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Motor vehicles contribute primarily and secondarily to air quality problems due to fine particle (PMas)
and ozone (0O3) pollution in China's megacities. Characterizing vehicle emission with the rapid change of
vehicle numbers and fleet compositions is vital for both bottom-up emission survey and top—down
source apportioning. To obtain emission factors (EFs) of PM; 5, carbonaceous aerosols and trace gases for
road vehicles, in urban Guangzhou we conducted a field campaign in 2014 in the Zhujiang Tunnel, a
heavily burdened tunnel with about 40,000 motor vehicles passing through each of its two separated
bores per day. PM; 5 and volatile organic compounds (VOCs) were sampled for offline analysis while trace
gases including SO,, NOy and CO were measured online and in situ. An eddy covariance system with an
integrated 3-D sonic anemometer was also adopted to measure CO; and winds inside the tunnel. We
recorded an average fleet composition of 61% light-duty gasoline vehicles (LDVs) + 12% heavy-duty diesel
vehicles (HDVs) + 27% liquefied petroleum gas vehicles (LPGVs), and EFs of 82.7 + 28.3,19.3 + 4.7 and
13.3+33 mg veh ™' km™, respectively, for PM; 5, organic carbon (OC) and elemental carbon (EC). These
EFs were respectively 23.4%, 18.3% and 72.3% lower when compared to that measured in the same tunnel
in 2004. EFs of PM,s5 OC and EC were higher at night time (148 + 126, 29 + 24 and
21 + 18 mg veh~! km™, respectively) due to significantly elevated fractions of HDVs in the traffic fleets.
An average ratio of OC to EC 1.45 from this tunnel study was much higher than that of ~0.5 in previous
tunnel studies. The EFs of SO,, NOyx, CO, CO, and NMHCs for road traffic were also obtained from our
tunnel tests, and they were 20.7 + 2.9, (1.29 + 0.2)E+03, (3.10 + 0.68)E+03, (3.90 + 0.49)E+05, and
448 + 39 mg veh~! km™’, respectively.

© 2015 Elsevier Ltd. All rights reserved.
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1. Introduction

Air pollution due to fine particles (PM35) and ozone (03) has
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(Chan and Yao, 2008; Zhang et al., 2012a; Guo et al., 2014) due to
impaired visibility (Che et al.,, 2007; Wu et al., 2007; Cao et al,,
2012), adverse health endpoints (Xu et al., 2008; Tie et al., 2009;
Huang et al.,, 2012; Chen et al, 2013b; Shang et al.,, 2013) and
damage to ecological services (Krupa et al.,, 2001; Wang et al,,
2007). Particularly in the urban areas, vehicle exhausts are
convinced a major source of air pollutants leading to China's air
quality headaches including PM; 5 and Os. Apart from emission of
primary particulate matters (PM) (Kleindienst et al., 2002; Huang
et al., 2014), motor vehicles can also emit a variety of trace gases
such as VOCs and NOy (Schauer et al., 1999; Kirchstetter et al., 1999;
Hao et al., 2000; Imhof et al., 2006), which are important precursors
to both secondary aerosols (Ng et al., 2007) and ozone (Derwent
et al,, 1996). As an example, in China's Pearl River Delta (PRD) re-
gion, a substantial fraction of aromatic hydrocarbons were sourced
from vehicle exhausts (Liu et al., 2008b; Cheng et al., 2010a; Zhang
et al., 2012b), and they were major anthropogenic precursors of
both secondary organic aerosols (SOA) (Ding et al., 2012; Wang
et al., 2013) and ambient ozone (Cheng et al., 2010b; Zhang et al.,
2013b). Therefore vehicle emission control is an enduring task to
combat air pollution in China in light of its rapidly increasing
vehicle numbers.

The contribution of vehicle emission to PM, 5 in China, however,
is a debatable issue. Even in Beijing, the capital city of China,
observation-based PMj 5 source apportioning revealed quite large
gaps for the percentages shared by vehicle exhausts (Song et al.,
2007; Zhang et al., 2013a; Huang et al., 2014). On the other hand,
bottom-up emission inventories still have pretty large uncertainties
for vehicle emission. Zheng et al. (2009) demonstrated that vehicle
emissions accounted for 67%, 36%, 39%, 36%, and 22% of CO, NOy
VOCs, PM, 5 and PMg, respectively, in the Pearl River Delta (PRD)
region with 2006 as the base year, and they claimed uncertainties
from —60% to +70% for both particle and gaseous pollutants from
vehicle emissions in the emission inventory. A major reason for the
uncertainties related to the top—down or bottom-up survey of
vehicle emission is the lack of extensive characterization of vehicle
emission, particularly the source profiles and emission factors, in
China. As a matter of fact, the possession of civil vehicles numbers
in China increased rapidly from about 27 million in 2004 to over
127 million in 2013 with an annual increasing rate of ~40%
(National Bureau of Statistics of China (NBSC), 2014). This would
inevitably induce great changes in China's on-road vehicles
including the engines, oil consumption, energy efficiency and
emission standards, and thereby result in fast changing emission
factors and chemical compositions of air pollutants from vehicles.
Under this situation, updating emission factors and source profiles
for motor vehicles is in pressing need to keep pace with the fast
changing motor vehicles, either in numbers or in compositions.

