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exposure levels of suspected air pollutants including Volatile Organic Compounds (VOCs). This paper studied
the exposure levels of in-carriage VOCs (benzene, toluene, ethylbenzene, xylene, styrene, formaldehyde, acetal-
dehyde, acetone and acrolein) in Shanghai, China and estimated the health risk in different conditions. The results
indicated that VOCs concentrations in metro carriages varied from different train models, due to the difference in
carriage size and ventilation system. The concentrations of aromatic VOCs in old metro carriage were 1-2 times
higher than the new ones, as better paintings were used in new trains. Poor air circulation and ventilation in the
underground track was likely to be the cause of higher VOCs levels (~10%) than the above-ground track. Lower
aromatic compounds levels and higher carbonyls levels were observed in metro carriages at suburban areas than
those at urban areas, likely due to less aromatic emission sources and more carbonyls emission sources in sub-
urban areas. Acetone and acrolein were found to increase from 7.71 to 26.28 pg/m> with number of commuters
increasing from 40 to 200 in the carriages. According to the acceptable level proposed by the World Health Or-
ganization (1 x 10761 x 107°), the life carcinogenic risk of commuters by subway (8.5 x 1076-4.8 x 107°)
was little above the acceptable level in Shanghai. Further application of our findings is possible to act as a refer-
ence in facilitating regulations for metro systems in other cities around world, so that in-carriage air quality
might be improved.

© 2016 Elsevier B.V. All rights reserved.
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Exposure to Volatile Organic Compounds (VOCs) such as formalde-
hyde and benzene can cause negative health effects (Tagiyeva and
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Sheikh, 2014). For instance, formaldehyde inhalation could exacerbate
asthma symptoms (Casset et al., 2005) while exposure dosage to ben-
zene is closely linked to childhood leukemia (Zhou et al., 2014). Poten-
tial sources of VOCs include material decoration, painting and surface
coating. Particularly, VOCs determine indoor air quality and substantial-
ly threat human health as people in average spend 90% their time inside
buildings or other man-made environments. With rapid development
of subway transportation systems, the number of subway commuters
has continuously increased over recent years in metropolitan cities
(Prud'Homme et al., 2012). 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 8 million in 2014 and
reached a record of about 10.3 million on April 30, 2015. Meanwhile,
air quality in metro carriages is of great concern to the public as many
atmospheric pollutants including VOCs in metro carriages have
emerged, with their sources ranging from interior materials (Brodzik
et al,, 2014), passengers' breath (Zhao et al., 2016), to outdoor air infil-
tration. Thus, commuters' exposure to VOCs in metro carriages may
cause perceivable health issues and risk as reported by many environ-
mental health studies (e.g. Pang and Mu, 2007; Shiohara et al., 2005).
It was estimated that the cancer risks from formaldehyde and acetalde-
hyde in metro carriages in Shanghai were approximately 3.2 x 10~4
and 3.7 x 1075, respectively (Feng et al., 2010). The Lifetime Carcino-
genic Risk (LCR) from commuting by metro in Mexico City was estimat-
edtobe 1.3 x 107> to 1.7 x 10~ based on the exposure to benzene and
formaldehyde without considering other carcinogenic substances, such
as acetaldehyde (Shiohara et al., 2005).

Previous studies in transportation microenvironment primarily fo-
cused on thermal conditions (Katavoutas et al., 2016), particulate mat-
ter (Kam et al., 2011; Kwon et al., 2015; Martins et al., 2016; Xu et al.,
2016; Yu et al.,, 2012), airborne bacteria (Wang et al., 2010), PAHs
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(Yan et al., 2015) and VOCs (Do et al., 2014; Kim et al., 2016). Many
studies indicated that the VOCs levels in metro carriages were lower
than those in roadway ones (Gémez-Perales et al., 2007; Chan et al.,
2003; Lau and Chan, 2003; Pang and Mu, 2007). Factors may affect
VOCs exposure levels in metro carriages including service time of
metro trains, passenger numbers and driving conditions (Lau and
Chan, 2003). However, to our knowledge, few studies have systemati-
cally assessed the effects of these factors on the VOCs levels. Further-
more, most of the previous studies only chose a single metro line from
the beginning to the terminal station and lacked comprehensively pre-
sentation of VOCs exposure levels and its risk to human health in the en-
tire metro system.

In this study, the concentrations of nine typical VOCs in the metro
carriage were measured including benzene, toluene, ethylbenzene, xy-
lene (BTEX), styrene, formaldehyde, acetaldehyde, acetone, and acrole-
in, which are currently regulated by Chinese National Standard of In-
Cabin Air Quality under different driving scenarios. Then, the influence
from some key factors (i.e., train model, service time, number of passen-
gers, underground/above-ground, and urban/suburban areas) on in-
carriage VOCs exposure levels were investigated. Finally, the health
risk of various VOCs exposure scenarios was estimated to facilitate the
risk-based regulatory decision making and formulation of mitigation
measures for better protection of the public in metropolitan cities.

