentrations inside the
trains were generally lower than those on the platforms due to the air
conditioning systems with air filters (Martins et al., 2015a). In Paris, an
electrostatic precipitator prototype was installed to remove PM in the
metro air. The results showed that this process was efficient. With
twenty filters installed, the initial particle concentration (230 μg m−3)
was reduced to 135 μg m−3 (Tokarek and Bernis, 2006).

4.4. Health assessment

Health assessment related to metro air pollutants were much better
studied in Europe than in Asia and America. Swedish researchers have
conducted most of the relevant studies in this field. A randomized
crossover study investigated responses of the respiratory system to
Stockholm metro air in asthmatics and healthy individuals. Oxylipins
were sampled in the distal lung as an indicator of shifts in lipid med-
iators in association with exposure to metro air compared to ambient
air. Significant changes were observed in eight metabolites of linoleic-
and α-linolenic acid. A reduced anti-inflammatory response was ob-
served in asthmatics following exposure to metro air, whereas oxylipin
levels were increased in healthy individuals following exposure to
metro air (Lundström et al., 2011). There used to be a hypothesis that
metro PM would be more potentially inducing lung cancer or the re-
lative risk of myocardial infarction than PM in ambient air due to the
larger metal content in metro air. A cohort study was conducted to
determine if metro PM were more toxic to DNA in lung cells than PM
from ambient air. The study gave some evidence that the lung cancer
incidence and the relative risk of myocardial infarction were not in-
creased among the metro drivers compared to other transport and
communication workers in Stockholm (Gustavsson et al., 2008; Bigert
et al., 2007). However, PM was identified as the major pollutant to
induce inflammatory and toxicity. After exposure to a metro environ-
ment for 2 h, a statistically significant increase in fibrinogen and reg-
ulatory white blood cell was observed (Nyström et al., 2010). The
genotoxicity and the ability to induce inflammatory mediators of dif-
ferent PM types (metro, street, wood and diesel combustion, etc.) were
investigated and compared. Measurement results showed that all PM
caused DNA damage and those from the metro caused more damage
than the other PM most likely due to redox-active Fe (Karlsson et al.,
2006). To investigate the mechanisms behind the genotoxicity of metro
PM, the cause of mitochondrial depolarization and to form intracellular
reactive oxygen species was studied. PM collected from a metro station
were most potent to induce lipid peroxidation, arachidonic acid release,
and formation of reactive oxygen species (Lindbom et al., 2007). Since
highly reactive surfaces of magnetite PM can cause rise to oxidative
stress, the metro particles with magnetite as the main component

showed greater genotoxicity due to high intracellular reactive oxygen
species (Karlsson et al., 2008; Karlsson et al., 2005).

Two toxicological indicators of oxidative activity: ascorbic acid
oxidation and glutathione oxidation, showed low oxidative potential of
PM2.5 samples in the Barcelona metro system. Results illustrated that
metro PM toxicity was related to the presence of metallic trace elements
such as Cu and Sb sourced from brakes and pantographs (Moreno et al.,
2017). The dose of the inhaled PM in the human respiratory tract was
estimated using the dosimetry model ExDoM. The lowest amount of the
inhaled PM was deposited in the tracheobronchial tree (4%), whereas
the deposition was much larger in the alveolar-interstitial region (10%)
and extrathoracic region (68%) (Martins et al., 2015b). In UK, the toxic
effects of metro PM on the mucus-covered airway epithelial cell cul-
tures was studied. Monolayer and mucociliary air-liquid interface cul-
tures of primary bronchial epithelial cells were exposed to various size-
fractionated metro PM. It was found that metro PM exposure increased
interleukin-8 release from primary bronchial epithelial cells, but was
diminished in mucus-secreting cultures. Intracellular PM was observed
within vesicles, mitochondria, and free in the cytosol. Although the
mucous layer appeared to confer some protection against metro PM,
primary bronchial epithelial cells detected PM and led to an antioxidant
response (Loxham et al., 2015). A comprehensive study was performed
to evaluate the biological effects of metro PM in the Paris metro system.
Cell viability, production of cellular and lung proinflammatory cyto-
kines, and mRNA were measured in exposed mice macrophages. Metro
PM, comprising of large Fe content, induced a time- and dose-depen-
dent increase in tumor necrosis factor and macrophage inflammatory
protein production. Metro PM induced an increased expression of ma-
trix metalloproteases and heme oxygenase both in vitro and in vivo,
which indicated PM from the meto system caused transient biological
effects (Bachoual et al., 2007).

5. Others

Besides Asia, America and Europe, there were only a few studies
that reported the air quality and its health effect inside metro system in
Egypt. Metro commuters recorded the lowest pollutant levels for all
VOC pollutants comparing to other travel mode groups: car, bus, bi-
cycle and walking (Chertok et al., 2004; Knibbs and Dear, 2010). Cla-
dosporium, Penicillium and Aspergillus were found the most dominant
fungi inside Cairo metro system. Concentrations of the biological PM
were higher in the underground stations than those in the surface sta-
tions (Awad, 2002).

6. Conclusions

This review summarizes major findings reported in literature on air
quality inside metro system, including air pollutant concentrations,
chemical species, related sources, mitigation measures and potential
health effects. In different countries, research interests and focus varied,
which may have led to different reporting and more difficult to com-
pare results between metro systems. However, there were still some
common grounds provided by the previous literature. Some measure-
ment results showed that air pollutants observed inside metro system
were relatively low compared to other transportation modes.
Throughout the world, PM was always identified as the primary pol-
lutant in the metro air. Fe was found as the most dominant element in
the metro PM. Mechanical wear at the brake–wheel and wheel–rail
interfaces were commonly recognized as the primary PM source in the
metro air. As for the gaseous pollutants, benzene, toluene, ethylben-
zene, xylene, styrene, formaldehyde, acetaldehyde, acetone and acro-
lein were mostly found in the metro air. Service time of metro system,
frequency of passing train, ventilation mode and airflow rate, the age
and air-tightness of the metro train, interior materials, the number of
passengers and the ambient pollution level outside the metro stations
were identified as the key determinants that could play important roles
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of influencing the metro air quality. The concentrations of aromatic
VOCs in new metro carriage were 1–2 times lower than that in the old
ones, as higher quality paintings were used in new trains. Less air cir-
culation and ventilation inside underground carriage was likely the
reason of higher VOCs levels than the above-ground track. To reduce
the exposure levels of air pollutants, PSDs, air purifier unit, high-effi-
ciency air filter seemed to be effective measures. Among these mea-
sures, PSDs have been frequently installed in the newly built metro
platforms worldwide. To better evaluate the effectiveness of these mi-
tigation measures, more field assessments were necessary to compare
the air pollutant concentrations before/after the installation. Metro PM
showed genotoxicity and ability to induce inflammatory due to large
magnetite component. According to the acceptable level proposed by
the World Health Organization (1 × 10−6–1 × 10−5), the life carci-
nogenic risk of commuters by subway was sometimes above the ac-
ceptable level.

On this basis, future work could focus on investigating the chronic
health risks of exposure to various air pollutants other than PM and/or
further developing advanced air purification unit to improve metro in-
station air quality.
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