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� Diesel vehicle primary emissions and
SOA formation were studied using
smog chamber.

� Emission factors of AHs, PAHs and
OVOCs deceased with the increasing
driving speeds.

� Comparable BC and POA emissions
but lower SOA productions at cruising
than at idling;

� Eight OVOCs altogether could explain
8.4–23% SOA production.

� Total BC/POA/SOA at idling dropped
32% as fuel upgraded from China-3 to
China-5.
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a b s t r a c t

Diesel vehicle exhaust is an important source of carbonaceous aerosols, especially in developing coun-
tries, like China. Driving condition impacts diesel vehicle emissions, yet its influence needs further under-
standing especially on secondary organic aerosol (SOA) formation. In this study tailpipe exhaust from an
in-use light duty diesel vehicle at idling and driving speeds of 20 and 40 km h�1 was introduced respec-
tively into a 30 m�3 indoor smog chamber to investigate primary emissions and SOA formation during
photo-oxidation. The emission factors of SO2 at 20 and 40 km h�1 were higher than those at idling,
whereas the emission factors of aromatic hydrocarbons (AHs), polycyclic aromatic hydrocarbons
(PAHs) and oxygenated volatile organic compounds (OVOCs) decreased when driving speeds increased.
The emission factors of black carbon (BC) and primary organic aerosol (POA) at idling were comparable
to those at 20 and 40 km h�1. The SOA production factors were 0.41 ± 0.09 g kg-fuel�1 at idling, approx-
imately 2.5 times as high as those at 20 km h�1 (0.16 ± 0.09 g kg-fuel�1) or 40 km h�1 (0.17 ± 0.09 g kg-
fuel�1). Total carbonaceous aerosols, including BC, POA and SOA, from diesel vehicles at 20 and 40 km h�1

were 60–75% of those at idling, due largely to a reduction in SOA production. Measured AHs and PAHs
altogether were estimated to explain <10% of SOA production, and eight major OVOCs could contribute
8.4–23% of SOA production. A preliminary comparison was further made for the same diesel vehicle at
idling using diesel oils upgraded from China 3 to China 5 standard. The emission factors of total particle
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numbers decreased by 38% owing to less nuclei mode particles, which was probably caused by the reduc-
ing fuel sulfur content; the emission factors of BC were almost unchanged, the POA emission factors and
SOA production factors however decreased by 72% and 37%.

� 2019 Elsevier B.V. All rights reserved.
1. Introduction

Motor vehicle exhaust is a major source of particulate matters
with aerodynamic diameters <2.5 lm (PM2.5) in urban areas
(Jimenez et al., 2009; McDonald et al., 2015; Gentner et al.,
2017), thus has significant effects on air quality and human health
(Parrish and Zhu, 2009; Pope et al., 2009; Y. Wang et al., 2014;
Lelieveld et al., 2015; Z. Liu et al., 2015). Diesel vehicle exhaust
dominates the primary emission of PM from motor vehicles (Reff
et al., 2009; Zhang et al., 2009), such like in China, in 2016 over
90% of PM emitted from mobile sources were attributed to diesel
vehicles according to China vehicle environmental management
annual report (MEPPRC, 2017). Numerous studies have been con-
ducted to characterize primary emissions from diesel vehicles,
including those using portable emission measurement systems
(PEMS) or tunnel tests (Allen et al., 2001; Huang et al., 2006;
Collins et al., 2007; Liu et al., 2009; Zhang et al., 2016; Cui et al.,
2017), which could provide useful information about primary
emissions from diesel vehicles under real-world traffic conditions.
Driving condition is supposed to be an important factor influencing
vehicle emission. Shah et al. (2004) found that emissions of PM,
elemental carbon (EC) and organic carbon (OC) from a number of
heavy duty diesel trucks under real-world conditions depended
strongly on vehicle operation modes, with larger emission of EC
and lower emission of OC found in the cruise mode compared to
that of idling mode; in contrast, Chirico et al. (2010) found that
for the same vehicle the emission factors of BC and POA at the driv-
ing speed of 60 km h�1 were comparable to those at idling. This
inconsistency suggests that we have limited knowledge on how
emissions might be effected by driving conditions, and highlights
that the influence of driving conditions on primary emissions as
well as secondary aerosol production needs further investigation.

Diesel exhaust also contributes substantially to secondary aero-
sols, particularly secondary organic aerosols (SOA), when photo-
chemically oxidized and/or aged in ambient air (Gentner et al.,
2012). Chamber simulation is an effective approach to investigate
both primary emission and SOA formation from diluted exhausts
of diesel engines or diesel vehicles (Robinson et al., 2007;
Weitkamp et al., 2007; Chirico et al., 2010; Samy and Zielinska,
2010; Nakao et al., 2011; Gordon et al., 2014). Chamber studies
in the USA and in Europe revealed organic aerosol (OA) enhance-
ment ratios ranging from ~3 to 10 with the photochemical aging
of diesel vehicle exhaust (Chirico et al., 2010; Gordon et al.,
2014), while similar studies in China found an average enhance-
ment ratio of 2.2 for exhausts from three in-used diesel vehicles
(Deng et al., 2017). These studies, however, were mainly conducted
at idling conditions, during which only 7% of total on-road diesel
consumption were accounted for (Gaines et al., 2006). As the
engine load is different between idling and driving conditions, pri-
mary emissions and SOA formation may also vary. Cross et al.
(2015) found that the emission of intermediate volatile organic
compounds (IVOCs) from diesel engines decreased rapidly when
engine loads increased. Moreover, Miracolo et al. (2012) showed
that SOA productions from diluted exhaust of gas-turbine engine
at cruise modes were lower than those at idling modes. Therefore,
the SOA formation from diesel vehicle exhausts at driving condi-
tions might be different to that at idling conditions and deserved
further investigation.
Tkacik et al. (2014) combined tunnel tests with a potential aero-
sol mass flow reactor to investigate the SOA formation from in-use
vehicle emissions. While this approach provides SOA formation
potential from actual traffic fleet exhausts under real-world driv-
ing condition, the effects of different factors (e.g., driving condi-
tions, vehicle types, fuel quality, and etc.) on SOA formation
cannot be assessed in a systematic manner. