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Abstract

VOC species from vehicle exhaust and gas evaporation were investigated by chas-
sis dynamometer and on-road measurements of 9 gasoline vehicles, 7 diesel vehi-
cles, 5 motorcycles, and 4 gas evaporation samples. The SOA mass yields of gaso-
line, diesel, motorcycle exhausts, and gas evaporation were calculated based on the5

mixing ratio of individual VOC species. The SOA mass yields of gasoline and motor-
cycle exhaust were similar to the results of the published smog chamber study with
the exception of that of diesel exhaust was 20 % lower than experimental data (Gor-
don et al., 2013, 2014a, b). This suggests the requirement for further research on
SVOC or LVOC emissions. A vehicular emission inventory was compiled based on10

a local survey of vehicle mileage traveled and real-world measurements of vehicle
emission factors. The inventory-based vehicular initial emission ratio of OA to CO was
15.6 µg m−3 ppmv−1. The OA production rate reached 22.3 and 42.7 µg m−3 ppmv−1

under high-NOx and low-NOx conditions, respectively. To determine the vehicular con-
tribution to OA pollution, the inventory-based OA formation ratios for vehicles were15

calculated with a photochemical-age-based parameterization method and compared
with the observation-based OA formation ratios in the urban atmosphere of Shanghai.
The results indicated that VOC emissions from vehicle exhaust and gas evaporation
only explained 15 and 22 % of the total organic aerosols observed in summer and win-
ter, respectively. SOA production only accounted for 25 and 18 % of the total vehicular20

OA formation in summer and winter. VOC emissions from gasoline vehicles contribute
21–38 % of vehicular OA formation after 6–24 h of photochemical aging. The results
suggest that vehicle emissions are an important contributor to OA pollution in the ur-
ban atmosphere of Shanghai. However, a large number of OA mass in the atmosphere
still cannot be explained in this study. SOA formation contributions from other sources25

(e.g. coal burning, biomass burning, cooking, dust, etc.) as well as IVOCs and SVOCs
from the combustion sources need to be considered in future studies.
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1 Introduction

Secondary organic aerosol (SOA) accounts for a significant fraction of ambient tropo-
spheric aerosol (Hallquist et al., 2009; Jimenez et al., 2009). De Gouw and Jimenez
(2009) suggested that SOA from urban sources may be the dominant source of organic
aerosol globally between 30 and 50◦ latitude.5

Gas-phase oxidation of volatile organic compounds (VOCs) has traditionally been
considered to be the major source of urban SOA formation. VOCs are oxidized to
low vapor pressure reaction products by OH radical, ozone, and NO3 radical, and
eventually form organic aerosol (OA) in the atmosphere. Odum et al. (1997) investi-
gated the SOA formation from vaporized reformulated gasoline and found single light10

aromatic hydrocarbons are responsible for the majority of SOA formation. Kleindienst
et al. (2002) verified that 75–85 % of the SOA was due to reaction products of C6–
C9 light aromatic compounds from automobile exhaust. Robinson et al. (2007) further
recognized that intermediate-volatility organic compounds (IVOCs) and semi-volatility
organic compounds (SVOCs) are also important sources for OA production based on15

the smog chamber studies of diesel exhaust and wood fire (Weitkamp et al., 2007;
Grieshop et al., 2009). Their subsequent study pointed IVOCs such as long-chain and
branched alkanes from vehicle exhaust play more important roles in SOA production
compared with other combustion emissions (Jathar et al., 2013). A recent study from
Zhao et al. (2014) concluded that primary IVOCs were estimated to produce about20

30 % of newly formed SOA in the afternoon during CalNex campaign in Pasadena,
California.

Due to the abundance of reactive organic compounds, vehicle emission has been
recognized as a major source of urban SOA formation (Stone et al., 2009; Liu et al.,
2012; Borbon et al., 2013). Laboratory chamber studies also report significant SOA25

production from diesel, gasoline, and motorcycle exhaust photo-oxidation (Hung et al.,
2006; Weitkamp et al., 2007; Chirico et al., 2010; Nordin et al., 2013; Platt et al., 2013).
Current research is now focusing on the relative importance of gasoline and diesel ve-
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hicles to urban SOA formation. Bahreini et al. (2012) and Hayes et al. (2013) suggested
gasoline emissions dominate over diesel in urban SOA formation by field studies. Gen-
tner et al. (2012) argued diesel is responsible for 65 to 90 % of vehicular-derived SOA
based on the estimation of SOA formation from gasoline and diesel fuel compositions.
Considering the importance of vehicular gas-phase precursors to SOA formation pre-5

diction, May et al. (2014) investigated the VOC emissions from 64 light-duty gasoline
vehicles, 2 medium-duty diesel vehicles and 3 heavy-duty diesel vehicles with varying
levels of aftertreatment.

