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Abstract

its (hazard index=1), which is considered acceptable.

This study measured particulate matter (PM) and gaseous pollutants in the exhaust of off-road vehicles (excavators,
bulldozers) during idling and working. The fingerprint of metals in PM and the emission factors of off-road vehicles
were investigated. The concentrations of total PM (TPM), PM,,, and PM, s were 14-251, 12-181, and 10-163 mg m3,
respectively, for two kinds of off-road vehicles. PM,, occupied 60-70% of TPM, while PM, s accounted for 80-90%of
PM, . The calculated emission factors were 0.64-0.94, 0.53-0.79, and 0.32-0.49 g BHP~! h™' for TPM, PM, o, and PM, 5,
respectively. Metallic elements of PM were analyzed in order to evaluate the carcinogenic and non-carcinogenic
risks. The results showed that the emission of total metallic elements from the excavator and two bulldozers are 2.7
and 7.9-22.6 mg m=, respectively, and the dominant components are Zn, Fe, and Al. The total carcinogenic risk of Cd
and Pb decreased from 9.4 x 1078 to 1.3 x 1078 with increasing the distance from 0 to 150 m away from the three off-
road vehicles (one excavator, and two bulldozers). The non-carcinogenic risk of both Cd and Pb is lower than the lim-
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1 Introduction

The number of off-road vehicles, including aircraft,
marine vessels, cars, trucks, and construction machin-
ery, has increased worldwide due to economic develop-
ment. Emissions such as particulate matter (PM), carbon
oxide (CO), carbon dioxide, hydrocarbons, nitrogen
oxides (NOx) and sulphur dioxide (SO,) from non-road
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mobile machinery contribute considerably to total emis-
sions released into the air [1]. It is reported that 758 kt of
NOx (9.4% of the total 8047 kt), 50 kt of PM, 5 (3.8% of
the total 1321 kt) and 29.2 kt of black carbon (13.4% of
the total 218 kt) were attributed to this category for the
EU-27 block and Great Britain in 2015 [2]. In addition,
PM is also emitted from stationary and mobile sources
and has caused severe air pollution in urban areas [3].
The construction equipment was the largest off-road
diesel vehicle emission source [4]. With locomotive and
marine vessel emissions excluded, off-road diesel equip-
ment accounts for 42% of mobile source exhaust PM,,
emissions [5]. PM;, emitted from construction equip-
ment accounted for 26.5% of the total emissions from oft-
road vehicles [6]. Besides, excavators were the dominant
PM emissions from the construction equipment [7].

PM originating from mobile sources has been linked to
several adverse health impacts, including cardiovascular
diseases [8]. In addition, fine PM can enter the human
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respiratory system, therefore, increasing the incidence
of acute and/or chronic health issues [9]. Yu et al. [10]
found that PM,; emissions of non-road construction
equipment were majorly composed of carbonaceous
components. These carbonaceous particulates and poly-
cyclic aromatic hydrocarbons components represent a
particular health risk to the human respiratory system.
Epidemiological studies reported that all fractions of PM
in children showed significant positive associations with
asthma admissions [11]. If it is assumed that 100% of the
deposited dose (respiratory tract region surface area per
minute) is available for absorption into the systemic cir-
culation, this may lead to overestimate the dose to the
target tissue. US Environmental Protection Agency (EPA)
suggested that inhalation unit risk and reference concen-
tration for an inhaled chemical contaminant should be
considered in inhalation health risk assessment [12].

Atmospheric stability plays an important role in the
dispersion of pollutants. The stability of the atmosphere
within the planetary boundary layer largely determines
the intensity of turbulence and, subsequently, the dif-
fusion processes, which affect pollutants released into
this layer. A method for estimating atmospheric stabil-
ity, incorporating considerations of both mechanical and
buoyant turbulence was proposed [13]. The amount of
atmospheric turbulence is present in six stability classes,
A, B, C, D, E, and F. The classes A, B, and C stand for
very unstable, unstable, and slightly unstable conditions,
respectively; D stands for a neutral condition; and E and
F stand for stable and very stable conditions, respectively
[14]. Ruttanawongchai et al. [15] reported that both PM, -
and PM,, concentrations were over the standard, slightly
stable atmospheres occurred as indicated by the E-class
stability plot. In addition, the slightly stable and neutral
atmosphere (class E and D, respectively) in Chiang Mai
that lasted for about 24 h also contributed to the excess
of PM,, and PM, ; along with low wind speed.

