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NMHC compositions.
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measured SOA at idling, but less than
15% of that at cruising.
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Driving conditions are among the important factors determining gasoline vehicle emissions, yet their relation
with exhaust-derived secondary pollutants is poorly understood. Here, we introduced exhaust from a gasoline
vehicle under hot idling and cruising conditions into an indoor smog chamber by using a chassis dynamometer
and investigated the formation of secondary organic aerosols (SOA) during photochemical ageing under light
after characterizing the primary emission of non-methane hydrocarbons (NMHCs), nitrogen oxide (NOx) and
primary organic aerosol (POA) in the dark. When compared to emission factors (EFs) at idling, during cruising
at 20 km h−1 or 40 km h−1, the EFs of NMHCs decreased by more than an order of magnitude, while the EFs of
NOx were more than doubled, resulting in a large drop in the NMHC-to-NOx ratios. The percentages of reactive
alkenes and aromatic hydrocarbons also decreased from idling to cruising at 20 km h−1 to that at 40 km h−1.
The emission factor of benzene, a carcinogenic compound, decreased more than 10 times from ~0.35 g kg-
fuel−1 at idling to ~0.03 g kg-fuel−1 during cruising. During photochemical ageing of exhaust, substantial SOA
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Chamber simulation
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was formed, and the SOA/POA ratios decreased from 52 to 92 at idling to 4–14 during cruising. Traditional aro-
matics could explain 30–64% of the measured SOA at idling but less than 15% of the measured SOA during cruis-
ing. Our results highlight that traffic congestion would greatly promote the emission of reactive volatile organic
compounds and carcinogenic benzene from gasoline vehicles and also show that NMHCs as a target in gasoline
vehicle emission tests cannot effectively represent the SOA and ozone formation potentials of the partially oxi-
dized hydrocarbons from poorly functioning converters.

© 2020 Elsevier B.V. All rights reserved.
1. Introduction

Vehicle emissions are major anthropogenic sources of carbonaceous
particulate matter, especially in urban areas, not only through direct
emissions of primary organic aerosol (POA) and black carbon (BC), but
also through forming secondary organic aerosols (SOA) from the oxida-
tion of emitted gaseous aromatic and aliphatic hydrocarbons (Gentner
et al., 2017; Odum et al., 1997; Pandis et al., 1992). Although both diesel
and gasoline vehicles are responsible for emitting a complexmixture of
unburned and partially burned hydrocarbons that act as precursors to
SOA (Jathar et al., 2013), their relative importance in forming SOA is be-
coming a controversial issue (Gentner et al., 2017). While studies dem-
onstrated that diesel exhausts are much more efficient in forming SOA
than gasoline exhausts (Deng et al., 2017a; Gentner et al., 2017;
Gordon et al., 2014), the number of gasoline vehicles overwhelmingly
dominates that of diesel vehicles in many regions (Bahreini et al.,
2012; CVEMAR, 2018). In addition, some recent studies suggested that
gasoline emissions may overtake diesel emissions in forming SOA
(Bahreini et al., 2012) or may produce more carbonaceous particulate
matter than emissions from modern filter-equipped diesel vehicles
(May et al., 2014; Platt et al., 2017). Therefore, gasoline exhaust cannot
be exempt from aerosol loading, and its contribution to SOA formation
is a timely issue that needs in-depth understanding of the precursors
and formation mechanisms.