Shanghai is one of the most urbanized cities in the Yangtze River Delta (YRD) re-
gion in China. The YRD region occupies 2 % of land area and generates 8–12 % of10

the primary PM2.5 and the emissions of its precursors in China (Huang et al., 2011).
Motor vehicles are the fastest growing source of pollution in the megacities of China.
The number of vehicles in Shanghai increased to 1.9 times of the number in the last
decade and reached 2.6 million (about 107 units per 1000 capita) in 2012 (SCCTPI,
2013). Gasoline and diesel vehicles increased by 2.8 and 1.3 times, respectively, while15

motorcycle decreased by 36 %. Vehicular emission has been recognized as the largest
source of VOCs in urban Shanghai, which contributes 25 ∼ 28 % of the measured VOC
concentrations. Other VOC emission sources were solvent usage, chemical industry,
petrochemical industry, and coal burning, etc. (Cai et al., 2010; Wang et al., 2013).
Yuan et al. (2013) indicated that VOC emissions are large contributors to SOA forma-20

tion through field measurements at a receptor site in eastern China. Huang et al. (2012,
2013) reported that 28.7–32.1 % of the fine particle mass is organic matter (OM) and
30.2–76 % of OM is contributed by SOA in the atmosphere of Shanghai and its sur-
rounding areas. Based on the historical measurement data of organic (OC) and ele-
ment carbon (EC) in PM2.5 in the atmosphere in urban Shanghai, the OC/EC ratio25

shows growing trend from 1999 to 2011, which implies that the secondary fraction of
organic matter is playing an increasing role in urban Shanghai (Ye et al., 2003; Feng
et al., 2005, 2013; Hou et al., 2011; Cao et al., 2013).
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However, the contribution of VOC emissions to SOA formation and the relative im-
portance of vehicular emission remain unclear. At present, vehicle use is experienc-
ing a rapid growth episode in the cities of China. Understanding the contribution of
vehicular VOC emissions to SOA formation will be helpful to identify the source of
OA and PM2.5 pollution in China. In this study, we first investigated the VOC species5

from gasoline, diesel, and motorcycle exhausts and gas evaporation. Then, we com-
piled a vehicular emission inventory for Shanghai and estimated the SOA formation
potential from vehicles based on the SOA mass yields of different vehicle types by
a photochemical-age-based parameterization method. Vehicular contributions to OA
pollution were compared with the inventory-based vehicular OA production using the10

observed OA formation ratios in summer and winter in the urban atmosphere of Shang-
hai.

2 Materials and methods

2.1 Vehicular VOC species sampling and analysis

The exhaust from 4 light-duty gasoline vehicles (LDGVs), 5 taxis, 5 heavy-duty diesel15

trucks (HDDTs), 2 city buses (buses), and 5 motorcycles (MTs) were measured in
June 2010. LDGVs, taxis, and MTs were fueled by gasoline. HDDTs and buses were
fueled by diesel. The emission standards of the tested vehicles covered Euro 1 to
Euro 3 and their model years covered 2001 to 2009. All MTs were 4-stroke with 125 cc
displacement. Table 1 lists the detailed information of the tested vehicles. Commercially20

available fuels were used in the test. The fuel quality met the requirements of the local
standard in Shanghai. The sulfur contents of both gasoline and diesel fuel were below
50 ppm.

All the automobiles were measured on chassis dynamometers. LDGVs and taxis
were measured utilizing a vehicle mass analysis system (VMAS), which was widely25

used in in-use vehicle inspection stations in China. The driving cycle of VMAS con-
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tains only 1 bag from ECE urban cycle. The highest speed reaches 50 kmh−1 and the
average speed is about 18.8 kmh−1. HDDTs and buses were measured on a loaded
mode test cycle. The tested vehicles were operated on idling and a test cycle which
simulates high engine loads under 100, 90, and 80 % of their maximum powers. The
highest speed reaches 70 kmh−1. MT exhausts were sampled while operating on the5

road. A GPS unit was installed on the tested motorcycles to record the speeds second
by second. The highest speed reached 50 kmh−1 and the average speed was about
20 kmh−1. Vehicle exhaust was sampled into a Summa canister (Entech Inst., USA)
during the whole driving cycle. We also collected the samples of gasoline vapor at 4
gas stations in Shanghai to analyze the VOC species of non-tailpipe gasoline.10

Concentration of individual VOC in samples was determined by a GC–MS system
(Agilent 7890A/5975C) with standard gases prepared by Spectra Gas. The samples
collected in the Summa canister were pre-concentrated to an acceptable level for the
analytical devices using a 7100A pre-concentrator (Entech Inst., USA) with an En-
tech 7016CA automatic sample injector. A 50 mL sample was extracted by the pre-15

concentrator into a 1/4 inch liquid nitrogen cold trap to remove water and CO2, and
then separated by GC and detected by MS. The carrier gas was helium.

2.2 Vehicular emission inventory

2.2.1 Road traffic data survey

We developed emission inventories for the pollutants including VOCs, CO, EC, and OC20

with the IVE model for Shanghai, China. The methodology of the model has been in-
troduced by Wang et al. (2008). Vehicle kilometers of travel (VKT), driving pattern, and
fleet composition of several vehicle types were determined with a survey from trans-
portation department in Shanghai in 2012. Annual VKTs were refined into 3 road types,
and 7 vehicle categories for Shanghai. The road types include highway, arterial road,25

and residential road. The vehicle categories include light-duty car, light-duty truck, taxi,
heavy-duty bus, heavy-duty truck, city bus, and motorcycle. The distributions of each
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vehicle type in the traffic flows were surveyed on various road types with video cam-
eras from March to May. About 4000 valid hours were obtained on 15 road sectors of
various road types. Survey days include weekdays and weekends and each day cov-
ers 24 h. Light-duty cars are the major vehicle type on the road, accounting for 66, 51,
and 47 % of the total flows on highway, arterial road, and residential road respectively.5

Next are taxis, which account for 7, 14, and 23 % of the total flows. Simultaneously, we
installed GPS units on light-duty cars, taxis, buses, and heavy-duty trucks to measure
the driving patterns of various vehicle types. About 150 h of valid GPS data were col-
lected. The data covered 2831 km of roads and were composed of 3 road types and 4
vehicle types. Table 2 shows the daily VKT and average speeds of various vehicle and10

road types in 2012.