The Industrial Source Complex Short Term (ISCST)
model is a steady-state Gaussian plume model, which can
be used to estimate the pollutant concentration from dif-
ferent sources associated with an industrial complex [16].
The ISCST atmospheric dispersion model was used to
predict a point source emission, considering one year of
hourly meteorological data. The efficiency of the network
design increases with the number of samplers, ranging
from 0.09 to 0.48 [17]. The ISCST mode also has been
applied to assess the possible sites with maximum dioxin
concentration in certain region [18]. The other model
“the air pollution model (TAPM)” is also commonly
used to estimate the distribution of air pollutant. It is a
three-dimensional, prognostic, Eulerian, incompressible,
non-hydrostatic, primitive equation model [19]. TAPM
can predict different pollutant concentrations, such as
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non-reactive (tracer) and reactive pollutants (e.g., nitro-
gen dioxide, and particulate) from a variety of sources
(e.g., industrial stacks) [20]. Hurley et al. [21] applied
TAPM to predict year-long extreme concentration sta-
tistics of 24-h averaged particles (PM,, and PM, ;) across
all monitoring sites to within 13%. TAPM predicted the
mean and extreme values of the SO, in the simulated
domain, while the statistical measures showed fair agree-
ment [22]. Previous study reported that point-source
emissions were the predominant contributors (about
49.1%) to PM,, concentrations at Hsiung-Kong industrial
site in Kaohsiung City, followed by area sources (approxi-
mately 35.0%) and transport from neighboring areas
(7.8%) [23]. In New Zealand, the measured annual mean
for PM,, is 22 pg m™ as opposed to 18 pg m™ simulated
by TAPM. The simulated dispersion of PM,, is in good
agreement with observed values at a permanent monitor-
ing station [24]. In addition, TAPM model showed some
good results in simulating the CO concentrations during
winter season when a well-defined boundary layer exists
over Bangkok [25]. TAPM model also simulates human
movement and behavioral patterns in order to obtain an
accurate estimate of individual exposure to a pollutant
[26].

Many studies have been conducted to investigate the
NOx and PM associated with off-road vehicle emissions
[2-7]. However, the information about the particulate
size distribution, metal contents in PM, ; of exhausts as
well as emission factors (EFs) of different pollutants is
very limited. Therefore, it is necessary to study the chem-
ical composition characteristics and EFs of non-road
emission PM, 5 under realistic conditions to obtain more
accurate carcinogenic risk results. The main objectives of
the present study were to investigate the impact of ambi-
ent PM emitted from off-road vehicles. The different
metallic elements of PMs were measured from different
vehicle sources. TAPM model is applied to predict the
PM, 5 concentration from different scenarios, and model
performance was evaluated by comparison with meas-
urement and predicated PM,; concentration. In addi-
tion, the carcinogenic risk and total non-carcinogenic
risk from different metallic species are estimated. The
results of this study should reveal important knowledge
about the PM characteristics emitted from off-road vehi-
cles and will provide useful information for the future
control strategy of ambient PMs.

2 Materials and methods

2.1 Target of off-road vehicles

In this study, one excavator (E1) and two bulldozers (B1,
B2) were selected as the target of off-road vehicles to
realize the gaseous and particulate compositions of the
exhausts. They did not install any air pollution control
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devices. The detailed information for the selected vehi-
cles is listed in Table 1.

The diesel with a sulfur content of 10 ppm was used
for all the tested off-road vehicles.