Being amajor contributor to volatile organic compounds (VOCs) and
nitrogen oxides (NOx), which are both the most important ozone pre-
cursors in metropolitan regions, gasoline vehicle emissions have
drawn sustained attention for decades, and great efforts have been
made to characterize emissions by various techniques, such as on-
board tests (Huo et al., 2012; Liu et al., 2009; Shen et al., 2014; Shorter
et al., 2005; Wang et al., 2011; Yao et al., 2015), remote sensing
(Bishop and Stedman, 1996; Guo et al., 2007), and tunnel tests
(Hueglin et al., 2006; Jamriska et al., 2004; Zhang et al., 2015a, 2018).
However, chamber simulations of SOA formation from atmospheric
ageing of gasoline exhausts have only appeared very recently and are
still quite limited. Earlier studies revealed that the total amount of
SOA produced from the atmospheric oxidation of whole gasoline
vapor or a surrogate mixture relevant for gasoline exhaust can be well
explained by the contributions of the individual aromatic constituents
(Odum et al., 1997; Kleindienst et al., 2002). However, while photo-
chemical ageing of exhaust from gasoline vehicles at idling and during
cold start exhibited similar results that SOA formation could be largely
explained by aromatic hydrocarbons in the exhausts (Nordin et al.,
2013; Liu et al., 2015), other chamber studies demonstrated that during
a driving cycle on a chassis dynamometer, only a small part of SOA
formed from gasoline vehicle exhaust could be accounted for by aro-
matic hydrocarbons (Gordon et al., 2014; Platt et al., 2013), and other
unspeciated or lower volatility compounds such as intermediate volatil-
ity organic compounds (IVOCs) could contribute substantially to SOA
formation. These studies suggested that the SOA formation potential
of gasoline exhaust may be heavily influenced by driving conditions,
and there is also concern if restricting NMHCs in gasoline exhaust
would effectively reduce its potential to form secondary pollutants
such as SOA.

As suggested by Platt et al. (2013), it is necessary to more closely
simulate real-world driving conditions to understand gasoline vehicular
emissions and photochemical ageing processes. However, it is a long-
lasting challenge for available tests to represent real-world on-road ve-
hicular emissions. For example, idling vehicles usually have a lower
combustion temperature and efficiency than cruising vehicles, and
there could be significant differences in the chemical compositions of
exhausts. Unified driving cycles, which include idle, acceleration/decel-
eration and cruise conditions, may have a better representation of real-
world vehicular emissions, and thus are widely adopted for vehicle
emission tests. However, unified driving cycles in different nations or
regions may vary in their ratios of idling, acceleration, deceleration
and cruising conditions. In thisway, studying gasoline vehicle emissions
and their SOA formation potentials at different driving conditions is a
fundamental task for a deep understanding of the relationship between
driving conditions and SOA formation potentials.

In the present study,we started by comparing SOA formation poten-
tials for exhausts from a Euro 4 gasoline car at idling to that when cruis-
ing. By using a chassis dynamometer, the exhausts from gasoline
vehicles at idling or cruising speeds of 20 km h−1 and 40 km h−1

were respectively introduced into a 30m3 smog chamber. The exhausts
were first characterized in the dark for primary emissions and were
then photochemically aged with lights on to study the formation of
SOA. The purpose is to provide information about the overall primary
and secondary contributions to air pollutants by gasoline vehicles
under different driving conditions and to explore the differences in
the primary emissions and SOA formation between idling and cruising
for gasoline vehicles.

2. Materials and methods

2.1. Experimental setup

Emission characterization and photochemical ageing experiments
were conducted in a 30 m3 (L × H × W, 5 m × 3 m × 2 m) fluorinated
ethylene propylene (FEP 100, Type 200A; DuPont, USA) Teflon indoor
smog chamber at the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences (GIG-CAS). The detailed setup and facilities of
the chamber can be found elsewhere (Deng et al., 2017a, 2017b, 2020;
Fang et al., 2017; Liu et al., 2015, 2016; Wang et al., 2014). In brief,
135 black lamps (1.2 m long, 60 W Philips/10R BL, Royal Dutch Philips
Electronics Ltd., the Netherlands) were used as the light source, provid-
ing a NO2 photolysis rate of 0.25 min−1. The temperature was main-
tained at about approximately 25 °C with an accuracy within ±1 °C,
and the relative humidity (RH) was set to approximately 50%
(Table 1). The temperature inside the chamber was controlled by
three cooling units (total power 40 kW) and was monitored by nine
temperature sensors. Humidification was achieved by vaporizing
Milli-Q ultrapure water contained in a 0.5 L Florence flask and the
water vapor was flushed with purified dry air into the FEP reactor.

According to the 2016 Annual Report of Beijing Traffic Development
(2016 Annual Report of Beijing Traffic Development), the average driv-
ing speed during rush hours in Beijing is approximately 23.3 km h−1 in
urban areas and 37.7 km h−1 on freeways. Therefore, driving speeds of
20 and 40 kmh−1were selected to represent the average driving speeds
on urban roads and on freeways, respectively. An in-use China IV
(which is identical to Euro 4) light-duty gasoline vehicle was used in
this study. The vehicle is one with a port fuel injection engine and was



Table 1
Initial experiment conditions and emission factors of NMHCs and NOx at different driving speeds.

Exp# Speed (km h−1) Temp (°C) RH (%) NMHCs (ppbv) NO (ppbv) NO2 (ppbv) NMHCs-NOx ratios (v/v) EFNMHCs (g kg-fuel−1) EFNOx (mg kg-fuel−1)

1 Idling 25.0 ± 0.5 50.5 ± 2.0 3416 18.6 1.6 169 5.22 5.3
2 Idling 25.2 ± 0.5 48.3 ± 1.8 3868 6.6 2.7 415 4.62 4.7
3 20 25.2 ± 0.7 53.7 ± 2.9 239 305 9.8 0.8 0.15 50.6
4 20 25.0 ± 0.4 52.1 ± 1.4 213 95.3 6.8 2.1 0.17 14.8
5 40 25.4 ± 0.6 51.5 ± 2.5 505 101 6.8 4.7 0.45 18.6
6 40 25.3 ± 0.5 47.7 ± 1.6 175 681 14 0.3 0.23 206
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fueled with Grade 93 gasoline, meeting the China IV gasoline fuel stan-
dard. PFI-equipped vehicles still dominate the vehicle composition in
China. Because of the higher fuel efficiency of the GDI-equipped vehi-
cles, themarket share of GDI-equipped vehicles in sales in 2016 reached
approximately 25% in China (Du et al., 2018). With an electric chassis
dynamometer (FCDM-100, Foshan Analytical Instrument Co., Ltd.,
China) located just outside the GIG-CAS chamber, exhausts were gener-
ated by the gasoline vehicle run by an experienced driver at hot idling,
and at driving speeds of 20 and 40 km h−1. During the driving tests in
this study, the average driving speeds were recorded as 19.7 ± 1.2
and 40.2 ± 1.5 km h−1, respectively (Fig. S1).

2.2. Instrumentation

Instruments used to characterize and quantify the gas- and
particulate-phase species are listed in Table S1 and the detailed descrip-
tions of these instruments and data analysis can be found elsewhere
(Wang et al., 2014). In brief, a high resolution time-of-flight aerosol
mass spectrometer (HR-ToF-AMS, Aerodyne Research Inc., USA) was
used to measure the particle compositions, including OA, nitrates
(NO3

−), ammonium (NH4
+), and sulfate (SO4

2−) (DeCarlo et al., 2006).
Gas-phase contribution to the fragment m/z 44 (CO2

+) signal was
corrected with measured CO2 concentrations. Ionization efficiency of
the HR-ToF-AMS was calibrated using 300 nm monodisperse ammo-
nium nitrate particles. Data analysis was performed with IGOR pro 6
(Wavemetrics, USA), SQUIRREL 1.51 and PIKA 1.1. Particle number con-
centration and size distribution were measured by a scanning mobility
particle sizer (SMPS, model 3080 classifier) and condensation particle
counter (CPC,model 3775). A sheath flowof 3.0 Lmin−1 and a sampling
flow of 0.3 Lmin−1 were used for the SMPSmeasurements, allowing for
a size scanning range of 14–760 nmwithin 255 s. The aerosol mass was
corrected with the data from SMPS.

