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ABSTRACT
Air toxics, also well-known as hazardous air pollutants (HAPs), have significant health effects on human health and are
of great concern. This paper studied a number of hazardous air pollutants in an industrial and metropolitan complex area in
order to determine their ambient abundance and potential health impacts. The target pollutants in this study are benzene,
formaldehyde, 1,3-butadiene, arsenic, 2,3,7,8-TCDD, and diesel particulate matter (DPM). A cancer risk assessment was
conducted to determine the health effects of exposure to the six HAPs by using the AERMOD model. Results indicated that
the emission of benzene, formaldehyde, 1,3-butadiene, arsenic and DPM was 184.5; 227.3; 68.0; 238, and 316 ton year–1,
respectively, and the emission of 2,3,7,8-TCDD was 4,994 mg-TEQ year–1. Benzene (86%), formaldehyde (69%), and
1,3-butadiene (77%) were mainly emitted from on-road mobile sources. Arsenic (70%) and 2,3,7,8-TCDD (about 100%)
were mainly emitted from stationary sources and DPM was emitted from diesel engines, port operations and ocean-going
vessels. Spatial air toxic distribution indicated that the highest concentration of DMP, benzene, formaldehyde, and
1.3-butadiene occurred on the highway and in the downtown district due to their high traffic volume. DPM occupied more
than 80% of total cancer risk in the region, followed by 1,3-butadiene, benzene, formaldehyde, arsenic, and 2,3,7,8-TCDD.
In the industrial and residential complex area, about 99% of the cancer risk stemmed from on-road vehicles and port
operations due to hazardous air pollutant emissions, especially DPM. The control scenario was made huge efforts to reduce
the emission, however the results indicated only reduced the overall cancer risk assessment by 10%–15%. Policy makers
have to think carefully about whether implementing the kind of emissions regulations simulated in this control scenario will
need to be enhanced with additional measures to further reduce the risk of air pollution for human health.
Keywords: Hazardous air pollutants (HAPs); AERMOD model; Risk assessment.

INTRODUCTION
Air pollutants have a significant health effect on the world
population, particularly in urban areas. They also have a
considerable economic impact, cutting down on lives,
increasing medical costs and reducing productivity through
the loss of working days across the economy (EEA, 2018).
Approximately seven million premature deaths occur
globally each year, representing one eighth of the total deaths
worldwide due to the combined effects of ambient and
household air pollution. Motorized road transport and
household fuel combustion, together with agriculture and
the burning of industrial coal are of special concern in terms
of their contribution to the health impact of ambient and
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household air pollution and consequent social costs (OECD,
2015). In 2013 exposure to air pollution (including ambient
PM2.5, household PM2.5, and ozone) cost the world’s
economy $5.11 trillion. In Asia, losses due to air pollution
are estimated to be the equivalent of 7.4–7.5% of regional
GDP (gross domestic product) (The World Bank, 2016).
In Europe, one study estimated that air pollution reduces
mean life expectancy about 2.2 years with an annual,
attributable per capita mortality rate of 133/100,000 per year
(Lelieveld et al., 2019). The World Health Organization
(WHO) estimates the number of premature deaths which can
be attributed to ambient air pollution is more than 4 million
annually (WHO, 2018). It is not surprising, therefore, that
the issue of the effects of air pollution on public health has
become a significant topic worldwide.
HAPs and air toxicity have attracted increasing attention
from the public in recent years. Toxic ingredients in the air
may be released from various sources, such as mobile sources,
stationary sources, and fugitive emissions (SCAQMD, 2015;
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Tsai et al., 2017). Six main emission source categories are
identified as posing an emerging health risk in Europe
(WHO, 2013). These are: road transport (40.7%), space
heating and air conditioning (15.0%), shipping (8.8%), energy
production and distribution (6.2%), industrial processes
(metal industries) (6.2%) and agriculture (5.3%).
Many hazardous air pollutants are identified as carcinogenic
by the International Agency for Research on Cancer (IARC)
and are of concern to people and governments (IARC, 2019).
Many elements in volatile organic compounds (VOCs) are
harmful to humans. They can cause eye and skin irritation,
and can be harmful to the bronchus. Some of these elements,
such as benzene (identified as group I) are considered to be
a particularly serious threat to public health (IARC, 1997).
Benzene is a frequent by-product of the petrochemical industry,
of the process of coking coal, the production of toluene,
xylene and other aromatic compounds and in its role as a
widely used industrial solvent. In addition, mobile motor
exhaust is an important source of benzene in the environment
(WHO, 2010). Another chemical that is considered to be a
serious threat to public health is formaldehyde. Formaldehyde
is an organic base chemical. Part of formaldehyde emission
into the air is the result of the production of phenolformaldehyde in industry and the manufacture of low-cost
urea–formaldehyde resins used in wood bonding. The use of
these urea-formaldehyde resins results in the release of
formaldehyde into the air from building materials, furniture,
and household products (Salthammer, 2013; Lin et al., 2017;
Shiue et al., 2018).
The U.S. EPA identifies six pollutants as being of greatest
risk to American children (U.S. EPA, 2013). These are:
formaldehyde, benzene, acetaldehyde, carbon tetrachloride,
hexavalent chromium, and diesel particulate matter (DPM)
(U.S. EPA, 2013). Formaldehyde, benzene, and hexavalent
chromium are considered to be carcinogenic to humans,
(NTP, 2011; U.S. EPA, 2011a, b). Acetaldehyde and carbon
tetrachloride are also considered to be carcinogenic to
humans (U.S. EPA, 2011c, d, 2013).
2,3,7,8-Tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) is a
by-product of incomplete combustion (such as the combustion
of fossil fuels, biomass and municipal and industrial wastes)
and is released into the environment. Soft-tissue sarcomas,
lymphomas, and stomach carcinomas have been associated
with exposure to 2,3,7,8-TCDD.
The main air emissions source for 1,3-butadiene in the
USA are on-road and off road mobile vehicles (47 and 35%,
respectively), biomass burning (16%), butadiene users (1.2%),
and petroleum refining (0.2%) (U.S. EPA, 1996). Diesel exhaust
particulate matters are able to induce cytokine/chemokine
responses, cytokine inflammation, cellular oxidative stress,
and have been shown to produce mutations in human hamster
hybrid cells (Bao et al., 2007; Mazzarella et al., 2007;
Øvrevik et al., 2010). Epidemiological studies have shown
that an increase in particulate matter level is associated with
increases in adverse cardiopulmonary effects (HEI, 2003;
Pope III, 2004).
Arsenic species that are byproducts of human activities,
such as coal burning, industrial waste disposal, the
application of agricultural chemicals containing arsenic