2.2 Sampling and measurement of particulate
and gaseous of off-road vehicles

All test vehicles were located in a construction site. The
particle samples were collected isokinetically following
the Standard Methods issued by Taiwan Environmental
Protection Administration (TEPA: NIEA A101.77 C).
The on-line analyzer was set on the off-road vehicles
and was connected to the vehicle exhaust by a sampling
tube. Particulate and gaseous samples were collected
under two conditions: idling and working (digging dirt
and pushing dirt). Each condition lasted at least 2-3 h,
and the test were repeated 3 times for each off-road
vehicle. A Horiba (MEXA 584 L, Japan) device was
used to measure the CO, total hydrocarbon (THC),
and NOy of the exhaust of off-road vehicles. The meas-
urement ranges are 0—-10.00% vol, 0-5000 ppmv, and
0-4,000 ppmv for CO, NOx, and THC, respectively,
while display resolutions are 0.01%, 1.0 ppmv, and 2.0
ppmv sequentially. The Horiba device was calibrated
by the zero and span calibration before each measure-
ment. In addition, three different standard gases (CO:
1000 ppmv, NOx: 500 ppmv, CH,: 500 ppmv) were
used to check the accuracy of this analyzer every six
months. Turnkey optical particle analysis system (Serial
No. T1055/ No. T1049, Australia) was used to detect
both condensable and filterable PM and continuously
measure environmental TPM, PM,,, and PM, ; of the
exhaust of off-road vehicles. The measurement size
ranges were from 0.1 to 100 pm. The Turnkey optical
particle analysis system was calibrated by two instru-
ments (LVS-PM, ., Graseby PM,,) and R* value was
over 0.98. In addition, the exhaust flow velocity was
measured by pitot tube. PM samples were collected
using a 47 mm-diameter quartz filter with a stack sam-
pling device. The quartz filters were pre- and post-con-
ditioned for at least 24 h before weighing. The metallic
composition in PM were investigated.

Table 1 Specifications of tested off-road vehicles

ID Manufacturers Powers (kW) Model years
E1 (Excavator) Komatsu 68 2005
B1 (Bulldozer) CASE 37 2013
B2 (Bulldozer) Komatsu 279 2005
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23 EFs
The EFs of particulate and gaseous compounds of the
exhaust of off-road vehicles are calculated by the fol-
lowing equation.

emission concentration x emission flow

EFs = . (1)
engine power

2.4 Analyses of metallic elements

The filter was placed in a microwave digestion furnace.
The samples were heated at 175 °C for 10 min, and
then 11 metals (such as Zn, Cd, Co, Cr, Cu, Fe, Mn, Ni,
Pb, As, and Al) were analyzed by inductively coupled
plasmas-optical emission spectrometry (ICP/OES, Per-
kin Elmer Optima 8000). The method detection lim-
its for Zn, Cd, Co, Cr, Cu, Fe, Mn, Ni, Pb, As, and Al
were 13.7, 1.25, 1.69, 1.21, 10.21, 12.47, 1.84, 0.83, 6.04,
10.43, 18.13 pug L7}, respectively.

2.5 The air pollution model
The ISCST model, was used to compute ambient air
concentration at specified receptor points. Similar
methodology has been widely used to simulate ambi-
ent air concentrations at specified receptor points for
various sources [18]. The ISCST model was employed
to simulate the dispersion of PM, ; of exhaust in order
to evaluate the health impact of off-road vehicles,
TAPM was used to simulate mesoscale atmospheric
motions with meteorological, geographical, and air pol-
lution components. Details of the governing equations
for mass, momentum, energy, potential temperature,
and species concentration have been described previ-
ously [19, 21]. Five square grids were nested on each
horizontal layer that had 25X 25 grids with the sizes of
30, 10, 3, 1, and 0.3 km. The vertical domain comprised
25 horizontal layers from altitudes of 10 to 8000 m.
An emission inventory was obtained using Taiwan
emission data system 10.0, which was issued by TEPA
in 2016 (https://air.moenv.gov.tw/EnvTopics/AirQu
ality_6.aspx). TAPM classifies the surface vegetation
into 29 classes. Surface data in the model were obtained
using geographical charts that were issued by the Min-
istry of Interior, Taiwan government, to determine area
fractions of land use in each grid. The background con-
centration of PM, ; was set to 10 pg m 2. Details of all
boundary conditions have been described by previous
studies [19, 21, 23, 27]. Taichung city, located in central
Taiwan with about 2.8 million inhabitants, was chosen
as the simulation area. Several industrial parks, such
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as Taichung industrial park and central Taiwan science
park, are suited in this district.