Volatile organic compounds (VOCs) were measured both on-line
and off-line. A proton transfer reaction time-of-flight mass spectrome-
ter (PTR-ToF-MS, Model 2000, Ionicon Analytik GmbH, Austria) with
detection limits down to the ppt range was used to measure the real
time concentrations of VOCs inside the reactor. The performance of
the PTR-ToF-MS has been described in detail previously (Jordan et al.,
2009). The ion source of H3O+ was used in this study. The decay curve
of toluene measured by PTR-ToF-MS was used to derive the OH radical
concentrations for every 2min during each experiment.Meanwhile, off-
line VOC samples were also collected by using 2-L stainless steel canis-
ters once half an hour during each experiment. These canister samples
were used for the determination of C2-C12 NMHCs (Table S2), CO, and
CO2. All canister samples were analyzed by an Agilent 5973N gas chro-
matography mass-selective detector/flame ionization detector (GC-
MSD/FID; Agilent Technologies, USA) coupled to a Preconcentrator
(Model 7100, Entech Instruments Inc., USA). The analytical procedures
have been detailed elsewhere (Zhang et al., 2012, 2013a, 2013b).
Sixty-seven C2-C12 NMHCs species were quantified for each sample.
CO was analyzed using an Agilent 6980 gas chromatography with a
flame ionization detector and a packed column (5A molecular sieve
60/80 mesh, 3 m × 1/8 in. (Zhang et al., 2012), and CO2 was analyzed
using a HP 4890D gas chromatograph (Yi et al., 2007). Trace gases con-
centrations of ozone, NO-NO2-NOx, and NH3 were monitored using
ozone analyzer (EC9810, Ecotech, Australia), NOx monitor (EC9841T,
Ecotech, Australia) and NH3 analyzer (Model 911-0016, Los Gatos Re-
search, USA), respectively.

2.3. Experimental procedure

Prior to each experiment, the Teflon chamber reaction bag was
flushedwith dry purified air which generated by an air purification sys-
tem (Wang et al., 2014) to ensure that background concentrations of
hydrocarbons, O3, NOx, and aerosol particles in the chamber reactor
were all below the detection limits. Before the vehicle exhaust injection,
the temperature inside the reactor was set and stabilized at ~25 °C.

Exhaust from the gasoline vehicle was injected into the smog cham-
ber through a heated inlet system using a Dekati® ejector diluter (DI-
1000, Dekati Ltd., Finland). For the idling tests, the vehicle was started
and then run on-road for approximately 30min towarm up its catalytic
converter before the exhaust from the vehicle running at hot idling was
introduced into the chamber; for tests at driving speeds of 20 km h−1

and 40 km h−1 on the chassis dynamometer, the exhaust was intro-
duced into the chamber after the driving speeds were stabilized by an
experienced driver. The injection time varied from 30 to 50 min based
on the concentrations of VOCs and NOx reached inside the reactor. The
stainless steel lines used for exhaust injection were preheated to
100 °C to reduce the loss of VOCs and particles during the injection. A
schematic of the experimental procedures, instruments, and sampling
associatedwith the chamber can be found in Fig. 1. The emission factors
were obtained by characterizing the pollutants emitted into the cham-
ber before the lights were turned on (Fang et al., 2017).

To adjust the final NMHC-to-NOx ratios inside the reactor to approx-
imate the ambient conditions after the completion of exhaust injection
and emission characterization in the dark, additional NO was added for
the hot idling experiments, while additional propene insteadwas intro-
duced for the experiments at driving speeds of 20 km h−1 and
40 km h−1 (Table 1). As propene is not supposed to contribute to the
formation of SOA, it has been widely used to adjust the NMHC-to-NOx

ratios in previous smog chamber studies (Chirico et al., 2010; Kroll
and Seinfeld, 2008; Platt et al., 2013). After the adjustment, the
NMHC-to-NOx (ppbv/ppbv) ratios in this study ranged from 1.5:1 to
17.6:1, which are comparable to those reported in urban areas or the
values in previous chamber studies on gasoline vehicle exhausts
(Clairotte et al., 2013). After the primary emitted pollutants inside the
reactor were characterized under dark conditions, the lamps were
turned on for 5 h of photochemical ageing. After that, the black lamps
were turned off, and an additional 2–3 h of characterization for the
formed SOA was performed to correct the particle wall loss.

2.4. Emission factors

Emission factor (EF) of each primary emission pollutant or produc-
tion factor (PF) of a secondary pollutant could be calculated on a fuel
basis (g kg-gasoline−1):

EF or PFð Þ ¼ 1000� ΔP½ � � 1
ΔCO2½ �
MWCO2

þ CO½ �
MWCO

þ ΔHCs½ �
MWHCs

� �� ωC

MWC
ð1Þ

where [ΔP], [ΔCO2], [ΔCO], and [ΔHCs] are the background corrected



Fig. 1. Schematic map showing experiment setup and equipment connected to the indoor chamber.

Fig. 2. Compositions of NMHCs determined offline by canister sampling at different
driving conditions.
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concentrations of primary emission or secondary formation for pollut-
ant P, CO2, CO, and the C2-C12 hydrocarbons determined by GC-MSD/
FID system in the chamber reactor in μg m−3; and MWCO2, MWCO,
MWHCs, and MWC are molecular weights of CO2, CO, HCs, and carbon.
ωC is the carbon intensity of the gasoline (Kirchstetter et al., 1999).

2.5. Wall loss corrections

Loss of particles onto the reactorwallsmay occur due to electrostatic
forces, sedimentation and diffusion (McMurry and Grosjean, 1985). De-
tailed discussion about the wall loss corrections based on AMS data can
be found in our previous studies (Deng et al., 2017a, 2017b, 2020; Fang
et al., 2017; Liu et al., 2015, 2016; Wang et al., 2014). The wall loss rate
constant was determined separately for each experiment by fitting the
SMPS and AMS data with first-order kinetics when UV lamps were
switched off. By applying this rate to the entire experiment, we use
the same method as Pathak et al. (2007) to correct the wall loss of the
particles. The impact of the nucleation event on wall loss is considered
to be negligible as less than 3% of the particle mass is in the
nucleation-mode 20 min after the start of photochemical ageing for all
experiments in this study.

3. Results and discussions

3.1. Primary emissions of gaseous pollutants

One significant change in the primary emissions is that the NMHC-
to-NOx ratios (v/v) decreased from 169 and 415 at idling to 0.76 and
2.1, respectively, at the driving speed of 20 km h−1, and to 0.25 and
4.7, respectively, at the driving speed of 40 km h−1 (Table 1). The EFs
of total NMHCs decreased more than ten times from approximately
5.0 g kg-fuel−1 at idling to less than 0.5 g kg-fuel−1 at 20 km h−1 or at
40 km h−1. Instead, the EFs of NOx increased from ~5.0 mg kg-fuel−1

at idling to more than 10 mg kg-fuel−1 at 20 km h−1 or at 40 km h−1

(Table 1). The increasing trend of EFs of NOx with increased driving
speeds is consistent with previous studies based on both tunnel tests
(Martins et al., 2006) and chassis dynamometer tests (Yang et al., 2018).

