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a b s t r a c t

Real-world vehicle emission factors for seventeen gas and particulate polycyclic aromatic hydrocarbons
(PAHs) were quantified in the Shing Mun Tunnel, Hong Kong during summer and winter 2003. Naphthalene,
acenaphthylene, and acenaphthene were the most abundant gas PAHs while fluoranthene and pyrene were
the most abundant in the particle phase. Most (98%) of the gas PAHs consisted of two- and three-aromatic
rings whereas most of the particle-phase PAHs were in four- (w60%) and five-ring (w17%) for fresh exhaust
emissions. Average emission factors for the gas- and particle PAHs were 950–2564 mg veh�1 km�1 and
22–354 mg veh�1 km�1, respectively. Good correlations were found between diesel markers (fluoranthene
and pyrene; 0.85) and gasoline markers (benzo[ghi]perylene and indeno[1,2,3-cd]pyrene; 0.96). Higher
PAH emission factors were associated with a higher fraction of diesel-fueled vehicles (DV) passing through
the tunnel. Separate emission factors were determined from diesel and non-diesel exhaust by the regression
intercept method. The average PAH emission factor (i.e., sum of gas and particle phases) from DV
(3085 � 1058 mg veh�1 km�1) was w5 times higher than that from non-diesel-fueled vehicles (NDV,
566� 428 mg veh�1 km�1). Ratios of DV to NDV emission factors were high for diesel markers (>24); and low
for gasoline markers (<0.4).

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Hong Kong, one of the most densely populated cities in the
world, had 524,253 licensed vehicles in 2003 (Hong Kong Transport
Department, 2006), with 23.6% as diesel-fueled. Gases and partic-
ulate matter (PM) emitted from mobile sources especially diesel-
fueled vehicles (DV) have been associated with lung cancer and
other non-cancer adverse respiratory diseases (IARC, 1983; Maud-
erly and Chow, 2008), visibility impairment (Watson, 2002), and
climate change (MacCracken, 2008).

Chemical speciation of emission samples provides better under-
standing of pollution sources and their health and environmental
impacts. Inorganic PM species (e.g., aluminum [Al], vanadium [V],
x: þ86 852 23346389.

All rights reserved.
and lead [Pb]) and extractable organic species (i.e., polycyclic
aromatic hydrocarbons [PAHs], n-alkanes, carboxylic acids, and
alkanols) have been used as markers of mobile source emissions for
source apportionment (Ho et al., 2002; Lee et al., 2004; Wan et al.,
2006; Tian et al., 2009). A few studies report the abundances of
organic compounds in vehicle emissions as part of dynamometer,
tunnels, and roadside studies (e.g., Chiang and Huang, 2009; Chow
et al., 2007; Fraser et al., 1998; Fujita et al., 2007a,b; Marchand et al.,
2004; Miguel et al., 1998; Olson and McDow, 2009; Watson et al.,
2008). Vehicular emissions vary due to synthesis and application of
different fuels, engine designs/maintenance, operation conditions,
and types of emission controls (Turrio-Baldassarri et al., 2004).

PAHs are environmental pollutants known to be carcinogenic and
mutagenic (IARC,1983). They are important fractions of semi-volatile
organic compounds (SVOCs); low molecular weight PAHs present as
gases while high molecular weight PAHs are mainly associated with
particles (Bidleman et al., 1986). Carcinogenic PAHs are mainly found
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in the particle phase (Lyall et al., 1988). PAHs form from both natural
and anthropogenic sources (i.e., incomplete combustion and pyrol-
ysis of fossil fuels and other organic materials, Masclet et al., 1986),
decompose under strong solar radiation (Baek et al., 1991a), undergo
thermal decomposition, and react with other pollutants to produce
more toxic derivative compounds (Nicolaou et al., 1984). Baek et al.
(1991b) showed that vehicle emissions contribute to PAHs in urban
and suburban areas, and other studies (Lee et al., 2001; Ho and Lee,
2002; Guo et al., 2003) confirmed that vehicular emissions are the
most important source of PAHs in Hong Kong.

This study determines gas- and particle-phase PAH emission
factors and emission profiles for vehicular emissions in Hong Kong.
Samples were collected in a two-way heavily used tunnel and at
roadside locations during winter and summer 2003. Seventeen PAHs,
including 15 United States Environmental Protection Agency (U.S.
EPA) priority PAHs (i.e., naphthalene, acenaphthylene, acenaphthene,
fluorene, phenanthrene, anthracene, fluoranthene, pyrene, ben-
zo[a]anthracene, chrysene, benzo[e]pyrene, benzo[b]fluoranthene,
benzo[k]fluoranthene, benzo[a]pyrene, dibenzo[a,h]anthracene,
benzo[ghi]perylene, and indeno[1,2,3-cd]pyrene), were acquired on
one- or two-hour integrated quartz-fiber filters and polyurethane
foams (U.S. EPA, 1997). A reliable monitoring program to determine
the PAH emission factors was developed that measured concentra-
tion differences between the tunnel inlet and outlet, traffic rates, and
tunnel ventilation fluxes during sampling periods.