2.6 Health risk assessment

The risk assessment of inhalation exposure to the metal-
lic elements was calculated according to the US EPA
human health risk assessment models [12]. Lifetime
Average Daily Dose (LADD) that describes the dose rate
averaged over an individual’s anticipated lifetime. Aver-
age Daily Dose (ADD) refers to the dose rate averaged
over a specified exposure interval and expressed as a
daily dose on a per unit body weight basis. LADD and
ADD are inhaled intakes (mg kg d) calculated by the
following formulas.

Crw X IRinhalation X AFinhalation ED

LADDijphalation = BW X H (2)
C IR; i AF; i ED
ADDiphalation = tw X 1nhala]t310\)r(1/>< inhalation % ﬁ (3)
-3 3 3-1
Where th (mg m )’ IRinhalation (Nm d )’ AFinhalation

(%), BW (kg), ED (yr), and AT (yr) are metal concentra-
tion, daily breathing volume, adsorption fraction, body
weight, exposure duration, average time, respectively. In
addition, AT=ED x 365 d x 24 h d"! for non-carcinogens,
while AT =70 year X 365 d x 24 h d"! for carcinogens.

The carcinogenic risk was calculated by incorporating
the inhalation exposure and toxicity values as follows.

1000

El X THC

® NOy

800 mCo
600

Gaseous Pollutant Conc.
(ppmv)

Working period (min)

Gaseous Pollutant Conc.
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Risk = LADDyy x SF (4)

where SF (kg d mg™) is a cancer slope factor.

The non-carcinogenic risk, expressed as the hazard
quotient (HQ), was calculated by comparing the inhala-
tion exposure with the reference dose, as follows.

ADD
HQ === 5)

RfD
where RfD (mg kg! d!) is reference dose. When carci-
nogenic risk exceeds 1x 107%, it indicates a higher chance
of developing cancer. The hazard index (HI) is the sum of
HQ for toxics that affect the same target organ. The level
of HI value > 1.0 indicate that there is a greater chance of
non-carcinogenic effects [12].

3 Results and discussions
3.1 Gaseous and particulate emissions from off-road
vehicles

The concentrations of CO, NOx, THC, PM, 5, PM,,,, and
TPM were monitored for a better understanding of the
characteristics of off-road vehicles. The gas pollutant
concentrations of THC, NOx, and CO of the three off-
road vehicles are shown in Fig. 1. Concentrations of THC,
NOx, and CO were 12-87, 110-202, and 110-420 ppmv,
respectively, for E1; while the concentrations were 11-40,
155-375, and 210-850 ppm for B1. As to B2, the concen-
trations of THC, NOx, and CO were 62-1860, 89-1100,
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Fig. 1 The gaseous pollutant concentration from different off-road vehicles during the working period
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and 9-901 ppmv, individually, which was slightly higher
than the E1 and B1 due to the much higher horsepower
operation (Table 1). The NOx emission from bulldozers
was 89-1100 ppmv which was close to the result of a pre-
vious study (202-706 ppmv) [28]. High NOx concentra-
tion was found in B2, which may be due to high exhaust
gas temperature [29]. CO is emitted during engine start-
up and continuous acceleration, and many peaks were
found in three vehicles. Much high THC was measured
from B2 due to insufficient temperature near the engine
cylinder wall [30].