2. Methodology
2.1. Field study design
Five metro lines (Line 1, 4, 8,9 and 10) in Shanghai were monitored

for this study (Fig. 1). These five metro lines and other three lines (Line
2, Line 3, Line 7) constitute approximately 70% of the metro traffic
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Fig. 1. Location of the sampling routes.
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Table 1
Information about the selected lines and sample routes.
Sample Model Beginto Urbanor Underground or Number of
line service suburban above-ground passenger
(year)
Linel B 1993 Urban Underground 76
Line4 B 2002 Urban Underground 57
B 2002 Urban Above-ground 50
Line8 A 2006 Urban Underground 120
Line9 B 2008 Urban Underground 165
B 2008 Suburban Underground 172
Line 10 B 2010 Urban Underground 40/60/90/150/200

system in Shanghai. The main characteristics of those lines are summa-
rized in Table 1. The selected lines were used to investigate the effects of
five factors on the concentrations of 9 VOCs in metro carriages, includ-
ing (1) different train models, (2) service years of the train, (3) number
of passengers, (4) ground or underground tracks, (5) urban or suburban
areas. The train model on Line 8 (denoted model A) is 19.5 m in length,
2.6 min width and 2.1 min height. The ventilation supply airflow rate is
8000 m>/h with 20% of the total circulated air replaced by fresh air out of
the cabins. All other lines are categorized as model B, which is 22.1 min
length, 3 m in width and 2.1 m in height. The ventilation supply airflow
rate is 10,000 m>3/h with 32% of the total circulated air replaced by fresh
air out of the cabins. In addition, air conditioning in all metro trains in
this study used air drawn from outside by fans. Line 1, which is the ear-
liest line in service was compared with the relatively later one (Line 10)
in the same district. We measured in-carriage VOCs in Line 10 in the
presence of different numbers of passengers, i.e. 40, 60, 90, 150 and
200. Line 4 covers both underground and above-ground tracks. Line 9
runs in both urban and suburban areas. All of the metro lines in this
study are equipped with Platform Screen Door systems. Air samples
were collected during 8:00-10:00 a.m. on sunny days (usually 3 days
per week when weather permitted) from Mar. 28 to Oct. 20, 2015 at
the respiratory level in the middle of the train carriage. Portable air sam-
plers, 6-L teflon sampling bags (E-Switch Inc., China) were used to col-
lect samples after entering the metro train. Three sets of VOC samples
were collected in duplicates for each trip during ventilation operation.
Total VOC or TVOC, CO,, CO, temperature, relative humidity, barometric
pressure, sampling time, travelling routes and number of passengers
were recorded.

2.2. Sampling method and quality assurance

To collect the in-carriage VOC samples by 6-L teflon sampling bags,
portable pumps (TWA-300XB, XBXY Inc. China) and stainless steel
tubes filled with Tenax TA (N9307005, PerkinElmer Inc., US) were

Table 2
The VOC levels in different metro lines.
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used for sampling of benzene, toluene, ethylbenzene, xylene and sty-
rene. Before sampling, all the Tenax TA tubes were conditioned in
helium for 2 h at 225 °C. Another portable pump and 2,4-
dinitrophenylhydrazine (DNPH) cartridge (Anpel Inc., China) were
used for sampling formaldehyde, acetaldehyde, acetone and acrolein.
Ozone scrubbers (Anpel Inc., China) were used as a pre-cartridge of
XPoSure to minimize ozone interference. Flow rates of the pump were
set at 0.2 L/min for aromatic VOCs and 0.4 I/min for carbonyl com-
pounds, as calibrated by a gas flow meter (Model 4050, TSI Inc., USA).
The sampling volume was calculated using the following equation:

293.15 P

Vs = Qat X 57395 T * 101325 (1)

where Vj is the standard sampling volume (L); Qg is the actual flow rate
(litres/min) measured by the volume meter; t is the sampling time
(min); T and P are the ambient temperature (°C) and the barometric
pressure (kPa), respectively.

The analysis of the aromatic VOC samples from adsorbent tubes was
performed by thermal desorption (TurboMatrix 350 ATD, Perkin-Elmer
Inc., US) and gas chromatography/mass spectrometry (GC/MS) (GC/MS,
DSQ-II, Thermo Fisher, US). A DB-5MS capillary column (30 m x
0.25 mm x 0.25 pm, Agilent Inc., US) was used on the GC and helium
was used as the carrier gas. The oven temperature of the GC was initially
held at 40 °C for 3 min and then raised to 60 °C at 2 °C/min and to 250 °C
at 20 °C/min and kept for 3 min finally. The mass spectrometer was op-
erated in the electron impact mode (70 eV) by a full scanning between
35 and 350 mass units.