Emission factors (EFs) for motor vehicles can be measured by a
variety of methods including chassis and engine dynamometer
testing under controlled conditions in laboratories (Artelt et al.,
1999; Nine et al., 1999), remote sensing method (Bishop and
Stedman, 1996), on-road (chase) measurements (Shorter et al.,
2005) and tunnel studies (Jamriska et al., 2004; Hueglin et al.,
2006). Among them tunnel study has its advantages in obtaining
absolute levels of emissions by capturing a cross-section of the on-
road vehicle fleet and representing real-world operation conditions
(Franco et al., 2013). In China, on-board measurements of emission
factors for pollutants from vehicles has been extensively performed
by using a portable emissions measurement system (PEMS), mostly
in Beijing (Liu et al., 2009; Huo et al., 2011; Wang et al., 2011; Shen
et al, 2014; Yao et al, 2015), Shanghai (Chen et al, 2007),
Chongqing (Wang et al., 2012a) and Macao (Hu et al., 2012; Wang
et al.,, 2014). Remote sensing measurements of EFs were previ-
ously conducted in Hangzhou in 2004 and 2005 (Guo et al., 2007),

and Li et al. (2013) reported PM, 5 emissions from light-duty ve-
hicles measured on a chassis dynamometer. However, only a few
tunnel studies about the emission factors for road vehicles were
carried out in mainland China, all in the Pearl River Delta region
except one measuring PMjg-bound polycyclic aromatic hydrocar-
bons in the Fu Gui-shan Tunnel in Nanjing (Chen et al., 2013a). He
et al. (2006) chemically characterized PM, 5 based on the 4 sets of
particle samples collected from the Wutong Tunnel in the PRD's
Shenzhen city, and Cheng et al. (2006; 2010c) and Ho et al. (2006,
2009) measured EFs of PM; 5, VOCs and carbonyl compounds in the
Shing Mun Tunnel in Hong Kong. Based on studies in the Zhujiang
Tunnel in urban Guangzhou, the same one for this study, Wang
et al. (2001) calculated EFs of PMyp and some gaseous pollutants
from a campaign in 1999; Huang et al. (2006) and He et al. (2008)
reported size distribution of EC and PM,s5 emissions from a
campaign in 2004. As chemical compositions and EFs of pollutants
from vehicles would change quite a lot accompanying with the
rapid change of vehicle numbers, fleet compositions, fuel quality
and control strategies, these EFs need to be updated to reflect
current vehicle emissions and to include more pollutant species.
However, a very recent study in the Zhujiang Tunnel in 2013 only
secured EFs of ammonia (Liu et al., 2014), PM3 5 and major PMj 5
components (Dai et al., 2015). Moreover, only two particulate
samples were collected per day, this would mask peak or valley
values as large diurnal variations of EFs were observed in many
tunnel and on-board tests (Ammoura et al., 2014; Shen et al., 2014).

This study aimed to update EFs of PM,5 and carbonaceous
aerosols (OC and EC) and to extend our measurements for obtaining
EFs of gaseous pollutants including VOCs, NOy, CO and SO, for road
vehicles in the Pearl River Delta region based on our campaign in
the Zhujiang Tunnel in June 2014. These results are not only the
latest emission factors of gaseous and particulate pollutants for
road vehicles in the PRD region, but also valid data to assess the
effectiveness of vehicle emission controls in the recent decade
when comparing them with that previously measured in the same
tunnel.

2. Methods
2.1. Description of the Zhujiang Tunnel

The Zhujiang Tunnel (23.11°N, 113.23°E), located in the Liwan
District in urban Guangzhou, is the first underwater tunnel crossing
the Pearl River in the Pearl River Delta. It has two bores with two
lanes for each direction; its total length is 1238.5 m with a 721 m
flat underwater section (Fig. 1). We conducted our tests in this flat
underwater section. The outlet sampling site is about 50 m to the
end of this flat underwater section. Further information can be

Zhujiang Tunnel

() Inlet Sampling site
0 outlet Sampling site
L'>Trat‘ﬁc flow direction

Fig. 1. Schematic diagram of the straight line segment of the Zhujiang Tunnel.
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found elsewhere (Huang et al., 2006; He et al., 2008; Liu et al., 2014;
Dai et al., 2015). The tunnel has a heavy traffic burden of ~40,000
vehicles per day. There is a 50 km/h speed limit in the tunnel.
Normally the ventilation system supplies fresh air into the tunnel to
lower air pollutants inside, however, the ventilation system and
vent-pipes of the system were all closed during our tests in the
tunnel to avoid dilution by ventilation so that accumulation of air
pollutants inside the tunnel was solely attributed to vehicle
emissions.