2.2.2 Fleet composition data survey

Fleet composition data were collected from the vehicle information database of the Ve-
hicle Management Department of Public Security Bureau of Shanghai. Each vehicle
type was classified by fuel type, engine size, and emission standard. Given that the15

real-world vehicle occurrence frequency is different than the static fleet database, we
surveyed almost 30 thousand vehicles including light-duty car, light-duty truck, heavy-
duty bus, and heavy-duty truck at 4 inspection stations. Information on vehicle type,
license number, model year, and odometer readings were collected for each vehicle.
The results indicate that the annual average mileages tend to decrease with the in-20

crease in age. The fleet compositions were then adjusted based on their occurrence
frequencies. Shanghai implemented the Euro 1 emission standard in 1999 and up-
grades the emission standards every 3 to 4 years. By 2012, new registered vehicles
are required to meet the Euro 4 emission standard. The results show that Euro 2 vehi-
cles are the major types of light-duty cars and light-duty trucks, accounting for 51 and25

68 % respectively. Heavy-duty buses and trucks are mainly composed by Euro 2 and
Euro 3 diesel vehicles, accounting for 40 and 45 % respectively. Figure 1 shows the
static and adjusted fraction by the vehicle fleet in Shanghai.
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2.2.3 Vehicle emission factors

Vehicle emission factors were calculated with the IVE model and adjusted by the results
of real-world emission measurements in major cities of China. The calculated emission
factors of each vehicle type and the real-world test data are shown in Fig. 2. The test
data were collected from real-world vehicle emission measurement studies in major5

Chinese cities, including Shanghai, Beijing, Guangzhou, Xi’an, Shenzhen, Jinan, and
Yichang (Chen et al., 2007; Huo et al., 2012a, b; Wu et al., 2012; Huang et al., 2013).
The measurements were all conducted with a Portable Emission Measurement System
(PEMS). The emission factors of each vehicle type generally fit well with the measure-
ment results. For LDGVs, VOCs and PM2.5 emission factors are slightly higher than the10

measurement results. For HDDTs, only PM2.5 is slightly higher than the measurement
data. Limited number of measurements made it difficult to verify the accuracies of the
emission factors.

2.3 Air pollution observation

To analyze the contribution of vehicle emissions to SOA in the atmosphere, we utilized15

the online air pollution observation data from a monitoring site on the roof of a 5-floor
building (15 m high above the ground) at Shanghai Academy of Environmental Sci-
ence (31.17◦N, 121.43◦ E), which is located southwest of urban area of Shanghai. The
site is mostly surrounded by commercial properties and residential dwellings. Vehicle
exhaust is a major source of pollutants near this site. Carbon monoxide was contin-20

uously measured by an ECOTECH EC9820 CO analyzer. PM2.5 concentration was
measured by a Thermo Fisher commercial instrument β-ray particulate monitor. Or-
ganic carbon (OC) and elemental carbon (EC) were measured by a carbon analyzer
(model RT-4, Sunset Laboratory Inc.). Water soluble ions were measured by a commer-
cial instrument for online monitoring of aerosols and gases (MARGA, model ADI 2080,25

Applikon Analytical B.V.). Individual VOC species were continuously measured every
30 min by two on-line gas chromatographs with flame ionization detector (GC-FID) sys-
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tems (Chromato-sud airmoVOC C2–C6 #5250308 and airmoVOC C6–C12 #2260308,
France).

3 Results and discussion

3.1 VOC species of vehicle emissions and gas evaporation

Figure 3 compares the VOC compositions of the exhausts from different vehicle types5

and gas evaporation in this study to the results from other countries or regions. To com-
pare the VOC compositions of the exhausts from different types of vehicles, we selected
their common species such as C2–C12 alkanes, alkenes, alkynes, and single-ring aro-
matics, and normalized the concentrations of carbon. The weighted percentages of
individual VOC for the exhausts from different vehicle types and gas evaporation were10

listed in Table S1.
The exhausts from gasoline vehicles (including LDGVs and taxis) had similar VOC

compositions. Single-ring aromatics were the major species of the exhausts from gaso-
line vehicles, accounting for 50 % of the total VOCs approximately. Straight-chain alka-
nes, branched alkanes, and cycloalkanes comprised 17.0, 18.1, and 6.1 % of the total15

VOCs, respectively. Toluene, m, p-xylene, o-xylene, and ethylbenzene were the main
compounds in LDGV and taxi exhausts, accounting for 7.54, 6.71, 5.20, and 4.42 %
of the total VOCs, respectively. Motorcycle emitted more branched alkanes and less
single-ring aromatics than LDGVs and taxis. 2-methylhexane (23.43 %) was the most
abundant VOC in motorcycle exhausts, followed by m, p-xylene (9.34 %), ethylben-20

zene (5.53 %) and o-xylene (4.37 %). It was indicated from Fig. 3 that the proportion of
single-ring aromatics in LDGV exhausts were higher and the proportion of alkene were
lower in this and previous studies in China (Liu et al., 2008; Wang et al., 2013) than
those in Hong Kong (Guo et al., 2011) and US (Schauer et al., 2002; Gentner et al.,
2013; May et al., 2014). The differences of aromatic content in gasoline fuel in different25

regions and countries could be the main reason of the difference in the proportion of
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aromatic compounds in LDGV exhausts. The limit of aromatic content in current gaso-
line standard in China was 40 vol%, which was much higher than the limits of gasoline
standards of the US (22–25 vol%) and Europe (35 vol%).

