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H I G H L I G H T S

• Inconsistent fleet-average VOC emissions due to different fleet compositions.
• Real-world VOC emissions from gasoline vehicles (GVs) were measured in two tunnels with >94% GVs in the fleets.
• Constrained linear regression was used to distinguish VOC emissions from LNG-fueled vehicles and GVs.
• Fleet-average emission factors of VOCs substantially decreased over the last decade.
• Aromatics and alkenes dominated VOC reactivity from gasoline- and LNG-fueled vehicles, respectively.
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A B S T R A C T

Gasoline vehicles (GVs) emissions generally dominate ambient volatile organic compounds (VOCs) in urban
areas, while VOC emissions from liquefied natural gas (LNG)-fueled vehicles play an increasingly important role
in urban air quality, due to fuel transition from gasoline/diesel to alternative fuels. Here, an extensive dataset of
VOC samples collected in three urban tunnels in China was used to explore real-world emission characteristics
of ninety-nine VOC species from both GVs and LNG-fueled vehicles. The fleets in the Beijing and Tianjin
tunnels comprised >94% GVs whereas the fleet in the Nanjing tunnel comprised both GVs (∼87%) and LNG-
buses (∼13%). The VOC emission factors (EFs) in the Beijing tunnel and Tianjin tunnel were highly correlated,
implying that they can be applied as existing emission datasets from GVs with aim of distinguishing emissions
from LNG-fueled vehicles and GVs in the Nanjing tunnel. For fleet emissions, the average VOC EFs have
declined substantially over the last decade; the relative compositions of benzene, toluene, and ethylbenzene
were quite stable despite differences in fleet composition. Ethylene, isopentane, ethane, and toluene; and ethane
and propane were enriched in VOC emissions (𝑣∕𝑣) from GVs and LNG-fueled vehicles, respectively. Methyl 𝑡𝑒𝑟𝑡-
butyl ether, 2,2,4-trimethylpentane, 2,3,4-trimethylpentane, 3-methylpentane, and methylcyclopentane were
potential VOC tracers for GVs. Ethane, propane, and 2,3-dimethylbutane were key tracers that distinguished
LNG-fueled vehicles from GVs. Propane, isobutane, and n-butane were key VOC tracers that distinguished
liquefied petroleum gas-fueled vehicles from GVs. Alkanes dominated fleet emissions both by mass and by
volume. However, aromatics and alkenes (mainly ethylene and propylene) dominated VOC reactivity from
gasoline- and LNG-fueled vehicles, respectively. Our study highlights that the wide discrepancy in fleet VOC
emissions could be attributed to fleet compositions.

1. Introduction

Volatile organic compounds (VOCs) are ubiquitous organic pollu-
tants in the ambient atmosphere. Critical roles of ambient VOCs mainly
include: (1) the toxicity of many species and resulting adverse health
effects and (2) participation in atmospheric reactions that contributes to
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the formation of tropospheric ozone (O3) and secondary organic aerosol
(SOA). To develop efficient abatement strategies of VOC emissions, im-
prove air quality and ensure public health, refined emission inventory
(i.e., source method) or source apportionment (i.e., receptor method)
of VOCs is often required. Determination of emission factors (EFs) of
speciated VOCs from various sources (i.e., anthropogenic and biogenic
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emissions) is essential for both reliable emission inventories and source
apportionment studies.

The main anthropogenic source of ambient VOCs in urban areas is
typically traffic-related emissions (Song et al., 2019; Brown et al., 2007;
Vega et al., 2000), including tailpipe emissions, evaporative emissions,
and liquid/unburned fuel. In general, emissions of gasoline vehicles
(GVs) contribute most of the VOCs in urban atmosphere (Parrish et al.,
2009), while diesel vehicles (DVs) dominate vehicle emissions for PM2.5
and NO𝑥 (Song et al., 2018). Nowadays VOC emissions from liquefied
natural gas (LNG)-fueled vehicles play an increasingly significant role
in urban air quality (Zhang et al., 2018c; Li et al., 2017; Huang et al.,
2015) because of transition from conventional fuels to alternative-fuels
on account of their potential capability of reducing emissions of air
pollutants compared with GVs and DVs. Natural gas (NG), suggested
to be a cheaper and cleaner fuel than gasoline and diesel, is the
fastest-growing form of transportation energy use. Starting from much
lower levels of use than liquid fuels, these have become a promising
alternative fuel for use in engines of taxis and buses because of their
potential demands of high trip mileage. In addition, the storage of
natural gas resources has been greatly expanding thanks to advances
in horizontal drilling and hydraulic fracturing technologies. Therefore,
it is imperative to understand the magnitude and characteristics of
VOC emissions from gasoline- and LNG-fueled vehicles, which were the
largest sources of VOC emissions from on-road vehicles.

Measurement of vehicular VOC emissions is resource intensive, and
generally involves chassis dynamometer testing (Wang et al., 2013;
Guo et al., 2011; Schmitz et al., 2000), portable emission measure-
ment system (PEMS) (Wang et al., 2020; Cao et al., 2016; Yao et al.,
2015a), sealed housing for evaporative determination (SHED) (Man
et al., 2020; Yue et al., 2017; Yamada, 2013; Zhang et al., 2013),
and tunnel testing (Zhang et al., 2018a; Stemmler et al., 2005). In
general, tailpipe and evaporative emissions from individual vehicles are
determined by dynamometer testing and SHED, respectively. However,
the limitations of dynamometer testing and SHED are: (1) small sample
numbers for individual testing; (2) simulated driving conditions rather
than real-world conditions; (3) representing only tailpipe emissions or
evaporative emissions from individual vehicle; and (4) not accurate
estimation on the dilution of VOCs. Tunnel test can be an excellent
approach to overcome these limitations and estimate primary vehicular
VOC emissions including both tailpipe and evaporative emissions from
a fleet under real-world driving conditions (Hampton et al., 1982,
1983). Tunnel tests have been extensively used to measure speciated
VOC source profiles and EFs from fleet emissions, such as in Tai-
wan (Hung-Lung et al., 2007; Hwa et al., 2002), Hong Kong (Cui
et al., 2018; Ho et al., 2009), Guangzhou (Zhang et al., 2018c; Fu
et al., 2005), and Nanjing (Zhang et al., 2018a). In addition, some
studies conducted repeated measurements at a same tunnel to assess
the effectiveness of local vehicular emission control strategies and/or
new technologies to reduce vehicular VOC emissions (Cui et al., 2018;
Zhang et al., 2018c; Stemmler et al., 2005). Despite huge research
interest and many contributions over the last decades, it is quite a
challenge to narrow the uncertainties in VOC EFs and source profiles
of vehicular emissions in tunnel tests. This is mainly because of a great
diversity of fleet compositions and the transition from gasoline/diesel
to alternative fuels. For example, inconsistent decreasing percentages
of fleet-average VOC EFs were observed in Cui et al. (2018)’s study in
Hong Kong (i.e., 45% from 2003 to 2015) and Zhang et al. (2018c)’s
study in Guangzhou (i.e., only 9% from 2004 to 2014); markedly higher
fleet-average VOC EFs (𝜇 ± 𝜎) was found in Zhang et al. (2018a)’s study
in Nanjing in 2015 (i.e., 174.39 ± 16.86 mg km−1 veh−1) and Zhang
et al. (2018c)’s study in Guangzhou in 2014 (i.e., 449 ± 40 mg km−1

veh−1) than that in Cui et al. (2018)’s study in Hong Kong in 2015
(i.e., 58.8 ± 50.7 mg km−1 veh−1) though these tunnel tests were con-
ducted in similar years. The wide discrepancy in fleet-average EFs could
introduce substantial uncertainties in establishing emission inventories
even at a city-level (Wang et al., 2018; Song et al., 2018).

The breakdown of a mixed fleet into fuel-specific vehicle types
could be worthwhile because of the possibility of narrowing the un-
certainties and the broader applicability in bottom-up emission inven-
tories and refined source apportionment studies. A number of studies
have been able to differentiate emissions from GVs and DVs (Cui
et al., 2016; Pierson et al., 1983), light-duty vehicles (LDV) and heavy-
duty vehicles (HDV) (Legreid et al., 2007; Stemmler et al., 2005;
Colberg et al., 2005), heavy-duty diesel vehicles (HDDVs) and non-
HDDVs (Song et al., 2018), by linear regression between fleet-average
EFs and proportion of a vehicle type in the fleet. In general, incorpo-
rating 𝑝𝑟𝑖𝑜𝑟 information of EFs from one vehicle type into the linear
regression could substantially reduce the uncertainty of the breakdown.
EFs from GVs could be easily measured, since GVs dominate vehicle
population in China with a proportion of ∼88.7% in 2018 (MEEPRC,
2019). In megacities in northern China, such as Beijing and Tianjin, the
proportion of GVs in urban fleets could be >90% since heavy/medium-
duty diesel vehicles are often restricted in urban areas (Song et al.,
2018). Therefore, tunnel tests in urban areas in Beijing and Tianjin
gave us a unique opportunity to measure VOC emissions from GVs
under real-world driving conditions. In addition, we also conducted a
tunnel test in Nanjing in eastern China, a tunnel that has been reported
in previous studies (Zhang et al., 2018a; Chen et al., 2013). Owing
to the full implementation of the LNG fuel in buses in Nanjing since
2005, the fleet in the Nanjing tunnel in 2015 comprised ∼87% GVs and
∼13% LNG-buses (Zhang et al., 2018a), which was obviously different
with those in the Beijing tunnel and Tianjin tunnel. The distinct fleet
compositions of those tunnels allowed the source signatures to be
resolved and the EFs of VOCs from both gasoline and LNG-fueled
vehicles to be estimated.

