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Abstract

Polycyclic aromatic hydrocarbons (PAHs) are widespread toxic pollutants in the atmosphere and have attracted much atten-
tion for decades. In this study, we compared the health risks of PAHs based on different toxic equivalent factors (TEFs)
in a heavily polluted area during heating and non-heating periods. We also pay attention to occupancy probability (OP) in
different polluted areas. The results showed that there were big differences for calculations by different TEFs, and also by
OP or not. Age groups except adults were all lower calculated by OP than not. The sensitivity analysis results on the incre-
mental lifetime cancer risks (ILCR) for population groups by Monte Carlo simulation identified that the cancer slope factor
extremely affected the health risk assessment in heating periods, followed by daily inhalation exposure levels. However, daily
inhalation exposure levels have dominated the effect on the inhalation ILCR and then followed by the cancer slope factor in
non-heating periods. The big differences by different calculations investigated that it is important to set up the correlations
between the pollution level and health risks, especially for the longtime health assessment.
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to be the largest contributors to lung cancer risks among
the fine particulate (PM, 5) (Luo et al. 2015), and they have
attracted worldwide public concern in the past decades for
their detrimental effects on human health (Zhao et al. 2020;
Chen et al. 2018; Yu et al. 2015; Park et al. 2006; Okona-
Mensah et al. 2005). Studies reported that China accounted
for about a fifth of global PAHs emissions in 2004 (Zhang
and Tao 2009; Zhang et al. 2008), and they were widely dis-
persed in the atmosphere environment especially bound on
the particulate. Several researchers have developed the char-
acteristics of particle-bound PAHs in many Chinese cities
(Wang et al. 2016; Li et al. 2015; Wei et al. 2015; Chen et al.
2014; Gao et al. 2013; Li et al. 2010; Wang et al. 2009a,
2008; Zhang et al. 2007; Feng et al. 2006). The combus-
tion of solid fuels like coal combustion and biomass burning
emits more pollutants in the winter heating periods and so
the northern cities in China usually have higher pollutants
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than the southern cities, especially in the heating periods
(Zhang et al. 2020a, b; Li et al. 2021; Gao et al. 2015a; Fan
et al. 2014; Kong et al. 2010). One study has shown that
the life expectancy for residents in northern China has been
about 5.5 years lower than in southern China, likely because
of the higher exposure to total suspended particulates in the
air (Chen et al. 2013), which is also associated with the inha-
lation exposure of PAHs.

People’s actual exposure to these compounds is affected
by many factors, such as the exposure environment, exposure
time, and personal health status. Many models and calcula-
tions based on different parameters are used to assess the
exposure risks of these compounds to human beings, and
toxic equivalent factors (TEFs) are often used to calculate
the cancer risks, and then compared with the standards set by
the US Environmental Protection Agency (US EPA). A great
deal of lung cancer risk assessments of PAHs have been
conducted in urban or rural areas in different regions and cit-
ies in China (Wang et al. 2014; Xia et al. 2013; Zhang et al.
2012; Bai et al. 2009). These assessments indicated a high
risk existed for the elderly and infants who are more sensi-
tive to exposure to these pollutants. However, these reports
were calculated by different single TEFs and methods, and
limit data of the target region usually contains only single
settings. Exposure to different microenvironments was not
done in these studies, and up to this point, there has been
no assessment of these calculations. Meanwhile, seldom
researches considered the uncertainties of the assessment
(Xia et al. 2013; Chen and Liao 2006).

The weather conditions in Xi’an, which is located on the
Guanzhong Plain at the southern edge of the Loess Plateau,
are not good for pollutants diffusion, with 45% no wind fre-
quency in winter, an annual average wind speed of 1.7 m/s.
It has about 1.5 million private cars and the main energy
source was coal (about 70%). This results in Xi’an having
seriously poor air quality. Our team has comprehensively
detected the aerosol composition and source apportionment.

In short, in order to fully understand the differences
among the health risks calculated by different TEFs, in this
study, we compared the inhalation exposures and incre-
mental lifetime cancer risks (ILCR) based on four different
TEF calculation methods that were usually used. We used
a probabilistic risk assessment to evaluate the carcinogenic
risk from personal exposure to particle-bound PAHs in
suburban and urban areas for specific age groups in Xi’an,
where there is documented bad weather conditions, espe-
cially for fine particles (Wang et al. 2017; Gao et al. 2015b;
Cao et al. 2009), and the characteristics and possible sources
of organic compounds like PAHs, n-alkanes, and phthalates
esters have been conducted here. However, a full understand-
ing of inhalation exposure for PAHs in this area was unavail-
able. The uncertainties during the progress of the calculated
health risks by model were also considered.