The concentrations of TPM, PM,,, and PM,; emit-
ted from the three off-road vehicles are shown in Fig. 2.
Concentrations of TPM, PM,,, and PM, ; were 36-193,
17-152 and 14-113 mg m~ for E1; 34—197, 17-163, and
11-102 mg m~2 for B1; 14-251, 12-181, 10-148 mg m ™
for B2, respectively. In addition, PM,, occupied 60-70% of
TPM, while PM, 5 accounted for 80-90% of PM,, which
was similar to the result of a previous report (94%) [31].
Previous study revealed that the coarse particles can come
from re-entrained soot and ash particles inside the exhaust
channel [32]. The slightly higher PM emissions observed in
B2 are attributed to the increased fuel consumed, leading
to the enhanced PM emission accordingly [33].

3.2 Metallic elements
The metallic concentrations of the exhaust of off-road
vehicles, such as excavators and bulldozers, are listed in
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Table 2. In the idling condition, the total metallic con-
centrations were 0.52, 2.11, and 11.2 mg m~2 for E1, B1,
and B2, respectively. In working conditions, the total
metallic concentrations were higher than that of idling at
2.71,7.92, and 22.6 mg m~2 for E1, bulldozer B1, and B2,
individually. Those values were similar to the emission
concentration of metals (2.1 mg m™) in diesel engine
generators [34]. In addition, the ratio of W/I (working
over idling ratio) was 2.0-5.1, indicating higher metal-
lic emissions in working conditions because of higher
engine load and more fuel consumption [4]. Further-
more, the higher metallic emissions were measured in B2
than those of E1 and B1 in both idling and working con-
ditions due to the higher off-road vehicle age of B2. The
sequence of major species in the idling condition was:
Zn (6.88 mg m %) >Fe (3.83 mg m~>)> Al (0.47 mg m3),
while the sequences were Zn (15.5 mg m™~) > Fe (5.99 mg
m~3)> Al (0.89 mg m~3) in the working condition for B2.
For E1 in the working condition, the abundant elements
in the idling condition were Fe (0.38 mg m~3), Al (0.12
mg m~3), and Mn (0.009 mg m~3), while the Zn (1.10 mg
m~3), Al (0.86 mg m~3), Fe (0.72 mg m™). Regarding the
B1, the dominant metals were Fe (1.5 mg m~3), Al (0.43
mg m~>), Mn (0.07 mg m~3), and Pb (0.06 mg m~3) for
idling, while the main species were Fe (5.82 mg m), Zn
(0.97 mg m~3), Al (0.82 mg m~) and Pb (0.21 mg m~3)
in the working condition. Essentially, Zn, Fe, and Al are
the dominant elements in those off-road vehicles, which
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Fig. 2 The particulate matter concentration from different off-road vehicles during the working period
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Table 2 The metallic concentrations (mg m~) from the off-road vehicles at idling and working conditions

Vehicles E1 B1 B2

mgm3 Idling Working Idling Working Idling Working
n ND 1.10 ND 0.97 6.88 155

Cd 0.001 0.002 0.0005 0.002 0.005 0.001

Co ND ND ND ND ND ND

Cr ND ND 0.0005 0.0005 0.009 0.14

Cu ND ND ND ND ND ND

Fe 0.38 0.72 1.55 5.82 383 5.99

Mn 0.009 0.01 0.07 0.08 0.05 0.07

Ni ND ND ND ND ND ND

Pb ND ND 0.06 0.21 ND 0.11

As ND ND ND ND ND ND

Al 0.12 0.86 043 0.83 047 0.89
Total 0.52 271 211 7.92 1.2 226

W/l 5.12 375 2.01

is consistent with previous study that Fe was the most
abundant element for trucks [4]. Wang et al. [35] also
revealed that the concentration of the crustal elements
Al, Fe, and Zn accounted for 35% of total elements in
diesel fuel. In addition, the Zn element may come from
lubricant oil and fuel oil combustion in gasoline and die-
sel engines [32, 36].