In the present study, an extensive dataset of VOC samples col-
lected in three urban tunnels from 2015 to 2017 were analyzed, to
offer a comprehensive understanding of emission characteristics of
ninety-nine VOC species from both GVs and LNG-fueled vehicles under
real-world driving conditions. The obtained data and analysis point
towards future studies, including quantifying contributions of vehicular
emissions to ambient VOCs in multi-scale atmospheric environment
using tracer-based approach, incorporating the source profiles into
advanced receptor models like constrained-positive matrix factorization
(PMF), apportioning fleet VOC emissions to tailpipe and evaporative
emissions, and establishing VOC emission inventories and evaluating
air quality modeling.

2. Materials and methods

2.1. Tunnel tests and instruments

The basic information about the tunnels, sampling protocol, traffic,
and meteorology is summarized in Table 1:

(i) −𝐵𝑒𝑖𝑗𝑖𝑛𝑔. Dongguan Tunnel (116◦39′33′′E, 39◦55′2′′N) is an ur-
ban tunnel located in Tongzhou district in Beijing city. The fleet
in the tunnel was dominated by GVs (98%), due to a height limit
of 3.5 m and a restriction of heavy-duty trucks (HDTs) in the tun-
nel. The average speed in the tunnel was 40.3 ± 5.3 km h−1 with
a speed limit of 50 km h−1. During the test period, 15,592 ± 248
vehicles traveled through per day, the average temperature was
22.7 ± 3.4◦C during the tunnel test. VOC samples (24 in total)
were collected on 4 samples/d with 3-h intervals (00:00–03:00,
06:30–09:30, 11:00–14:00, and 16:00–19:00 LT) both in the
inlet and outlet of the tunnel on 24–26 September 2017.

(ii) −𝑇 𝑖𝑎𝑛𝑗𝑖𝑛. Wujinglu Tunnel (117◦12′15′′E, 39◦8′31′′N) located in
the central urban area of Tianjin. The vehicle speed limit in the
tunnel was 40 km h−1, and the average daily traffic volume
was 14,866 ± 900 vehicles. The fleet in the tunnel primarily
comprised light-duty passenger vehicles (LDPVs), accounting for
96.3 ± 0.7% of the total vehicles. GVs were the most common
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Table 1
Basic information about the tunnels, sampling, traffic, and meteorology.
Tunnel test Dongguan Tunnel, Wujinglu Tunnel, Fu Gui Mountain Tunnel,

Beijing Tianjin Nanjing

Tunnel parameters
Tunnel type Urban tunnel Urban tunnel Urban tunnel
Latitude 116◦ 39′33′′E 117◦ 12′15′′E 118◦ 48′52′′E
Longitude 39◦ 55′2′′N 39◦ 8′31′′N 32◦ 3′25′′N
Tunnel length (m) 905 1500 480
Cross-sectional area (m2) 58 54 65
Speed limit (km h−1) 50 40 50

Sampling
Sampling site Inlet & Outlet Inlet & Outlet Inlet & Outlet
Inlet/Outlet site (m)a 30/700 45/605 20/460
Sampling height (m) 1.5 1.5 0.5
Sampling period 24–26/09/2017 10–11/08/2017 20–23/06/2015
Sampling time 00:00–24:00 00:00–24:00 07:00–21:00
Duration per sample (h) 3 3 4
Number of samples 24 28 24

Traffic and Meteorology
Traffic volume (veh d−1) 15,592 ± 248 14,866 ± 900 6000b

Fleet-average speed (km h−1) 40.3 ± 5.3 35.6 ± 1.7 44.2
Fleet composition 98% GVs 94% GVs, 2% DVs 87% GVs, 13% LNG
Outlet temperature (◦ C) 24.1 ± 3.6 29.7 ± 1.6 (21.2–26.5)
Outlet relative humidity (%) 39.4 ± 16.0 61.8 ± 8.9 (63.0–88.3)
Outlet wind speed (m s−1) 1.4 ± 0.5 0.8 ± 0.3 (1.4–1.8)

a: the sampling site denotes the distance between the sampling site and the tunnel entrance.
b: the average traffic volume during 07:00–21:00.

in the fleet (94.2 ± 0.3%). Alternative-fuel (compressed natural
gas: CNG, LNG, liquefied petroleum gas: LPG, electronic, and
hybrid) vehicles were emerging which accounted for nearly
3.8 ± 0.3% of the total vehicles, and were almost twice as
common as DVs (2.0 ± 0.3%). The average temperature was
29.3 ± 3.0◦C during the tunnel test. VOC samples (28 in total)
were collected on 7 samples/d with 3-h intervals (00:00–03:00,
06:00–09:00, 09:00–12:00, 12:00–15:00, 15:00–18:00, 18:00–
21:00, and 21:00–24:00 LT) both in the inlet and outlet of the
tunnel on 10–11 August 2017.

(iii) −𝑁𝑎𝑛𝑗𝑖𝑛𝑔. Fu Gui Mountain Tunnel (118◦48′52′′E, 32◦3′25′′N),
in the eastern Nanjing, passes through the Fu Gui Mountain in
the Xuanwu District in Nanjing city. Base on radio-frequency
identification (RFID) data, vehicle speeds ranged from 41.6 to
45.8 km h−1. The average daily traffic volume was approxi-
mately 9000 vehicles. The fleet in the Nanjing tunnel comprised
87 ± 3% GVs and 13 ± 3% LNG-buses. During the test, the
temperatures of the inlet and outlet were 22.3–29.8 ◦C and 23.9–
30.8 ◦C, respectively. VOC samples (24 in total) were collected
on 3 samples/d with 4-h intervals (7:00–11:00, 12:00–16:00,
and 17:00–21:00 LT) both in the inlet and outlet of the tunnel
on 20–23 June 2015.

3.2-L pre-evacuated stainless-steel canisters (Entech Instruments,
Inc., Simi Valley, CA, USA) were used throughout the above tunnel
tests. The constant flow rate of the canisters was controlled by CS1200E
(Entech Instruments, Inc., Simi Valley, CA, USA), a flow controller for
time integrated sampling (i.e., duration per sample). Meteorological
data including temperature, relative humidity, and wind speed in the
outlet of the tunnels were measured by VAISALA WXT520 (Helsinki,
Finland) automatic weather stations. The actual volumetric flow rates
induced by the vehicular fleet and the prevailing winds in the Tianjin
and Nanjing were continuously measured using ultrasonic flowmeters
(Flowsick-200 SICK MAIHAK, Germany). Traffic counts and vehicle
speed during tunnel tests in Beijing and Tianjin were continuously mon-
itored using roadside laser loop detectors (AxleLight RLU11) that were
installed at the outlet of the tunnels. In addition, the license plates of
vehicles passing through the Beijing and Tianjin tunnels were captured
by high-definition vehicle license plate recognition system. The vehicle
classification results for these two tunnels were obtained by matching

the license plates and registered vehicle database. The detailed traffic
counts, vehicle speed, and vehicle classification in the Nanjing tunnel
were obtained from radio-frequency identification (RFID) system.

2.2. Laboratory analysis and QA/QC

All samples were analyzed using high-performance gas chromatog-
raphy combined with a mass spectrometer system and flame ionization
detector (GC–MS/FID, TH-PKU 300B, Wuhan Tianhong Instruments Co.
Ltd., Wuhan, China). Ninety-nine VOC species were quantified by the
system. These include 29 alkanes, 11 alkenes, 1 alkyne, 16 aromatics,
28 halocarbons, and 14 oxygenated VOCs (OVOCs). The system has two
channels and dual detectors. 300 mL of each sample was drawn through
a cryogenic trap at a flow rate of 60 mL min−1, and cooled to −160 ◦C
for pre-concentration. CO2 and moisture are removed before injection.
After being trapped, the lash concentrated VOCs were flash desorbed by
heating at 100 ◦C and transferred to the chromatographic column. Sep-
aration used a carrier gas (high-purity helium). C2–C5 hydrocarbons
were separated on a PLOT-Al2O3 columns (15 m × 0.32 mm × 6.0 μm)
and detected by an FID, while C5–C12 hydrocarbons were separated
on a DB-624 column (60 m × 0.25 mm × 1.4 μm) and detected by an
MS. The initial temperature for the chromatographic column was 41 ◦C,
maintained for 6 min, and then raised to 180 ◦C at a rate of 6 ◦C min−1.
The detectors and method detection limits (MDLs) for each VOC species
are listed in Table S1.