(such as insecticides, herbicides, algicides and growth
promoters), the burning of wood treated with arseniccontaining preservatives, and preventive maintenance of the
semiconductor manufacturing factory, are likely to have an
important negative effect on public health (Environment
Agency, 2008; Ham et al., 2017).
Particulate matter from diesel exhaust is the most ultrafine
particulate matter. Most of this particulate matter is less than
0.1 µm in size, a size which epidemiologic studies have
shown to be harmful to human health. Some respiratory and
cardiovascular effects (such as ischemic heart disease, lower
respiratory infections, lung cancer, stroke, and chronic
obstructive pulmonary disease (COPD).) are attributable to
exposure to fine and ultrafine particulate matter (CE Delft,
2018). The health effects of diesel particulate matter are not
only a consequence of their size but also of their constituents,
including the PAHs, semi-volatile organic species and
metals that could be potential carcinogen species.
In the Multiple Air Toxics Exposure Study IV (MATES IV)
carried out by the Southern Coast Air Quality Management
District (SCAQMD), results indicated that toxic elements in
the air ranged from 320 to 480 parts per million and that
diesel particulate matter is the major contributor to air toxic
risk and accounts for about 68% of total air toxic risk
(SCAQMD, 2015). According to the COPERT (Computer
Programme to Calculate Emissions from Road Transport)
emission factor study, the total cost of road traffic related air
pollution in the EU28 in 2016 was € 66.7 billion. The share
of diesel vehicles in this cost was 83%. Oxides of nitrogen
(NOx) emissions have the largest share in the total cost (both
health and non-health related) of air pollutants (65%),
followed by PM2.5 (32%) (CE Delft, 2018).
This study determined the amount of hazardous air
pollutants emitted by mobile sources, stationary sources,
and port activities in the Xiaogang district of Kaohsiung, the
second largest city in Taiwan. Six species of carcinogenic
pollutants: benzene, formaldehyde, 1,3-butadiene, arsenic,
2,3,7,8-TCDD, and diesel particulate matter (DPM) were
selected as the target pollutants of the study. Ambient
concentrations of each kind of air pollution from various
sources were simulated by the AERMOD model which is
linked up with the Geographic Information System (GIS) to
present the spatial characteristics of airborne pollutants. A
cancer risk assessment was also conducted to evaluate the
potential impact of air toxics on employee and residents in
this industrial metropolitan region.
MATERIALS AND METHOD
Study Area
The study focused on the Xiaogang district of Kaohsiung,
the second largest city in Taiwan. The population of the
district is about 156,000 with a population density of more
than 3400 people km–2. The Xiaogang district is a heavily
industrialized district (chemical industry, iron and steel
industry, refinery plant, and ship building companies etc.),
heavily traffic loaded (motor vehicles and airport) and includes
the Kaohsiung port complex area. Fig. 1 presents the major
air pollution emission sources in the Xiaogang district.
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Emission Estimation
The Taiwan emission data system was established in 1992
and is updated every three years. The Taiwan emission data
system (TEDs 8.0) was used for this study. According to the
TEDs 8.0 in 2014, the emission of PM2.5 was 5,708 ton yr–1,
SOx was 29,558 ton yr–1, NOx was 45,630 ton yr–1, HC was
61,890 ton yr–1, and CO was 83,996 ton yr–1 in Kaohsiung.
The emission fraction for the Xiaogang district in Kaohsiung
city was 42% for PM2.5, 76% for SOx, 41% for NOx, 10% for
HC and 14% for CO. The emission loading is estimated to
be 53 ton yr–1 km–2 for PM2.5, 494 ton yr–1 km–2 for SOx,
411 ton yr–1 km–2 for NOx, 139 ton yr–1 km–2 for HC and
260 ton yr–1 km–2 for CO. It is a heavy industry and complex
urban district.
Source Database
This study used the TEDS 8.0 data emission system to
estimate hazardous air pollution, the AEROMOD model to
simulate ambient air pollution concentration, and a cancer
risk assessment to estimate the impact of air pollution on public
health. Emissions from on-road mobile sources, stationary
sources, and port operations were calculated examining the
emission factors and activities of each source. On-road mobile
sources include gasoline and diesel vehicles. For stationary
sources, over 50 industrial plants and 59 process categories
(totally about 630 processes) were selected to determine the
emissions in Xiaogang District. Stationary sources included
stack and fugitive emissions in the industrial complex. Port
operations were including the operations of service equipment,
vessels, off-road engines and on-road vehicles transportation
inside the port area. Emission factors for each toxic air pollutant
were derived from the SPECIATE 4.4 database, which had
been developed by the U.S. EPA (2014). According to the
Taiwan Emission Data System (TEDs), the uncertainty of
emission data estimation could be identified as between
class B (the variation was ±20–60%) and Class C (the
variation was ±50–150%) (TEPA, 2019).
Scenarios
Two emission scenarios were evaluated in this study,
including a basic case and a controlled case. The basic case
scenario 1 represented the emissions of stationary sources,
mobile sources and port operations in base year (2014). This
scenario focused on permitted emissions from stationary
sources and reflected the emission condition on 2014.
Scenario 2 (control scenario) estimates the controlled
emissions which would be resulted when an air pollution
control plan was enforced. In this scenario the main strategies
for reducing emissions from stationary sources included the
renewal and improvement of air pollution control devices,
VOCs emission audits by local environmental protection
bureau of Kaohsiung and Taiwan Environmental Protection
Agency, and emission reduction efforts, especially in the
printed circuit board industry. The main strategies for reducing
emissions from mobile sources included replacing old
heavy-duty trucks and busses, converting vehicles from diesel
to electricity, and implementing bus and bicycle policies in
urban areas. For port operations, a port emission reduction
program was conducted which involved increasing the shore