For the analysis of carbonyl compounds, the sampled cartridges
were eluted by 5.0 mL acetonitrile and analyzed by a High-performance
liquid chromatography (HPLC) system (1200-DAD, Agilent Inc., US).
The analytical conditions were as follows: Athena C18-WP column
(3 pm, 250 x 4.6 mm, CNW); mobile phase: 60% acetonitrile (HPLC gra-
dient grade, Sinoreagent Inc., China) and 40% Milli-Q water; mobile-
phase flow rate: 1.0 mL/min; injection volume: 25 pL; detector: UV at
360 nm.

Details of standard curve method, the equations and correlation co-
efficients (R?) of standard curves for benzene, toluene, ethylbenzene,
xylene, styrene, formaldehyde, acetaldehyde, acetone and acrolein
were in supporting information (Text S1 and Table S1). Five sets of du-
plicate VOC samples were collected to check the precision and reliability
of the sampling and analytical method. The relative mean deviation of
all duplicates was within 18% for the target compounds. At a signal-to-
noise ratio of 3:1, the method detection limit (MDL) of all measured
VOCs was below 0.5 pg/m>. Other common quality controls such as
field blank check were also included.

Mean concentration + S.D. (ug/m>)

Line 1 Line 4 Line 8 Line 9 Line 10

(n=23) (n=6) (n=3) (n=26) (n=21)
Characteristics of lines old Underground Above-ground Model A Urban Suburban New & model B
Benzene 15.44 4 2.96 27.50 £ 0.64 33.48 £+ 1.96 15.25 + 0.21 544 4+ 0.13 5.30 +0.12 4.67 + 0.53
Toluene 12.06 + 1.50 49.72 + 4.5 62.47 + 1.47 11.49 4+ 0.56 9.09 + 1.13 7.06 £+ 0.78 5.22 4+ 0.36
Ethylbenzene 3.56 + 047 8.65 4+ 0.05 10.16 4 0.47 421 £0.26 2414 0.09 1.84 +0.10 1.16 £ 0.27
Xylene 3454024 6.29 £+ 045 10.29 4 0.22 219 +£0.19 245 4+ 0.59 1.56 £ 0.14 1.06 + 0.35
Styrene 0.94 £+ 0.06 3.79 +£ 039 349 4+ 0.15 144 + 034 1.06 & 057 0.83 + 0.54 0.44 £+ 0.15
Formaldehyde 19.85 4+ 0.33 10.19 + 1.74 11.11 £ 1.99 2330 £ 1.32 447 £ 0.49 12.02 4+ 2.11 18.47 4+ 2.39
Acetaldehyde 10.31 £+ 1.81 3.83 +£ 0.05 4.66 4+ 0.23 10.37 + 0.39 0.39 &+ 0.05 1.84 £ 0.28 549 + 1.18
Acetone and Acrolein 8.37 + 044 8.29 + 0.04 8.22 £ 0.24 13.04 4 0.86 4.65 4+ 0.73 11.24 4 0.28 15.66 4 7.84
Total VOCs 89.90 + 8.45 118.27 £ 435 143.89 + 2.98 99.21 £ 3.6 29.97 £2.33 41.70 £+ 3.91 68.10 £ 9.55

n: the number of samples.
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Fig. 2. Mean concentrations of VOCs in metro carriages of different models from 8:00 to
10:00 a.m. A&A: Acetone and Acrolein. The error bar represents the value of standard
deviation.

3. Results and discussion
3.1. Levels of VOCs exposure in metro carriages

During the sampling period, a total of 78 samples were collected in
five metro lines with 39 samples for aromatic VOCs analysis and the
other 39 samples for carbonyls analysis. The VOCs concentrations in dif-
ferent lines are listed in Table 2. The highest total VOCs exposure level
occurred in Line 4 under above-ground route condition (143.89 +
2.98 pg/m3), whereas the lowest level was observed in Line 9 at urban
area (29.97 4 2.33 pg/m>). The total VOCs exposure level in the carriage
of model A metro train (99.21 =+ 3.6 ug/m>) was higher than that in the
carriage of model B metro train (68.10 + 9.55 ug/m>). The total VOCs
exposure level in old metro carriage (89.90 + 8.45 pg/m>) was higher
than that in new metro carriage (68.10 & 9.55 ug/m>). Compared
with underground route condition (118.27 & 4.35 ug/m?), the total
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Fig. 3. Mean concentrations of VOCs in new and old metro carriages from 8:00 to
10:00 a.m. A&A: Acetone and Acrolein. The error bar represents the value of standard
deviation.
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Fig. 4. Mean concentrations of VOCs in metro carriages of underground and above-ground
from 8:00 to 10:00 a.m. A&A: Acetone and Acrolein. The error bar represents the value of
standard deviation.