All canisters were cleaned (Entech 3100 Canister Cleaning Systems,
Entech Instruments, Inc., Simi Valley, CA, USA) by using high-purity
nitrogen (N2) and vacuumed (<0.05 mm Hg) before sampling. The
chemical analysis of tunnel samples was completed within 36 h af-
ter sampling. The quantification of VOCs was performed by internal
and external standard methods. Standard gas mixtures (Scott Spe-
cialty Gases, USA) of PAMS (photochemical assessment monitoring
stations) and TO-15 (Toxic Organics-15) species were used as external
standards for 5-point calibrations. The correlation coefficients usually
were usually >0.99 (Table S1). Additionally, bromochloromethane, 1,4-
difluorobenzene, chlorobenzene, and 4-bromofluorobenzene were used
as internal standards for calibration. During the sample analysis, 2 ppbv
of the standard VOCs gas were used as daily calibration to check the
system stability.
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2.3. Fleet-average primary emissions

For each VOC species, the corresponding inlet concentrations were
subtracted from the outlet values (𝛥Con.: 𝐶𝑂𝑢𝑡𝑙𝑒𝑡 − 𝐶𝐼𝑛𝑙𝑒𝑡) to gain the
emission signals from vehicles traveling through the tunnel. The fleet-
average VOC source profiles, defined as relative abundances (𝑣∕𝑣 %) of
speciated VOCs, in tunnel studies were calculated as follows:

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒𝑖,𝑗 =
𝐶𝑖,𝑗−𝑂𝑢𝑡𝑙𝑒𝑡 − 𝐶𝑖,𝑗−𝐼𝑛𝑙𝑒𝑡

∑𝑁
𝑛=1(𝐶𝑛,𝑗−𝑂𝑢𝑡𝑙𝑒𝑡 − 𝐶𝑛,𝑗−𝐼𝑛𝑙𝑒𝑡)

× 100% (1)

where 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒𝑖,𝑗 is the percentage of VOC species 𝑖 in paired-sample
𝑗; 𝐶𝑖,𝑗−𝐼𝑛𝑙𝑒𝑡 and 𝐶𝑖,𝑗−𝑂𝑢𝑡𝑙𝑒𝑡 are concentrations (ppbv) of VOC species 𝑖 at
the inlet and outlet of paired-sample 𝑗, respectively. 𝑁 is the number
of VOC species measured.

The fleet-average EFs for vehicles traveling through the tunnel were
estimated using the following formula (Song et al., 2018; Fang et al.,
2019; Zhang et al., 2018a; Gertler et al., 1996; Pierson et al., 1996;
Pierson and Brachaczek, 1983).

𝐸𝐹𝑖,𝑗 =
(𝐶𝑖,𝑗−𝑂𝑢𝑡𝑙𝑒𝑡 − 𝐶𝑖,𝑗−𝐼𝑛𝑙𝑒𝑡) ×𝑀𝑖 × 𝐴 × 𝑣 × 𝑇

1000 × 𝑉𝑚 ×𝑁 × 𝐿
(2)

where, 𝐸𝐹𝑖,𝑗 (mg km−1 veh−1) is the fleet-average emission factor in
paired-sample 𝑗 for species 𝑖. M𝑖 (g mol−1) is the relative molecular
mass of the VOC species 𝑖. 𝐴 (m2) is the cross-section area of the
tunnel. 𝑣 (m s−1) is the air velocity parallel to the tunnel measured
by the ultrasonic gas flowmeters or automatic weather stations. 𝑉𝑚 is
the standard molar volume (i.e., 22.4 L mol−1). 𝑁 (veh) is the traffic
count traveling through the tunnel during the time intervals 𝑇 (s) of
each paired-sample. 𝐿 (km) is the distance between the inlet site and
outlet site.

For EFs (mg km−1 veh−1) extracted from other tunnel tests in
published literatures, the source profiles (𝑣/𝑣 %) could be obtained
using the following formula:

𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒𝑖 =
𝐸𝐹𝑖∕𝑀𝑖

∑𝑁
𝑛=1(𝐸𝐹𝑛∕𝑀𝑛)

× 100% (3)

2.4. Breakdown of fleet-average EFs

Linear regression between the fleet-average EFs and traffic composi-
tion (i.e., proportion of a specific vehicle type in the fleet) would be the
best approach to calculate average EFs for two principle vehicle types
(i.e., type 1 and type 2), as:

𝐸𝐹𝑖,𝑗 = 𝐸𝐹𝑖𝑗,1 × 𝑝𝑉𝑗,1 + 𝐸𝐹𝑖𝑗,2 × (1 − 𝑝𝑉𝑗,1) + 𝜖 (4)

where 𝐸𝐹𝑖,𝑗 (mg km−1 veh−1) is the fleet-average emission factor in
a paired-sample 𝑗 for species 𝑖; 𝐸𝐹𝑖𝑗,1 and 𝐸𝐹𝑖𝑗,2 (mg km−1 veh−1)
are the EFs of vehicle type 1 and 2, respectively. 𝑝𝑉𝑗,1 and 𝑝𝑉𝑗,2 are
the proportions of the vehicle type 1 and 2 in the fleet during the
paired-sample 𝑗, respectively. 𝜖 is the random error.

The linear regression model requires that significant variation in
fleet composition are available. Otherwise it could fail to apportion the
fleet-average EFs into different vehicle types. In our case, the Beijing
and Tianjin fleets mainly comprised GVs (>94%), while the Nanjing
fleet comprised both GVs (87 ± 3%) and LNG-buses (13 ± 3%). The EFs
of VOCs from LNG-fueled vehicles in the tunnel test in Nanjing could
be quantified by constraining the EFs of GVs in the Beijing and Tianjin
fleets, as follows (rewritten form of Eq. (4)):

𝐸𝐹𝑖𝑗,𝐿𝑁𝐺 =
𝐸𝐹𝑖,𝑗 − (1 − 𝑝𝑉𝑗,𝐿𝑁𝐺) × 𝐸𝐹𝑖,𝐺𝑉 𝑠

𝑝𝑉𝑗,𝐿𝑁𝐺
+ 𝜖 (5)

where, 𝐸𝐹𝑖,𝐺𝑉 𝑠, the average EF of species 𝑖 from GVs, is derived and
adjusted from fleet-average EF in the Beijing tunnel and Tianjin tunnel.
𝑝𝑉𝑗,𝐿𝑁𝐺 is the proportion of the LNG-buses in the fleet during the
paired-sample 𝑗. The 𝑝𝑉𝑗,𝐿𝑁𝐺 ranged from 7.3% to 17.3%, with an
average value of 13 ± 3% (Table S2).

It should be noted that the average EFs of GVs in the Beijing
and Tianjin tunnels in 2017 need to be adjusted to 2015 when the
Nanjing tunnel study was performed to reduce the uncertainties in
applying Eq. (5) induced by the inconsistent test year of the tunnel
tests. There are two basic assumptions to ensure that the adjustment
is reasonable:

Assumption 1. The VOC source profile of GVs has not substantially
changed from 2015 to 2017. The China IV and China V emission stan-
dards were implemented in July 2011 and January 2017, respectively.
From China IV to China V standard, the limits of benzene and aromatics
remain unchanged, and the limit of alkenes only decreased from 28% to
24%. During the tunnel test in Tianjin in 2017, China I, China II, China
III, China IV, and China V accounted for 0.7%, 4.1%, 19.0%, 48.5%,
and 27.8% of GVs. China IV dominated the GVs both in Nanjing in
2015 (36.2%) and in Beijing/Tianjin in 2017 (48.5%), though China V
emission standards had been implemented in January 2017. This might
be due to the fact that the number of new vehicle registration (China V)
is lower than that of the existing vehicles with China IV by September
2017. Therefore, Assumption 1 is reasonable, and EFs of speciated VOC
for GVs in 2015 can be estimated using the following formula:

𝐸𝐹𝑖,2015 =
𝐸𝐹𝐵𝑇𝐸𝑋,2015

𝐸𝐹𝐵𝑇𝐸𝑋,2017
× 𝐸𝐹𝑖,2017 (6)

where 𝐸𝐹𝑖,2015 and 𝐸𝐹𝑖,2017 (mg km−1 veh−1) are the average EFs for
species 𝑖 in 2015 and 2017, respectively. 𝐸𝐹𝐵𝑇𝐸𝑋,2015 and 𝐸𝐹𝐵𝑇𝐸𝑋,2017
are the average EFs for BTEX (i.e., the sum of benzene, toluene, ethyl-
benzene, 𝑚, 𝑝-xylene, and 𝑜-xylene) in 2015 and 2017, respectively. The
𝐸𝐹𝐵𝑇𝐸𝑋,2017 can be obtained from tunnel studies in the Beijing and
Tianjin tunnels that were conducted in 2017. We used BTEX species
instead of C2-C5 species to calculate 𝐸𝐹𝑖,2015 because (1) the limits
of benzene and aromatics remain unchanged from China IV to China
V; (2) the relative compositions of benzene, toluene, and ethylbenzene
were relatively stable despite differences in fleet composition (will be
discussed later); (3) C2-C5 species are often observed as VOC tracers
for different fuels (e.g., gasoline/LNG/LPG); and (4) BTEX species have
been measured broadly in the previously studies.