electrical power supply and improving transport management
and the work is audited by Kaohsiung Environmental
Protection Bureau.
Airborne Concentration Simulation
The Gaussian dispersion model (AERMOD) (U.S. EPA,
2004) was used to simulate the ambient concentration of
target hazardous air pollutants in this area. The requirements of
modeling information were including the database containing
emission inventory data from TEDs 8.0, the meteorological
data from Kaohsiung station of the Center Weather Bureau
and Xiaogang sounding station, the monitoring data from
photochemical air monitoring stations of Taiwan EPA, and
surface roughness from the inventory of National Land
Surveying and Mapping Center, Ministry of the Interior,
Taiwan. The coefficient of correlation (R ≈ 1), normalized
mean square error (NMSE ≤ 0.5), fractional bias (–0.5 ≤ FB
≤ 0.5), and factor of two (Fa2 ≥ 0.8), were conducted to
ensure the performance of the model simulation (U.S. EPA,
2004; Kumar et al., 2006). In addition, the photochemical
air monitoring stations and industrial monitoring data were
conducted to compare the results of model stimulation.
Cancer Risk Assessment
In this study, inhalation was assumed to be the main route
by which residents of the area internalized air pollutants.
Risk assessment focused on the chronic exposure to HAPs
that may cause cancer, rather than on acute toxicity from
exposure to HAPs.
Carcinogenic risks from chronic exposure were evaluated for
each resident. The inhalation intake “I” was measured by the
average daily intake during the exposure periods. Carcinogenic
intake of HAPs for each resident was calculated as follows:
I = (Ci × Ih × Et × Ef × Ed)/(At × Bw)