2. Methodology

2.1. Sampling

The Shing Mun Tunnel is a two-bore tunnel (north and south
bores), 2.6 km in length (divided into 1.0 and 1.6 km at the east and
Fig. 1. Schematic diagram of the sampling configu
west sides, respectively), with a traffic volume of w53,000 vehicles
per day (Hong Kong Census and Statistical Department, 2004), that
connects two urban areas (Shatin and Tsuen Wan) in Hong Kong.
Each bore contains two traffic lanes. As shown in Fig.1, two sampling
stations were placed in the south bore at 686 m from the entrance
and 350 m from the exit on the west side of the tunnel which has
a �1% grade from entrance to exit. The vehicle speed limit is
80 km h�1 and vehicles should be in a hot-stabilized mode when
passing the sampling stations. The cross-sectional area of the tunnel
is 70.0 m2, and the ventilation system was not in operation during
the sampling periods. Average wind speed was measured using two
sensors installed on the wall of the tunnel w2 m above the sampling
stations. Samples covered a wide range of vehicle types. One- or two-
hour PAH samples were collected simultaneously at the inlet and
outlet stations, using two medium-volume total suspended partic-
ulate polyurethane foam (PUF) samplers (Model GPS-1, Andersen
Instruments, Smyrna, GA, USA). The sampler consisted of two stages.
The first stage was a quartz-fiber filter for the collection of particu-
late PAHs. The second stage consisted of PUF in combination with
adsorbent resin XAD-4 (PUF/XAD-4/PUF ‘‘sandwich’’ cartridge) that
was placed downstream of the filter to collect gas PAHs. Blank quartz
filters were preheated at 900 �C for over 3 h before use, returned
immediately to the laboratory after sampling, and stored in a freezer
(at 4 �C). PUF and XAD-4 resins (SKC Inc., Eighty Four, PA, USA) were
pre-cleaned with acetone and dichloromethane, respectively, for
16 h in Soxhlet extractors (Sin et al., 2003). Cleaned PUF was air-dried
for 2–4 h and wrapped with cleaned aluminum foil, while XAD-4
resin was purged with nitrogen to dryness and stored in amber
bottles before use. The PAH sampler was calibrated using
a manometer and top loading orifice plate. Sampling was conducted
at a flow rate of 230 L min�1. Samplers were fixed on the ground with
sampling inlets w1.5 m above ground level. Flow rates were
ration in the Shing Mun Tunnel, Hong Kong.
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field-checked before and after each run using a calibrated flow
meter. Vehicle fleet and traffic volume were determined during each
sampling periods by manual counts at the tunnel entrance, along
with video recording for data validation. Traffic counts reasonably
agreed (standard deviation <10%) with Toll Plaza records collected
w200 m away from the tunnel entrance. Vehicles were classified
into three major categories: 1) gasoline-fueled vehicles (e.g.,
motorcycles, private cars), 2) liquefied petroleum gas (LPG)-fueled
taxis, and 3) diesel-fueled vehicles (e.g., large and mini-buses, light
and heavy-duty trucks, light-duty trucks). Information on vehicle
model years and odometer readings were not available in this study.

2.2. Chemical analysis

High purity solvents [high performance liquid chromatography
(HPLC) grade or analytical reagent (AR) grade] were used for
sample extraction. Each set of sampling media was extracted
with 10% v/v diethyl ether in hexane for 16 h at 4 cycles per hour in
a Soxhlet extractor, evaporated to dryness, reconstituted with
cyclohexane, and concentrated in a Kuderna-Danish concentrator
tube (Sin et al., 2003, 2005). The extract was cleaned up with
a disposable silica gel column and eluted with 40% v/v dichloro-
methane in pentane. The eluent was evaporated and reconstituted
with 1 mL acetonitrile. The concentrated sample extract was
vortex-mixed and transferred to an amber glass vial for chro-
matographic analysis (Sin et al., 2003).

Samples were analyzed according to U.S. EPA Method TO-13
method (U.S. EPA, 1997) at the Hong Kong Government Lab. (HKGL).
Twenty-five microliters of solution were injected into a gradient
HPLC (Hewlett Packard 1100 system, Rockville, MD, USA) equipped
with an ultraviolet (UV) and two fluorescence detectors (FL1
and FL2) connected in series for analysis. Samples were separated
by a 4.6 � 250 mm Supelcosil LC-PAH C18 5 mm reversed-phase
analytical column (Bellefonte, PA, USA) at 27 � 2 �C. The mobile
phase consisted of two solvent mixtures: Mixture A-100% water
(H2O); and Mixture B-100% acetonitrile. The gradient program
operated at 60% A/40% B mixture for 25 min, followed by a linear
gradient to 100% mixture B for 20 min at a flow rate of 1.0 mL min�1.
The UV detector was set at the wavelength of 254 nm throughout
the run. FL1 was set at the excitation wavelength (lex) of 305 nm
and the emission wavelength (lem) of 430 nm for the whole run.
FL2 was programmed at 240 nm (lex) and 425 nm (lem) for the first
28.5 min, and then changed to 300 nm (lex) and 500 nm (lem)
thereafter.