Material and methods
Sampling

In this study, PM, 5 samples were simultaneously col-
lected at fifteen sites dispersed in Xi’an (see supporting
materials Fig. S1): ten were placed in urban residential
areas (URASs), two in suburban areas (SUASs), two in traf-
fic corridors (TCs), and one in an industrial area (IA).
These sampling sites distributed from the city center to
the suburban, which including the relative light pollution
sites to the heavy pollution sites. The distribution of the
sampling sites was affected by many factors, like the noise
of the sampler and the willing of the volunteer family. We
try our best to cover the possible exposure environment in
the atmosphere to assess the human being inhalation risks
in this area. Our previous paper detailed the sampling sites
(Wang et al. 2017), and see the supporting materials. The
samplers were set outside the windows of urban residences
and on the floor of the suburban residences, which was
very similar to the indoor environment.

Chemical analyses and quality assurance
and control

In this study, PAH analyses and quality assurance and con-
trol (QA/QC) can be found in our previous work (Wang
et al. 2018). Briefly, we analyzed PAHs of samples through
an in-injection port thermal desorption (TD) coupled with
gas chromatography/mass spectrometry (GC/MS), using
an Agilent 7890A GC/5975C MS system (Santa Clara,
CA, USA). The in-injection port TD-GC/MS method and
parameters were detailed in our previous works (Wang
etal. 2018, 2016; Ho et al. 2011).

For the QA/QC, an Airmetrics PM, 5 Mini-Volume sam-
pler (Springfield, OR, USA) was used for sample collection
at a flow rate of 5 L/min, and samples were loaded on 47
mm quartz filters (QM/A®, Whatman Inc., U.K.) in this
study. The samplers were calibrated routinely, and the vari-
ance for flow was approximately + 2%. For chemical analy-
sis, internal standards (IS), phenanthrene-d,, (C,,D,,) (98%,
Aldrich, Milwaukee, WI, USA), chrysene-d;, (C;sD;,) (98%.
Sigma-Aldrich, Bellefonte, PA, USA), and n-tetracosane-ds
(n-Cy4Ds)) (98%, Aldrich, Milwaukee, WI, USA) were added
to each of the samples and blank filters, with blank analysis
done each day for the instrument analysis assessment. Repli-
cate samples were analyzed for each ten samples, and the rela-
tive standard deviations of them were from 1.7 to 14.8% in this
study. The SRM 1649a urban dust (NIST, Gaithersburg, MD,
USA) was applied here to correct PAH analysis. All data was
calibrated using the mean value of the field blank samples.
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Exposed population and occupancy probability

There was one hypothesis that the amount of indoor PAHs
were estimated to be equal to the outdoor, even though out-
door air was usually dirtier than indoor air during heating
periods and was opposite during non-heating periods. In this
study, we compared the BaP,,, which calculated by using
the TEF methods from Nisbet and Lagoy (1992), Yassaa
et al. (2001), Collins et al. (1998), and USEPA (2010), which
were used most frequently in previous studies. The TEFs of
individual PAHs are summarized in Supporting Materials
(Table S1). The corresponding BaP, concentrations calcu-
lated basing on the TEFs from the four references was called
BaP,1, BaP,2, BaP 3, and BaP,4.

The exposed populations were the general residential
populations in the urban (URAs) and suburban areas (SUAs)
in Xi’an, ranging in age from 4 to 70 years. For male and
female categories, people were divided into four groups:
children (4 to 10 years old), adolescents (11 to 17 years old),
adults (18 to 60 years old), and seniors (61 to 70 years old).
The body weight of each different population group was
listed in Table 1 (Wang et al. 2009b).

Occupancy probability (OP) here was used to assess
the probable time that a person spent in a specific set-
ting, based on the route of people in Xi’an (Table 2). We

Table 1 Risk assessment parameters for different age groups in this study

assumed that urban and suburban residential environment
was similar with the corresponding school environment
for children and adolescents. Even though there are differ-
ences between different transportation ways and working
environments, the traffic was assumed for their exposure
when people went to school or work. And the industry was
assumed as the work exposure for adults in both the URAs
and SUAs. We divided five time intervals (j) for popula-
tion exposure in one day based on daily routes, from 23:00
to 7:00, 7:00 to 9:00, 9:00 to 17:00, 17:00 to 19:00, and
19:00 to 23:00 as j = 1, 2, 3, 4, and 35, respectively, with j
= 1 and 5 representing the resting time for the urban and
suburban populations, j = 2 and 4 were the traffic time for
each group, and j = 3 was the working time or school time.
Considering different distributions for urban and subur-
ban people, different OP values were set between the two
categories. OP was assumed to follow uniform distribu-
tion during each period, and the daily basis OP at 24-h for
urban (suburban), traffic, and industry areas was equal to
1. The corresponding inhalation rate (IR) was calculated
based on the data from Wang et al. (2009b), where the IR,
and IRj are for the rest time, IR, and IR, are for a small
amount of physical exertion, and IR; is for medium physi-
cal exertion. We compared the differences between the
occupancy probability and only single setting exposures.