(1)

where I is the inhalation intake (mg kg–1 day–1), Ci is the
HAPi species concentration in air (mg m–3) as obtained by
the AEROMOD stimulation, Ih is the inhalation rate (m3 h–1),
Et is the exposure time (h day–1), Ef is the exposure frequency
(day year–1), Ed is the exposure duration (year), At is the
average time (80 years × 365 days year–1), and Bw is the body
weight (60 kg was assumed in this study). An average lifetime
of 80 years was used for the HAPs carcinogenic assessment
(although the average lifetime for the Taiwanese is about 78
years and the body weight could be 70 kg, which could cause
about a 10% difference in the measurement of cancer risk).
The lifetime cancer risks of various HAP species were
calculated by incorporating exposure assessment and toxicity
values (slope factors). Generally, the lifetime cancer risk
was calculated as follows:
Cr = I × Sf

(2)

where Cr is the cancer risk and Sf is the cancer slope factor
(kg-day mg–1). The inhalation cancer potency factor of
benzene, formaldehyde, 1,3 butadiene, arsenic, 2,3,7,8-TCDD,
and DPM is 1 × 10–1, 2.1 × 10–2, 6.0 × 10–1, 1.2 × 101, 5.1 × 102,
1.3 × 105, and 1.1 kg-day mg–1, respectively (OEHHA/ARB,
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2015). The potential cancer risk and the cancer burden of
hazardous air pollutants were evaluated by following a
protocol developed by the California OEHHA (OEHHA,
2019). Six HAP species were conducted their individual
cancer health risk and then summed up the synergism effects
for the total health risk in this study.
RESULT AND DISCUSSION
Characteristics of Air Toxic Emission in the Study Region
Emissions of six selected hazardous air pollutants from

various sources are shown in Fig. 2. Results indicate the
emission of benzene, formaldehyde, 1,3-butadiene, arsenic
and DPM was 184.5, 227.3, 68.0, 0.24, and 316.0 ton year–1,
respectively. Furthermore, the emission of 2,3,7,8-TCDD
was 4,994 mg-TEQ year–1. Fig. S1(a) shows the emissions
from mobile sources.
Benzene. Benzene emission was 86.3% from mobile
sources, 9.4% from harbor emissions and 3% from industrial
emissions. Motorcycles were the main source of benzene
emissions: 49% from two-stroke and 32% from four-stroke
motorcycles (shown as Fig. S1). Only 3% of benzene was
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Fig. 2. Emission loading of mobile, stationary and port operations for baseline and control scenarios.
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emitted from stationary sources such as the iron and steel
industry. Contributions from the chemical material and product
industry were generally less than 1% (shown as Fig. S1(b)).
Ocean-going vessels (7.3%) were the main source of
emissions in harbor operations (shown as Fig. S1(c)).
Formaldehyde. Mobile sources were the main source
(69%) of formaldehyde due to their use of fuel. The sources
of formaldehyde emissions were two-stroke (34%) and fourstroke (22%) motorcycles, heavy duty (6.6%) vehicles and
passenger (3.9%) vehicles. In addition, 26% of formaldehyde
emissions came from stationary sources: iron and steel
industry:9.2% and crude oil and coal industry: 16%. About
5.1% of formaldehyde emissions came from harbor operations,
especially from heavy duty vehicles (4.3%).
1,3-butadiene. 77% of 1.3-butadiene emissions came
from mobile sources, 1.7% from stationary sources and 22%
from harbor operations. Motorcycles (40% for 2-stroke and
26% for 4-stroke motorcycles) and passenger vehicles (8.8%)
were the main sources of emission from mobile sources. The
metal and mineral industry contributed 1.4% of 1.3-butadiene
emissions from stationary sources. In harbor operations,
ocean-going vessels (17.4%) were the main source of 1,3butadiene.
Arsenic. Most arsenic emissions came from stationary
sources in the iron and steel industry (68.7%), while 30.7%
came from the boilers of ocean-going vessels (30.7%) in
harbor operations.
Diesel particulate matter (DPM). 24% of DPM came
from mobile sources and most of this matter was emitted
from heavy duty vehicles (15.8%), and heavy passenger
vehicles (bus, 6.7%). 76% of DPM was emitted from the
harbor: 50.3% from ocean-going vessels, 12.3% from boat
operations in the harbor and 11.2% from heavy duty vehicles.
2,3,7,8-TCDD. Most 2,3,7,8-TCDD is emitted from
stationary sources in the iron and steel industry (100%).
(The sintering process in integrated steel plants and electric
arc steel plants are the main sources of 2,3,7,8-TCDD).
An estimation of six target toxic air emissions showed that
on-road mobile sources dominated the emissions of benzene
(86.3%), formaldehyde (68.7%), and 1,3-butadiene (77%) in
the study areas. Arsenic (69.8%) and 2,3,7,8-TCDD (about
100%) were mainly emitted from stationary sources. Most
DPM was emitted from mobile diesel engines, and oceangoing vessels in port operations (shown as Fig. S1(c)). Mobile
sources such as heavy duty diesel trucks and buses could be
important sources of volatile organic compounds (VOCs),
aldehydes, and particulate matters (Yao et al., 2015; Jin et
al., 2017; Rojas-Mendoza et al., 2017; Jung et al., 2019).
Airborne Concentration Stimulation of Six Species
The AEROMOD model was employed to determine the
ambient concentration of the six hazardous air pollutants
which were studied. Fig. 3 shows the hazardous air pollutant
concentrations as shown by the AERMOD stimulation.
Fig. S2 presents the concentration distribution of the six
hazardous air pollutants based on a grid stimulation. Fig. S3
indicates the spatial distribution of the six hazardous air
pollutants emitted from mobile, stationary and port operations.
Benzene. The simulated average concentrations were