Assumption 2. The EFs of VOCs from GVs declined gradually over
the past decade. There are studies that noted that large decrease of
VOC emissions from urban fleets over the past years (Zhang et al.,
2018a; Cui et al., 2018; Zhang et al., 2018c; Stemmler et al., 2005),
due to newly registered vehicles with stringent emission standards, and
improved engine technologies. Assumption 2 is also reasonable because
the fleet structure changed gradually with elimination of older vehicles
and the addition of new ones since the introduction of new emission
standards (Sun et al., 2019). Therefore, the 𝐸𝐹𝐵𝑇𝐸𝑋,2015 for GVs can
be estimated using the equation below:

𝐸𝐹𝐵𝑇𝐸𝑋,2015 = 𝐸𝐹𝐵𝑇𝐸𝑋,2017 + (2015 − 2017) × 𝑘 (7)

where 𝑘 (mg km−1 veh−1 yr−1) is the slope of linear regression between
𝐸𝐹𝐵𝑇𝐸𝑋 and the test years.

Combining Eqs. (5)–(7), the EFs of speciated VOCs from LNG-buses
could be approximately estimated.

2.5. Chemical reactivity of vehicular VOCs

The kinetic reactivity and mechanism reactivity of the VOCs are
widely used to understand the role of VOCs in O3 formation (Song
et al., 2019; Liu et al., 2016; Zou et al., 2015). The kinetic reactivity of
the VOCs was estimated by their propylene-equivalent (Propy-Equiv)
emissions.

𝐸𝑖,𝑃 𝑟𝑜𝑝𝑦−𝐸𝑞𝑢𝑖𝑣 = 𝐸𝑖,𝑉 × 𝐶𝑖 ×
𝑘𝑖,𝑂𝐻

𝑘𝑃𝑟𝑜𝑝𝑦,𝑂𝐻
(8)

where 𝑖 is a VOC species, 𝐸𝑖,𝑃 𝑟𝑜𝑝𝑦−𝐸𝑞𝑢𝑖𝑣 (ml km−1 veh−1) is the Propy-
Equiv EF. 𝐸𝑖,𝑉 is the EF by volume (ml km−1 veh−1). 𝐶𝑖 is the number of



Atmospheric Environment 234 (2020) 117626

5

C. Song et al.

Fig. 1. (a) Boxplots (mean values were denoted as triangles) of total measured VOCs
and (b) fractions of VOC groups (i.e., alkanes, alkyne, aromatics, halocarbons, and
OVOCs) in tunnel samples (i.e., C𝐼𝑛𝑙𝑒𝑡, C𝑂𝑢𝑡𝑙𝑒𝑡, and C𝑂𝑢𝑡𝑙𝑒𝑡–C𝐼𝑛𝑙𝑒𝑡) in the Beijing, Tianjin,
and Nanjing tunnels.

carbon atoms. 𝑘𝑖,𝑂𝐻 and 𝑘𝑃𝑟𝑜𝑝𝑦,𝑂𝐻 represent the chemical reaction rate
constants in the free radical reaction of species 𝑖 and propylene with
OH, respectively. 𝑘𝑖,𝑂𝐻 was obtained from Atkinson and Arey (2003).
𝐸𝑖,𝑉 can be calculated with:

𝐸𝑖,𝑉 =
𝐸𝐹𝑖 × 𝑉𝑚

𝑀𝑖
(9)

The mechanism reactivity of the VOCs was estimated by their
maximum-incremental-reactivity (MIR) weighted emissions (the maxi-
mum concentration of O3 generated by the species in terms of estimated
MIR).

𝐸𝑖,𝑂𝐹𝑃 = 𝐸𝐹𝑖 ×𝑀𝐼𝑅𝑖 (10)

where 𝐸𝑖,𝑂𝐹𝑃 (mgO3 km−1 veh−1) is the ozone formation potential
(OFP) of VOC species 𝑖, 𝑀𝐼𝑅𝑖 (g g−1) is the maximum incremental
reactivity coefficient for VOC species 𝑖 from previous studies (Carter,
1994; Dodge, 1984).

3. Results and discussion

3.1. VOC concentrations and compositions

The VOC concentrations and group compositions in the tunnel tests
are presented in Fig. 1. The average concentrations of total mea-
sured VOCs at the inlet of Beijing, Tianjin and Nanjing tunnels were
55.9 ± 23.4 ppbv, 73.5 ± 26.7 ppbv, and 37.2 ± 6.8 ppbv, respectively.
The average concentrations of the total measured VOCs at the outlet
of Beijing, Tianjin, and Nanjing were 67.2 ± 20.1 ppbv, 104.3 ± 23.1
ppbv, and 108.2 ± 21.5 ppbv, respectively. The 𝛥Con. represents the ab-
solute contribution of vehicular emissions to VOC concentrations when
passing through the tunnel. The 𝛥Con. in Beijing, Tianjin, and Nanjing
tunnel were 15.6 ± 10.7 ppbv, 33.1 ± 11.8 ppbv, and 75.1 ± 14.5 ppbv,
respectively. According to Eq. (2), 𝛥Con. were affected by four factors:

fleet-average EFs, tunnel parameters (length, cross section area, etc.),
traffic volume, and air velocity.

Fig. 1b shows relative fractions of VOC groups in the tunnel tests.
For C𝐼𝑛𝑙𝑒𝑡, C𝑂𝑢𝑡𝑙𝑒𝑡, and 𝛥Con., alkanes were the most abundant group
throughout the tunnel tests. Alkanes were reported as the dominant
VOC group in ambient measurements in major Chinese cities (Song
et al., 2019), which could be attributed to high emissions of alkanes
from vehicles and natural gas sources. For the Beijing and Tianjin tun-
nels, the VOC composition at the inlet and outlet site were similar, with
R2 of 0.97. This indicated that vehicular emissions were the dominant
VOC sources at both sites and consistent with previous studies (Cui
et al., 2018; Ho et al., 2009). Unlike the Beijing and Tianjin tunnels,
markedly different VOC compositions were found at the inlet and outlet
of the Nanjing tunnel, likely due to much a higher proportion of bus in
the tunnel fleet (13.8%) than that in the urban fleet (6%) (Zhang et al.,
2018b).

On average, alkanes, alkenes, alkyne, aromatics, halocarbons, and
OVOCs accounted (by volume) for, respectively, 36.8%, 20.6%, 6.5%,
18.7%, 3.9%, and 13.5% in Beijing; 47.0%, 18.7%, 3.9%, 13.3%, 0.9%,
and 16.3% in Tianjin; and 68.4%, 15.1%, 4.8%, 7.0%, 2.5%, and 2.1%
in Nanjing. A higher abundance of alkanes in Nanjing was observed
compared to Beijing and Tianjin, mainly due to a greater proportion
of LNG-buses in the Nanjing tunnel. Zhang et al. (2018c) also reported
that alkanes accounted for as high as 58.1 ± 2.6% of the total VOCs
in the Guangzhou Tunnel in 2014, which was mainly attributed to
27% LPG-fueled vehicles in the fleet. Thus, alkanes were the most
abundant group (36.8–68.4%) in vehicular VOC emissions, especially
for fleets with higher proportions of LNG/LPG-fueled vehicles. Addi-
tionally, alkanes are expected to continue to dominate vehicular VOC
emissions since the limits (GB 17930–2016) of alkenes and aromatics
in gasoline decrease from China V (alkenes limit: 24%; aromatics limit:
40%) to China VI (alkenes limit: 18%; aromatic limit: 35%) (AQSIQ,
2017), and promotion of NG/LPG-fueled vehicles.