Unite Male Female
Boy Adolescent Adult Senior Girl Adolescent Adult Senior
Population parameter
Age Year 4-10 11-17 18-60 61-70 4-10 11-17 18-60 61-70
Body weight kg LN (235,5.16) LN (46.5,8.59) LN (62.7,2.48) LN (60.9,2.05) LN (22.6,5.07) LN (44.5,6.54) LN (54.7,2.44) LN (53.5 +2.40)
(BW)
Inhalation risk parameters
Inhalation ~m%day 3.36 6.96 11.52 6.96 3.36 6.72 8.4 6.24
rate (IR,)
IR,,IR, m?/day 6.96 14.16 22.8 13.92 6.72 13.68 17.04 12.48
IR; m?/day 6.96 14.16 45.6 13.92 6.72 13.68 34.08 12.48
IR; m?/day 4.08 8.4 13.68 8.4 4.08 8.16 10.32 7.44
IR m?/day 8.93 13.0 19.0 11.9 8.76 124 14.2 10.8

Risk model parameter

Exposure  Day/year LN (252,1.01) LN (252,1.01) LN (252,1.01)
frequency
(EF)

Carcino-
genic slope
factor
(CSF)

Exposure
duration
(ED)

Averaging Day
time (AT)

mg/kg/day LN (3.14,1.8) LN (3.14,1.8) LN (3.14,1.8)

Year 7 7 43

25,550 25,550 25,550

LN (252,1.01)

LN (252,1.01) LN (252,1.01) LN (252,1.01) LN (252,1.01)

LN (3.14,1.8) LN (3.14,1.8) LN (3.14,1.8) LN (3.14,1.8) LN (3.14,1.8)
10 7 7 43 10
25,550 25,550 25,550 25,550 25,550
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Table 2 Human occupancy probability patterns for four age groups of children, adolescents, adult, and senior in urban (suburban), traffic and

industry settings

Children (4-10 years) Adolescents (11-17 years) Adult (18-60 years) Senior (61-70 years)

OP1 OP2 OP3 OP4 OP5 OP1 OP2 OP3 OP4 OP5 OP1 OP2 OP3 OP4 OP5 OPl OP2 OP3 OP4 OP5
Suburban 09 025 03 03 08 09 025 03 03 08 09 025 005 025 06 09 025 07 08 09
Traffic 005 05 03 06 01 005 05 03 06 01 005 05 005 05 02 005 05 0.15 01 0.05
Industry 0.05 025 04 0.1 0.1 005 025 04 0.1 0.1 005 025 09 025 02 0.05 025 0.15 0.1 0.05
Urban 09 025 03 02 07 09 025 03 02 07 09 025 005 02 05 09 025 06 08 09
Traffic 005 05 03 07 02 005 05 03 07 02 005 05 005 06 03 005 05 025 01 0.05
Industry 0.05 025 04 0.1 0.1 005 025 04 0.1 0.1 005 025 09 02 02 0.05 025 0.15 0.1 0.05

Health risk assessment model

There were two types of inhalation exposure calculations:
one “divided” taking into consideration the OP and the other
“non-divided” is without considering the OP. For the divided

urban (suburban), traffic, and industrial areas were combined
with the specific OP values for different age groups of male
and female populations.

They were calculated for the daily inhalation levels of
PAHs. It was calculated as:

exposure method (DEM), the BaPeq, based on PAH levels in
Fig. 1 Concentrations of total
PAHSs in suburban, urban, traf- (a) 600
fic, and industry during heating *
(a) and non-heating periods (b) “2 5004
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3 I
E = X, 0P,C.x (50T IR 0

where E, represents the daily inhalation levels of PAHs
for urban and suburban residents with different age groups’
exposure at different environmental settings. OP; means
population exposure probabilities in different settings i (i =
1, 2, and 3 represent urban or suburban, traffic, and indus-
trial setting, respectively) in the jth time interval (j =1, 2,
3,4, and 5). C; represents the BaPeq levels in the environ-
mental setting i (ng/m?). OT; shows the occupancy time of
the population exposure during the jth time interval (h). IR;
represents the inhalation rate for different groups during the
jth time interval (m®/day), that j =1 and 5 represent the rest-
ing activity (IR,) while j =2, 3, and 4 for child, adolescent,
and senior groups represent the active activity (IR,). But
for adult, j =2 and 4 are the mild activity (IR,); j = 3 is the
moderate activity (IR;).