1.197, 0.028 and 0.090 µg m–3 from mobile, stationary, and
port operations, respectively (shown as Table 1). The highest
benzene concentrations could increase 5.7, 21 and 7.0 times
their average mobile, stationary, and port concentrations. These
concentrations could reach 3.10, 0.596, and 0.629 µg m–3,
respectively.
Formaldehyde. The average formaldehyde concentration
emitted from mobile, stationary, and port operations were
1.173, 0.047, 0.09 µg m–3, respectively. The highest
concentrations could increase 5.3, 7.0 and 13 times to reach
a concentration of 3.302, 0.328 and1.14 µg m–3 from mobile,
stationary, and port operations, respectively.
1,3 butadiene. For 1,3-butadiene, the average simulated
concentration was 0.391, 0.008, and 0.068 µg m–3 for
mobile, stationary and port operations, respectively. Highest
concentrations could increase 5.6, 34.5 and 7.3 times to
1.011, 0.276 and 0.493 µg m–3 respectively.
Arsenic. For arsenic, the average concentration was
0.0066, 0.1919, and 0.3325 ng m–3 for mobile, stationary and
port operations, respectively. Concentrations could increase
to 0.017, 2.94, and 2.45 ng m-3 from mobile, stationary and
port operations respectively.
DPM. For DMP, the average concentration was 0.570 and
1.271 µg m–3 from mobile, and port operations, respectively.
The highest increment of DMP concentration could reach up
to 1.46 and 9.03 µg m–3 from mobile, and port operations
respectively.
2,3,7,8-TCDD. For 2,3,7,8-TCDD, the average
concentration was 0.00776 and 0.00273 pg m–3, attributed to
stationary and mobile sources, respectively. Concentrations
could rise up to 1.95 × 10–5 and 0.0143 pg m–3 for stationary
and mobile sources respectively.
Spatial toxic air distribution indicated that the highest
concentration of DMP, benzene, formaldehyde, and 1.3butadiene occurred in the vicinity of the highway and
downtown area due to their heavy traffic.
The mean PCDD/F concentrations measured at an industrial
park were significantly higher than those measured in other
areas (Hung et al., 2018) and high gas fraction of PCDD/F
that particulate matter in Taiwan (Lee et al., 2018). The
higher chlorinated PCDD/Fs were primarily in the particle
phase, and the fraction of particle phase PCDD/Fs increased
with a decrease in temperature (Zhu et al., 2017).
According to the photochemical monitoring data, the
average benzene concentration was 2.70 µg m–3 that could
be 10–30% higher than the model stimulation. For, arsenic
contents, the monitoring data could be 5 times of model
stimulation. For dioxins, the monitoring data could be 10
times of model stimulation. The monitoring sampling sites
near the emission sources could be one of the reasons of their
high concentrations both arsenic and dioxins. In this work,
both of arsenic and dioxins contents in particulate matter
could be underestimation.
Cancer Risk Analysis of Base Scenario
Fig. 4 shows the cancer risk of different target air toxic
species. The cancer risk of a 50th-percentile benzene
concentration was 1.87 × 10–5 and the highest cancer risk
fraction was caused by mobile sources (1.46 × 10–5). An
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Fig. 3. Spatial distributions of six HAP concentrations from mobile, stationary and port operation for baseline and control
scenarios (the unit of benzene, formaldehyde,1,3-butadiene, arsenic and DPM is µg m–3. 2,3,7,8-TCDDis pg m–3).
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Table 1. Concentration stimulation for different scenarios using the AERMOD model.
HAPs
(µg m–3)
Benzene