3.2. Diagnostic ratios of vehicular emissions

Diagnostic ratio (𝑣/𝑣) of pair species (the slope of correlation plot)
is often used either to identify potential emission sources (Song et al.,
2019; Zhang et al., 2016; Steinbacher et al., 2005; Hedberg et al.,
2002) or as a chemical clock for determination of photochemical age of
air masses (Yuan et al., 2012; Nelson and Quigley, 1983). Among the
VOC species, toluene (T) and benzene (B), ethylbenzene (E) and 𝑚, 𝑝-
xylene (X), isobutane (𝑖-Bu) and n-butane (n-Bu), and isopentane (𝑖-P)
and n-pentane (n-P); are often found to be well correlated in ambient
measurements (Song et al., 2019; Zheng et al., 2018; Khoder, 2007) as
well as in tunnel studies (see Fig. 2).

The vehicular T/B ratios (Fig. 2a) were 2.5 (95% CI: 1.7, 3.9) in
Beijing, 1.1 (95% CI: 0.9, 1.4) in Tianjin, 2.3 (95% CI: 1.9, 2.9) in Nan-
jing and 1.0 (95% CI: 0.8, 1.3) in these three tunnel tests. The vehicular
T/B ratios measured in Beijing and Nanjing were approximately twice
that measured in Tianjin. On January 1, 2017, Beijing implemented
a stricter benzene limit (0.8%, DB11/238-2016) on supplied gasoline
with benzene content lower than national limit (1%, GB17930-2016),
leading to a higher vehicular T/B ratio than that in other cities. The
higher vehicular T/B ratio in Nanjing was likely due to the high pro-
portion of LNG-buses in the fleet, since it was similar to those measured
in Guangzhou in 2014 (T/B: ∼2.0, 𝑣/𝑣) and in Hong Kong in 2015
(T/B: ∼3.5, 𝑣/𝑣), which were characterized by LPG-fueled vehicles. Our
tunnel tests suggested a T/B ratio of 1.0 (95% CI: 0.8, 1.3) could be
used as a constraint for vehicular emissions when conducting receptor
modeling. The results were consistent with reported diagnostic ratios,
which were 1–10 for vehicular emissions (Zhang et al., 2016; Liu et al.,
2008). However, it could be a challenge to identify vehicular emissions
based on T/B ratios that were measured in the ambient, since the T/B
ratios for vehicular emissions overlap with other sources (Zhang et al.,
2016).

http://www.bjepb.gov.cn/eportal/fileDir/oldfile/bjepb/resource/cms/2016/10/2016103115452785843.pdf
http://www.nea.gov.cn/135459819_14666509732751n.pdf
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Fig. 2. Correlations between (a) toluene and benzene, (b) ethylbenzene and 𝑚, 𝑝-
xylene, (c) isobutane and n-butane, and (d) isopentane and n-pentane in the tunnel
tests (open markers: inlet, solid markers: outlet). Different colors and shapes for the
markers represent different tunnel tests. Superimposed is the reduced major axis (RMA)
regression line fitting to the samples (both the inlet and outlet samples in each tunnel
test). The slopes and R2 of overall regression are annotated. Results of the RMA
regression in each tunnel test are list in Table S3.

The vehicular E/X ratios (Fig. 2b) were 0.4 (95% CI: 0.4, 0.5) in
Beijing, 0.6 (95% CI: 0.5, 0.7) in Tianjin, 0.4 (95% CI: 0.3, 0.4) in
Nanjing and 0.4 (95% CI: 0.4, 0.5) in these three tunnel tests. Chang
et al. (2006) measured an ambient E/X ratio of 0.5 (95% CI: 0.4, 0.7)
in a metropolitan area. The E/X ratio is potentially utilized to estimate
OH exposure ([OH]𝛥𝑡) because these two isomers most likely originate
from same anthropogenic sources in a rather stable proportion but
have a large difference in the reaction rates with OH (E: 7.1 × 10−12

cm3 molecule−1 s−1; X: 18.9 × 10−12 cm3 molecule−1 s−1) (Wang
et al., 2015; Chang et al., 2006; Nelson and Quigley, 1983), leading to
increased ambient E/X ratios during photochemical aging. Our tunnel
tests suggested that ([E]/[X])𝑡=0 were close to 0.4 (95% CI: 0.4, 0.5)
for areas where vehicular emissions dominated total VOC emissions.
The results were comparable with previous studies, which reported that
the ([E]/[X])𝑡=0 was around 0.3–0.4 for vehicular emissions (Liu et al.,
2008).

The vehicular 𝑖-Bu/n-Bu ratios (Fig. 2c) were 0.6 (95% CI: 0.4, 0.6)
in Beijing, 0.4 (95% CI: 0.4, 0.5) in Tianjin, 0.9 (95% CI: 0.7, 1.1)
in Nanjing and 0.5 (95% CI: 0.4, 0.5) in these three tunnel tests. The
lower confidence level of the 𝑖-Bu/n-Bu ratio in Nanjing (i.e., 0.7) is still
higher than the upper confidence value in Beijing (i.e., 0.6) and Tianjin
(i.e., 0.5), implying that the 𝑖-Bu/n-Bu ratio in Nanjing was significantly
higher than that in Beijing and Tianjin. In addition, the 𝑖-Bu/n-Bu ratios
measured in the Beijing and Tianjin tunnels were comparable with
those for GV sources (i.e., 0.6–0.7) (Liu et al., 2008), while the 𝑖-Bu/n-
Bu ratio measured in the Nanjing tunnel was comparable with that for
NG sources (i.e., ∼0.8) (Zheng et al., 2018). Thus, a higher 𝑖-Bu/n-Bu
ratio could be observed for a fleet characterized by LNG-fueled vehicles
(e.g., the Nanjing tunnel) than that characterized by GVs (the Beijing
and Tianjin tunnels).

The vehicular 𝑖-P/n-P ratios (Fig. 2d) were 2.2 (95% CI: 1.9, 2.7)
in Beijing, 3.0 (95% CI: 2.3, 3.8) in Tianjin, 3.1 (95% CI: 2.8, 3.5) in
Nanjing and 2.7 (95% CI: 2.5, 2.9) in these three tunnel tests. The 𝑖-
P/n-P ratio is a useful metric for investigating the impacts of vehicular
exhaust emissions versus oil and gas emissions on ambient VOCs, since
vehicular exhaust emissions are more aggravated in isopentane, leading

Fig. 3. Relative proportions of benzene, toluene, and ethylene from the tunnel samples.
The boundary/wireframe of ‘Vehicular emissions’ (solid line) was defined by the
5%, 5%, and 95% percentiles of the relative proportions of benzene, toluene, and
ethylbenzene from the scatters (i.e., C𝐼𝑛𝑙𝑒𝑡, C𝑂𝑢𝑡𝑙𝑒𝑡, and C𝑂𝑢𝑡𝑙𝑒𝑡–C𝐼𝑛𝑙𝑒𝑡) in the ternary
diagram, respectively. The wireframes of ‘Industrial & Solvent emissions’ (dash line)
and ‘Biomass/biofuel/coal burning’ (dash–dot line) were from Zhang et al. (2016)’s
study.

to a larger 𝑖-P/n-P ratio than that from NG emissions (Thompson et al.,
2014). Previous studies reported that the 𝑖-P/n-P ratio was 0.8–1.2
for NG sources (Zheng et al., 2018; Gilman et al., 2013), 2.2–3.9
for vehicular sources (Gentner et al., 2013; McGaughey et al., 2004;
Hwa et al., 2002; Broderick and Marnane, 2002). In this study, the
𝑖-P/n-P ratios in the three tunnels were all within the range of the
reported ratios from vehicular emissions. However, the 𝑖-P/n-P ratio
in the Nanjing tunnel was unexpectedly similar with that in the Beijing
and Tianjin tunnel, and different with that for raw NG sources although
the Nanjing fleet comprised ∼13% LNG-fueled vehicles. There are two
possible explanations: the observed isopentane and n-pentane in the
tunnels were mainly dominated by GV emissions since isopentane and
n-pentane are abundant in both tailpipe and evaporative emissions of
GVs; and the emission of LNG-fueled vehicles is different from that
of raw NG sources, likely due to the combustion process in the LNG
engine.

To overcome the overlapping effects of the T/B ratio among dif-
ferent emission sources, we used a ternary diagram of the relative
compositions of B, T, and E from the tunnel samples to better distin-
guish vehicular emissions from other emission sources (Fig. 3) (Zhu
et al., 2018; Zhang et al., 2016). On average, the B:T:E ratios of the
𝛥Con. were 0.32 ± 0.08 : 0.58 ± 0.08 : 0.10 ± 0.05 for the Beijing
tunnel, 0.39 ± 0.03:0.52 ± 0.04:0.09 ± 0.03 for the Tianjin tunnel,
0.30 ± 0.05:0.62 ± 0.05:0.07 ± 0.02 for the Nanjing tunnel, and
0.32 ± 0.06:0.59 ± 0.06:0.09 ± 0.04 for the three tunnels. Despite the
different fleet compositions, the relative compositions of B, T, and E
from the tunnel samples were relatively stable and mainly concentrated
within the boundary/wireframe (Fig. 3), which were defined by the 5%,
5%, and 95% percentiles of the relative proportions of B, T and E from
the scatters (i.e., C𝐼𝑛𝑙𝑒𝑡, C𝑂𝑢𝑡𝑙𝑒𝑡, and C𝑂𝑢𝑡𝑙𝑒𝑡–C𝐼𝑛𝑙𝑒𝑡). In addition, the mean
B:T:E ratio in our tunnel tests was consistent with Zhang et al. (2016)’s
study with a mean B:T:E ratio of 0.31:0.59:0.10 for vehicular emissions.