For the non-divided exposure method (NDEM), the daily
inhalation levels of PAHs were calculated by:

E, =C;xIR )

where C; is the BaP,, concentrations in environmental
setting i (ng/m®) (suburban or urban) and IR is the daily
inhalation rate (m>/day) for different age groups.

Then ILCR was used to assess the inhalation risk for dif-
ferent groups of urban and suburban residents. The ILCR
model has been widely applied for PAHs carcinogenic risk
assessment. It is defined as:

ILCR = (E; X SF X E, X ¢f X EF) /(BW X AT) 3)

where E; (ng/person/day) is the daily inhalation level; SF
represents the cancer slope factor of BaP, a geometric mean
of it was 3.14 (mg/kg/day)~"' and geometric standard devia-
tion of 1.8 for inhalation exposure (Chen and Liao 2006;
Collins et al. 1991), respectively; EF (day/year), the expo-
sure frequency (252 days/year) (USEPA 2001), E;, (year),
the exposure duration (children, 7; adolescents, 7; adults, 43;
seniors, 10), cf (mg/ng), a conversion factor (10_6), and AT

Fig.2 The BaP,, basing on dif- ~ 400 1.2
ferent TEFs and the compari- (a) "‘E [ Suburban [l Urban [l Traffic ] Industry
son of total PAHs in different 0 350
environmental settings during £ 11.0
heating (a) and non-heating ﬂ-z300 i
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BaPeq concentrations(ng/m’) during non-heating periods
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Fig. 3 Spatial distribution of BaPeq concentrations during heating and non-heating periods in Xi’an by Kriging interpolation basing on different

TEFs. (a) BaP,,, (b) BaP

eq2’ (C) BaPeq3’ and (d) BaPeq4

(days), the lifespan of carcinogens (25,550 days) (USEPA
2001).

Uncertainty analysis

A Monte Carlo simulation was implemented to quantify
the uncertainty during the calculation process and its
impact on the estimation of expected risk. We performed
independent runs at 1000, 2000, 4000, 5000, and 10,000
iterations with each parameter sampled independently
from the appropriate distribution at the start to test the

convergence and the stability of the numerical output. The
result shows that 5000 iterations are sufficient to ensure
the stability of results. A confidence interval for expected
risk was determined on the basis of the 2.5th and 97.5th
quartiles of the simulation outcomes.

Sensitivity analysis was used to identify the most
significant parameters included in the uncertainty and
variability analysis. And the Monte Carlo simulation
and sensitivity analysis were implemented by Crystal
Ball software (Version 2000.2, Decisioneering, Inc., and
Denver, CO, USA). During simulations, the sensitivity
of each variable relative to one another was assessed by
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Table 3 The ratios of divide to non-divide basing on different BaPeq in Xi’an
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BaP,, BaP 3 BaP,,

BaP,

Divide/non-divide

Non-heating

Heating

Non-heating

Heating

Non-heating

Heating

Non-heating

Heating

Suburban  Urban

Urban

Suburban

Suburban  Urban

Urban Suburban Urban Suburban Urban Suburban Urban Suburban Urban

Suburban

0.67
0.94
1.88
0.96
0.67
0.95
1.87
0.94

0.49
0.68
1.20
0.79
0.49
0.69
1.20
0.78

0.65
0.91
1.48
0.94
0.64
0.92
1.48
0.93

0.52
0.72
1.07
0.84
0.52
0.74
1.07
0.82

0.81
1.14
2.64
1.08
0.81
1.16
2.64
1.06

0.55
0.78
1.58
0.84
0.55
0.79
1.58
0.84

0.64
0.90
1.47
0.94
0.64
0.91
1.46
0.92

0.48
0.67
0.96
0.80
0.48
0.68
0.96
0.79

0.72
1.01
2.18
1.01
0.72
1.02
2.18
0.99

0.49
0.69
1.29
0.79
0.49
0.70
1.28
0.78

0.64
0.90
1.50
0.94
0.64
0.91
1.49
0.92

0.50
0.70
1.02
0.82
0.49
0.71
1.02
0.81

0.68
0.96
1.98
0.97
0.68
0.98
1.97
0.96

0.49
0.69
1.25
0.79
0.49
0.70
1.25
0.78

0.65
091
1.48
0.94
0.64

0.92

0.52
0.73
1.08
0.84

0.

Boy

Male

Adolescent
Adult

Senior
Girl

52

Female

0.74
1.08
0.82

Adolescent
Adult

1.48
0.93

Senior

calculating rank correlation coefficients between each
input and output.