Scenario

Baseline
Control strategy
Formaldehyde Baseline
Control strategy
1,3-butadiene Baseline
Control strategy
Arsenic
Baseline
(ng m–3)
Control strategy
DPM
Baseline
Control strategy
2,3,7,8-TCDD Baseline
(pg m–3)
Control strategy

Average concentration
Mobile
Stationary
Port operations
1.197
0.028
0.090
0.673
0.028
0.079
1.173
0.047
0.090
0.693
0.039
0.098
0.391
0.008
0.068
0.229
0.008
0.059
0.0066
0.1919
0.3325
0.0042
0.0953
0.2687
0.587
0
1.271
0.382
0
1.190
7.404 × 10–6 2.717 × 10–3 0
7.112 × 10–6 2.852 × 10–3 0

estimate of a 95% cancer risk reached 3.66 × 10–5. Fig. S4
presents the cancer risk distribution based on a grid
determination. The spatial cancer risks were caused by
different hazardous air pollutants as shown in Fig. S5.
For formaldehyde, the 50th-percentile cancer risk was
4.03 × 10–6 and most cancer risk was attributed to mobile
sources. The 95% cancer risk reached 8.27 × 10–6.
For 1,3-butadiene, the 50th-percentile cancer risk was 4.43
× 10–5. Mobile sources and port operations were the main
sources of risk. The 95% cancer risk could be about 1.76
times the 50th-percentile cancer risk and reach 7.78 × 10–5.
For arsenic, the 50th-percentile cancer risk was 7.29 × 10–7.
Stationary sources and port operations were the main sources
of cancer risk. The 95% cancer risk could be 5 times more
than the 50th-percentile cancer risk and reach 4.01 × 10–6.
For DPM, the 50th-percentile cancer risk was 2.85 × 10–4.
Mobile sources and port operations were the main sources
of cancer risk. The 95% cancer risk could be 4 times more
than the 50th-percentile cancer risk and reach 1.47 × 10–3.
For 2,3,7,8-TCDD, the 50th-percentile cancer risk was
9.17 × 10–8 and stationary sources were the main sources of
cancer risk. The 95% cancer risk could be about 2 times the
50th-percentile cancer risk and reach 1.58 × 10–7.
The spatial distribution of potential cancer risk is presented
as Fig. 2. At a 50th- percentile concentration level, the cancer
risk of benzene, formaldehyde and 1,3-butadine came mainly
from mobile sources, and their cancer risk was over 10–6.
The DPM was dominantly emitted from mobile sources and
port operations and the cancer risk was over 10–4. At a 95%
percentile concentration, the cancer risks of most air toxic
species from different sources were higher than 10–6. Besides
arsenic from stationary sources, DPM from stationary
sources, and 2,3,7,8-TCDD from all sources had a cancer
risk of less than 10–6. The sum of the cancer risk of all six
species from the three sources examined in this study reached
4.93 × 10–4 at the 50th-percentile concentration mark and
1.85 × 10–3 at the 95 percentile concentration mark (shown
as Table 2). The cancer risk came mainly came from the
DPM emissions from mobile sources and port operations in
the Xiaogang district (shown as Table 3). Among the six
toxic air emissions examined in this study, DPM presented
the highest cancer risk. DPM contributed more than 80% of