Another significant change in theprimary emissionswas the compo-
sition of NMHCs. As shown in Fig. 2, aromatics accounted for the largest
fraction (43%) of NMHCs at idling. However, the fractions of aromatics
decreased to 24% at 20 km h−1 and further to 14% at 40 km h−1. Simi-
larly, the percentages of alkenes decreased from 15% at idling to 7% at
20 km h−1 and to only 4% at 40 km h−1. In contrast, alkanes, including
normal alkanes, branched alkanes and cycloalkanes, shared a fraction
(42%) nearly the same as that of aromatics at idling, but their shares in-
creased to 70% at 20 km h−1, and further to 82% at 40 km h−1, nearly
double those at idling. The drop inmore reactive unsaturated aromatics
and alkenes and the increase in less reactive alkanes at a driving speed
of 20 km h−1 are similar to the results for private gasoline cars at differ-
ent driving speeds observed by Guo et al. (2011), in which the percent-
ages of alkanes increased from 40% at idling to 54% at 25 km h−1 and
57% at 70 kmh−1, while those of aromatics decreased from32% at idling
to 29% at 25 km h−1 and 19% at 70 km h−1. Aromatics, as an important
group of anthropogenic VOCs that contribute to SOA formation (de
Gouw et al., 2008; Ding et al., 2012), had an average emission factor of
2.7 g kg-fuel−1 at idling, 0.04 g kg-fuel−1 at 20 km h−1 and 0.05 g kg-
fuel−1 at 40 km h−1.These differences in the primary emissions be-
tween driving and idling also agreed with the results from engine ex-
periments (Kean et al., 2003; Wang et al., 2013). Compared to
conditions at idling, changed fuel/air ratios and higher burning temper-
atures under driving conditions would benefit more complete burning



Table 2
POA and photochemically formed SOA at different driving speeds.

Exp.
#

Driving speed
(km h−1)

OH exposure
(×106 molecules
cm−3)

POA
(μg m−3)

SOA
(μg m−3)

SOA/POA

1 IDLING 3.13 0.74 68.2 92.2
2 IDLING 4.19 0.92 48.2 52.4
3 20 1.41 8.05 94.8 11.8
4 20 2.6 3.28 26.2 8.0
5 40 2.38 2.47 35 14.2
6 40 4.66 4.76 18.1 3.8
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of fuels, leading to lower emissions of NHMCs and increased yields of
NOx.

3.2. Primary emissions and secondary productions of OA

Obviously new particle formation was observed during all experi-
ments (Fig. S2). In the start, particle number concentrations of less
than 120 cm−3 were observed in all experiments. They increased rap-
idly to about 6.8E+05 cm−3 at idling with a maximum particle density
diameter at ~40 nm, but to less than 3.6E+04 cm−3 at the cruising ex-
periments with the maximum particle density diameter at ~110 nm.
The above drastic changes in primary NMHC-to-NOx ratios as well as
in EFs and compositions of VOCs would inevitably influence the poten-
tial formation of secondary products, including SOA (Ng et al., 2007). As
shown in Fig. 3, the average EF of POA at idling was 0.32 ± 0.02 mg kg-
fuel−1, much lower than that of 1.4 ± 0.7 mg kg-fuel−1 at 20 km h−1

and 1.5 ± 0.8 mg kg-fuel−1 at 40 km h−1. The average PF of SOA
under idling conditions (23.4 ± 5.4 mg kg-fuel−1) was higher than
that of 15.2 ± 2.1 mg kg-fuel−1 at 20 km h−1, and much higher than
that of 9.1 ± 0.5 mg kg-fuel−1 at 40 km h−1. As a result, the SOA/POA
ratios decreased from 52 and 92 at idling to 4–14 during cruising.

According to field observations downwind of an urban area by de
Gouw et al. (2005), SOA production continues for approximately 48 h
at an OH level of 3 × 106 molecules cm−3. Therefore, five-hour photo-
chemical ageing with OH exposure of (1.4–4.7) × 106 molecules cm−3