VOCs concentrations in metro carriage were higher under above-
ground route condition. The total VOCs concentrations in metro carriage
at suburban areas were higher (41.70 + 3.91 pg/m?) than that at urban
areas (29.97 + 2.33 pg/m>). Among the aromatic VOCs, toluene and
benzene were the two compounds with largest average concentrations
(14.25 and 18.60 pg/m?> respectively) in all metro lines. The benzene
level in Line 4 was the highest (33.48 + 1.96 pg/m’ for above-ground
route condition and 27.50 + 1.26 ug/m? for underground route condi-
tion), followed by Line 1 (15.44 + 2.96 ug/m>), Line 8 (15.25 =+
0.21 ug/m?), Line 9 (5.44 + 0.13 pg/m° for urban area and 5.30 +
0.12 pg/m?3 for suburban area) and Line 10 (4.67 + 0.53 ug/m?>). The var-
iations of the other four aromatic compounds were similar with ben-
zene. The concentration of aromatic VOCs in Line 1 was higher than
that in Line 9 and 10, because the air filter used in Line 1 was coarse
stainless steel wire mesh or aluminium mesh which may not effectively
stop VOCs from entering the carriage. The concentration of aromatic
VOCs in Line 8 was also higher than that in Line 9 and 10, primarily
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Fig. 5. Mean concentrations of VOCs in metro carriages of urban and suburban area from
8:00 to 10:00 a.m. A&A: Acetone and Acrolein. The error bar represents the value of
standard deviation.
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Fig. 6. Mean concentrations of VOCs in metro carriages with different passenger numbers
from 8:00 to 10:00 a.m. A&A: Acetone and Acrolein. The error bar represents the value of
standard deviation.

due to the differences in carriage size and ventilation conditions. The
metro train of Line 8 has much higher S/V (interior superficial area/vol-
ume) and lower fresh air ratio than other metro trains. The aromatic
VOCs levels in Line 9 were close to that in Line 10, which was ascribed
to their same model of metro train (model B), similar service years
(6-8 years) and same routes condition (underground). On the other
hand, the total concentrations of measured carbonyls were 46.71 +
3.15,39.62 + 8.06, 38.53 4 2.08, 25.10 4 1.48,23.99 4 0.74, 22.31 £+
1.13 and 9.51 =+ 1.04 pg/m> for Line 8, 10, 1, 9 (suburban), 4 (above-
ground), 4 (underground) and 9 (urban), respectively. For carbonyl
compounds, the highest concentration was observed for formaldehyde
ranging from 4.47 to 23.3 ug/m°. Compared with other lines in this
study, the concentration of acetone and acrolein was the highest in
Line 10. This was due to the large number of passengers in Line 10 dur-
ing the sampling period, which could be the large source of acetone
(Miekisch et al., 2004).

The above results indicated that the VOCs exposure levels varied
with the different metro carriages and different driving conditions.
Shanghai metro trains can be categorized into two models (A and B) ac-
cording to their carriage sizes (width, length, and height) and fresh air
ratios (the outside airflow rate/the total supply airflow rate). The
VOCs concentrations Line 8 (model A) and Line 10 (model B) are com-
pared in Fig. 2. Model A train seems to present consistently greater
VOCs (benzene, toluene, ethylbenzene, xylene, formaldehyde, acetalde-
hyde) concentrations than model B train (P < 0.05, t-test), due to the
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differences in carriage size and ventilation conditions. For instance,
Model A train has much higher S/V (interior superficial area/volume)
than model B. Furthermore, the fresh air ratio of model A metro train
is lower than that of model B. Therefore, VOCs from interior decoration
emissions (e.g. painting and surface coating) could accumulate more eas-
ily in Line 8 than Line 10. Meanwhile, the concentrations of benzene, tol-
uene, xylene, ethylbenzene, styrene, formaldehyde and acetaldehyde
were larger inside the old metro train (Line 1) than in the new train
(Line 10) by about one to two times as shown in Fig. 3 (P < 0.05, t-test),
owing to the improvement of paintings used (e.g., water-borne paints
in new trains versus solvent-borne paints in old trains). Another potential
explanation is that the air filter used in the ventilation system of old
metro train is coarse stainless steel wire mesh or aluminium mesh that
cannot effectively prevent VOCs from entering the carriage, while the
new metro trains are equipped with fibrous air filter with higher filtra-
tion efficiency. Fig. 4 shows that the VOCs (benzene, toluene, ethylben-
zene, xylene, formaldehyde, acetaldehyde) levels in the underground
track were 10% less than those the above-ground track in the same
metro train (Line 4) (P < 0.05, t-test), which was consistent with previ-
ously results reported by Lau and Chan (2003). This was probably attrib-
uted to the fact that under underground condition, the VOCs in metro
carriage was less influenced by vehicular emission on the street.