Results and discussion

Seasonal variation and characteristics of PAHs
and BaP,,

The seasonal variations of PAHs in different environment
settings are displayed in Fig. 1, and the detailed concen-
trations and characteristics are summarized in supporting
materials (Table S2-S3). The total average 20PAHs in
urban, suburban, traffic, and industry settings were 160.9,
268.5, 188.3, and 187.5 ng/m> in heating periods, respec-
tively, much higher than those in non-heating periods,
which were 20.8, 37.7, 20.1, and 42.6 ng/m3, respectively.
The SUAs had the highest concentrations, followed by the
TCs, IA, and URAs during heating periods, whereas IA had
the highest concentrations during non-heating periods, fol-
lowed by SUAs, university, and URAs. This was due to the
much higher PAHs that existed on June 11 in the A, which
reached 300.4 ng/m>, though there was no obvious weather
condition change.

The PAH levels in Xi’an always stay at higher levels com-
pared with other regions, like Guangzhou, Shanghai, Hong
Kong, Qingdao, and Sanya (Xu et al. 2013; Cao et al. 2013;
Guo et al. 2009; Wang et al. 2015). It has levels compa-
rable with Beijing, Taiyuan, and Liaoning Province (Duan
et al. 2012; Xia et al. 2010; Kong et al. 2010), where there
are heavy pollutant emissions. But Xi’an has the opposite
trend with suburban areas showing higher concentrations
than in urban areas. The ratio between the SUAs and URAs
was similar with 1.7 and 1.8, respectively, in heating and
non-heating periods. It was also much higher than the other
areas (Xia et al. 2013). This is due to the large amount of
solid fuels, the incomplete combustion of coal, and biomass
burning in this area that emit large amounts of pollutants,
especially in heating periods. This might also cause that in
heating periods the SUAs have the highest average ratio of
YHMW-PAHs to the total PAHs: 86%, followed by TCs
(81%), then TA and URAs (80%). However, in non-heating
periods, the average ratio of THMW-PAHs to the total PAHs
in the TA and SUAs was 78% and 76%, followed by URAS
(70%) and then the TCs (69%). In heating periods, SUAs had
the highest mean concentration of BaP, 15.8 ng/m?, much
higher than 9.1 ng/m? in the URAs. It was about ten-fold the
annual average standard of WHO and the European Union.
It was also higher than the daily average standards in China
(2.5 ng/m?); however, it was different in non-heating periods,
in which the IA had the highest concentration of BaP (4.1
ng/m?), followed by SUAs (3.7 ng/m?), URAs (1.8 ng/m>),
and the TCs which had the lowest levels of 1.3 ng/m>. It was
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«Fig.4 The respiratory incremental lifetime cancer risk for population
groups in Xi’an by different TEFs (left part), and the ratios of expo-
sure calculation by divide function zone and non-divide (right part)

similar with previous studies in that heating periods usually
have basically higher concentrations than in other seasons
(Xia et al. 2013; Zhou et al. 2005).

According to Fig. 2, the BaP, has the same trends asso-
ciated with PAHs, that in SUAs with 57.3 ng/m3 had the
highest levels in heating periods, and in the IA with 11.5 ng/
m? had the highest in non-heating periods. From Table S2,
it showed that there are big differences between the BaP,
calculated by different TEFs. The BaP,, had the highest
values, followed by BaP_,;, BaP g5, and BaP_g,. In heating
periods, BaP,; accounted for 22.9% of total PAHs. BaP,,
accounted for 44.7% of total PAHs. The ratio for BaP 5 and
BaP,, to total PAHs was 16.0% and 9.2%, respectively. In
non-heating periods, relatively high values were obtained,
for which BaP,g, accounted for 53.3% of total PAHs, BaP,,
accounted for 27.8%, and BaP_; and BaP,, accounted for
16.2% and 12.8%, respectively. Due to the lower percentage
of high molecule PAHs species in non-heating periods, low
molecule PAHs contributed more to BaP,, in non-heating
periods then in heating periods.

Figure 3 investigates the kriging interpolation of BaP,
concentrations during heating and non-heating periods in
Xi’an with different TEFs. In heating periods, there were
no distribution differences between different BaP, . In
the northwest, people have the highest relative exposure,
whereas residents living in the southeast showed a lower
exposure. Some residential areas in the city center Ul,
U2, and U3 also showed higher relative exposure. These
residential buildings are old, and there are lots of restau-
rants surrounding them. In the old city wall, cars’ speeds
are limited which also might contribute to heavy pollu-
tion emissions, especially for the rush hour. Residents
living in U8 had the lowest exposure and people living
in U9 and U10 also had low exposures. During non-heat-
ing periods, BaP,, and BaP,; had the same trends, and
BaP,y, and BaP,g; also had the same trends. All these
are strongly associated with the different distributions of
PAHs species. Based on BaP,, and BaP,,, S1 had the
highest exposure risk followed by I (industry), and S2
had relatively lower exposure risk compared with BaP,,
and BaP,,;, where S2 has almost the highest exposure
risks. It also showed that people in the western part of
the city were suffering higher potential cancer risks than
in other parts. People living in industrial areas showed
almost highest exposures followed by S2. This is differ-
ent with heating periods, that in industry it has obvious
heavy characters. It also significantly displayed that in
heating periods, there are higher health risks through-
out the whole city compared with non-heating periods,

@ Springer

indicating that it is crucial to assess the potential cancer
risk for population in Xi’an.