2.2. Field works

From June 25th to July 1st 2014, we set two monitoring stations
at two ports, each 50 m from the inlet and outlet (Fig. 1), for
simultaneously detecting NOy, SO;, CO and CO; and collecting
filter-based PM; 5 and canister-contained VOCs samples. At each
station two filter-based PM; s sampler were employed: one is a
high-volume one (Tsich Environmental, Inc.) at a flow rate of
113 m>® min~! with the 8 x 10 inch Whatman quartz fiber filters,
and another is a medium volume sampler (Model PQ-200, BGI Inc.)
at a flow rate of 16.7 L min—! with the Whatman 47 mm diameter
PTEE filters. Each set of filter-based samples were collected in 4-hr
intervals, namely 02:00—06:00, 06:00—10:00, 10:00—14:00,
14:00—18:00, 18:00—22:00, and 22:00—02:00. During the
campaign altogether 28 pairs of filter-based PMy5 samples,
including 56 Quartz-filter ones and 56 Teflon-filter ones, were ob-
tained. Two sets of blank samples were also collected by loading
filters into the sampler but without pulling air through. All samples
were stored in a refrigerator (—20 °C) before chemical analysis.

VOCs samples were collected using pre-evacuated 2-L electro-
polished stainless steel canister. During the sampling a Model 910
Pressurized Canister Sampler (Xonteck, Inc.) was adopted to allow
each canister to be filled in 60 min at a constant flow of 66.7 ml/min
and with the ending air pressure of about 2 atm inside the canister.
The samples were collected on two workdays (June 25th and 26th)
and at weekends (June 28th and 29th) during intervals of
02:00—03:00, 07:00—08:00, 08:00—09:00, 09:00—10:00,
10:30—11:30, 14:00-15:00, 17:00—18:00, 18:00—19:00, and
19:00—-20:00 in each day. We got one more pair during
02:00—03:00 on June 27th and another during 02:00—03:00 on
June 30th. Totally 76 valid VOCs samples were collected in the
tunnel. These samples were transported back to lab and get
analyzed in a week.

Trace gases, including NOy, SO,, CO and CO,, were continuously
monitored. NO and NOy were detected using a chemiluminescence
NO—NO,—NOy analyzer (Thermo Electron Corporation, Model 42i);
SO, was measured by a pulsed UV fluorescence (TEI, model 43S);
CO was measured with a gas filter correlation, nondispersive
infrared analyzer (API, Model 300). Detailed information about
online monitoring of these gases can be found elsewhere (Zhang
et al., 2010; Liu et al., 2014).

Carbon dioxide (CO;), as well as wind speed, wind direction, and
temperature, were measured in situ using the IRGASON eddy
covariance system (Campbell, Inc.) with an integrated CO, and H,0
open-path gas analyzer and a 3-D Sonic Anemometer. The IRGASON
gas analyzer is a non-dispersive mid-infrared absorption analyzer
with a mercury cadmium telluride (MCT) detector in its lower arm
to measure the decrease in radiation intensity due to absorption
and then to infer concentrations using the Beer—Lambert Law. The
accuracy is 1% and the precision is 0.2 mg/m> (0.15 pmol/mol) for
COy. The 3-D Sonic Anemometer measures the 3-D wind speed uy,
uy and u, with accuracies < +0.08 m s~ 1 for uy and uy and <
+4.0 cm s~ ! for u,. The accuracy of wind direction is within +0.7°
while horizontal wind at 1 m s~, and ambient temperature was
measured with an accuracy of +0.5 °C.

2.3. Traffic counts

A video camera was placed at the outlet to record the passing
vehicles during the sampling periods. The videotapes were used to
determine the vehicle counts and to classify the vehicles into 11
types, which including sedan cars, large passengers cars, mini-
trucks (MTs), light-duty trucks (LDTs), medium-duty trucks
(MDTs), heavy-duty trucks (HDTs), light-duty buses (LDBs),
medium-duty buses (MDBs), heavy-duty buses (LDBs), taxis, and
motorcycles according to the taxonomy in NBSC (2014).

2.4. Chemical analysis

Methods of PMjs and OC/EC mass concentrations were
described elsewhere (Wang et al., 2012b). The Teflon filters were
used for the gravimetric analysis, and quartz filters were chosen for
the OC/EC analysis. VOCs were analyzed using a Model 7100 Pre-
concentrator (Entech Instruments Inc., California, USA) coupled
with an Agilent 5973N gas chromatography-mass selective detec-
tor/flame ionization detector (GC-MSD/FID, Agilent Technologies,
USA). Detailed cryogenically concentration steps are described
elsewhere (Zhang et al., 2013b).

2.5. Quality control and quality assurance

For collecting PM; 5 in the tunnel, quartz filters were baked at
450 °C for 4 h to remove organic impurities prior to field sampling,
wrapped in aluminum foils, and zipped in Teflon bags. Sampling
flow was checked using an orifice calibration unit with a manom-
eter. After sampling, the filters were again wrapped in aluminum
foils, zipped in Teflon bags, and stored in a freezer at —20 °C until
analysis. All the OC/EC data were corrected using the field blanks.
All trace gas analyzers were zero-point adjusted with zero air twice
a day and re-calibrated with authentic standards once a day.