High proportion of straight-chain alkanes were measured in the exhausts from diesel
vehicles, which accounted for 34.9 and 35.6 % of the total VOCs from HDDT and5

bus exhausts, respectively. N-dodecane, propene, n-undecane, acetone, and n-decane
were major species in diesel exhausts, accounting for 13.65, 10.85, 8.69, 7.00, and
6.86 % of the total VOCs, respectively. The proportions of straight-chain alkanes in
diesel exhausts in this study were much higher than those in the previous studies of
the US (Schauer et al., 1999; May et al., 2014). Incomplete combustion of diesel fuel10

caused by poor engine maintenance could be the main reason for the high straight-
chain alkane emissions.

High proportion of alkenes was measured in gas evaporation in this study, which ac-
counted for 40 % of the total VOCs. Propane, isopentane, isobutene, 1-pentene, and n-
butane were major species in gas evaporation emissions, accounting for 15.99, 11.87,15

9.69, 8.87, and 6.51 % of the total VOCs, respectively. The proportions of VOC species
in gas evaporation in this study was close to the results in the other study of China
(Zhang et al., 2013), but different from the studies in the US (Harley et al., 2000) and
Korea (Na et al., 2004), which reported less alkenes and more branched alkanes in
gas evaporation.20

3.2 SOA yield of different vehicle types and gas evaporation

VOC species of vehicle emissions and gas evaporation were classified into 6 cate-
gories by their chemical classes, and their distributions of carbon numbers were shown
in Fig. 4a. The carbon numbers of VOCs in gasoline and motorcycle exhausts mainly
concentrated in the intervals between C6 to C9. Comparatively, exhausts from diesel25

vehicles had a wider distribution of carbon number, ranging from C2 to C20. Due to the
limitations of analytical method, some alkanes and polycyclic aromatics with large car-
bon number were not detected in this study. The carbon numbers of VOCs in gas evap-

7986

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/7977/2015/acpd-15-7977-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/7977/2015/acpd-15-7977-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 7977–8015, 2015

VOC species and
emission inventory
from vehicles and

their SOA formation
potentials estimation

C. Huang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

oration were mainly distributed within the range of C3–C7, which were much smaller
than those in the exhausts from different vehicle types.

Figure 4b shows the SOA mass yields of VOC emissions from different vehicle types
and gas evaporation and the contributions of chemical classes to the yields. SOA mass
yield was the product of the yield of individual VOC species and its mass fraction. The5

SOA mass yield of each individual VOC species was taken from Gentner et al. (2012),
which estimated the SOA mass yields for pure gasoline and diesel fuel using a com-
bination of measured SOA mass yields derived from laboratory-chamber experiments
and approximate SOA mass yields based on box modeling. Here we substituted the
VOC species in the exhausts for those from pure gasoline and diesel fuel. The SOA10

mass yield of diesel exhaust reached 0.070, which was the highest among the yields of
different vehicle exhausts and gas evaporation. Polycyclic aromatics were the largest
contributors to the SOA mass yield of diesel exhaust, which contributed 44 % of the to-
tal yield. Next were single-ring aromatics and straight-chain alkanes, contributing 24 %
for each. The SOA mass yields of gasoline and motorcycle exhausts were 0.039 and15

0.020. Single-ring aromatics were major contributors to their SOA yields, which con-
tributed 92 and 85 %, respectively. Although there were few polycyclic aromatics in
gasoline and motorcycle exhausts, these compounds contributed 7 and 15 % of the
total yields. The SOA yield of gas evaporation was 0.0005, which was much smaller
than those of the vehicle exhausts.20

Gordon et al. (2014a) investigated the SOA productions of the exhausts from 15
light-duty gasoline vehicles (including pre-LEV, LEV1, and LEV2) using a smog cham-
ber. The average SOA mass yield of LDGV exhausts was 0.032±0.033. Kleindienst
et al. (2011) estimated the SOA mass yield was about 0.020±0.005 according to an-
other smog chamber experiment on a light-duty gasoline vehicle. The calculated yield25

of gasoline exhaust in this study was slightly larger than the experimental results above.
However, given the relatively larger proportion of single-ring aromatics in gasoline ex-
haust in the studies of China, the SOA yield of gasoline exhausts in this study is con-
sidered reasonable. Gordon et al. (2013) reported the average SOA mass yield of 2-
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and 4-stroke off-road engine exhausts was 0.031±0.011, which was larger than the
calculated SOA yield of motorcycle exhaust in this study. Gordon et al. (2014b) also
investigated the SOA productions of diesel exhausts from 2 medium-duty diesel vehi-
cles and 3 heavy-duty diesel vehicles using a smog chamber. The average SOA mass
yield of the experiments under UDDS (Urban Dynamometer Driving Schedule) driv-5

ing cycle was about 0.086±0.025, which was 20 % higher than the calculated result
in this study. The possible explanation for this discrepancy is that some semi-volatile
organic compounds (SVOCs) and intermediate- volatile organic compounds (IVOCs)
larger than C12 were missed in this study due to the limitation of analytic method.