The fraction of metallic elements from three off-road
vehicles is shown in Fig. 3. In idling condition, the domi-
nant species were Zn (61%), Fe (34%), and Al (4%) for
E1, while the Fe (73-74%), Al (20-23%), and Mn (2—4%)
were dominated for Bl and B2. In working conditions,
the most abundant elements were Zn (68%), Fe (26%),
and Al (4%) for E1, while the proportions of Fe, Zn, and
Al accounted for 26-73%, 12—40%, and 10-32%, respec-
tively, for B1 and B2. Cui et al. [4] measured the exhausts
for the excavators during 24—42 min sampling time
and found that Fe, Zn, and Cu were the most abundant
elements.

3.3 EFs

The power-based EFs, expressed as mass rate emitted per
brake engine power (g BHP™! h™), are listed in Table 3.
The EFs of CO from three off-road vehicles ranged from
1.8 to 5.8 g BHP ~1 b1, which is lower than the emis-
sion standard of 10 g BHP ~! h™! for diesel and alterna-
tive clean fuel engine vehicles. The EFs of NOx ranged
from 2.5 to 7.9 g BHP™! h™!, where only the EFs of Bl
are slightly higher than the standard of 5.0 g BHP !
h™!. The EFs of HC ranged from 0.13 to 2.9 g BHP ~*
h™!, where only EFs of B2 are slightly higher than the
standard of 1.3 g BHP ! h™. The EFs of two gas pollut-
ants in this study are similar to the results from nonroad

construction equipment of 8.3-13.4, 2.1-16 g BHP ~' h™*
for NOx, and CO, respectively [37].

The TPM EFs of three off-road vehicles ranged from
0.6 to 0.9 g BHP ~! h'', that are much higher than the die-
sel and alternative clean fuel engine vehicles standard of
0.1 g BHP ~! h! but lower than the PM EFs (0.4-2.4 g
BHP ~! h'!) from non-road construction equipment [37].
Notably, the EFs were 0.53-0.79 and 0.32—-0.49 g BHP ~*
h? for PM,, and PM, ., respectively. In general, larger
engines, such as the bulldozer, presented higher values of
the EFs than the smaller engines. TPM, in particular, has
a higher EF. Therefore, future research should focus on
emissions of TPM from bulldozers because of its strong
link to air quality.

3.4 Simulations of the impact of off-road vehicles
on ambient PM, 5

ISCST model was used to investigate the impact of
emissions of off-road vehicles on atmospheric quality.
The calculated PM, ; concentration in different atmos-
pheric stability is listed in Table 4. At atmospheric sta-
bility of B-unstable class, the pollutants could transport
to a downwind location 270 m away from the pollu-
tion source. The PM,. concentration was calculated
as 2.5x107* ug m™ at 90 m from the source, while the
max ground level concentration was 3.2x10™* pug m,
At atmospheric stability of C-unstable class, the cal-
culated PM, . concentration was 6.0x10™* pg m™ at
60 m away from the pollution source, while the max
ground level concentration was 6.8x107* pug m>. At
D class with neutral atmospheric condition, the simu-
lated PM, ; concentration was 8.0x 10™* pug m™ at 60 m
away from the pollution source, while the max ground
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Fig. 3 The fraction of metallic elements at different vehicles a: Idling; b: Operation

Table 3 The emission factor of gas pollutant and particulate
matter from different off-road vehicles during the working

Table 4 The predicted PM, s concentration (ug m~) in different
atmospheric stability

Vehicles E1 B1 B2 Standard?

gBHP Th™’

cOo 1.9-43(2.7) 35-74(58) 09-3.1(1.8) 10

NOx 22-28(2.5) 6.8-8.8(7.9) 23-8.1(4.8) 50

THC 0.12-0.14 0.19-0.35 1.8-4.5(2.9) 13
0.13) (0.28)

TPM 0.64-0.76 0.82-1.00 0.35-0.97 0.1
(0.70) (0.94) (0.64)

PMig 0.49-0.60 0.63-0.81 0.28-0.86 Non
(0.54) (0.79) (0.53)

PM, o 0.14-037 047-053 0.22-081 Non
(0.32) (0.49) (0.46)