3.3. Fleet-average source profiles

Fleet-average source profiles and EFs of VOCs from vehicular emis-
sions are absolutely vital for interpreting results of receptor mod-
els for source apportionment studies and establishment of bottom-up
VOC emission inventories. Compared with laboratory studies (e.g., dy-
namometer tests), tunnel tests provide more accurate reflection of
real-world fleet emissions (including both tailpipe and evaporative
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Fig. 4. Fleet-average source profiles (bar charts) and EFs (𝜇 ± 𝜎, unit: mg km−1 veh−1, texts annotated on the figure) of vehicular VOC emissions in this study (i.e., Beijing in
2017: 98% GVs, Tianjin in 2017: 94% GVs, and Nanjing in 2015: 87% GVs & 13%LNG), and those from previous tunnel studies, including Taiwan in 2000 (94–98%LDV) (Hwa
et al., 2002); Hong Kong in 2003 (43% GVs & 47% DVs & 10%LPG) (Ho et al., 2009); Guangzhou in 2004 (60%LDV) (Fu et al., 2005); Taiwan in 2005 (10–20%HDV) (Hung-Lung
et al., 2007); Guangzhou in 2014 (61% GVs & 12% DVs & 27%LPG) (Zhang et al., 2018c); and Hong Kong in 2015 (77% GVs & 19% DVs & 3%LPG) (Cui et al., 2018). The data
for this figure are listed in Tables S5–S6.
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emissions). Fig. 4 presents the fleet-average source profiles and EFs
of vehicular VOC emissions in this study (i.e., Beijing in 2017, Tian-
jin in 2017, and Nanjing in 2015), and those from previous tunnel
studies, including Taiwan in 2000 (Hwa et al., 2002); Hong Kong in
2003 (Ho et al., 2009); Guangzhou in 2004 (Fu et al., 2005); Taiwan
in 2005 (Hung-Lung et al., 2007); Guangzhou in 2014 (Zhang et al.,
2018c); and Hong Kong in 2015 (Cui et al., 2018).

The source profile measured in the Tianjin tunnel was highly cor-
related (Pearson’s 𝑟 = 0.90, 𝑝 <0.01) with that measured in the Beijing
tunnel, due to similar test year, fleet composition and fuel quality. Thus,
the source profiles measured in these tunnels were most likely to be
that from GVs. However, the source profile measured in the Nanjing
tunnel was poorly correlated with those in either Beijing (Pearson’s
𝑟 = 0.31, 𝑝 <0.01) or Tianjin (Pearson’s 𝑟 = 0.58, 𝑝 <0.01), again
indicating different VOC emission sources between the Nanjing fleet
and the Beijing/Tianjin fleet. Despite these differences, the tunnel tests
from 2000 to 2017 yielded some similarities in source profiles (see
Fig. 4), which characterized by low-carbon alkanes (e.g., isopentane,
n-pentane, n-butane, ethane, and n-butane), alkenes (e.g., ethylene and
propylene), alkyne (e.g., acetylene), and aromatics (e.g., benzene and
toluene).

Table S4 summarized top 5 VOC species in the source profiles (by
volume) from the different tunnel studies. For fleets with overwhelming
majority of GVs/LDV (e.g., Taiwan, 2000; Taiwan, 2005; Tianjin, 2017;
and Beijing, 2017), ethylene, isopentane, and toluene were the most
abundant species, which suggested that tailpipe emissions contributed
the most to fleet emissions since those species were generally enriched
in tailpipe emissions (Wang et al., 2013; Guo et al., 2011; Liu et al.,
2008). Additionally, evaporative emissions were also quite common for
those fleets since isopentane, the most abundant species from gasoline
evaporation (Zhang et al., 2013), was frequently observed in top 5
species in tunnel tests (e.g., Taiwan, 2000; Guangzhou, 2004; Taiwan,
2005; Nanjing, 2015; Tianjin, 2017; and Beijing, 2017). Methyl 𝑡𝑒𝑟𝑡-
butyl ether (MTBE), an oxygenated gasoline additive to increase the
octane number and reduce vehicular emissions of carbon monoxide,
was abundant in Beijing and Tianjin rather than Nanjing, because
MTBE is mainly present in gasoline-related emissions (Zhang et al.,
2013; Poulopoulos and Philippopoulos, 2000). Compared with the
Beijing and Tianjin tunnels (Fig. 4), ethane was more enriched in the
Nanjing tunnel, while propane was more enriched in the Guangzhou
and Hong Kong tunnels. The results indicated that ethane and propane
could be suitable tracers for LNG and LPG sources, respectively (Gilman
et al., 2013; Guo et al., 2011).

3.4. Fleet-average emission factors

The average EFs for speciated VOCs and VOC groups are summa-
rized in Fig. 4 and Table S4, respectively. The fleet-average EF of the
measured VOCs in the Nanjing tunnel (174.39 ± 16.86 mg km−1 veh−1)
was substantially higher than that in the Beijing tunnel (33.32 ± 2.75
mg km−1 veh−1) and the Tianjin tunnel (45.12 ± 10.97 mg km−1

veh−1). The difference in those EFs could be mainly (∼74%) attributed
to alkanes emissions, which were enhanced for fleets characterized by
LNG-fueled vehicles. Since previous studies did not measure halocar-
bons and OVOCs, the fleet-average EFs of total PAMS (the 57 VOC
species designated as photochemical precursors by the United States
Environmental Protection Agency; including alkanes, alkenes, alkyne,
and aromatics) and fractions of VOC groups in this study and previous
studies were shown in Fig. 5. In general, alkanes dominated (41.3–
76.2%) fleet VOC emissions (by mass) in the tunnel tests, except for
a test in Taiwan in 2000 (Hwa et al., 2002). The fractions of alkanes
in total VOCs in tunnel tests in Guangzhou in 2014 and in Nanjing
in 2015 were much higher than the other tunnel tests, mainly due to
proportions of LPG- and LNG-fueled vehicles in the fleets. Aromatics
was the second largest group, and contributed 14.2–40.0% of total VOC
emissions. The lowest EFs of PAMS were observed in the Beijing tunnel

Fig. 5. Fleet-average emission factors (errorbar plot, right axis) of total PAMS VOC
species (the 57 VOC species designated as photochemical precursors by the United
States Environmental Protection Agency; including alkanes, alkenes, alkyne, and aro-
matics) and fractions of VOC groups (stacked barplot, left axis) in this study and
previous tunnel studies.

Fig. 6. Comparison of emission factors (𝜇 ± 𝜎) of speciated VOCs in (a) the Tianjin
tunnel 𝑣𝑠. Beijing tunnel, and (b) the Nanjing tunnel 𝑣𝑠. Beijing tunnel.

(25.56 ± 2.19 mg km−1 veh−1) and Tianjin tunnel (38.42 ± 3.34 mg
km−1 veh−1), which were expected to be related to the lowest pro-
portions of HDV, and the improvement of fuel quality and intensified
emission standards. In addition, inconsistent EFs of VOCs in different
tunnel studies were observed, mainly due to different test years, fuel
types, fleet compositions, etc. However, a large difference between
fleet-average VOC EFs in Guangzhou in 2014 and in Beijing in 2017 was
surprisingly observed, and the difference could be as high as 16.6 times.
The improvement of fuel quality from 2014 to 2017 could explain a
small part of the difference, but a larger part of the difference might be
explained by the different fleet compositions.