Target PAHs were identified and quantified using comparison of
retention times and chromatographic peaks with those of known
standards. Stock PAH standards were prepared by mixing pre-
weighed chemicals (Accustandard, NH, USA) in acetonitrile and
diluted into a range of 0.05–1.6 mg mL�1. The National Institute of
Standards and Technology (NIST; Gaithersburg, MD, USA) were used
to verify the working standards. Five-point calibration plots achieved
linear correlation coefficients r2 > 0.995. Method detection limits
(MDLs) are defined as 3.14 times the standard deviation of replicate
analyses (n w 7) of blank PUF/XAD-4 resin spiked with a mixed
standard of the lowest detectable concentrations (U.S. EPA, 1997).
The MDL ranged from 0.5 to 4.3 ng sample among the 17 PAHs. The
analytical protocol was validated by checking the spiked recovery of
mid-point calibration mixed PAH standards on blank PUF and by
performing replicate analyses of standard reference materials (i.e.,
NIST SRM 1647d) and urban dust (NIST SRM 1649a) for PAHs. The
stability of the analytical system was monitored through plotting of
control charts on the spike recovery of PAHs standards. The analyt-
ical uncertainty was within �20%. Quality assurance/quality control
(QA/QC) were periodically performed according to U.S. EPA Method
TO-13 method (U.S. EPA, 1997).
Organic and elemental carbon were quantified by the IMPROVE
thermal/optical reflectance protocol (Chow et al., 2004, 2007) on
a DRI model 2001 carbon analyzer to determine the fraction of PAH
in organic carbon.
2.3. Emission factor

Vehicle Emission factors from tunnel measurements were calcu-
lated according to Pierson and Brachaczek (1983) and Pierson et al.
(1996). The emission factor is the mass of specific pollutant produced
by a vehicle kilometer traveled (VKT), which can be determined using:

EFveh ¼
ðCout � CinÞAUt

NL
(1)

where EFveh is the average vehicular emission factor in
mg veh�1 km�1 traveled, Cout and Cin represent the mass concen-
trations in mg m�3 of specific pollutants at the exit and entrance,
respectively, A is the area of tunnel cross-section in m2, U is the wind
speed in m s�1, t is the sample duration in h (1 or 2 h in this study),
N is the number of passing vehicles during the sampling period,
and L is the distance between the two monitoring stations in km
(i.e., 0.6 km). This equation assumes that: 1) pollutants are long-lived
species with negligible deposition, destruction, or reaction; and 2)
movement of air and vehicles result in uniform mixing and pollutant
distribution throughout the tunnel (El-Fadel and Hashisho, 2000).
Eq. (1) was applied to each quantified PAH.
3. Results and discussion

3.1. PAH concentrations in the tunnel

Table 1 summarizes the measured PAH concentrations for
different periods. Only six sample sets were acquired in the summer
due to tunnel measurement restrictions. Gas-PAHs concentrations
were 6–17 times higher than those of particle PAHs, with the
exception of one sample set (on 25th August, 2003) collected during
noon on a summer weekday (gas- to particle PAHs: 46); with the
highest gas-PAHs concentration of 3664.7 ng m�3. This sample
corresponded with the highest diesel-vehicles counts (1821) and the
highest ratio of diesel to gasoline vehicles (2.5) (see Table 1). This
result is consistent with previous studies that diesel-vehicles
emitted higher gas- and lower particle PAHs than gasoline vehicles
(Westerholm et al., 1991; Hammerle et al., 1994; Westerholm and
Egeback, 1994; Norbeck et al., 1998; Zielinska et al., 2004).

Naphthalene (352.4–810.8 ng m�3), acenaphthylene (221.5–
644.8 ng m�3), and acenaphthene (620.5–1748.3 ng m�3) are the
most abundant gas PAHs, with two orders of magnitude lower
concentrations in particle phases. Fluoranthene (20.0–42.4 ng m�3)
and pyrene (26.5–52.3 ng m�3) are the most abundant particle-
phase PAHs. Benzo[a]pyrene (BaP) is a probable human carcinogen
and mainly present in the particle phase (Pankow, 1987; Wang
et al., 2002). The average BaP (gas and particle phases) concentra-
tion was 5.9 ng m�3, ranging from 1.3 to 11.9 ng m�3. These values
are 10 times higher than the average BaP of 0.49 ng m�3 deter-
mined at a Hong Kong roadside site (Lee et al., 2001; Ho and Lee,
2002). Large concentration variations were found for heavier PAHs
in the particle phase (i.e., benzo[ghi]perylene and indeno[123-
cd]pyrene), which ranged from below the detection limits to
20.8 ng m�3 and 0.15–11.4 ng m�3, respectively.

Ratios of indeno[1,2,3-cd]pyrene to the sum of indeno[1,2,3-
cd]pyrene and benzo[ghi]perylene (i.e., [I[cd]P/I[cd]P þ B[ghi]P])
were 0.18 (gasoline), 0.37 (diesel), 0.56 (coal combustion), and 0.62
(wood burning) (Grimmer et al., 1983; Gogou et al., 1996). In Shing
Mun Tunnel, these ratios ranged from 0.29 to 0.36, consistent with



Table 1
Average concentrations of gas, particle, and total PAHs for different time periods during the summer and winter of 2003 in the Shing Mun Tunnel, Hong Kong.

Polycyclic aromatic
hydrocarbon (PAH) species

Concentrations (ng m�3)