The smog chamber experiments mentioned above were all conducted under high-10

NOx conditions. However, Ng et al. (2007) reported higher SOA yields for benzene,
toluene, and m-xylene under low-NOx conditions and considered that low-NOx con-
ditions were more realistic in the atmosphere. Figure 4c shows the adjusted SOA
yields under low-NOx conditions. The yields of benzene, toluene, m-xylene, naphtha-
lene, and methylnaphthalene were directly adopted from Ng et al. (2007) and Chan15

et al. (2009). The yields of other species of single-ring aromatics and polycyclic aro-
matics were derived from the corresponding ratios of low-NOx to High-NOx yields of the
reported species. The adjusted yields of gasoline, diesel, motorcycle exhausts and gas
evaporation under low-NOx conditions increased to 0.200, 0.186, 0.106, and 0.002, re-
spectively. The contribution of single-ring aromatics to SOA mass increased after the20

adjustment, especially in the case of diesel exhaust.

3.3 Vehicle emission inventory and SOA formation potentials

Table 3 indicates the emission inventory and their SOA formation potentials of different
vehicle and fuel types in Shanghai. The emissions of CO, NOx, VOCs, EVA (gas evap-
oration), EC, and POA (OC ·1.2) were 343.9, 110.9, 39.4, 8.9, 4.0, and 4.3 thousand t25

in Shanghai in 2012. Gasoline vehicles (including LDGV, Taxi, HDGV, and Motorcycle)
were the major source of CO, VOCs, and EVA emissions, accounting for 91, 69, and
100 % of the emissions of the pollutants. Diesel vehicles (including LDDV, HDDV, and
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Bus) were the major source of NOx, EC, and POA emissions, comprising 82, 99, and
96 % of the emissions. SOA formation potential was calculated by multiplying the VOC
and EVA emission to the SOA mass yield of each vehicle type. High-NOx and low-NOx
conditions were both considered. Under High-NOx condition, the SOA formation poten-
tial was approximately 1.8 thousand t, about 43 % of the POA emission. Gasoline and5

diesel vehicles contributed 54 and 46 % of the total SOA formation potential, respec-
tively. LDGV and HDDV were the major vehicle types who contributed 42 and 24 %
of the total SOA formation potential. Under low-NOx condition, the SOA formation po-
tential reached 7.4 thousand t, about 1.7 times the POA emission. The SOA formation
potentials from gasoline and diesel vehicles accounted for 69 and 31 %, respectively.10

LDGV was the major source of SOA formation in low-NOx condition, contributing 42 %
to the total vehicular SOA formation. Next were HDDV and taxi, accounting for 24 and
16 %, respetively.

Figure 5 shows the POA emissions and SOA formation potentials from gasoline
and diesel vehicles in Shanghai. When SOA formation potential was taken into ac-15

count, the contribution of gasoline vehicle to the total OA increased from 4 to 19 %
under high-NOx conditions and 45 % under low-NOx conditions, respectively. Although
gasoline vehicles contributed less to POA emission than diesel ones, their potential
impact on organic aerosol formation cannot be ignored. The emission ratio of vehic-
ular POA (∆POA/∆CO) was 15.6 µgm−3 ppmv−1 according to the emission inventory.20

The OA production rates (∆OA/∆CO) after photochemical evolution were 22.3 and
42.7 µgm−3 ppmv−1 under high-NOx and low-NOx conditions, respectively.

3.4 Initial emission ratio and SOA formation potential based on observation

Figure S1 shows the time series data of meteorological parameters and concentra-
tions of major air pollutants observed in urban Shanghai in summer (August in 2013)25

and winter (January in 2013). SOA formation in the urban atmosphere was character-
ized by a photochemical-age-based parameterization method, developed by de Gouw
et al. (2005, 2008). The photochemical age was calculated by the ratio of two VOC
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species. In this study, we selected m, p-xylene/ethylbenzene as the clock of photo-
chemical age. The concentrations of m, p-xylene and ethylbenzene showed good cor-
relations during the observation, as shown in Fig. S2, which implied the same source
for these two species. The different diurnal variations of m, p-xylene and ethylbenzene
indicated that they are engaged in different chemical reactions in the daytime (Fig. S3).5

Significant depletion of m, p-xylene relative to ethylbenzene was observed in the day-
time both in Summer and in Winter.

A photochemical exposure time (∆t · [OH]) was calculated based on the ratios of m,
p-xylene to ethylbenzene using Eq. (1).

∆t · [OH] =
1

(kX −kE)
×
[

ln
(

[X]

[E]

∣∣∣∣
t=0

)
− ln

(
[X]

[E]

)]
(1)10

Here, ∆t is photochemical age (h). [OH] is the average OH radical concentra-
tions (moleculescm−3). kX and kE are the OH rate constants of m, p-xylene
(18.9×10−12 cm3 molecule−1 s−1) and ethylbenzene (7.0×10−12 cm3 molecule−1 s−1).
[X]/[E]|t=0 and [X]/[E] are initial emission ratio and the ratio after photochemical reac-
tion of m, p-xylene to ethylbenzene. Figure 6 illustrates the diurnal distributions of the15

ratios of observed m, p-xylene to ethylbenzene in summer and winter of 2013. The ini-
tial emission ratios of m, p-xylene to ethylbenzene were calculated based on 97.5 % iles
of the X/E ratio in summer and winter, which were 2.17 and 1.68, respectively. Accord-
ing to the vehicular emission inventory, the emission ratio of m, p-xylene to ethylben-
zene from vehicle exhaust and gas evaporation was about 1.70. The inventory-based20

vehicular X/E was slightly lower than the initial X/E observed in summer. There could
be some other higher X/E emission sources in addition to vehicles. Further research
is needed to determine the actual cause.