To further explore the impacts of fleet composition on fleet-average
VOC EFs, the EFs of speciated VOCs in our tunnel tests were compared
in Fig. 6a–b. A good correlation (R2 = 0.84) between the VOC EFs in
the Beijing tunnel and those in the Tianjin tunnel was found, indicating
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Fig. 7. Comparison of emission factors (𝜇 ± 𝜎) of speciated VOCs for gasoline vehicles
(GVs) in 2017 (i.e., average EFs in the Beijing and Tianjin tunnels) and those from
previous studies (Taiwan in 2000 (Hwa et al., 2002)l; Hong Kong in 2003 (Ho et al.,
2009); Guangzhou in 2004 (Zhang et al., 2018c); Taiwan in 2005 (Hung-Lung et al.,
2007); Guangzhou in 2014 (Zhang et al., 2018c); Hong Kong in 2015 (Cui et al.,
2018)).

that tunnel test is a repeatable and idealized measure to estimate real-
world vehicular VOC emissions. Since the Beijing fleet and Tianjin fleet
both comprised >94% GVs, the VOC emissions from the two fleets
could generally represent those from GVs. Isopentane, toluene, and
MTBE (denoted in blue color in Fig. 6a) were the three most abundant
VOC species in VOC emissions (by mass) from GVs. The EF of ethane
(denoted in red color in Fig. 6a) in Tianjin tunnel was slightly higher
than that in Beijing tunnel, likely due to a proportion (i.e., 3.8 ± 0.3%)
of alternative-fueled vehicles (especially for CNG-fueled taxis) in the
Tianjin fleet. The fleet-average VOC EFs in the Nanjing tunnel were
generally higher than those in the Beijing tunnel (see Fig. 6b), and
poorly correlated (R2 = 0.12) with those in the Beijing tunnel, but well
correlated (R2 = 0.55) when excluding ethane and propane (denoted in
red color in Fig. 6b). As shown in Fig. 6b, ethane, propane, and 2, 3-
dimethylbutane were the key tracers that could distinguish LNG-fueled
vehicles from GVs. These species are by-products during processing
raw natural gas and thus, enriched in VOC emissions from LNG-fueled
vehicles. Isopentane, toluene, and ethylene (denoted in blue color in
Fig. 6b) were the three most abundant species in VOC emissions (by
mass) for both the Nanjing fleet and the Beijing fleet, due to a high
proportion of GVs in both fleets.

In addition, good correlations were observed between VOC EFs for
GVs in 2017 (defined by average EFs in the Beijing and Tianjin tunnels)
and those from previous tunnel studies (see Fig. 7), suggesting that GVs
generally dominated fleet VOC emissions in those tunnel studies. As
expected, the VOC EFs in previous studies were generally higher than
those in our tunnel tests, demonstrating the effective control of vehicu-
lar VOC emissions. We also found that 2,2,4-trimethylpentane, 2,3,4-
trimethylpentane, 3-methylpentane, methylcyclopentane (denoted in
blue color in Fig. 7) were potential VOC tracers that could distinguish
GVs from other fleets. This finding was also consistent with Chang et al.

Fig. 8. Emission factors of benzene, ethylbenzene, toluene, 𝑜-xylene, 𝑚, 𝑝-xylene, and
BTEX (the sum of benzene, ethylbenzene, toluene, 𝑜-xylene, and 𝑚, 𝑝-xylene) in different
tunnel studies (Taiwan in 2000 (Hwa et al., 2002)l; Hong Kong in 2003 (Ho et al.,
2009); Guangzhou in 2004 (Zhang et al., 2018c); Taiwan in 2005 (Hung-Lung et al.,
2007); Guangzhou in 2014 (Zhang et al., 2018c); Nanjing in 2015 (Zhang et al., 2018a);
Hong Kong in 2015 (Cui et al., 2018)), and the linear regressions (dash–dot lines filled
with 95% regression confidence intervals) between the emission factors of BTEX and
the test years. The slopes of the linear regressions were 𝑘 values in Eq. (7).

(2006)’s study, which noted that 2,2-dimethylbutane, 3-methylpentane,
methylcyclopentan, 2-methylhexane, and 3-methylhexane were poten-
tial VOC tracers for vehicular emissions since they had a good corre-
lation with MTBE, and they are common components in both gasoline
evaporation and tailpipe emissions (Doskey et al., 1999; Mugica et al.,
1998). As illustrated in Fig. 7d and f, propane, isobutane, n-butane
were key VOC tracers that could distinguish LPG-fueled vehicles from
GVs, since the fleets in the Hong Kong in 2015 and Guangzhou in 2014
comprised a large proportion of LPG-fueled vehicles.

Good correlations between the fleet-averaged VOC EFs from differ-
ent tunnel tests (Fig. 8) made it possible to compare the fleet-averaged
EFs measured in different years. The EFs of BTEX tested in 2014–
2017 (Guangzhou in 2014, Nanjing in 2015, Hong Kong in 2015, and
Tianjin in 2017) decreased dramatically (79.8% for benzene; 75.1%
for toluene; 75.5% for ethylbenzene; 69.7% for 𝑚, 𝑝-xylene; 77.3% for
𝑜-xylene; and 75.3% for BTEX: the sum of benzene, toluene, ethyl-
benzene, 𝑚, 𝑝-xylene and 𝑜-xylene) when compared to those tested in
2000–2005 (Taiwan in 2000, Hong Kong in 2003, Guangzhou in 2004,
and Taiwan in 2005), which is consistent with previous studies (Cui
et al., 2018; Zhang et al., 2018c). Based on the linear regressions
between the EFs of BTEX and the test years (Fig. 8), the decreased rates
(-𝑘 in Eq. (7), unit: mg km−1 veh−1 yr−1) of fleet-average EFs were
averagely 0.61 for benzene, 1.46 for toluene, 0.31 for ethylbenzene,
0.56 for 𝑚, 𝑝-xylene, 0.38 for 𝑜-xylene, and 3.32 for BTEX. These results
again suggested the effective emission control of on-road vehicles over
the last decade.

Since the 1990s, China has started vehicular emission control pro-
grams, including controls for new vehicles and in-use vehicles; im-
provements in fuel quality (e.g., the promotion of unleaded gasoline
and low-sulfur fuels); promotion of alternative fuels and incentives
for electric vehicles (Wu et al., 2017). All these strategies have been
proved effective in reducing vehicular EFs (Cui et al., 2018; Zhang



Atmospheric Environment 234 (2020) 117626

10

C. Song et al.

Fig. 9. Comparison of emission factors (𝜇 ± 𝜎) of speciated VOCs for LNG-buses
apportioned from the Nanjing tunnel based on the emission factors of gasoline vehicles
(GVs) derived from the tunnel tests in the Beijing tunnel (𝑥-axis) and the Tianjin tunnel
(𝑦-axis).

et al., 2018a,c). According to standard GB 17930 (AQSIQ, 2017), the
aromatics limit in gasoline fuel decreased only from 40% for China II–V
to 35% for China VI. Therefore, the decreasing EFs of aromatics over
the last decade could not be entirely attributed to the decrease of the
aromatics limit in gasoline fuel, however, might be largely attributed
to the improved engine technology and fuel quality. It should be noted
that the fleet EFs for low-carbon alkanes (e.g., ethane and propane) will
increase continuously for the foreseeable future, due to the introduction
of NG/LPG-fueled taxis/buses.

3.5. VOC emissions from GVs and LNG-buses

As shown in Fig. 9, the VOC EFs for LNG-buses apportioned from the
Nanjing fleet based on the EFs of GVs derived from the Tianjin tunnel,
were consistent with those from the Beijing tunnel, and the R2 of the
linear regression was as high as 0.998. This satisfactory result could
be explained by the similar emission nature in the Beijing tunnel and
the Tianjin tunnel (see Fig. 6a). The top 3 species in VOC emissions
(by weight) from LNG-buses were all alkanes (see Fig. 9), which were
ethane, propane, and isopentane (in descending order). The EFs by
mass (𝐸𝐹 ), volume (𝐸𝑉 ), OFP (𝐸𝑂𝐹𝑃 ), OH reactivity (𝐸𝑃𝑟𝑜𝑝𝑦−𝐸𝑞𝑢𝑖𝑣) of
speciated VOCs (Table S7) and VOC groups (Table S8) from GVs and
LNG-buses were also reported, it should be noted that these values
were average values of those calculated from the Beijing tunnel and
the Tianjin tunnel.

The average EF of the measured VOCs for LNG-buses was 1113.0 ±
381.4 mg km−1 veh−1, which was approximately 31.4 times the value
of that for GVs (35.5 ± 13.8 mg km−1 veh−1). For chemical reactivities,
the EFs by OFP and OH reactivity of the measured VOCs for LNG-buses
were approximately 22.0 and 21.1 times the values of those for GVs,
respectively. For the PAMS species, the estimated OFP for LNG-buses
(2497.7 ± 1168.5 mgO3 km−1 veh−1) was approximately 23.4 times
greater than that for GVs (102.4 ± 38.8 mgO3 km−1 veh−1). Overall,
the EFs by mass, OFP, and OH reactivity for LNG-buses were 21–32
times the values of those for GVs. The much higher VOC emissions from
LNG-buses were likely due to: (1) incomplete combustion due to high
loads and (2) evaporative emissions of short-chain alkanes. However,
the high VOC emissions from LNG-buses might be offset by their higher
passenger capacity considering traffic demands given the number of
passengers on an LNG-bus for a trip is 21–31 times that on a passenger
car.