Lower aromatic compounds levels and higher carbonyls levels were
observed inside metro carriages driving at suburban area as opposed to
urban area (Fig. 5; P< 0.05, t-test). This is probably because of the heavy
traffic in urban areas of Shanghai that emits VOCs. However, the rela-
tively high levels of formaldehyde, acetaldehyde, acetone and acrolein
in metro carriage at suburban areas may come from other emission
sources, such as chemical factories at Caohejing Industrial Zone, which
is about 5.5 km away from the sampling site (Ho et al., 2013). This result
was consistent with previous study (Lau and Chan, 2003), which indi-
cated that for the railway transport, in-vehicle aromatic VOCs were ap-
proximately 2-3 times higher at urban areas than suburban areas.

The dependence of VOC levels on passenger numbers was shown in
Fig. 6. Most VOCs did not change significantly with the number of com-
muters, acetone and acrolein increased from 7.71 and 26.28 pg/m3 as
the commuters' number increased from 40 to about 200 in metro car-
riages (P = 0.004, one-way ANOVA). Similar results could also be found
in previous study (Pang and Mu, 2007), in which acetone concentrations
were enhanced from 12.3 + 4.6 ug/m> to 21.6 + 5.9 pg/m’ with increas-
ing commuter number from several to about 300 in a subway cabin. It
was believed that acetone was excreted from human metabolism
(Miekisch et al., 2004). Therefore, acetone and acrolein were not well cor-
related with other measured VOCs (R < 0.44) as shown in Table 3. By con-
trast, the five target aromatic VOCs had good correlations (R > 0.94),
indicating that the in-carriage aromatic VOCs were mainly from the
same sources (e.g., motor vehicles emission) on metro carriages. This
was consistent with the result in study on other transportations (Li et
al., 2009), which found that aromatic compounds in bus had strong cor-
relations and vehicle emission was the main source. On the other hand,
formaldehyde and acetaldehyde were well correlated (R > 0.79). The cor-
relations between carbonyls (formaldehyde, acetaldehyde, acetone and

Table 3
Correlation coefficients for VOCs measured in metro carriages in Shanghai.
Benzene Toluene Ethylbenzene Xylene Styrene Formaldehyde Acetaldehyde A&RA
Benzene 1
Toluene 0.957"" 1
Ethylbenzene 0.988"" 0977 1
Xylene 0.964™ 0.965"" 0.990"* 1
Styrene 0.948" 0.966™ 0.979"" 0.980™" 1
Formaldehyde 0.307 0.473 0.421 0.522 0.491 1
Acetaldehyde 0.143 0.105 0.010 0.091 0.114 0.794" 1
Acetone and Acrolein 0.332 0.334 0.320 0.377 0.323 0.440 0.105 1

* P<0.05.
** P<0.001.
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Table 4
Personal exposure risks of VOCs in metro carriages of different conditions.
Line of subway Line 1 Line 4 Line 8 Line 9 Line 10
Characteristics of carriage and route old Underground Above-ground Model A Urban Suburban New & model B
conditions
Benzene Exposure(pg/day) 19.45 34.64 42.19 19.22 6.85 6.69 5.89
LCR 20x107° 35x107° 43x107° 20x107° 7.0x107° 6.8x107° 6.0x107°
Ethylbenzene Exposure(pg/day) 448 10.90 12.80 5.30 3.04 2.32 1.46
LCR 40x 1077 9.7x 1077 1.1x10°° 47 %1077 2.7x1077 21x1077 1.3x1077
Styrene Exposure(pg/day) 1.18 4.78 4.40 1.81 1.34 1.04 0.55
LCR 6.9 x107° 28x1078 26x1078 1.1x1078 7.8 x107° 6.1x107° 32x107°
Formaldehyde Exposure(pg/day) 25.01 12.84 14.00 29.35 5.64 15.14 23.28
LCR 54x107° 28x10°° 30x10°6 63x107° 1.2x10°° 32x1076 50x 1076
Acetaldehyde Exposure(pg/day) 12.99 4.83 5.87 13.07 049 2.32 6.92
LCR 1.3x10°° 49x1077 6.0x 1077 13x10°° 50x 1078 24x1077 7.1x1077
All VOCs Exposure(pg/day) 63.11 68.00 79.26 68.75 17.35 27.51 38.09
LCR 27x107° 39x107° 48x107° 28x107° 85x 1076 1.1x107° 12x107°

acrolein) and the aromatic VOCs were poor. Clearly, carbonyls and the ar-
omatic VOCs may come from different sources. For example, the aromatic
VOCs come from gasoline vapor and vehicle emission while formalde-
hyde in metro trains largely derives from photochemical reactions in
the atmosphere (Shiohara et al., 2005). Considering Shanghai is one of
the largest cities in China which has many industries in suburban areas,
the source of carbonyls was most likely to be emissions from chemical
factories and photochemical reactions (Cheng et al., 2014).