Daily inhalation exposure of PAHs basing
on occupancy probability

The daily inhalation exposure BaP,, concentration can be
estimated from the Eqgs.(1), and it can be associated with age
group-specific OP values and IR values for different environ-
mental settings. Eqs.(2) was used to calculate the daily inha-
lation exposure BaP,, concentrations based on the NDEM.

The probability distributions of inhalation exposure of
PAHs for population groups were summarized in supple-
mental materials (Table S4-11). They were strongly corre-
lated with the BaP,. The highest daily inhalation exposure
levels were obtained by calculating using BaP,,, followed
by BaP.,;, BaP,;, and BaP,,. In heating periods, the aver-
age of daily inhalation exposures of BaP,, for different age
groups of both genders in SUAs from 508 to 2289 ng/day
compared with 407.9 to 2029 ng/day in URAS. In non-heat-
ing periods, the inhalation exposure of BaP, , was from 91.0
to 488.1 ng/day for different age groups of both genders in
SUAs and from 67.9 to 413.9 ng/day in URAs.

However, based on BaP,,, the corresponding value was
from 107.6 to 483.5 ng/day in SUAs and 82.3 to 417.7 ng/
day in URAs during heating periods, but was from 23.1 to
131.3 ng/day in SUAs and 33.7 to 110.0 ng/day in URAs
during non-heating periods. Those were big differences.

Regardless of using the DEM or NDEM or basing the
exposure calculations on different TEFs, for both seasons,
the inhalation exposure for each population group was higher
in SUAs than in URAs, which was according with using the
geometric mean concentration of BaP,, and PAHs. As for
gender, males showed higher exposure levels than females
in all age groups in the same seasons and settings for SUAs
and URAs. This might be due to the fact that males have
larger IR than females. The difference between genders is
smallest for children, and the adult age group has the highest
difference. This is also associated with the differences of the
IRs for different groups. In doing the calculation, we did not
take into consideration the exposure of adult females of time
spent in the kitchen; the female adults might show higher
exposure doses than male adults from the emissions of PAHs
from cooking oil and food and the PAHs from wood and
coal burning (Xia et al. 2013; Yoon et al. 2007; Zhang et al.
2009) in urban and especially in suburban areas. For the age
groups in the two seasons and areas, the adults had the high-
est exposures in the two seasonal groups whether calculated
by the DEM or NDEM. Adolescents and seniors had similar
inhalation exposures for both male and female in SUAs and
URAs, and children has the lowest exposure levels.

In order to assess the differences between the DEM and
NDEM, independent samples #-test analysis was used and
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«Fig.5 Sensitivity analysis results on respiratory incremental lifetime
cancer risk assessment for population groups in Xi’an in heating
periods: a sub-urban and b urban (The green bar is for function zone
divided. The red bar is for the non-divided function zone)

results are summarized in Table S12. For the different BaP,,
there were similar results. Except for the adult group, there
were obvious differences for the other age and gender groups
for SUAs during heating periods. For urban residents, only
the senior group had similar exposures during heating peri-
ods. During non-heating periods, the adults and seniors
exposures’ were similar for both genders in SUAs and the
differences for male adolescents are also exiting. The ado-
lescent and senior groups for both genders had similar expo-
sures for urban residents. However, for BaP, 3, for suburban
residents during non-heating periods, adolescents for both
genders also have similar exposure levels.

Comparing the DEM and NDEM, almost all calculations
done using the DEM are lower than NDEM (ratios are lower
than 1) (Table 3), except for the adult of the divide catego-
ries for the four calculations. Only the ratio for the adults in
the SUAs during heating periods by BaP,; is lower than 1,
and the ratio for urban adult residents during non-heating
periods is much higher than 1(2.64). The adolescent and sen-
ior groups in URAs during non-heating periods are higher
than 1 by BaP,,, and BaP_ 5, which differs from BaP,, and
BaP,,. The DEM results for boys and girls are almost half
of the NDEM for suburban residents for all four calculations,
and the ratios are higher for URAs than SUAs. Meanwhile,
the ratios calculated by BaP; are similar with BaP,, for all
groups during heating and non-heating periods.