For GVs, alkanes contributed the most (41.7 ± 9.6%) to total VOC
emissions (by volume), followed by alkenes (19.1 ± 5.4%), OVOCs

(16.2 ± 8.9%), aromatics (14.9 ± 4.4%), alkyne (4.6 ± 5.2%), halo-
carbons (3.5 ± 3.3%). For LNG-buses, alkanes contributed as high
as 75.6 ± 5.6% of total VOC emissions (by volume), followed by
alkenes (13.2 ± 2.2%), alkyne (5.0 ± 2.0), aromatics (3.9 ± 3.1),
halocarbons (1.3 ± 1.6%), and OVOCs (1.0 ± 1.9%). In general, alkanes
constituted the largest proportion (41.7–75.6%) of the EFs both by
mass and by volume, from both GVs and LNG-buses. However, we
still cannot conclude that alkanes dominate VOC emissions for all kind
vehicle types, because alkanes contributed only 8.0–13.4% to total VOC
emissions for HDDVs (Mo et al., 2016; Yao et al., 2015b). A previous
study noted that alkanes dominated ambient VOCs in urban areas (Song
et al., 2019). Thus, the high-content alkanes in the ambient VOCs were
likely due to direct emissions from gasoline and NG sources, but not
from diesel sources. The proportions of alkanes in total VOCs both
by mass and by volume from LNG-fueled vehicles were approximately
0.6–0.8 times greater than the values of those from GVs. For chemical
reactivity, aromatics and alkenes constituted the largest proportion of
both OFP and OH reactivity from gasoline- and LNG-fueled vehicles,
respectively, though alkanes dominated VOC emissions from gasoline-
and LNG-fueled vehicles both by mass and by volume.

For speciated VOCs (𝑣/𝑣 %, see Fig. 10a-b), ethane, isopentane,
n-pentane, ethylene, propylene, acetylene, and toluene were in the
top 10 species both for GVs and LNG-buses. n-Butane, acetaldehyde,
and MTBE were additionally in the top 10 species for GVs, whereas
propane, isobutane, and 2,3-dimethylbutane were additionally in the
top 10 species for LNG-buses. Ethane and propane accounted respec-
tively for 55.8 ± 12.6% and 8.12 ± 2.2% of the total VOCs for
LNG-fueled vehicles, the fractions were ∼8.7 times and ∼9.0 times the
values of those from GVs, which were 6.4 ± 5.8% and 0.9 ± 0.5%,
respectively. The results suggested that ethane and propane are more
enriched in LNG-fueled vehicles than in GVs. MTBE was exclusively
observed (3.9 ± 1.5%) in VOC emissions from GVs, indicating MTBE is
a key tracer to differentiate GVs and LNG-fueled vehicles. The volume
fraction of isobutane (1.2 ± 0.4%) was lower than that of n-butane
(4.3 ± 1.3%) for GVs. However, the volume fraction of isobutane
(1.7 ± 0.7%) was higher than that of n-butane (0.9 ± 0.4%) for
LNG-buses. Consequently, the 𝑖-Bu/𝑛-Bu ratio could be applied as a
diagnostic ratio to distinguish VOC emissions from gasoline- (𝑖-Bu/𝑛-Bu
<1) and LNG (𝑖-Bu/𝑛-Bu >1)-fueled vehicles.

For source profiles of VOC emissions by OFP (𝑤𝑡 %, see Fig. 10c–d),
isopentane, ethylene, propylene, 𝑡𝑟𝑎𝑛𝑠-2-butene, toluene, 𝑚, 𝑝-xylene,
and 1,2,4-trimethylbenzene were in the top 10 species for both gasoline-
and LNG-fueled vehicles. 𝑂-xylene, acetaldehyde, and propanal were
additionally observed in the top 10 species for GVs, whereas ethane,
𝑡𝑟𝑎𝑛𝑠-2-pentene, and 3-ethyltoluene were additionally observed in the
top 10 species for LNG-fueled vehicles. Therefore, control of the con-
tents of ethylene, 𝑚, 𝑝-xylene, and toluene in gasoline might be benefi-
cial for decreasing OFP from GVs. In addition, control of the contents of
ethylene, propylene, and 𝑚, 𝑝-xylene might be beneficial for decreasing
the OFP from LNG-fueled vehicles.

For source profiles of VOC emissions by OH reactivity (𝑣/𝑣 %, see
Fig. 10e–f), isopentane, ethylene, propylene, 𝑡𝑟𝑎𝑛𝑠-2-butene, 𝑡𝑟𝑎𝑛𝑠-2-
pentane, toluene, 𝑚∕𝑝-xylene, and 1,2,4-trimethylbenzene were in the
top 10 species for both gasoline- and LNG-fueled vehicles. Acetaldehyde
and n-hexanal were additionally observed in the top 10 species for GVs,
whereas 2,3-dimethylbutane and acetylene were additionally observed
in the top 10 species for LNG-fueled vehicles. Propylene and ethylene
constituted the largest proportions (i.e., 18.8 ± 4.8% and 8.9 ± 3.0%
for GVs, respectively; 21.5 ± 6.6% and 9.5 ± 3.7% for LNG-buses, re-
spectively) of OH reactivity for both gasoline- and LNG-fueled vehicles.
Control of the contents of ethylene and propylene might be beneficial
for decreasing OFP and OH reactivity for both gasoline- and LNG-fueled
vehicles.
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Fig. 10. Source profiles and top 10 species of VOC emissions by volume, ozone formation potential (OFP) and OH reactivity from gasoline- and LNG-fueled vehicles. The inner
circle is for the VOC groups, and the outer circle is for the measure 99 VOC species (the counter-clockwise is the species from the bottom to upper in Fig. 4). The data for this
figure are listed in Tables S7–S8.

3.6. Uncertainty and limitation

Several limitations should be noted in this study. Firstly, the Beijing
and Tianjin fleets in 2017 still comprised a very small proportion of
vehicles powered by diesel and alternative-fuel, though the hourly
proportion of these vehicles never exceeded 10% during the tunnel
tests. Therefore, the fleet-average EFs and source profiles in the Beijing
and Tianjin tunnels were not completely from GVs. However, the pro-
portions of GVs in the Beijing (∼98%) and Tianjin (∼94%) fleets were
so far the highest compared with previous studies. Secondly, the tunnel
test in the Nanjing tunnel is two years before those in the Beijing and
Tianjin tunnels. Despite we estimated the EFs of VOCs from GV in 2015
by measurements in 2017, the fleet average source profile of VOCs from
GVs might have changed a little due to rapid upgrading of fuel quality
in China. Thirdly, the tunnel tests in the three urban tunnels were all
conducted at ambient temperature higher than 20 ◦C, which would
be problematical since VOCs emissions from tailpipe decrease with
temperature (George et al., 2015, 2017) while evaporative emissions
increase with temperature (Rubin et al., 2006). Song et al. (2019)
noted that the response of real-world vehicular VOC emissions on
temperature exhibited a V-shape pattern, implying dynamic VOC EFs
due to comprehensive effects of temperature dependence of tailpipe and
evaporative VOC emissions. Thus, the EFs derived in this study should
be carefully adjusted based on the response of vehicular VOC emissions
on temperature. Future studies should focus on long-term tunnel tests
to offer more accurate estimation of real-world VOC emissions from
on-road vehicles.

4. Conclusions

The measurement of fleet-average VOC source profiles and emission
factors through tunnel tests is resource intensive. There have been
few studies in which fleet emissions were apportioned to fuel-specific

vehicle types using multiple tunnel tests. Here, we reported in-depth
analysis of an extensive dataset of VOC samples collected in three urban
tunnels in China, and comparison of VOC emissions from gasoline and
LNG-fueled vehicles.

The EFs of speciated VOCs in the Tianjin tunnel were highly cor-
related with those in the Beijing tunnel implied that tunnel test is an
idealized measure to estimate real-world vehicular VOC emissions. The
fleet-average EF of the measured VOCs in the Nanjing tunnel was 3.9–
5.2 times that in the Beijing tunnel and the Tianjin tunnel, largely
(∼74%) due to alkanes emissions from LNG-fueled vehicles. The results
demonstrated that inconsistent fleet-average VOC emissions could be
largely explained by different fleet compositions. The characteristic
ratios for vehicular emissions were 1.0 (95% CI: 0.8, 1.3) for T/B, 0.4
(95% CI: 0.4, 0.5) for E/X, (95% CI: 0.4, 0.5) for 𝑖-Bu/n-Bu, (95%
CI: 2.5, 2.9) for 𝑖-P/n-P, and 0.32 ± 0.06:0.59 ± 0.06:0.09 ± 0.04 for
B:T:E. VOC emissions from LNG/LPG-fueled vehicles can be differenti-
ated from GVs through multiple tunnel tests using constrained linear
regression. The VOC EFs by mass, OFP, and OH reactivity for LNG-
buses were approximately 21.1–31.4 times the values of those for GVs.
Our work could be beneficial for interpreting results of receptor models
for VOC source apportionment studies, and establishment of bottom-up
VOC emission inventories.
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