Summer Winter

Weekend Weekday Weekend Weekday

Morning Night Noon Morning Night Morning Noon Afternoon Evening

1) Gas PAHs
Naphthalene 403.4 482.6 791.2 764.0 471.6 810.8 572.7 352.4 509.1
Acenaphthylene 287.9 282.5 644.8 221.5 231.7 432.0 274.5 319.8 353.1
Acenaphthene 722.3 869.6 1748.3 620.5 706.7 1219.9 670.4 850.5 956.1
Fluorene 62.4 77.2 207.5 58.5 60.1 96.6 104.4 121.6 92.1
Phenanthrene 87.4 107.7 197.4 68.8 87.2 107.4 134.4 121.7 109.8
Anthracene 15.0 18.7 30.5 7.5 12.0 12.5 17.5 22.9 17.7
Fluoranthene 17.4 18.3 24.3 9.2 12.1 8.1 8.4 13.8 7.3
Pyrene 12.7 18.0 18.6 10.6 11.6 10.4 13.2 14.4 10.8
Benzo[a]anthracene bda bd 0.03 bd 0.3 0.9 bd 0.4 bd
Chrysene 1.7 2.8 2.1 1.5 1.8 2.1 0.8 0.9 0.92
Benzo[e]pyrene bd bd bd 0.29 0.47 1.2 bd bd 0.23
Benzo[b]fluoranthene bd bd bd 0.22 0.47 1.2 bd bd 0.13
Benzo[k]fluoranthene bd bd bd 0.07 0.17 0.61 bd bd 0.09
Benzo[a]pyrene bd bd bd 0.07 0.23 0.59 bd bd 0.04
Dibenz[a,h]anthracene bd bd bd bd bd bd bd bd bd
Benzo[ghi]perylene bd bd bd 0.08 0.38 1.2 bd bd 0.23
Indeno[1,2,3-cd]pyrene bd bd bd bd bd 1.1 bd bd bd
Total Gas PAHs 1610.1 1877.5 3664.7 1762.8 1596.9 2703.6 1796.3 1818.4 2057.1

2) Particle PAHs
Naphthalene 5.3 8.4 7.4 2.7 5.7 11.1 13.6 3.2 6.1
Acenaphthylene bd bd bd bd bd 3.8 bd 0.81 bd
Acenaphthene bd bd bd bd bd 6.4 bd 3.2 bd
Fluorene 0.63 0.6 1.4 1.0 1.1 1.7 1.1 1.1 0.80
Phenanthrene 7.8 7.0 7.9 3.1 8.6 14.1 5.8 10.3 6.3
Anthracene 1.4 1.2 1.3 1.8 2.8 3.0 1.9 2.7 2.0
Fluoranthene 28.1 42.4 20.7 27.8 39.5 34.7 20.0 24.4 24.0
Pyrene 34.7 52.3 26.5 35.7 49.6 44.1 28.6 32.1 34.2
Benzo[a]anthracene 15.2 20.8 5.2 11.4 20.3 9.0 4.8 6.8 7.2
Chrysene 19.2 23.9 6.0 19.6 31.2 15.8 8.8 10.1 11.8
Benzo[e]pyrene 4.6 15.2 bd 12.6 19.1 8.3 3.4 4.0 4.7
Benzo[b]fluoranthene 8.9 13.2 1.2 12.7 19.9 8.1 3.9 3.3 5.5
Benzo[k]fluoranthene 5.7 7.1 0.34 5.8 9.1 3.4 1.6 1.4 2.3
Benzo[a]pyrene 7.0 10.2 1.3 8.1 11.6 5.7 2.1 2.8 3.3
Dibenz[a,h]anthracene 0.18 0.51 0.30 bd 0.79 0.40 bd 0.22 0.09
Benzo[ghi]perylene 13.3 11.9 bd 12.4 20.8 11.1 6.0 7.2 7.5
Indeno[1,2,3-cd]pyrene 5.9 6.4 0.15 6.8 11.4 4.8 3.0 3.0 3.3
Total Particle PAHs 158.0 221.0 79.5 161.5 251.7 175.0 104.4 116.5 119.2

3) Gas þ Particle PAHs
Naphthalene 408.7 491.0 798.5 766.6 477.3 821.8 586.3 355.6 515.2
Acenaphthylene 287.9 282.5 644.8 221.5 231.7 435.7 274.5 320.6 353.1
Acenaphthene 722.3 869.6 1748.3 620.5 706.7 1226.3 670.4 853.7 956.1
Fluorene 63.0 77.8 208.9 59.5 61.3 98.3 105.5 122.7 92.9
Phenanthrene 95.1 114.7 205.3 71.9 95.9 121.5 140.2 132.0 116.1
Anthracene 16.3 19.9 31.8 9.3 14.9 15.5 19.3 25.5 19.7
Fluoranthene 45.5 60.6 45.0 37.1 51.6 42.9 28.3 38.2 31.4
Pyrene 47.4 70.3 45.2 46.3 61.3 54.4 41.8 46.5 45.0
Benzo[a]anthracene 15.2 20.8 5.2 11.4 20.6 9.8 4.8 7.2 7.2
Chrysene 20.9 26.8 8.0 21.1 33.0 17.9 9.6 11.0 12.8
Benzo[e]pyrene 4.6 15.2 bd 12.9 19.6 9.5 3.4 4.0 4.9
Benzo[b]fluoranthene 8.9 13.2 1.2 12.9 20.3 9.3 3.9 3.3 5.6
Benzo[k]fluoranthene 5.7 7.1 0.34 5.9 9.3 4.0 1.6 1.4 2.4
Benzo[a]pyrene 7.0 10.2 1.3 8.1 11.9 6.3 2.1 2.8 3.3
Dibenz[a,h]anthracene 0.18 0.51 0.30 bd 0.79 0.40 bd 0.22 0.09
Benzo[ghi]perylene 13.3 11.9 bd 12.5 21.1 12.3 6.0 7.2 7.8
Indeno[1,2,3-cd]pyrene 5.9 6.4 0.15 6.8 11.4 5.9 3.0 3.0 3.3
Total PAHs 1768.1 2098.5 3744.2 1924.3 1848.6 2892.0 1900.7 1935.0 2177.0