3.2. Exposure and health risk

The individual exposures and cancer risk to the VOCs in metro car-
riages were calculated by EPA (1992) and OEHHA (2003):

Ei = CJ X IRI X tij (2)

where E; is the personal exposure to pollutant i (mg/day), C is the con-
centration of the pollutant (mg/m?>), IR is the inhalation rate (m>/h), tis
the exposure time (h/day), and j is the microenvironment.

The chronic daily intake (CDI, mg/kg/day) attributable to inhalation
was calculated as

DI, = % x 90% 3)
where CDJ; is the daily inhalation intake of pollutant i (mg/kg/day); EF
the exposure frequency (day/year); ED the exposure duration (years),
given as the working lifetime for adults; BM body mass (kg); AL the av-
erage lifetime (70 years); NY the number of days per year (365 days/
year); and 90% the absorption factor of VOCs for humans (Colman
Lerner et al., 2012).

Lifetime cancer risk (LCR) is the increased probability of developing
cancer as a result of a specific exposure and was calculated by multiply-
ing the intake of a toxic substance by the cancer potency factor, as
follows:

LCR; = CDJ; x CPF; (4)

where LCR; is the cancer risk associated with compound i; CDI; the daily
intake of compound i; and CPF; represents the inhalation cancer potency
factor of compound i. The cumulative cancer risks were determined by
adding all the known, possible, and probable carcinogens (Payne-
Sturges et al., 2004).

In this study, the VOCs inside five typical metro lines were selected
to calculate the lifetime cancer risk (LCR). The results for personal expo-
sure were estimated in different conditions to calculate the estimated
health risk shown in Table 4. The LCR was slightly higher than the ac-
ceptable level proposed by the World Health Organization (WHO),

which was in the range of 1 x 1076 to 1 x 10~>. The highest value of
LCR occurred in Line 4 under above-ground route condition
(4.8 x 10™°), whereas the lowest level was observed in Line 9 at
urban area (8.5 x 10~ ). The LCR in old metro train was 2.1 times higher
than new metro train, owing to the improved air filtration and painting
material quality in new metro train. Compared with model A metro
train, the LCR in model B is 2.3 times higher due to the high S/V (interior
superficial area/volume) and low fresh air ratio in model B metro train.
Under above-ground route condition, the LCR in metro carriage was
2.5% higher than that under underground route condition, where the
VOCs in metro carriage received less input from vehicular emission on
the street. Compared with urban areas, LCR in metro carriage at subur-
ban areas was 29.4% higher, probably due to industrial activities as men-
tioned above. Moreover, the exposures of the current study were
calculated only based on the 2 h of mean exposure time for the com-
muters. Given longer exposure time, e.g. subway drivers, the personal
exposures would be three or four times higher than the current level.

4. Conclusions

This study measured the exposure levels and evaluated health risk of
VOCs in different metro carriages under different driving conditions in
Shanghai, China. The exposure levels were greatly influenced by the
characteristics of metro carriages and driving conditions. The VOCs con-
centrations and health risk in metro carriages of Line 8 (model A) were
significantly higher than Line 10 (model B). This difference was due to
the higher S/V (interior superficial area/volume) and lower fresh air
ratio in model A. Compared with new metro carriage (Line 10), the con-
centrations of VOCs and LCR inside old metro carriage (Line 1) were
larger. The VOCs levels and exposure risk in the underground track
were slightly lower than the above-ground track in the same metro
train (Line 4). Lower aromatic compounds levels and higher carbonyls
levels were observed inside metro carriages at suburban areas than at
urban areas. In addition, we found that the acetone and acrolein were
emitted not only from metro interior surfaces but also from the com-
muters in metro carriages. Good correlations were found between aro-
matic VOCs. Commuting via metro carriage presents low health risks
from exposure to VOCs in metro carriages, which should be regulated
in the long term to mitigate the risk.