Figure 7 is a scatterplot of OA vs. CO concentrations measured in urban Shanghai
in the summer and the winter of 2013. The observation data were color-coded by the25

photochemical exposure time (∆t · [OH]) determined by Eq. (1). It was indicated from
the figure that the ratios of OA to CO concentrations generally showed growing trends
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with the increase of the photochemical exposure time both in the summer and win-
ter. The results were similar to the previous studies in the United States, Japan, and
Mexico (Bahreini et al., 2012; de Gouw et al., 2008; Takegawa et al., 2006; DeCarlo
et al., 2008). Vehicular POA/CO ratio (15.6 µgm−3 ppmv−1) derived from the vehicu-
lar emission inventory was shown with the dotted pink line and was consistent with5

the primary urban emissions (the ratios of OA to CO concentrations under less pho-
tochemical exposure time) observed both in the summer and in the winter. However,
the initial emission ratio of vehicular POA to total CO emission (4.34 µgm−3 ppmv−1)
was much lower as shown by the dotted grey line. Total amount of CO emission was
1236.1 t for the whole city. Vehicles accounted for 27.8 % of the total. Detailed infor-10

mation is shown in Fig. S4. The result implies there are other POA emission sources
in addition to vehicles in Shanghai. Vehicle emissions only contribute about 25 % to
the total POA emission according to the observed minimum ∆OA/∆CO ratio. The ra-
tios of vehicular primary emissions plus secondary formation to vehicular CO emission
(11.9 µgm−3 ppmv−1) under low-NOx conditions were shown with a dotted red line and15

the ratios to the total CO emission (42.8 µgm−3 ppmv−1) was shown with a dotted black
line, respectively. The results show that the vehicular primary emissions plus secondary
formation ratio was far from enough to explain the organic aerosol pollution in the two
seasons of Shanghai when total CO emission was taken into account. Other sources
with higher SOA formation potential in addition to vehicles should be responsible for20

more OA production. Another possible reason is that IVOCs and SVOCs emitted from
vehicles, which are not measured in this study, play more important roles in SOA for-
mation as discussed by Zhao et al. (2014).

3.5 Estimation of vehicular SOA contribution in the urban atmosphere

Figure 8 shows the diurnal variations of ∆OA/∆CO ratios observed at the monitoring25

site and calculated photochemical exposure time (∆t · [OH]) based on the hourly m, p-
xylene to ethylbenzene ratios by Eq. (1) in the summer and the winter of 2013 in urban
Shanghai. It can be seen in Fig. 8 that the formation of SOA is strongly dependent on its
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photochemical exposure. The average ∆t ·[OH] was about 1.6×107 moleculescm−3 h in
the summer. In the role of photochemical reactions, the ∆OA/∆CO ratio showed rapid
growth in the afternoon in the summer and reached a peak around 12:00 LT. Compared
to the summer, the photochemical reaction in the winter was relatively weak. The av-
erage ∆t · [OH] was only 1.0×107 moleculescm−3 h. Correspondingly, the ∆OA/∆CO5

ratio was significantly lower in the winter than that in the summer and no peak was
observed.

To estimate the SOA contribution from vehicle emissions, we calculated the ratios of
vehicular POA emissions and OA formation ratios to total CO emissions in Shanghai.
The evolution of POA emission and SOA formation was explained by Eq. (2) (de Gouw10

et al., 2008). POA emission and SOA formation and their loss terms were expressed
by the first and second parts in Eq. (2), respectively.

∆OA
∆CO

=
∆POA
∆CO

+
∆SOA
∆CO

= ERPOA ×exp(−LOA ·∆t)+ERVOCi
× YOAi

×
POA

LOA − POA

× [exp(−POA ·∆t)−exp(−LOA ·∆t)] (2)15

Here, ∆OA/∆CO is the ratio of vehicular OA formation vs. total CO emission after
photochemical reaction ERPOA is the initial emission ratio of vehicular POA to total CO
emission. ERVOCi

are the initial emission ratios of VOC from vehicle type i to total CO

emission in the unit of ppbv−1 ppmv−1. YOAi
is the yield of VOC species from vehicle

type i to produce OA under low-NOx condition. LOA and POA are the loss and formation20

rate of organic aerosol, respectively. We used the empirical parameters derived by
de Gouw et al. (2008), which were 0.00677 and 0.0384 h−1, respectively. ∆t is the
photochemical age calculated by Eq. (1) in each hour.

The average ratios of vehicular POA and SOA to total CO were 4.19 and
1.37 µgm−3 ppmv−1 in the summer, 4.25 and 0.90 µgm−3 ppmv−1 in the winter. The25
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SOA formation ratios of vehicles accounted for 25 and 18 % of the total vehicular OA
formation ratios in the summer and winter, respectively. However, the maximum SOA
formation potential from vehicle emissions when VOCs were completely removed could
reach 63 % of the total vehicular OA mass, as shown in Fig. 5. The main reason for the
difference above was the monitoring site in this studywas located in an urban area,5

where the air mass was much closer to fresh emission and the reaction of VOCs was
not complete.

The vehicular OA mass accounted for 15 and 22 % of the total organic aerosols
observed in the summer and winter, respectively. The results imply that (1) vehicles
contribute more organic aerosols in the winter than in the summer; (2) there are other10

emission sources with higher SOA formation potentials in addition to vehicles in Shang-
hai; or (3) the unmeasured IVOCs and SVOCs from vehicles may contribute more SOA
formation than expected.