For sampling VOCs, each canister before use was subjected to at
least five evacuation/pressurization cycles using humidified zero
air. To check if there was any contamination in the canisters, each
canister was again pressurized with humidified zero air at the end
of the evacuation/pressurization cycles and stored in the laboratory
for at least 24 h, and then analyzed the same way as air samples. A
canister was certificated as clean if all target compounds were not
detected or were below method detection limits (MDLs). After leak
checking and cleansing, the canisters were re-evacuated to
<0.05 mm Hg and remained in this condition until field use. After
lab analysis, target VOCs were identified based on their retention
times and mass spectra, and were quantified by an external cali-
bration method. Field blank canisters were refilled with zero air in
the lab and then analyzed the same way as the ambient air samples
after at least 24 h storage. All target compounds in the field blank
samples were below their MDLs.

2.6. Emission factor

Average emission factors for vehicles traveling through the
tunnel during a time interval T were calculated the same as that in
previous studies (Pierson and Brachaczek, 1983; Pierson et al.,
1996).

AC x Vaip x T x A
N x|

Where EFjee; (mg veh™! km™!) is the mean emission factor per
vehicle for a given species expressed as emitted mass per kilometer,
4¢, (mg/m?) is the concentration difference between the mea-
surements at the tunnel exit and its entrance, Vg (m/s) is the air

EFfeer = (1
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velocity parrell to the tunnel sensed by the 3-D Sonic Anemometer,
Air velocity varied from 2.75 to 4.00 m/s with an average of 3.44 m/
s during the sampling period. A is the tunnel cross section area in
m? (A = 52.8 m?), N is the total traffic number passing the tunnel
during the time interval T(s) (1 h in this study), and I is the length of
the tunnel between the two monitoring stations in km, The length
of the tunnel between the two stations is 621 m within the 721 m
flat underwater section. As there is a 50 km/h speed limit in the
tunnel, the traffic speed range is 20—47 km/h during our sampling
period.

3. Results and discussion
3.1. Traffic fleets passing through the tunnel bore

In the tunnel bore where we conducted our tests,
39,164—43,306 motor vehicles passed through per day. The traffic
density varied between 754 and 2554 vehicles per hour. We further
categorized motor vehicles into three fuel-types, namely heavy-
duty diesel vehicles (HDVs) (which including heavy-duty trucks
and large passenger cars), light-duty gasoline vehicles (LDVs)
(including sedan cars, light-duty trucks, and motorcycles), and
liquefied petroleum gas vehicles (LPGVs) (including buses and
taxies). Variations of vehicle numbers and the percentages shared
by LDVs, HDVs, and LPGVs on a weekend day and a workday were
shown in Fig. 2. In average, LDVs, HDVs and LPGVs shared fractions
of 61%, 12%, and 27%, respectively. Percentages of LDVs ranged
29—84% and 35—77%, respectively, on workdays and weekends. On
weekends, the average fraction of LDVs in the daytime (08:00 am —
20:00 pm) was 73 + 7%, higher than that of 53 + 24% in the night
time (20:00 pm — the next day 08:00 am). LDVs showed a diurnal
pattern: increasing rapidly from 06:00 am to ~10:30 am, main-
taining at this high platform levels to ~22:30 am, and then dropping
to a minimum at about 02:00 am in the next day. HDVs and LPGVs,
on the contrary, shared higher fractions in the night time than in
the daytime. While fractions of HDVs and LPGVs were quite stable
during daytime with an average of 9% and 20%, respectively, they
reached as high as 24% and 60%, respectively, at about 05:30—06:00
am and 01:30—02:00 am. On weekdays, a distinct difference was
that in the early morning vehicle numbers increased more rapidly
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Fig. 3. Compositions of vehicles in 2014 in Guangzhou by emission standards.

and reached the high platform levels about 2 h earlier when
compared to the diurnal pattern in weekends.

3.2. Concentrations and emission factors (EFs)

Table 1 showed measured inlet/outlet concentrations and
calculated emission factors, as well as their ranges and 95% confi-
dence interval (95% C.I.) for PM, 5, OC, EC, SO,, NOy, CO, CO,, and
total NMHCs. Total NMHCs in this study refers to the sum of sixty-
two C,—Cy1 hydrocarbons. The CO; outlet-inlet concentration gaps
in the Zhujiang Tunnel were about 2 times of that in the Shing Mun
Tunnel in Hong Kong (Ho et al., 2009), largely due to heavier traffic
burdens. The average inlet concentration of OC and EC were
20.8 + 2.5 pg/m> and 6.2 + 1.5 pg/m°>, respectively, with an average
OC/EC ratio of 3.8 + 0.4; while that at the outlet were 47.8 + 5.5 and
23.7 + 2.7 pg/m>, respectively, with an average OC/EC ratio of
21+02.