Acknowledgments

This material is based on the work partially supported by the Nation-
al Geographic Society (Grant NO. GEFC10-15) and Fundamental Re-
search Funds for the Central Universities (2013KJ020). Any opinions,
findings, conclusions or recommendations expressed in this material
are those of the authors and do not necessarily reflect the views of the



1438 Y. Gong et al. / Science of the Total Environment 574 (2017) 1432-1438

National Geographic Society. The authors would like to acknowledge Dr.
Lingchen Mao and Dr. Wen Zhang for the guidance in language
polishing.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2016.08.072.

References

Brodzik, K., Faber, J., Lomankiewicz, D., Golda-Kopek, A., 2014. In-vehicle VOCs composi-
tion of unconditioned, newly produced cars. J. Environ. Sci. 26, 1052-1061.

Casset, A., Marchand, C.,, Le Calve, S., Mirabel, P., de Blay, F., 2005. Human exposure cham-
ber for known formaldehyde levels: generation and validation. Indoor Built Environ.
14, 173-182.

Chan, LY., Lau WL, W., Wang, X.M,, Tang, ].H., 2003. Preliminary measurements of aro-
matic VOCs in public transportation modes in Guangzhou. China. Environment Inter-
national 29, 429-435.

Cheng, Y., Lee, S.C,, Huang, Y., Ho, K.F,, Ho, S.S.H,, Yau, P.S., et al., 2014. Diurnal and season-
al trends of carbonyl compounds in roadside, urban, and suburban environment of
Hong Kong. Atmos. Environ. 89, 43-51.

Colman Lerner, J.E., Sanchez, E.Y., Sambeth, J.E., Porta, A.A., 2012. Characterization and
health risk assessment of VOCs in occupational environments in Buenos Aires, Argen-
tina. Atmos. Environ. 55, 440-447.

Do, D.H,, Van Langenhove, H., Chigbo, S.I., Amare, A.N., Demeestere, K., Walgraeve, C.,
2014. Exposure to volatile organic compounds: comparison among different trans-
portation modes. Atmos. Environ. 94, 53-62.

Feng, Y., My, C, Zhai, J., Li, ], Zou, T., 2010. Characteristics and personal exposures of car-
bonyl compounds in the subway stations and in-subway trains of Shanghai, China.
J. Hazard. Mater. 183, 574-582.

Gémez-Perales, J.E., Colvile, RN., Fernandez-Bremauntz, A.A., Gutiérrez-Avedoy, V.,
Paramo-Figueroa, V.H., Blanco-Jiménez, S., et al., 2007. Bus, minibus, metro inter-
comparison of commuters' exposure to air pollution in Mexico City. Atmos. Environ.
41, 890-901.

Ho, S.S., Ip, H.S.,, Ho, KF,, Ng, LP., Chan, C.S., Dai, W.T., et al., 2013. Hazardous airborne car-
bonyls emissions in industrial workplaces in China. J. Air Waste Manag. Assoc. 63,
864-877.

Kam, W., Cheung, K., Daher, N., Sioutas, C., 2011. Particulate matter (PM) concentrations
in underground and ground-level rail systems of the Los Angeles Metro. Atmos. Envi-
ron. 45, 1506-1516.

Katavoutas, G., Assimakopoulos, M.N., Asimakopoulos, D.N., 2016. On the determination
of the thermal comfort conditions of a metropolitan city underground railway. Sci.
Total Environ. 566-567, 877-887.

Kim, K., Szulejko, J.E., Jo, H., Lee, M., Kim, Y., Kwon, E., et al., 2016. Measurements of major
VOCs released into the closed cabin environment of different automobiles under var-
ious engine and ventilation scenarios. Environ. Pollut. 215, 340-346.

Kwon, S., Jeong, W., Park, D., Kim, K., Cho, K.H., 2015. A multivariate study for character-
izing particulate matter (PM10, PM2.5, and PM1) in Seoul metropolitan subway sta-
tions, Korea. J. Hazard. Mater. 297, 295-303.

Lau, W.L, Chan, LY., 2003. Commuter exposure to aromatic VOCs in public transportation
modes in Hong Kong. Sci. Total Environ. 308, 143-155.

Li, S., Chen, S., Zhu, L, Chen, X, Yao, C., Shen, X., 2009. Concentrations and risk assessment
of selected monoaromatic hydrocarbons in buses and bus stations of Hangzhou,
China. Sci. Total Environ. 407, 2004-2011.

Martins, V., Moreno, T., Mendes, L., Eleftheriadis, K., Diapouli, E., Alves, C.A,, et al., 2016.
Factors controlling air quality in different European subway systems. Environ. Res.
146, 35-46.

Miekisch, W., Schubert, ].K., Noeldge-Schomburg, G.F.E., 2004. Diagnostic potential of
breath analysis-focus on volatile organic compounds. Clin. Chim. Acta 347, 25-39.