3.6 SOA formation contribution of different vehicle types

Figure 9 shows the changes of OA formation ratios of vehicle emissions in different15

vehicle types (see Fig. 9a) and fuel types (see Fig. 9b) with the increase of the photo-
chemical age. The OA formation ratios were calculated based on the initial POA and
VOCs emission ratios and SOA mass yields of different types of vehicles under low-
NOx condition according to Eq. (2). The vehicular ∆OA/∆CO ratio showed a rapid
growth trend with the photochemical ages in the first 30 h and then stabilized. Gasoline20

vehicles (including LDGV, taxi, HDGV, and motorcycle) showed a much higher growth
rate of ∆OA/∆CO ratios than diesel vehicles (including LDDV, HDDV, and bus). The
initial POA emission of gasoline vehicles accounted for 4 % of the total POA emission.
Their contributions increased to 21 % after 6 h and 38 % after 24 h of photochemical ag-
ing. HDDV and LDGV were major contributors of vehicular OA formation, accounting25

for 50 and 23 % of the total in the scenario of 24 h photochemical aging.
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4 Conclusions

We measured the VOC species in the exhausts from different vehicle types and gas
evaporation in Shanghai, China and estimated the SOA formation potentials of each
vehicle type and gas evaporation based on the emission and SOA yield of the indi-
vidual VOC species. The calculated SOA mass yields of the emissions from different5

vehicle types were close to the experimental results from the smog chamber in the pre-
vious studies with the exception of that of diesel exhaust, which was 20 % lower than
the experimental data. Absence of SVOCs and LVOCs measurement on diesel ex-
haust could be the main reason for the under estimation. The vehicular POA emission
ratio (∆POA/∆CO) of Shanghai was about 15.6 µgm−3 ppmv−1 based on the vehicu-10

lar emission inventory. The vehicular OA production rates (∆OA/∆CO) were 22.3 and
42.7 µgm−3 ppmv−1, about 40 and 170 % times higher than POA emission ratio under
high-NOx and low-NOx conditions, respectively. To estimate the contribution of vehicu-
lar POA emission and SOA formation to organic aerosol pollution in urban Shanghai,
we calculated the vehicular OA production ratio with a photochemical-age-based pa-15

rameterization method and compared the ratio with the observation data from an urban
atmospheric environmental monitoring site. The results showed that SOA formations
from vehicular VOCs emissions could explain 15 and 22 % of total organic aerosols
observed in the summer and winter in urban Shanghai, respectively. SOA production
accounted for 25 and 18 % of the total vehicular OA formation in the summer and winter20

since the reaction of VOCs was not complete in the urban atmosphere. The contribution
of gasoline exhausts to OA formation showed a rapid growth trend with the increase of
photochemical age. The proportions of the ∆OA/∆CO ratio from gasoline vehicle were
4, 21, 30, and 38 % after 0, 6, 12, and 24 h of photochemical aging.

There are some uncertainties in the main findings of this study. First is the SOA mass25

yield. Since the absence of SVOCs and IVOCs measurement on vehicle exhausts, the
calculated SOA mass yield may be underestimated. For example, the calculated SOA
mass yield of diesel exhaust was 20 % lower than the smog chamber experiment re-
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sult. The vehicular OA production would increase 2 % if we used the SOA yield of diesel
exhaust from the smog chamber experiment. Emission inventory is another important
source of uncertainty in this study. To reduce the uncertainty of vehicular emission
inventory, we adjusted the vehicle mileage and emission factor data based on local
surveys in Shanghai and real-world measurements in some cities of China. However,5

the CO emission inventories of other sources shown in Fig. S4 still have large uncer-
tainties according to the previous study (Huang et al., 2011). More accurate emission
inventory will be helpful to reduce the uncertainty of vehicular OA contribution in this
study.

Huang et al. (2014) has reported the fossil OA was a dominant fraction of OA mass10

(about 25–40 %) in Shanghai and Beijing based on the observation data. Traffic and
coal burning were major sources of the fossil OA. Our result of vehicular OA forma-
tion contribution (about 15–22 %) was in that range. No further studies distinguished
between the SOA contributions from vehicle and coal burning. However, it can be con-
cluded that there must be other contributors (e.g. coal burning, biomass burning, cook-15

ing, dust, etc.) to OA pollution in addition to vehicles in urban Shanghai. Another impli-
cation in this study is that the potential role of IVOCs and SVOCs in vehicle exhausts
may be very important on the SOA formation. Therefore, further studies need to be
conducted to determine the contributions of different sources and IVOCs and SVOCs
emissions to OA pollution in China.20

The Supplement related to this article is available online at
doi:10.5194/acpd-15-7977-2015-supplement.
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Table 1. Test vehicle specifications.