Number of samples 2 2 2 2 2 12 2 2 8
Average number of vehicles for each period
Gasoline 802 1164 738 346 524 972 538 402 759
LPG 198 208 194 118 100 247 130 114 107
Diesel 692 646 1812 322 294 806 580 824 744
Total average number of vehicles 1692 2018 2744 786 918 2025 1248 1340 1610
Diesel/gasoline vehicle ratio 0.9 0.6 2.5 0.9 0.6 0.9 1.1 2.0 1.0
Diesel/non-diesel vehicle ratio 0.7 0.5 1.9 0.7 0.5 0.7 0.9 1.6 0.9

abd denotes below method detection limits (MDLs).
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abundant diesel vehicle emissions. Ratios of fluoranthene to the
sum of fluoranthene and pyrene ([Flu/Flu þ Pyr]) were consistent
(0.41–0.45) in the Shing Mun Tunnel. The average ratio is the same
as Sicre et al. (1987) reported for automobile emissions (0.43).

3.2. Distribution of PAHs in the gas and particle phases

Fig. 2 shows the distribution of PAHs in the gas and particle
phases for summer and winter. The sum of two-ring (e.g., naph-
thalene) and three-ring (e.g., acenaphthylene, acenaphthene, flu-
orene, phenanthrene, and anthracene) PAHs accounted for w98% of
the total gas PAH concentrations, similar to findings of Westerholm
et al. (1991), with abundant gas-phase three-ring PAHs. Less than
2% and <1% of gas-phase PAHs had four rings (e.g., fluoranthene,
pyrene, benzo[a]anthracene, and chrysene, MW ¼ 202–228) and
five or six rings, respectively, due to their low vapor pressures.
Conversely, two- and three-ring PAHs accounted for <9% of the
particle PAHs, compared to w60%, w17%, and w10% for four-, five-,
and six-ring PAHs, respectively.

Similar gas/particle-phase distributions for individual PAHs
were found between summer and winter, with a few exceptions
shown in Fig. 3. For example, particulate anthracene increased from
8.5% to 13.6%, fluoranthene increased from 59.2% to 74.3%, and
pyrene increased from 69.5% to 76.0% from summer to winter. Sin
et al. (2003) found similar contrasts for ambient air samples in
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Fig. 2. Gas and particle PAHs contributions, classified by the numbers of aromatic rings in the
naphthalene; three-aromatic rings PAHs include acenaphthylene, acenaphthene, fluorene
benzo[a]anthracene, chrysene; five-aromatic rings PAHs include benzo[e]pyrene, benzo[
include dibenzo[a,h]anthracene, benzo[ghi]perylene, and indeno[1,2,3-cd]pyrene).
Hong Kong. Lower temperatures in winter allow condensation of
volatile and semi-volatile PAHs onto pre-existing particles.

3.3. Emission factors

Average emission factors for gas- and particle PAHs are shown in
Table 2. Gas-PAHs emission factors ranged from 950 to 2563 mg per
vehicle kilometer (mg veh�1 km�1; average of 1551 � 447 mg veh�1

km�1). Particle-PAH emissions factors ranged from 22.0 to 354.2 mg
veh�1 km�1 (average of 98 � 80 mg veh�1 km�1). Gas-PAHs emission
factors were w15 times higher than particle-PAHs emission factors.
Emission factors for the five highest gas PAHs are: 1) acenaphthene, 2)
naphthalene, 3) acenaphthylene, 4) phenanthrene, and 5) fluorene;
and for the five highest particle PAHs are: 1) pyrene, 2) fluoranthene, 3)
chrysene, 4) phenanthrene, and 5) naphthalene. Elevated particle
emission factors were found for diesel and gasoline markers (e.g.,
fluoranthene, pyrene, benzo[ghi]perylene, and indeno[1,2,3-cd]pyr-
ene), consistent with those reported in Ho et al. (2002) for vehicles
dominated roadside samples in Hong Kong.

Correlations (r) among total PAH emission factors are shown in
Table 3. The correlation coefficients (r) were 0.85 between fluo-
ranthene and pyrene (diesel markers) and 0.96 between benzo[ghi]-
perylene and indeno[1,2,3-cd]pyrene (gasoline markers). In general,
the correlations between the particle PAHs were higher than those for
gas PAHs. The correlation between gas fluoranthene and pyrene was
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, phenanthrene, anthracene; four-aromatic rings PAHs include fluoranthene, pyrene,
b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene; and six-aromatic rings PAHs



Summer

0%

20%

40%

60%

80%

100%

N
ap

ht
ha

le
ne

Ac
en

ap
ht

hy
le

ne

Ac
en

ap
ht

he
ne

Fl
uo

re
ne

Ph
en

an
th

re
ne

An
th

ra
ce

ne

Fl
uo

ra
nt

he
ne

Py
re

ne

Be
nz

(a
)a

nt
hr

ac
en

e

C
hr

ys
en

e

Be
nz

o(
e)

py
re

ne

Be
nz

o(
b)

flu
or

an
th

en
e

Be
nz

o(
k)

flu
or

an
th

en
e

Be
nz

o(
a)

py
re

ne

D
ib

en
z(

a,
h)