As listed in Table 1, the emission factors for the traffic fleets in
the Zhujiang Tunnel were 82.7 + 28.3, 19.3 + 4.7, 13.3 + 3.3,
20.7 £ 2.9, (1.29 + 0.2)E+03, (3.10 + 0.68)E+03, (3.90 + 0.49)E+05,
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Fig. 2. Diurnal variations of three categories of vehicles on workday and weekend.
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Table 1
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Average concentrations (ug/m?>) and emission factors (mg veh~!' km™!) of target compounds in Zhujiang Tunnel.

Species Inlet concentration Outlet concentration Emission factors

Mean 95% C.I. Mean 95% C.I. Mean 95% C.I. Range
PM, 5 101 14.7 204 35.8 82.7 283 4.4-310
ocC 20.8 25 47.8 5.5 19.3 4.7 1.6—-58
EC 6.2 1.5 23.7 2.7 133 33 0.3—45
SO, 175 0.8 43.0 1.1 20.7 29 11-39
NOx 0.58E+03 0.03E+03 2.45E+03 0.01E+03 1.29E+03 0.20E+03 (0.43—2.26)E+03
co 1.40E+03 0.15E+03 5.35E+03 0.02E+03 3.10E+03 0.68E+03 (1.60—12.4)E+03
CO, 8.3E+05 0.07E+05 1.30E+06 0.02E+06 3.90E+05 0.49E+05 (0.78—7.2)E+05
TNMHCs 133 14 534 70 448 39 272-727

and 448 + 39 mg veh~! km~! for PM, 5, OC, EC, SO,, NOy, CO, CO,
and NMHCs, respectively. OC and EC were found to account for
23.6% and 16.7% of the emitted PM; 5 mass with an average OC/EC
of 1.45. This was different from higher emission factors of EC than
OC in previous studies, such as that with OC/EC ratio of 0.30 in the
Kaisernuhlen Tunnel in Austria (Handler et al., 2008), 0.54 in the
Shing Mun Tunnel in Hong Kong (Cheng et al., 2010c), and 0.49 in
the same Zhujiang Tunnel in 2004 (He et al., 2008).

3.3. Comparison of emission factors with that from other tunnel
studies

The emission factors of PM;5, OC and EC in this study were
compared with that from other tunnel studies over the world
(Table 2). EF of PMy 5 (82.7 mg veh~! km™!) in this study was lower
than that of 131 mg veh~! km~! in an urban tunnel in Hong Kong
(Cheng et al., 2010c) with traffic fleet composition of 41%
gasoline + 50% Diesel + 9% LPG. It also showed a decreasing trend
when compared to that of 110 mg veh~! km~! in the same tunnel in
2004 with fleet composition of 80% LDV + 20% HDV (He et al., 2008)
or that of 92.4 mg veh~! km~! in 2013 with fleet composition of
60% LDV + 14% HDV + 26% LPGV (Dai et al., 2015). However, this EF
for PM> 5 was much higher than that reported about a decade ago in

Table 2
Comparison of emission factors of PM, 5, OC and EC with other studies.

the USA or Europe, such as 52 mg veh~! km™! in the Sepulveda
Tunnel in Los Angeles with 97.4% LDV + 2.6% HDV (Gillies et al.,
2001), 46.8 mg veh~! kmlin the Kaisernuhlen Tunnel in Vienna
(Laschober et al., 2004), 49 mg veh~! km~! in the Kingsway Tunnel
in the United Kingdom (Imhof et al., 2006), and 67 mg veh~! km™!
in the Soderleds Tunnel in Stockholm with 90% LDV + 5% HDV + 5%
Diesel (Kristensson et al, 2004). Apart from emission control
technologies, fleet composition is also an important factor deter-
mining the EFs. Typically higher EFs of PMj 5, 3—5 times that from
this study, were observed for HDVs or Diesel vehicles (Allen et al.,
2001; Cheng et al., 2010c; Jamriska et al.,, 2004; Imhof et al,,
2006). Contrarily, in many tunnels dominated by LDVs or gasoline
vehicles, EFs of PM,s5 were much lower: the maximum of
53.4 mg veh™! km~! was reported in Milwaukee (Lough et al.,
2005) and as low as 5.5 mg veh™! km~' was reported in San
Francisco (Allen et al., 2001), and quite a lot were fell between them
(Table 2; Lough et al., 2005; Imhof et al., 2006; Handler et al., 2008;
Chiang and Huang, 2009; Cheng et al, 2010c; Mancilla and
Mendoza, 2012). In this study the traffic fleet in the Zhujiang
Tunnel has a much higher fractions of HDV, so the EFs of PM; 5 were
between that in HDV-dominated tunnels and LDV-dominated ones.