ID Vehicle type Fuel type Emission
standard

Model year Odometer
reading (km)

LDGV-1 Light-duty car Gasoline Euro 1 2002 245 306
LDGV-2 Light-duty car Gasoline Euro 2 2005 59 790
LDGV-3 Light-duty car Gasoline Euro 3 2008 87 662
LDGV-4 Light-duty car Gasoline Euro 3 2008 80 856
Taxi-1 Light-duty taxi Gasoline Euro 1 2001 270 000
Taxi-2 Light-duty taxi Gasoline Euro 1 2002 ∼ 100 000
Taxi-3 Light-duty taxi Gasoline Euro 2 2003 99 638
Taxi-4 Light-duty taxi Gasoline Euro 3 2007 281 315
Taxi-5 Light-duty taxi Gasoline Euro 3 2008 361 180
HDDT-1 Heavy-duty truck Diesel Euro 1 2003 331 387
HDDT-2 Heavy-duty truck Diesel Euro 1 2003 271 000
HDDT-3 Heavy-duty truck Diesel Euro 2 2004 271 125
HDDT-4 Heavy-duty truck Diesel Euro 2 2004 204 193
HDDT-5 Heavy-duty truck Diesel Euro 3 2009 70 000
Bus-1 City bus Diesel Euro 2 2006 295 236
Bus-2 City bus Diesel Euro 3 2006 175 122
MT-1 Motorcycle Gasoline Euro 1 2003 15 000
MT-2 Motorcycle Gasoline Euro 1 2003 11 191
MT-3 Motorcycle Gasoline Euro 2 2004 96 969
MT-4 Motorcycle Gasoline Euro 2 2003 13 912
MT-5 Motorcycle Gasoline Euro 2 2003 5379
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Table 2. Daily VKT and average speeds of various vehicle and road types in Shanghai in 2012.

Road types Daily vehicle kilometers traveled (million km)

Light-duty
car

Light-duty
truck

Taxi Heavy-duty
bus

Heavy-duty
truck

City
bus

Motor-
cycle

Total Average
speed
(km h−1)

Highway 38.3 0.62 3.96 3.10 11.82 0.23 0.00 58.04 57.9
Arterial road 22.6 2.93 6.16 1.12 4.73 1.58 5.29 44.41 36.0
Residential road 18.3 3.11 8.92 0.89 1.90 1.38 4.15 38.64 28.5

Total 79.2 6.66 19.04 5.11 18.45 3.19 9.44 141.09 43.0
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Table 3. Vehicle emission inventory and SOA formation potential in Shanghai.

Vehicle type Emission inventory (kt) SOA formation potential (kt)

CO NOx VOCs EVA EC POA
(OC ·1.2)

High-NOx Low-NOx

in vehicle type
LDGV 192.03 13.30 15.59 6.15 0.02 0.07 0.60 3.13
LDDV 1.89 5.72 0.32 0.00 0.17 0.11 0.02 0.06
Taxi 68.89 3.86 5.56 1.96 0.01 0.03 0.22 1.16
HDGV 36.79 2.20 2.29 0.29 0.00 0.01 0.09 0.46
HDDV 24.71 67.56 9.74 0.00 3.16 3.40 0.68 1.82
Bus 5.53 17.56 2.06 0.00 0.58 0.62 0.15 0.43
Motorcycle 14.01 0.67 3.85 0.49 0.02 0.06 0.08 0.41

in fuel type
Gasoline 311.71 20.04 27.28 8.88 0.05 0.17 0.99 5.16
Diesel 32.14 90.84 12.12 0.00 3.91 4.13 0.85 2.31
Total 343.85 110.88 39.40 8.88 3.96 4.30 1.84 7.46
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Figure 1. Static and adjusted fraction of the vehicle fleet in Shanghai, China.
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Figure 2. Calculated emission factors of various vehicle types and their comparisons with mea-
sured data.
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Figure 3. Comparisons of measured VOC compositions of the exhausts from different vehicle
types and gas evaporation to the results in other studies (a: Liu et al., 2008; b: Wang et al.,
2013; c: Guo et al., 2011; d: Schauer et al., 2002; e: May et al., 2014; f: Gentner et al., 2013;
g: Schauer et al., 1999; h: Zhang et al., 2013; i: Harley et al., 2000; j: Na et al., 2004).
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Figure 4. (a) Distribution of mass by chemical class in carbon number of different vehicle types
and gas evaporation; (b) calculated SOA yields and their contributors of different vehicle types
and gas evaporation; (c) calculated SOA yields under low-NOx conditions.
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Figure 5. POA emissions from gasoline and diesel vehicles and their SOA formation potentials
under high-NOx and low-NOx conditions.
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Figure 6. Diurnal distributions of the ratios of m, p-xylene to ethylbenzene concentrations in
summer and winter in the urban atmosphere in 2013.
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Figure 7. Relationship of measured OA and CO concentrations color-coded by the photochem-
ical exposure in the summer (a) and winter (b) of 2013 in urban Shanghai according to Eq. (1).
Vehicular POA/Total OA and Vehicular OA/Total OA were the ratios of vehicular POA emission
and OA formation to total CO emission, respectively. Vehicular POA/CO and Vehicular OA/CO
only considered vehicular CO emission. The SOA formations were calculated under low-NOx
conditions.
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Figure 8. Diurnal variations of measured ∆OA/∆CO in the atmosphere (red line), photochem-
ical age ∆t (blue line) calculated by Eq. (1), and the ratios of vehicular POA (grey line) and
vehicular OA (orange line) to total CO calculated by Eq. (2) in the summer and the winter of
Shanghai, 2013.

8014

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/15/7977/2015/acpd-15-7977-2015-print.pdf
http://www.atmos-chem-phys-discuss.net/15/7977/2015/acpd-15-7977-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
15, 7977–8015, 2015

VOC species and
emission inventory
from vehicles and

their SOA formation
potentials estimation

C. Huang et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Figure 9. Contributions of vehicle emissions in different vehicle types (a) and fuel types (b) to
OA formation ratios with the changes of photochemical ages.
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