an
th

ra
ce

ne

Be
nz

o(
g,

h,
i)p

er
yl

en
e

In
de

no
(1

,2
,3

-
cd

)p
yr

en
e

Particulate PAHs
Gaseous PAHs

two-aromatic
rings

three-aromatic
rings

four-aromatic
rings

five-aromatic
rings

six-aromati
rings

Winter

0%

20%

40%

60%

80%

100%

N
ap

ht
ha

le
ne

A
ce

na
ph

th
yl

en
e

A
ce

na
ph

th
en

e

Fl
uo

re
ne

Ph
en

an
th

re
ne

A
nt

hr
ac

en
e

Fl
uo

ra
nt

he
ne

P
yr

en
e

B
en

z(
a)

an
th

ra
ce

ne

C
hr

ys
en

e

B
en

zo
(e

)p
yr

en
e

B
en

zo
(b

)fl
uo

ra
nt

he
ne

B
en

zo
(k

)fl
uo

ra
nt

he
ne

B
en

zo
(a

)p
yr

en
e

D
ib

en
z(

a,
h)

an
th

ra
ce

ne

B
en

zo
(g

,h
,i)

pe
ry

le
ne

In
de

no
(1

,2
,3

-
cd

)p
yr

en
e

Particulate PAHs
Gaseous PAHs

six-aromatic
rings

five-aromatic
rings

four-aromatic
rings

three-aromatic
rings

two-aromatic
rings

Fig. 3. Gas- and particle-phase distribution of individual PAHs in the Shing Mun tunnel during the summer and the winter testing period.

Table 2
Average PAHs emission factors measured in the Shing Mun Tunnel.

PAHs No. of rings MW (g) Emission factor (mg veh�1 km�1) Ratios of gas to particle PAHs

Gas PAHs Particle PAHs Sum of PAHs

Naphthalene 2 128 394.3 � 135.2 8.5 � 10.2 402.6 � 136.2 46.4
Acenaphthylene 3 152 272.0 � 88.8 0.2 � 0.6 272.2 � 89.0 1360.0
Acenaphthene 3 154 732.8 � 254.0 0.6 � 2.3 733.3 � 254.4 1221.3
Fluorene 3 166 58.2 � 19.2 1.3 � 0.9 59.5 � 19.8 44.8
Phenanthrene 3 178 67.5 � 27.9 9.1 � 6.2 76.6 � 31.1 7.4
Anthracene 3 178 8.3 � 5.7 1.9 � 1.1 10.1 � 6.4 4.4
Fluoranthene 4 202 7.3 � 4.5 17.1 � 10.0 24.4 � 11.7 0.4
Pyrene 4 202 6.8 � 3.9 23.5 � 15.1 30.3 � 16.4 0.3
Benzo[a]anthracene 4 228 0.3 � 0.7 5.7 � 5.7 5.9 � 5.6 0.1
Chrysene 4 228 1.7 � 1.5 10.4 � 10.9 12.0 � 11.6 0.2
Benzo[e]pyrene 5 252 0.6 � 1.0 4.3 � 7.1 4.9 � 7.4 0.1
Benzo[b]fluoranthene 5 252 0.7 � 1.0 5.4 � 9.0 6.0 � 9.3 0.1
Benzo[k]fluoranthene 5 252 0.3 � 0.4 2.5 � 4.2 2.8 � 4.3 0.1
Benzo[a]pyrene 5 252 0.3 � 0.5 2.3 � 3.7 2.5 � 3.9 0.1
Dibenzo[a,h]anthracene 5 278 0.0 � 0.0 0.1 � 0.2 0.1 � 0.2 0.0
Benzo[ghi]perylene 6 276 0.4 � 0.6 3.8 � 6.5 4.2 � 6.7 0.1
Indeno[1,2,3,cd]pyrene 6 276 0.1 � 0.4 2.5 � 4.1 2.6 � 4.0 0.0

Total 1551.3 � 447.4 98.2 � 80.0 1649.4 � 442.2 15.8
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Table 3
Correlations coefficients (r) among emission factors for gas plus particle PAHs in the Shing Mun tunnel.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Naphthalene (1) 1.00 0.57 0.74 0.34 0.31 0.25 �0.05 0.04 0.05 �0.09 �0.10 �0.06 �0.06 �0.08 �0.12 �0.07 �0.03
Acenaphthylene (2) 1.00 0.82 0.38 0.04 0.24 0.04 �0.24 �0.37 �0.26 �0.40 �0.40 �0.40 �0.34 �0.29 �0.39 �0.39
Acenaphthene (3) 1.00 0.25 �0.04 0.23 �0.26 �0.30 �0.29 �0.36 �0.42 �0.39 �0.37 �0.35 �0.15 �0.36 �0.36
Fluorene (4) 1.00 0.86 0.74 0.51 0.51 0.20 0.06 �0.02 �0.06 �0.09 �0.01 �0.12 �0.07 �0.03
Phenanthrene (5) 1.00 0.78 0.60 0.73 0.51 0.29 0.25 0.23 0.21 0.23 0.09 0.22 0.29
Anthracene (6) 1.00 0.29 0.40 0.24 �0.07 �0.22 �0.20 �0.19 �0.20 0.27 �0.11 �0.08
Fluoranthene (7) 1.00 0.85 0.65 0.79 0.62 0.60 0.57 0.61 0.00 0.59 0.60
Pyrene (8) 1.00 0.88 0.82 0.74 0.73 0.70 0.72 0.19 0.75 0.76
Benzo(a)anthracene (9) 1.00 0.86 0.83 0.86 0.85 0.82 0.37 0.89 0.92
Chrysene (10) 1.00 0.93 0.94 0.93 0.92 0.15 0.94 0.93
Benzo(e)pyrene (11) 1.00 0.99 0.98 0.99 0.08 0.93 0.96
Benzo(b)fluoranthene (12) 1.00 1.00 0.98 0.15 0.95 0.98
Benzo(k)fluoranthene (13) 1.00 0.97 0.14 0.94 0.98
Benzo(a)pyrene (14) 1.00 0.10 0.94 0.95
Dibenzo(a,h)anthracene (15) 1.00 0.34 0.25
Benzo(g,h,i)perylene (16) 1.00 0.96
Indeno(1,2,3-cd)pyrene (17) 1.00
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�0.28 compared to 0.97 in the particle phase, since those markers
mostly in the particle phase, as shown in Fig. 3.