The OC emission factor of 19.3 mg veh~! km™! in this study were
lower than that of 35.7 mg veh~! km~" for total fleet in the Shing

References Tunnel Cities/Country Test year Fuel type Emission factors (mg veh™! km~)
PM, 5 ocC EC
LDV dominance
(Mancilla and Mendoza, 2012) Monterrey tunnel Mexico 2009 97% Gasoline 22.8 12.6 5.7
(Allen et al., 2001) Caldecott tunnel San Franciso 1997 LDV 5.5 — —
(Kristensson et al., 2004) Sweden Stockholm 1998—1999 90%LDV + 5%HDV+5%Diesel 67.0 - -
(Cheng et al., 2010c) Shing Mun Tunnel Hong Kong, China 2003 Gasoline + LPG 16.6 8.5 32
(Lough et al., 2005) Kilborn Tunnel Milwaukee, USA 2000 >97%LDV 24.1 6.4 6.9
(Lough et al., 2005) Howell Tunnel Milwaukee, USA 2000 >90%LDV 534 129 6.6
2000—2001 >90%LDV 359 8.4 33
(Handler et al., 2008) Kaisernuhlen tunnel Vienna, Austria 2005 mixed LDV + 9.6%HDV 26.0 54 17.8
(Imhof et al., 2006) Kingsway Tunnel United Kingdom 2003 LDV 19.0 — —
(Chiang and Huang, 2009) Chung-Liao tunnel Taiwan Unknown >90%LDV 38.0 151 47
HDV dominance
(Gillies et al., 2001) Sepulveda Tunnel Los Angeles 1996 97.4%HDV + 2.6%LDV 52.0 — —
(Allen et al., 2001) Caldecott tunnel San Franciso 1997 HDV 430 - -
(Cheng et al., 2010c) Shing Mun Tunnel Hong Kong, China 2003 Diesel 257 67.9 131.0
(Jamriska et al., 2004) Woolloongabba Brisbane City, Unknown Diesel bus 267 — —
Tunnel Australia
(Imhof et al., 2006) Kingsway Tunnel United Kingdom 2003 HDV 381 - -
Total fleet
(Laschober et al., 2004) Kaisernuhlen tunnel Vienna, Austria 2002 Total fleet 46.8 — 279
(Cheng et al., 2010c) Shing Mun Tunnel Hong Kong, China 2003 41%Gasoline + 50%Diesel+9%LPG 131 35.7 65.8
(He et al., 2008) Zhujiang Tunnel Guangzhou, China 2004 80%LD + 20%HD 110 243 49.6
(Dai et al., 2015) Zhujiang Tunnel Guangzhou, China 2013 60%LDV + 14%HDV + 26%LPGV 924 16.7 16.4
This study Zhujiang Tunnel Guangzhou, China 2014 61%LDV + 12%HDV + 27%LPGV 82.7 19.3 133
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Mun Tunnel in Hong Kong (Cheng et al, 2010c) and
243 mg veh~! km~! in the Zhujiang Tunnel in 2004 (He et al.,
2008), but accordingly higher than that ranging
5.40—15.1 mg veh~! km~! in LDV-dominated tunnels (Mancilla and
Mendoza, 2012; Cheng et al., 2010c; Lough et al., 2005; Handler
et al, 2008; Chiang and Huang, 2009), and near that of
16.7 mg veh™! km™! tested in 2013 in the Zhujiang Tunnel (Dai
et al, 2015). Similarly, the EC emission factor of
13.3 mg veh™! km™! in this study were much lower when
compared to that of 65.8 mg veh~! km™! for total fleet in Hong
Kong (Cheng et al., 2010c) and 49.6 mg veh~! km~! in the Zhujiang
Tunnel in 2004 (He et al., 2008). It was also about 20% lower than
that of 16.4 mg veh~' km~! in the Zhujiang Tunnel in 2013 (Dai
et al, 2015). However, this value was much higher when
compared to 3.2—6.9 mg veh™! km~! reported in other LDV-
dominated tunnels (Mancilla and Mendoza, 2012; Cheng et al.,
2010c; Lough et al., 2005; Chiang and Huang, 2009), except an
LDV-dominated tunnel in Vienna, where EF of EC reached
17.8 mg veh~! km~! (Handler et al., 2008).

A comparison of EFs for gaseous pollutants is shown in Table 3.
Only a study in the Tauern Tunnel revealed much higher emission
factor of 3131 mg veh™! km~! for NOy (Schmid et al,, 2001) than
that of 1286 + 204 mg veh~! km~! in this study. Studies in the
Soderleds Tunnel (1360 mg veh™! km™!; Kristensson et al., 2004)
and in the Gubrist Tunnel (1050 mg veh~! km™!; Legreid et al,
2007) obtained comparable high EFs for NOy. Much lower EFs for
NOx were observed in gasoline vehicle tunnels, such as
145—331 mg veh~! km~! in the Hsuehshan Tunnel (Chang et al.,
2009) and 110—130 mg veh~! km~! in the Loma Larga Tunnel
(Mancilla et al., 2012; Araizaga et al., 2013). These large differences
suggest that HDVs contribute more to NOy than LDVs. Other studies
reported moderate EFs for NOy within 263—900 mg veh™! km™!
(Hwa et al.,, 2002; Cheng et al., 2006; Chiang et al., 2007; Ameur-
Bouddabbous et al, 2012). EFs for NMHCs averaged
448 + 38 mg veh~! km~! in this study, quite similar to that of
440 mg veh~! km~! in the Taipei Tunnel (Hwa et al., 2002) and
460 mg veh~! km~! in the Chuang-Liao tunnel (Chiang et al., 2007),
or 460 mg veh~! km~! in the Gubrist Tunnel (Legreid et al., 2007),
but higher than 115 mg veh~! km~! in the Shing Mun Tunnel (Ho
et al, 2009) and 96—121 mg veh~! km~! in the Hsuehshan Tun-
nel (Chang et al.,, 2009). However, all the above mentioned EFs for
NMHCs are quite low when compared to that from 1160 + 50
(Mancilla et al., 2012) to 1540 + 80 (Araizaga et al., 2013) reported
in the Loma Large Tunnel.