(Table 2) in this study might underestimate the final SOA production.
The average EF of POA under idling conditions in this study in 2016 is
comparable with that of 0.34 ± 0.02 mg kg-fuel−1 in 2013 reported
Fig. 3. Emission factors (EFs) of POA (a) and production factors (PFs) of SOA (b) at idling, 20 k
figure.
by Liu et al. (2015) for the same test vehicle, while the average PF of
SOA at idling reported by Liu et al. (2015) was 1.4 times that in this
study. When compared to previous studies on exhaust from idling gas-
oline cars, the average PF of SOA (0.023 g kg-fuel−1) in this study lies in
themiddle of the range, i.e., 0.005–0.09 g kg-fuel−1, reported by Nordin
et al. (2013) (EURO-2 to EURO-4 gasoline vehicles), and
0.001–0.044 g kg-fuel−1, reported by Liu et al. (2015) (EURO-1 to
EURO-4 gasoline vehicles). The EFs of POA at idling and cruising in
this study were significantly lower than those reported by Platt et al.
(2013), i.e., (1.97–2.45) × 10−2 g kg-fuel−1, for a Euro-5 gasoline vehi-
cle operated under a New European Driving Cycle (NEDC) condition, or
the range reported by Gordon et al. (2014), i.e., 7 × 10−3 g kg-fuel−1 to
1 × 10−2 g kg-fuel−1, for 15 light-duty gasoline vehicles under the Uni-
fied Cycle (UC) conditions in California. Accordingly, the PFs of SOA in
this study were also obviously lower than those of 0.344–0.347 g kg-
fuel−1 in Platt et al. (2013) or 0.02–0.13 g kg-fuel−1 in Gordon et al.
m h−1 and 40 km h−1 in this study. The results from other studies are also showed in the
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(2014). Ratios of POA/SOA with a range of 4–92 in this study, were in
the middle of the values (1–259) in previous studies (Gordon et al.,
2014; Liu et al., 2015; Nordin et al., 2013; Platt et al., 2013). The EFs of
POA or PFs of SOA under NEDC or UC conditionswere reasonably higher
since more emissions occur during accelerating or decelerating than
during driving at stabilized speeds (Tong et al., 2000).

The EFs of POA or PFs of SOA for exhaust from gasoline vehicles were
extremely low when compared with those reported for exhaust from
diesel vehicles, such as the EFs of POA ranging 0.05–0.91 g kg-fuel−1

for idling and driving diesel vehicles (Chirico et al., 2010; Deng et al.,
2017a; Gordon et al., 2014), the PFs of SOA ranging 0.5–1.8 g kg-
fuel−1 for idling diesel vehicles (Chirico et al., 2010; Deng et al.,
2017a), or an SOAPF of 0.47 g kg-fuel−1 for diesel vehicles under driving
cycles Gordon et al. (2014).

3.3. SOA production explained by precursors

With the consumption of typical traditional precursors, such as ben-
zene, toluene, C8-AHs and C9-AHs, as observed by PTR-ToF-MS online,
their contributions to SOA could be estimated as:

SOAestimated ¼ ∑iΔMi � Yi ð2Þ

whereΔMi is the amount of precursor species i that was consumed dur-
ing photochemical ageing, and Yi is the SOA yield for precursor species i,
which could be approximatedwith a semiempirical two-productmodel
based on absorptive gas-particle partitioning (Borrás and Tortajada-
Genaro, 2012; Odum et al., 1996, 1997; Ng et al., 2007; Shakya and
Griffin, 2010). Fig. 4 shows the predicted SOA derived from NMHCs in-
cluding benzene, toluene, C8-AHs, C9-AHs, and naphthalene against
the total measured SOA. At idling, 30–64% of the measured SOA could
be explained by these aromatics which are among the most important
anthropogenic SOA precursors. However, for tests under cruising condi-
tions, larger gaps between predicted andmeasured SOAwere observed.
The predicted SOA formed from these aromatics could only explain less
than 15% of the measured SOA. The predicted SOA from the aromatics
were 2–12% at 20 km h−1 and 10–14% at 40 km h−1. At idling, the result
is consistent with that from previous studies on photochemical ageing
of exhaust from idling gasoline vehicles: these aromatics could explain
51–90% of the formed SOA in the study by Liu et al. (2015) and up to
60% of formed SOA in the study by Nordin et al. (2013). For exhausts
from gasoline cars under the NEDC condition (Platt et al., 2013), the
Fig. 4. Percentages of measured SOA as predicted by the contribution of aromatic
hydrocarbons and alkanes.
predicted SOA by aromatics and naphthalene could reach up to 20% of
the measured SOA. This percentage between the idling and driving sit-
uations is reasonable since emissions of aromatics under standard driv-
ing cycles might also lie between those at idling and at cruising.
Previous studies illustrated that C7-C12 alkanes could also contribute
to SOA formation (Lim and Ziemann, 2009a, 2009b; Loza et al., 2014).
As estimated based on eq. (2), alkanes could contribute 19–21% of the
measured SOA at idling but only 0.1–6% at 20 km h−1 and 0.2–3% at
40 km h−1. Additionally, aromatics and alkanes together could explain
49–86% of the formed SOA at idling (Fig. 4), but could still not explain
the formed SOA at cruising. They could only account for 2–18% and
13–14% of formed SOA at 20 km h−1 and 40 km h−1, respectively.
This large gap between the measured SOA and SOA predicted from tra-
ditional precursors suggests that there were unknown precursors that
might also contribute substantially to SOA formation, since even from
carbon balance, it is impossible for the traditional precursors to afford
the SOA formed. Gordon et al. (2014) indicated that approximately
30% of the non-methane hydrocarbons from vehicle exhaust could not
be speciated and that they may contribute to SOA formation. Zhao
et al. (2014a, 2014b, 2015, 2016) measured IVOCs in vehicle exhausts.
They estimated that for gasoline vehicles although IVOCs were only ap-
proximately 4% of NMHCs in primary emissions, they could contribute
as much as or even more SOA than the single-ring aromatics.

4. Conclusions

With the rapid increase in vehicle numbers, traffic congestion has
become a big problem inmany urban areas. In Hong Kong, for example,
vehicle number increased by 30% from 2003 to 2013, and the average
car travel speed in urban areas dropped by approximately 11% during
the decade. In China's capital city Beijing, the daily road traffic conges-
tion hours increased from 1.9 h in 2014 to 3 h in 2015, and the annual
average driving speeds across its whole road network decreased from
28.1 km h−1 in 2014 to 25.1 km h−1 in 2015 (2016 Annual Report of
Beijing Traffic Development). Based on our study, a gasoline vehicle
cruising at 40 kmh−1 had amore than 50% lower SOA production factor
(9.1 mg kg-fuel−1) when compared to that (23 mg kg-fuel−1) for a hot
idling vehicle. A rough estimation of ozone formation potential with the
maximum incremental reactivity method (Carter, 2009) (Fig. S3) also
revealed that the total OFPs of all VOC species in exhausts dropped
over 30 times from approximately 22 g kg-fuel−1 at idling to about
0.5 g kg-fuel−1 when cruising at 40 km h−1. Therefore, more hot idling
hours induced by traffic congestion means more emissions of reactive
aromatics and alkenes, and thereby more production of SOA as well as
ozone. This implies that reducing traffic congestion would not only im-
prove transportation efficiency, but also benefit alleviating severe PM2.5

and ozone pollution through reducing vehicle emissions of precursors
for SOA and ozone.

It is worth noting that cruising gasoline vehicles had much lower
emissions of hazardous air pollutants such as benzene than idling vehi-
cles. Previous studies have revealed a higher cancer risk of benzene in
China's developed regions (Zhang et al., 2015b, 2016a, 2016b)with gas-
oline exhaust as one of its major sources in urban (Wang et al. 2002;
Zhang et al., 2012, 2013a, 2018). In our study, the emission factor of
benzene decreasedmore than ten times from ~0.35 g kg-fuel−1 at idling
to ~0.03 g kg-fuel−1 during cruising. Therefore, reducing traffic conges-
tion can also lower people's health risk when exposed to traffic-related
microenvironments. Another important implication from our study is
that, although NMHCs are targeted during gasoline vehicle emission
tests, they cannot reflect the exhausts' potential to form SOA or even
ozone.
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