BaP has been used as a surrogate for total PAH (Minoia et al.,
1997). A high correlation (r ¼ 0.87) was found between the BaP and
total particle PAH emission factors. However, Lee et al. (Lee et al.,
2001) found that BaP may not be a preferred PAH surrogate in all
cases due to its high reactivity and subject to reactivity losses during
summer when solar radiation and ambient ozone levels are expec-
ted to reach the highest (Greenberg, 1989; DeWeist et al., 1981).

Table 4 compares PAHs emission factors with other tunnel studies.
The total PAH emission factors (1649 mg veh�1 km�1) in the Shing
Mun Tunnel are >3 times higher than those in the Lundby Tunnel in
Sweden (467 mg veh�1 km�1) (Wingfors et al., 2001), which showed
similar emission factors for BaP (2.5 and 2 mg veh�1 km�1, respec-
tively) in the two studies. Vehicle mix is different between the two
tunnels with 8–24% diesel-fueled vehicles (DV) measured in the
Lundby Tunnel as compared to w47% in the Shing Mun Tunnel.
Emissions factors for fluoranthene (24 mg vel�1 km�1) and pyrene
Table 4
Comparison of emission factors (mg veh�1 km�1) for gas plus particle PAHs.

This study Benner et al., 1989 Wingfo

Tunnel, location Shing Mun Tunnel,
Hong Kong SAR

Baltimore Harbor
Tunnel, MD, USA

Lundby
Gothen

Year of experiment 2003–2004 1993 1998

Type of vehicle All All All

PAHs
Naphthalene 402.6 � 136.2 – 112
Acenaphthylene 272.2 � 89.0 – 7.4
Acenaphthene 733.3 � 254.4 – 6.9
Fluorene 59.5 � 19.8 – 45
Phenanthrene 76.6 � 31.1 38 � 13 166
Anthracene 10.1 � 6.4 6 � 3 12
Fluoranthene 24.4 � 11.7 8 � 3 51
Pyrene 30.3 � 16.4 8 � 3 60
Benzo[a]anthracene 5.9 � 5.6 2 � 2 2.0
Chrysene 12.0 � 11.6 3 � 2 2.1
Benzo[e]pyrene 4.9 � 7.4 1 � 1 0.58
Benzo[b]fluoranthene 6.0 � 9.3 – 0.67
Benzo[k]fluoranthene 2.8 � 4.3 – 0.05
Benzo[a]pyrene 2.5 � 3.9 2 � 1 0.57
Dibenzo[a,h]anthracene 0.1 � 0.2 – 0.09
Benzo[ghi]perylene 4.2 � 6.7 2 � 1 0.90
Indeno[1,2,3,cd]pyrene 2.6 � 4.0 1 � 1 0.26

Total 1649.4 71 467.5

Remarks: LD-Light Duty, HD-Heavy Duty.
a For species with near-zero emission rates and/or concentrations at or near the analy
(30 mg vel�1 km�1) in the Shing Mun Tunnel are closer to the values of
35 and 40 mg vel�1 km�1, respectively reported in Tuscarora Mountain
Tunnel in Pennsylvania, U.S., which is also influenced by heavy-duty
vehicles (HEI, 2002). The measured emissions factor for phenan-
threne (77 mg veh�1 km�1) in the Shing Mun Tunnel was w2–4 times
higher than the values found for a gasoline-fueled three-way catalytic
converter (TWC) vehicle (28 mg vel�1 km�1) and a heavy-duty diesel
truck (40 mg vel�1 km�1) (Boström et al., 2002). PAH contributions
from asphalt and tires ware are included in these emissions.

3.4. Evaluation of gas and particle emissions
from diesel-fueled vehicles

DV and non-DV emissions (NDV, including gasoline- and LPG-
fueled vehicles) can be differentiated according to the method
described by Pierson et al. (1996). The sample-specified emission
factors were regressed against the fractions of DV and NDV,
corresponding to each sample. For the nth sampling period, the EFn
rs et al., 2001 HEI, 2002 HEI, 2002

Tunnel,
burg, Sweden

Tuscarora Mountain
Tunnel, Pennsylvania, USAa

Tuscarora Mountain Tunnel,
Pennsylvania, USAa

1999 1999

LD HD

366.7 � 893.5 2508.1 � 6112.1
1.4 � 234.5 339.1 � 55,376.0

11.4 � 56.8 134.6 � 669.4
�3.6 � 178.1 310.5 � 15,266.5
�6.1 � 75.1 448.3 � 5540.2
12.8 � 69.0 60.6 � 325.5

1.6 � 19.5 35.1 � 423.9
�2.7 � 21.4 40.7 � 324.5

2.2 � 5.0 1.2 � 2.9
2.4 � 7.2 0.7 � 1.9
1.4 � 3.8 0.4 � 1.0

– –
1 – –

6.5 � 13.7 6.2 � 13.0
5 – –

0.2 � 4.2 2.9 � 57.3
0.9 � 2.1 �0.1 � 0.1

406.8 3887.9

tic detection limit, negative emission rates can result from this calculation.