2 Emission Standards for Diesel and Alternative Clean Fuel Engine Vehicles,

Ministry of Environment, Taiwan

level concentration reached 1.3x 1072 pug m™, At atmos-
pheric stability of E-stable class, the PM,; concentra-
tion was 9.0x 10% ug m™ at 60 m away from sources, and

Atmospheric Max Con. Con.60 m Con.90 m
stability

B 32x107 25%107
C 68x107 60x107

D 13x1072 8x 107

E 18x%10° 90x10?

the maximum ground level concentration reached to
1.8x10% pg m™. According to the above results, atmos-
pheric stability plays an important role in ambient PM, -
concentration. This phenomenon is similar to the higher
PM concentrations observed at ground level at nighttime
due to less turbulence [15]. Zafra-Mejia et al. [38] also
indicated that the PM;, concentrations were associated
with the highest degree of daytime atmospheric instabil-
ity. Furthermore, the enhancement of PM concentration
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under stable conditions depends on the distance between
the source and the observation point [39]. Zoras et al.
[40] illustrated that the PM,, worst-case episode is more
likely to happen under neutral D to stable atmosphere F
at the sampling station.

3.5 Health risk assessment

Health risk assessment of emissions of off-road vehicles
was investigated according to previous ISCST results.
LADD and ADD from different metals at different down-
wind locations are listed in Table 5. The highest LADD
and ADD were observed in Zn as three off-road vehicles
operating simultaneously, followed by Fe, Al, Pb, Mn, Cr,
and Cd. The LADD of Zn were 145, 126, 63, and 0 (107°
mg kg™ d?) from the distance of vehicle sources at 0, 30,
90, and 150 m, respectively, while the ADD of Zn were
290, 252, 63 and 8 (10® mg kg™ d!). The LADD and
ADD values of other metals also showed that those val-
ues decreased with increasing distance from the vehicle
sources.

Table 6 lists the carcinogenic and no-carcinogenic risk
of Cd and Pb at different downwind locations. The total
carcinogenic risk of Cd and Pb decreased from 9.4x 1078
to 1.3 x 1078 with increasing the distances from three off-
road vehicles. The most cancer risk was attributed to Pb
(>99.9%). The results showed that the two selected ele-
ments had a carcinogenic risk lower than the lifetime
cancer risk (1.0x107°). The total non-carcinogenic risk
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of Cd and Pb decreased from 3x 107" to 0 by increasing
the distances from three off-road vehicles. The results
showed that the two selected elements had a non-carci-
nogenic risk within the limits (HI=1), which is consid-
ered an acceptable risk. Above results revealed that the
carcinogenic risk and non-carcinogenic risk from three
working vehicles were lower than the threshold, which is
no significant health effects on the surrounding residents.

3.6 TAPM simulation for the evaluation of PM, 5
contribution from off-road vehicles

TAPM was employed to evaluate the contribution of
off-road vehicles to PM, ; concentration. Figure 4 shows
the simulated wind vectors and the concentration con-
tours of PM, . at AM 09:00 and PM 14:00, respectively,
on November 29, 2018. The prevailing winds were
north and east, with a wind speed of 0.5-1 m s at AM
9:00 (Fig. 4a) and 5-6 m s™ at PM 14:00 (Fig. 4b) in the
studied domain. Figure 4 also indicates the PM, 5 con-
centration was high (55-82 ug m) close to the coastal
area, where several industrial processes are located, but
was low (11-33 pg m™) in a mostly rural area. Figure 5
shows the 3-d comparison results between the hourly
simulated and measured data of PM, ; concentration. The
measured data were obtained from Zhonming station,
one of the TEPA monitoring sites. Model performance
was evaluated relative to actual measurements using the

Table 5 The LADD and ADD from different metals at different downwind locations

Metals LADD ADD LADD ADD LADD ADD LADD ADD
Om 30m 90 m 150 m

n 145 290 126 252 63 63 0 8

Cd 0.01 0.03 0.1 0.02 0.007 0.01 0 0

Cr 0.13 0.26 0.1 0.22 0.06 0.11 0 0.03
Fe 54 108 47 96 38 37 6 7
Mn 0.76 153 0.62 126 0.12 0.60 0.03 0.08
Pb 1.89 3.78 1.55 3.09 1.37 149 0.03 0.1
Al 7.81 15.60 7.01 14.0 435 9.91 045 091