Maximums concentration
Mobile
Stationary Port operations
3.100
0.596
0.629
1.743
0.597
0.546
3.302
0.328
1.142
1.789
0.322
1.232
1.011
0.276
0.493
0.593
0.277
0.428
0.0179
2.9400
2.4461
0.0109
1.4573
1.9707
1.465
0
9.036
0.953
0
8.646
1.95 × 10–5 0.0143
0
1.87 × 10–5 0.0167
0

total cancer risk, followed by 1,3-butadiene, benzene,
formaldehyde, arsenic, and 2,3,7,8-TCDD.
In the industrial and resident complex area about 99% of
cancer risk can be attributed to on-road vehicles and port
operations. Cancer risk caused by stationary sources would
be much less than those caused by all the mobile sources in
the area.
In this study, the cancer risk was synergism by six HAPs
in Xiaogang district and its estimate of a 95% cancer risk
reached 1.85 × 10–3. To compare with other works, such as
Ren-Da industrial park in Kaohsiung the cancer risk was
4.55 × 10–5 (IDB, 2015) and the cancer risk of Mailiao
Industrial Complex (petrochemical industrial park) in Yunlin
was 1.27 ×10–5 (FPG, 2016). Both of other works indicated
the cancer risk were lower than the risk in this study. It could
be attribution to the DPM was not evaluated for its risk in
other studies that could be underestimation.
Control Scenario Comparison
The stringent emission regulation is planned for refinery
plants to reduce the formaldehyde emission. The iron and
steel plants were conducted the emission reduction program
and reduce the coal consumption to eliminate the arsenic
emission.
Due to the effect of stringent regulation of mobile sources,
emission of benzene, formaldehyde, and 1,3-butadiene were
decreased significantly. Emission of DPM was also decreased
around 10% both from on-road trucks and vessel emissions.
The control scenario shows that 39% benzene, 39%
formaldehyde, 34% 1,3-butadiene and 15% DPM emissions
could be reduced compared to the emissions reported in the
baseline scenario (shown as Fig. 2). The control scenario does
show an increase 1.3% 2,3,7,8-TCDD emissions compared
to the baseline scenario.
Air model simulation results indicate that emission
reduction of these target toxic air pollutants from mobile
sources may lower the cancer burden of residents in the
study area. Reducing DPM emissions from on-road diesel
trucks could lower the cancer risk for the residents along the
transportation routes. Controlling toxic air emissions from
all sources in port operations and vessels could lower the
cancer risk for all humans in the industrial metropolitan area.
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Control strategy
Stationary
Port operations
3.72 × 10–7
8.04 × 10–7
2.46 × 10–6
9.27 × 10–5
–7
1.67 × 10
1.50 × 10–7
5.06 × 10–7
2.17 × 10–6
4.38 × 10–7
3.65 × 10–6
–6
5.09 × 10
4.20 × 10–5
–7
2.28 × 10
3.29 × 10–7
–7
6.72 × 10
3.85 × 10–6
-1.25 × 10–4
-1.42 × 10–3
9.16 × 10–8
-1.58 × 10–7
-1.30 × 10–6
1.30 × 10–4
–6
8.88 × 10
1.48 × 10–3
Mobile
1.46 × 10–5
3.54 × 10–5
3.16 × 10–6
7.65 × 10–6
2.98 × 10–5
7.24 × 10–5
1.10 × 10–8
2.67 × 10–8
8.85 × 10–5
2.14 × 10–4
2.00 × 10–10
4.85 × 10–10
1.36 × 10–4
3.30 × 10–4
Sum
3.06 × 10–5
6.42 × 10–5
6.24 × 10–6
1.34 × 10–5
6.84 × 10–5
1.27 × 10–4
1.16 × 10–6
5.12 × 10–6
3.78 × 10–4
1.63 × 10–3
8.87 × 10–8
1.49 × 10–7
4.84 × 10–4
1.84 × 10–3
Baseline
Port operations
9.16 × 10–7
1.06 × 10–5
1.39 × 10–7
2.01 × 10–6
4.18 × 10–6
4.83 × 10–5
4.08 × 10–7
4.78 × 10–6
1.35 × 10–4
1.55 × 10–3
--1.41 × 10–4
1.61 × 10–3
Stationary
3.68 × 10–7
2.39 × 10–6
2.10 × 10–7
5.68 × 10–7
4.32 × 10–7
4.90 × 10–6
4.58 × 10–7
1.35 × 10–6
--8.70 × 10–8
1.49 × 10–7
1.55 × 10–6
9.36 × 10–6
Mobile
2.59 × 10–5
6.30 × 10–5
5.35 × 10–6
1.29 × 10–5
5.07 × 10–5
1.23 × 10–4
1.72 × 10–8
4.16 × 10–8
1.36 × 10–4
3.29 × 10–4
2.08 × 10–10
5.05 × 10–10
2.18 × 10–4
5.29 × 10–4
Sum

2,3,7,8-TCDD

DPM

Arsenic

1,3-butadiene

Formaldehyde

Benzene

Percentile
(%)
50%
95%
50%
95%
50%
95%
50%
95%
50%
95%
50%
95%
50%
95%
HAPs

Table 2. Cancer risk from different sources and species under baseline and control strategies.