Table 5
PAH emission factors for diesel-fueled vehicles (DV) and non-diesel-fueled vehicles
(NDV) based on regression analysis of measurement acquired in the Shing Mun
Tunnel.

PAHs Emission factor
(mg veh�1 km�1)

Correlation
coefficient (r)

Ratio of
DV/NDV

DV NDVa

Naphthalene 613.4 � 384.7 261.0 � 155.6 0.26 2.35
Acenaphthylene 584.2 � 209.6 46.3 � 84.8 0.60 12.62
Acenaphthene 1479.1 � 653.8 196.7 � 264.4 0.50 7.52
Fluorene 105.3 � 32.8 16.4 � 12.9 0.65 6.42
Phenanthrene 153.2 � 64.0 6.3 � 26.2 0.60 24.32
Anthracene 22.5 � 10.5 1.9 � 4.2 0.56 11.84
Fluoranthene 50.7 � 24.2 2.1 � 9.9 0.55 24.14
Pyrene 60.5 � 24.2 2.0 � 9.9 0.62 30.00
Benzo[a]anthracene 10.8 � 10.6 1.3 � 4.4 0.28 8.31
Chrysene 18.3 � 12.7 1.6 � 5.2 0.37 11.43
Benzo[e]pyrene 4.4 � 9.4 4.1 � 3.7 0.01 1.07
Benzo[b]fluoranthene 0.7 � 5.7 5.9 � 2.3 �0.30 0.12
Benzo[k]fluoranthene 0.3 � 2.4 2.4 � 1.0 �0.31 0.13
Benzo[a]pyrene 2.9 � 4.6 1.4 � 1.8 0.11 2.07
Dibenzo[a,h]anthracene 0.4 � 2.7 0.4 � 1.2 �0.01 1.00
Benzo[ghi]perylene 1.1 � 18.5 6.3 � 7.4 �0.12 0.17
Indeno[1,2,3,cd]pyrene 1.0 � 6.4 3.0 � 2.5 �0.11 0.37

Total PAHs 3084.5 � 1058.2 565.5 � 427.9 0.57 5.45

a NDV: includes gasoline- and LPG-fueled vehicles.

K.F. Ho et al. / Atmospheric Environment 43 (2009) 6343–63516350
is a weighed sum of the diesel emission factor, EFDV, and the non-
diesel emission factor, EFNDV:

EFn¼xnEFDVþð1�xnÞEFNDV ¼ xnðEFDV�EFNDVÞþEFNDV (2)

where xn is the fraction of DV and 1 � xn is the fraction of NDV cor-
responding to sample n. Extending the line derived to xn¼0 and xn¼ 1
provides EFDV and EFNDV estimates. Sampling periods were selected to
obtain a wide range of DV fractions (Sagebiel et al.,1996). The standard
error of the xn¼0 intercept provides an estimate of the EFDV and EFNDV

precisions. EFDV and EFNDV are assumed to be constant.
Table 5 summarizes the EFDV and EFNDV for each PAH. The EFDV for

total PAH (3085 � 1058 mg veh�1 km�1) was w5 times higher than
and the EFNDV (566 � 428 mg veh�1 km�1). PAH emission factors are
higher for the low MW, mostly gas-phase PAHs. The sum of naph-
thalene, acenaphthylene, acenaphthene, fluorene and phenanthrene
accounted for w95% of DV and 93% of NDV the total PAH emissions,
respectively. High DV to NDV ratios (>24) were observed for diesel
markers, phenanthrene, fluoranthene and pyrene; low DV/NDV
ratios (<0.4) were found for gasoline markers, benzo[ghi]perylene
and indeno[1,2,3-cd]pyrene. Measured PAHs typically comprise no
more than 5% of the particulate organic carbon (OC), but their
abundances are useful to distinguish DV and NDV emissions.

4. Conclusions

In Hong Kong during 2003, two- and three-ring PAHs (e.g., naph-
thalene, acenaphthylene, and acenaphthene) were the most abundant
gas PAHs and four-ring PAHs (e.g., fluoranthene and pyrene) were the
most abundant particle PAHs for hot-stabilized operation conditions.
The average emission factor for gas PAHs (1551�447 mg veh�1 km�1)
was >15 times higher than that for particle PAHs (98 � 80 mg veh�1

km�1). Good correlations were found for diesel- (e.g., fluoranthene
and pyrene) and gasoline- (e.g., benzo[ghi]perylene and indeno[1,2,3-
cd]pyrene) organic exhaust markers. Ratios of indeno[1,2,3-cd]pyrene
to the sum of indeno[1,2,3-cd]pyrene and benzo[ghi]perylene
evidence that diesel-fueled vehicle emission was dominant compared
to that of gasoline and LPG in Hong Kong. Meanwhile, the total gas and
particle PAH emission factor from diesel-fueled vehicles (3085�1058
mg veh�1 km�1) was w5 times that from non-diesel vehicles
(566 � 428 mg veh�1 km�1). Those results from this real-world study
demonstrate that diesel-fueled vehicle emission is a large environ-
mental concern in Hong Kong. Substitution of vehicle engines and
application of environmental-friendly energy sources are possible
solutions which can decrease the emissions of carcinogenic PAHs and
improve the air quality.
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