There are limited reports concerning PAH inhalation
exposure, and different reports have chosen different
parameters. In Taiyuan, the median BaP,, concentra-
tions of inhalation exposure ranged from 150 to 518 and
40.8 to 121.5 ng/day for different age groups in winter
and summer (Xia et al. 2013). In urban areas in Tian-
jin, children and adult exposure in outdoor settings were
322 and 519 ng/day, respectively (Bai et al. 2009). Chen
and Liao (2006) estimated the median BaP,, concentra-
tions of inhalation exposure levels in Taiwan for adult,
children, and infants were 1628, 1590, and 252 ng/day,
respectively. The higher exposure might be due to the
pollution sources samples from traffic, industry, and rural
areas in Taiwan.

Inhalation risk assessment

In Fig. 4, the calculated ILCR by the DEM and NDEM for
population groups of urban and suburban residents during
heating and non-heating periods in Xi’an are summarized
(also see Table S13-20). According to the USEPA (1980),
a one in a million chance of additional human cancer over a
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70-year lifetime (ILCR = 107%) is the level of risk consid-
ered acceptable or inconsequential, whereas an ILCR equal
or high than 10~* is considered to be serious, and there is a
high probability for such health problems (Xia et al. 2013;
Asante-Duah 2002).

In this study, the sequence of ILCR calculated by different
TEFs are ILCR, > ILCR, > ILCR; > ILCR,. This exactly
corresponds with the BaPeq values. The ratios of the DEM
to the NDEM are also coincident with the BaPeq. For the
NDEM, the ILCRs in decreasing order were adults, children,
adolescents, and seniors for male, while seniors were a little
higher than adolescents for females. This is because children
have lower weights and larger inhalation rates than seniors,
though the seniors have longer exposure years compared
with children and adolescents. Suburban and urban areas
have the same trends, but suburban areas were much higher
than urban areas. Using the NDEM, the SUAs during heat-
ing periods all show that potential risks and ILCR are higher
than 10~° for four calculations, even though only 14.3% of
adolescents and seniors, and 3.6% of children are lower than
107 by calculated BaP,,. The ILCR values were from 3.55
x 1079 to 7.64 x 107 for adults for all of the calculations,
indicating that adults have the highest potential risks of all
the age groups. For the NDEM, the URAs during heating
periods all had ILCR,, values higher than 107°. More than
94% of ILCR, results for all groups were higher than 107°,
with all adults being higher than 107, These values were
decreased to 34.5% for adolescents and seniors by ILCR,.
Comparing heating periods, ILCRs were relatively low dur-
ing non-heating periods, and again adults were shown to
have the highest potential risks. ILCR values of adults based
on BaPeq4 were all higher than 107, but the ratio decreased
to 84.4% for adult males and 59.4% for adult females based
on the BaP,, for suburban residents, 32.5% of adult males
and 21.5% of adult females for urban residents during non-
heating periods.

There were big differences between the DEM and the
NDEM. The ILCR in decreasing order was adults, seniors,
adolescents, and children for suburban and urban residents,
and suburban groups were higher than the urban groups.
The ILCR values for ILCR, and ILCR, were all higher than
1076 for all groups in suburban areas during heating periods,
and about 50% of children and adolescent, 80% of seniors
were potentially at risk for the ILCR, calculation. The ILCR
values for adults were from 5.5 X 107° to 6.44 x 10~ by
four calculations. ILCR, calculated by BaP, and BaP, were
all higher than 107 for urban residents during heating peri-
ods. About 17% of children and adolescents, 25% of seniors
were higher than 107° for ILCR,, while all adults exceeded
potential risk levels. During non-heating periods, almost all
adults showed potential health risks for suburban and urban
residents, and fewer than 20% of the children, adolescents,
and seniors had potential risks.
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«Fig. 6 Sensitivity analysis results on respiratory incremental lifetime
cancer risk assessment for population groups in Xi’an in non-heating
periods: a sub-urban and b urban (The green bar is for function zone
divided. The red bar is for the non-divided function zone)

All the ratios of DEM to the NDEM were from 0.48 to
2.64. The adult groups calculated by the DEM were higher
than when calculated by the NDEM. Children, adolescents
and seniors were lower when calculated by DEM as com-
pared with the NDEM. Though there were little difference
for genders, males showed higher ratios for children, adults,
and seniors, while female adolescents were investigated
higher ratios.