Sum
1.87 × 10–5
3.66 × 10–5
4.03 × 10–6
8.27 × 10–6
4.43 × 10–5
7.78 × 10–5
7.29 × 10–7
4.01 × 10–6
2.85 × 10–4
1.47 × 10–3
9.17 × 10–8
1.58 × 10–7
3.53 × 10–4
1.60 × 10–3
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Based on the cancer risk assessment, it appears that DPM
could be the highest risk species from port operations and
diesel motor vehicles could be the main sources of DPM
elsewhere. Consequently the control scenario focused on
reducing diesel fuel consumption of docked vessels in the port
by replacing the use of diesel with electricity supplied from
the mainland, by applying stringent emissions regulations in
refinery plants to reduce formaldehyde emissions, and
applying an emissions reduction program in iron and steel
plants to reduce coal consumption and thereby eliminate
arsenic emissions. Despite all of these efforts the risk of
cancer was only reduced by 10–15%. Policy makers will
have to think carefully about whether implementing the kind
of emissions regulations simulated in this control scenario
will need to be enhanced with additional measures to further
reduce the risk of air pollution for human health.
Emissions reductions from the port diesel trucks can be
obtained by fleet modernization through the installation of
diesel particulate filters (DPFs), NOx reduction technologies,
oxidation catalysts, or other effective control strategies such
as cleaner fuels (ARB, 2006). Usually, trucks were operated
for local or regional services at ports and they were typically
older models with much higher mileage that the trucks were
employed for long haul activities. The older higher emitting
engines were replacement with newer cleaner emitting
engines by repowering or replacing the existing truck is the
most effective strategy, although significantly more expensive,
for reducing PM, NOx and other airborne pollutant emissions
(ARB, 2006). For port operation, the use of cleaner fuels for
hoteling and cold ironing could be conducted for the
oceangoing vessels, the cleaner fuels, retrofit with add-on
control equipment, and repower engines could be applied to
tugboats and towboats and the cleaner fuels, retrofit equipment,
replace or repower equipment, Idle reduction measures, and
Improved gate efficiency could be used for land-based cargo
equipment (U.S. EPA, 2005). The development of effective
DPM emission control strategies can significantly reduce
the health risk in the area.
CONCLUSIONS
According to the Taiwan emission data system (TEDs
8.0, 2014) the emission of benzene, formaldehyde, 1,3butadiene, arsenic and DPM was 184, 227, 68.0, 0.238, and
316 ton year–1, respectively, and the 2,3,7,8-TCDD was
4,994 mg-TEQ year–1 in the Xiaogang district. An emission
estimation of six target toxic air pollutants showed that onroad mobile sources dominated the emissions of benzene
(86%), formaldehyde (697%), and 1,3-butadiene (77%) in
the Xiaogang area. Arsenic (70%) and 2,3,7,8-TCDD (about
100%) were mainly emitted from stationary sources. Based
on a cancer risk assessment, the DPM appears to be the
highest risk species and most DPM was emitted from port
operations, ocean-going vessels and the diesel engines of
vehicles. In the study’s control scenario electricity was supplied
to vessels in berth to reduce DPM emissions, stringent
regulations were applied to reduce formaldehyde emissions
from refinery facilities and steps taken to reduce arsenic
emissions from iron and steel plants. 95% of total cancer risk
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Table 3. Cancer risk fraction (%) of different HAPs based on the same emission sources and scenarios.
Sources
Mobile

Scenarios
Benzene
Baseline
12.0
Control strategy 10.8
Stationary
Baseline
24.5
Control strategy 27.9
Port operations Baseline
0.62
Control strategy 0.58
Note: fractions less than 0.01 is presented as zero.

formaldehyde
2.46
2.32
8.82
8.10
0.13
0.15

was reduced 10–15% from 1.84 × 10–3 to 1.60 × 10–3. More
effective control measures are necessary to reduce the risk
of cancer in the area.
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