EFs of SO, averaged 21 + 3 mg veh~! km~!, comparable with

Table 3
Emission factors of gaseous pollutants comparison with other recent studies.

that of 20 mg veh~! km™! in Taiwan (Chang et al., 2009), but much
higher than that ranging 3.0—11.6 mg veh~! km~! from other sur-
veys (Chang et al.,, 2009; Ameur-Bouddabbous et al., 2012). The
relatively higher EFs for SO, in this study might be a reflection of
higher sulfur contents in our fuels (Liu et al., 2008a).

The EFs of CO and CO; in different tunnels were also listed in
Table 3. The EFs for CO was unusually high (11800 mgveh~!km™!)in
the Loma Larga Tunnel (Chang et al., 2009), 2.2—6.4 times of those
from other studies. EFs of CO (3096 + 680 mg veh~! km~!) in this
study also quite approximated that of 3640 mg veh~! km™! in the
Taipai Tunnel (Hwa et al, 2002). They were within the
5300 mg veh~! km~! in the Soderleds Tunnel (Kristensson et al.,
2004) and 1845—1900 mg veh! km~! in the Shing Mun Tunnel
(Cheng et al., 2006; Ho et al., 2009). The CO, emission factor, as an
indicator of energy efficiency, was 3.9E + 05 mg veh~! km~! from
this study. It was nearly 30% higher than that of
3.10E 4 05 mg veh ™' km™! in the Shing Mun Tunnel (Ho et al., 2009)
and more than double that of 1.70E + 05 mg veh~! km~! in the Loma
Large Tunnel (Mancilla et al., 2012). The mole fraction ratios of ACO/
ACO, (ppb ppm™!) could be applied to differentiate the gasoline
vehicles from diesel vehicles (Ammoura et al., 2014) as gasoline
vehicles are known to emit much more CO than diesel vehicles. The
average ACO/ACO; of 11.1 in this study was much higher than that of
5.68—8.44 in the Guy Moquet Tunnel in Paris, indicating higher
percentage of LDVs in traffic fleets passing through the Zhujiang
Tunnel than that through the Guy Moquet Tunnel.

3.4. Decadal variations of EFs for PMy 5, OC and EC measured in the
Zhujiang Tunnel

With the motor vehicle numbers increasing from 0.68 million in
2004 to 2.4 million in 2014 (Guangzhou Statistical Yearbook, 2015),
measured EFs of PM, 5, OC and EC for total fleet in the same Zhu-
jiang Tunnel recorded a decrease of 23.4%, 18.3%, and 72.3%,
respectively, in 2014 when compared to those in 2004 (He et al,,
2008) (Fig. 4). This change is largely attributed to changing fleet
compositions, and also to upgraded vehicle emission standards and
fuel quality. In 2004 motor vehicle fleets passing through the
tunnel were 80% gasoline vehicles and 20% diesel vehicles (He et al.,
2008), while in 2014 during our campaign the compositions had
changed to be 61% of gasoline vehicles, 12% diesel vehicles and 27%
of LPG vehicles. A drastic change beneficial to lowering EFs of PMj 5
from automobiles was that 80% buses and 100% taxies were
replaced as LPG-driven ones as a measure to reduce particulate
emission from public transportation sector.

References Tunnel Fuel type Emission factors (mg veh~! km~')
NOy TNMHCs SO, Cco CO,

(Schmid et al., 2001) Tauern Tunnel 2001 Total fleet 3131 + 383 — — — —
(Hwa et al., 2002) Tapei Tunnel 2002 Total fleet 900 + 180 440 + 60 — 3640 + 260 —
(Kristensson et al., 2004) Soderleds Tunnel Winter 98/99 Total fleet 1360 + 30 — — 5300 —
(Cheng et al., 2006) Shing Mun Tunnel, 2003/2004 Total fleet 878 + 308 - - 1845 +434 —
(Chiang et al., 2007) Chung-Liao Tunnel Total fleet 730 + 150 460 + 170 20 + 10 — —
(Legreid et al., 2007) Gubrist Tunnel 2004 Total fleet 1050 + 90 460 + 40 — — —
(Ho et al., 2009) Shing Mun Tunnel 2004 Total fleet — 115 + 26 — 1900 + 380  3.10E+05
(Chang et al., 2009) Hsuehshan Tunnel LDV 145 + 67 96 + 65 3+£2 - —