OEHHA (Office of Environmental Health Hazard Assessment), 2003. Hot Spots Program
Guidance Manual for Preparation of Health Risk Assessments Available: http://
www.oehha.ca.gov/air/hot_spots/HRAguidefinal.html.

Pang, X., Mu, Y., 2007. Characteristics of carbonyl compounds in public vehicles of Beijing
city: concentrations, sources, and personal exposures. Atmos. Environ. 41,
1819-1824.

Payne-Sturges, D.C., Burke, T.A., Breysse, P., Diener-West, M., Buckley, T,J., 2004. Personal
exposure meets risk assessment: a comparison of measured and modeled exposures
and risks in an urban community. Environ. Health Perspect. 112, 589-598.

Prud'Homme, R., Koning, M., Lenormand, L., Fehr, A., 2012. Public transport congestion
costs: the case of the Paris subway. Transp. Policy 21, 101-109.

Shiohara, N., Fernindez-Bremauntz, A.A., Blanco Jiménez, S., Yanagisawa, Y., 2005. The
commuters' exposure to volatile chemicals and carcinogenic risk in Mexico City.
Atmos. Environ. 39, 3481-3489.

Tagiyeva, N., Sheikh, A., 2014. Domestic exposure to volatile organic compounds in rela-
tion to asthma and allergy in children and adults. Expert. Rev. Clin. Immunol. 10,
1611-1639.

USEPA (United States Environment Protection Agency ), 1992. Guidelines for Exposure As-
sessment Available: http://www.epa.gov/risk/guidelines-exposure-assessment.

Wang, Y., Wang, C., Hsu, K., 2010. Size and seasonal distributions of airborne bioaerosols
in commuting trains. Atmos. Environ. 44, 4331-4338.

Xu, B, Yu, X, Gu, H., Miao, B,, Wang, M., Huang, H., 2016. Commuters' exposure to PM2.5
and CO, in metro carriages of Shanghai metro system. Transp. Res. Part D: Transp. En-
viron. 47, 162-170.

Yan, C., Zheng, M., Yang, Q., Zhang, Q., Qiu, X., Zhang, Y., et al., 2015. Commuter exposure
to particulate matter and particle-bound PAHs in three transportation modes in Bei-
jing, China. Environ. Pollut. 204, 199-206.

Yu, Q. Ly, Y., Xiao, S., Shen, J., Li, X,, Ma, W., et al,, 2012. Commuters' exposure to PM1 by
common travel modes in Shanghai. Atmos. Environ. 59, 39-46.

Zhao, W., Al-Nasser, L.F,, Shan, S., Li, ], Skeete, Z., Kang, N., et al., 2016. Detection of mixed
volatile organic compounds and lung cancer breaths using chemiresistor arrays with
crosslinked nanoparticle thin films. Sensors Actuators B Chem. 232, 292-299.

Zhou, Y., Zhang, S., Li, Z, Zhu, J,, Bi, Y., Bai, Y., et al,, 2014. Maternal benzene exposure dur-
ing pregnancy and risk of childhood acute lymphoblastic leukemia: a meta-analysis
of epidemiologic studies. PLoS One 9, e110466.


doi:10.1016/j.scitotenv.2016.08.072
doi:10.1016/j.scitotenv.2016.08.072
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0005
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0005
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0010
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0010
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0010
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0020
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0020
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0020
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0025
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0025
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0025
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0030
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0030
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0030
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0035
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0035
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0040
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0040
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0040
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0045
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0045
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0045
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0050
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0050
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0050
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0055
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0055
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0055
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0060
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0060
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0060
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0065
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0065
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0065
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0070
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0070
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0070
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0075
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0075
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0080
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0080
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0080
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0085
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0085
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0090
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0090
http://www.oehha.ca.gov/air/hot_spots/HRAguidefinal.html
http://www.oehha.ca.gov/air/hot_spots/HRAguidefinal.html
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0100
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0100
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0100
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0105
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0105
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0105
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0110
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0110
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0120
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0120
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0120
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0125
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0125
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0125
http://www.epa.gov/risk/guidelines-exposure-assessment
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0135
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0135
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0140
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0140
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0140
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0140
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0145
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0145
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0145
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0150
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0150
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0155
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0155
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0155
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0160
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0160
http://refhub.elsevier.com/S0048-9697(16)31765-X/rf0160

	Health risk assessment and personal exposure to Volatile Organic Compounds (VOCs) in metro carriages — A case study in Shan...
	1. Introduction
	2. Methodology
	2.1. Field study design
	2.2. Sampling method and quality assurance

	3. Results and discussion
	3.1. Levels of VOCs exposure in metro carriages
	3.2. Exposure and health risk

	4. Conclusions
	Acknowledgments
	Appendix A. Supplementary data
	References