Unit: 10 mg kg~"d™’

Table 6 The carcinogenic and non-carcinogenic risk of Cd and Pb at different downwind sites

Om 30m 90 m 150 m
Carcinogenic risk Cd 6x107"2 5x107"2 2x10712 6x107"3
Pb 0.094x107° 0.085%107° 0.037x107° 0.013%x107°
total 0.094x107° 0.085x107¢ 0037x107° 0.013x107°
Non-carcinogenic risk cd 9% 1078 8x107° 3%x107° 0
Pb 2.1%10™ 1.9%x107° 1.1%x107 0
total 3x107° 2.7x107° 14%107 0
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Fig. 6 Comparisons of simulated PM, s contributed from the exhausts of 3, 5, and 7 off-road vehicles

correlation coefficient (R) and the index of agreement
(IOA) [41].

N
S (P — 04))?
i=1

(|Pi —6| + |Oi —6’)2

IOA=1-— (6)

M=

i=1

where P; and O; are predicted and measured values,
respectively, with a sample size of N, and O is the average
of measured data. The simulations generally agree well
with the measurements, with a correlation coefficient of
R=0.61, and an IOA =0.77. The agreement between pre-
diction and measurement is regarded as good when JOA
exceeds 0.5 [19, 21]. Wang et al. [23] applied TAPM to
simulate the PM,, concentration with /JOA =0.52-0.76,
indicating a generally good agreement. Figure 6 presents
the simulation of the incremental impact of exhausts of
off-road vehicles on ambient PM, ; concentration in dif-
ferent scenarios, i.e., three, five, and seven off-road vehi-
cles operated simultaneously for 72 h. Three off-road
vehicles resulted in an increase of 22 ug m™ in PM,,
corresponding to an increase of about 1.1%, while five
and seven off-road vehicles resulted in an increase of 105
and 177 pg m™ in PM, ;, respectively, within 72 h simu-
lated time. The incremental percentages are approxi-
mately 5.0% and 8.5%. A previous study reported that in
the same lane and street, the average PM, ; concentra-
tion during the on-peak period for the number of motor
vehicles is approximately 2.2-2.5 and 70-77 times higher

than those during the flat peak and low ebb periods,
respectively [42]. In addition, PM, ; emission levels of
motor vehicles on normal weekdays were overall higher
than those on weekends [43].

4 Conclusions

The exhausts of one excavator and two bulldozers were
measured to understand the characteristic of the exhausts
of off-road vehicles. The gaseous and particulate com-
pounds of the exhaust were analyzed and converted to
the emissions factors. Results indicated that both gaseous
and particulate compounds increased with an increased
horsepower of off-road vehicles. The EFs were 1.8-5.7,
2.5-7.9,and 0.13-2.9 g BHP ! h*! for CO, NOx, and THC,
respectively. As to the PM, the EFs were 0.53-0.79 and
0.32-0.49 g BHP! h! for PM,, and PM,, respectively.
In working conditions, the concentration of total metals
from B2 was 22 mg m™, which was approximately 3-8
times higher than 2.7 to 7.9 mg m™ from E1 and B1. The
most abundant elements were Zn (68%), Fe (26%), and Al
(4%) from E1, while the proportions of Fe, Zn, and Al were
26-73%, 12—-40%, and 10—32%, respectively, from B1 and
B2. Two selected elements had a carcinogenic risk lower
than lifetime cancer risk (1.0x 107%) and had a non-carci-
nogenic risk within limits (HI=1). The results of the risk
assessment analysis revealed no significant health effect
from three working vehicles on the surrounding residents.
According to the TAPM simulation results, seven off-road
vehicles operate at the same time, leading to the ambient
PM, 5 concentration increase by 8.5%.
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