According to the census in Xi’an, there were 6.187
million population in urban areas and 2.400 million in
rural at 2013. People who were between O to 14 years,
accounted for 12.9% of the total population, those
between the ages of 15 and 64 accounted for 78.6% of
the total population, and those older than 65 were about
8.5% of the total population (Xi’an Statistical Year-
book 2015). Based on the DEM ILCR, data in heat-
ing periods, there would be 3 persons 0-14 years old
that have a potential risk for getting from lung cancer
from a lifetime exposure at the pollution levels. And
for people ages 15 to 64, there would be about 101 and
44 persons in urban and rural areas that would get lung
cancer from a lifetime exposure at heating periods’ lev-
els. For seniors older than 65, about 2 persons are at
risk from a lifetime exposure given the heating periods’
levels, whereas by the NDEM, the corresponding age
groups’ results were 5 persons (0—14 years), 109 per-
sons (15-64 years), and 3 persons (>65 years), respec-
tively. In non-heating periods, there were 19 persons
by NDEM and 32 persons by the DEM from 15 to 64
years who were at risk by ILCR, data. Based on ILCR2,
there were no differences for the DEM and NDEM for
the 0—14 year-olds and greater than 65 year-olds with 2
people who are at risk. For people from 15 to 64 years
as calculated by the DEM, 59 persons in heating and 16
persons in non-heating periods were at risk, more than
with the NDEM calculations which projected 45 per-
sons in heating and 9 persons in non-heating periods.
People from 15 to 64 years old had the highest risks,
with 79 persons by the NDEM and 99 persons by the
DEM in heating periods, 11 persons by the NDEM, and
22 persons by the DEM in non-heating periods. People
from O to 14 years old and greater than 65 years old
were similar with the other ILCR calculated. ILCR4
projected the greatest risks, with 212 persons from 15
to 64 years by the NDEM and 281 by the DEM in heat-
ing periods. Even in non-heating periods, there were
still 38 and 59 persons with cancer risks by the NDEM
and DEM, respectively.
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Even though the calculations results for the chil-
dren and seniors were lower than the adults and ado-
lescents, they still had higher risks for their sensitive
immunologic system. There were such big differences
between the DEM and NDEM calculations, and by dif-
ferent BaPeq TEFs. More data and longtime assessment
methods are needed.

Sensitivity analysis

The sensitivity analysis results on the ILCR for popula-
tion groups in Xi’an are shown in Figs. 5 and 6 by the
rank correlation by average, and each of the sensitivity
analysis results from different ILCRs were summarized
in Fig. S2-9. The cancer slope factor (SF) was the most
important factor for all groups in heating periods, with
from 0.589 to 0.828 by the NDEM and from 0.766 to
0.911 by the DEM, followed by the E;. The EI accounted
for 0.085 to 0.178 for suburban and 0.114 to 0.380 for
urban residents. SF showed a higher contribution using the
DEM, while the EI displayed a higher contribution for the
NDEM. But the contributions of SF and EI in urban areas
showed big differences between the DEM and NDEM. The
average contributions of SF for all age groups were 0.607
and 0.841 by the NDEM and DEM, respectively. There
were no obvious differences for different age groups and
genders.

During non-heating periods, EI was the most important
factor: from 0.580 to 0.659 by the NDEM and from 0.534
to 0.862 by the DEM, followed by the SF. The contribution
of EI was higher in the SUAs than in the URAs, while SF
had the opposite trends. EI showed higher contributions
by the DEM than by the NDEM.

There were no differences between genders for all age
groups for urban and suburban residents. EI showed higher
contributions for adults than the other age groups using
the DEM. This was associated with the previous studies
for PAH health risk assessment (Bai et al. 2009; Chen and
Liao 2006).

In this study, the BW of child and adolescent also called
important contributions. It has shown the impact of the
parameters selected on the accuracy of the risk assess-
ment. But now about the exposure parameters in China,
usually cited from the foreign standards. It is urging to
setting exposure parameters for people in China.

Conclusions

In this study, we compared health risk assessments by dif-
ferent TEFs, and compared calculations based on occu-
pancy probability. The results showed that there were big
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differences among different calculation methods. About
49 persons would likely develop lung cancer from lifetime
exposure at heating periods’ levels by ILCR2 (the lowest
potential health risks), whereas about 225 people by ILCR4
(the highest potential health risks) by the NDEM during
heating periods. The corresponding data were from 13 to
42 persons in non-heating periods. However, by the DEM,
the results were 63 to 292 persons in heating and 20 to
63 persons in non-heating periods. The ILCR values were
higher in heating than in non-heating periods, in suburban
as compared with urban areas, for adults compared with
other age groups, and for males compared with females. The
cancer slope factor for BaP inhalation exposure was domi-
nant contributions in heating periods, while the daily inhala-
tion exposure level had dominant contributions for the ILCR
risk assessment in non-heating periods. Such big differences
showed that more data are needed to assess the potential
risks of PAHs by TEFs and different exposure ways.
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