Hsuehshan Tunnel LDV 331 + 166 121 + 63 6+3 - -
(Mancilla et al., 2012) Loma Larga Tunnel (LLT) >97% gasoline 130 + 100 1540 + 80 — 11800 1.70E+05
(Ameur-Bouddabbous et al,, 2012)  Grand Mare Tunnel Summer 2007  Total fleet 263 + 115 (NOy) — 32+21 - -

Grand Mare Tunnel Winter 2009 Total fleet 589 + 289 (NO,) — 116+84 -— —
(Araizaga et al., 2013) Loma Larga Tunnel 2009 LDV 110 + 70 1160 +50 — - —
This study Zhujiang Tunnel 2014 Total fleet 1286 + 204 448 + 38 21+3 3096 + 680 3.9E+05
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Fig. 4. Comparison of emission factors for PM,s, OC and EC based on tests in the
Zhujiang tunnel in 2004, 2013 and 2014.

Tightening motor vehicle emission standards is another
important factor. For gasoline vehicles, emission standards were
upgraded from CHINA-II (or Euro-2) in 2004 to CHINA-III (or Euro-
3) in 2007, then to CHINA-IV (or Euro-4) in 2010, and recently
further to CHINA-V (or Euro-5) in 2014. The PM emission limit was
lowered from 0.10 to 0.20 g/km for direct injection compression
ignition engine and 0.08—0.17 g/km for indirect injection
compression ignition engine in CHINA-II (GB18352.2—2001) to
0.0045 g/km for all types of engines in CHINA-V (GB 18352.5-2013).
Meanwhile, diesel emission standards were upgraded from CHINA-
I in 2003 to CHINA-V in 2012. The PM emission limits were con-
strained from 0.15 g/(kW h) in CHINA-II (GB-17691-2001) to 0.02 g/
(kW h) in CHINA-IV and CHINA-V (GB-17691-2005). Accompanying
with the upgrade of emission standards, quality of gasoline and
diesel oils was also upgraded. For example, sulfur contents was
lowered from 1000 ppm in 1999 (GB 17930-1999) to 10 ppm in
2013 (GB 17930-2013) for gasoline. In 2004 vehicles were CHINA-I
or CHINA-II ones. In 2014, however, as showed in Fig. 3, CHINA-III
and CHINA-IV vehicles became dominated with shares of 39.4%
and 36.2%, respectively (NBSC, 2014), and the less green CHINA-I
and CHINA-II vehicles only accounted for 21.7% of the total motor
vehicles. As tested in Beijing by Shen et al. (2014), EFs of PM; 5 for
LGVs could decline by 99% from Euro-0 to Euro-4. Therefore, traffic
fleets with increasing portion of cleaner automobiles would result
in lowered EFs of PM; 5 and the carbonaceous aerosols as well.

It is worth noting that the design of sampling campaign in the
tunnel would also influence EFs as factors like fleet composition
and driving speed would change during a day (Grieshop et al,,
2006; Mancilla and Mendoza, 2012; Shen et al., 2014). As showed
in Fig. 5, EFs of PM; 5, OC and EC showed similar diurnal variations;
they were the highest at 22:00—02:00, which were 148 + 126,
29 +24and 21 + 18 mg veh~! km~', and the lowest at 10:00—14:00,
which were 22 + 15,10 + 4, and 7 + 2 mg veh~! km~! for PM5 5, OC
and EC, respectively. The average EFs of PM; 5, OC and EC at night
time was observed to be 1.7, 1.4 and 1.5 times of that at daytime due
largely to a much higher fraction of HDVs, which had much higher
EFs for PM;5, OC and EC than LDVs or LPGVs (Ban-Weiss, 2008).
This was also consistent with the very recent study by Shen et al.
(2014), which demonstrated that the contribution of diesel vehi-
cles to PM; 5 became more important at night time than that at the
daytime. Our sampling periods inside the tunnel not only covered
full days but have more samples during each day when compared
to previous campaigns, thus would get EFs more representative of
road traffic fleets.
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Fig. 5. Diurnal variations of emission factors of PM, s, OC, and EC.

4. Conclusions

From tests of road vehicle emissions in the Zhujiang Tunnel in
urban Guangzhou, we updated EFs of PM,s and carbonaceous
aerosols, and obtained EFs of trace gases including NOy, CO, SO»,
CO; and total NMHCs. One distinction of this study is that we used
an eddy covariance system with an integrated CO, open-path
analyzer and a 3-D Sonic Anemometer for more accurate and pre-
cise CO; and wind measurements inside the tunnel. We found that
EF values per kilometer per vehicle in 2014 for PM, 5, OC and EC
from this study were only —23.4%, —18.3%, and —72.3% lower when
compared to that previously measured in 2004 in the same tunnel.
As motor vehicle numbers increased more than doubled in the
decade, total vehicle emission of PM, 5 would be still increasing
although vehicle emission standards have been upgraded to Euro-
V. Our extensive measurements of diurnal variations of EFs for
PM3 5, OC and EC revealed higher values at night time due to higher
fractions of DVs.
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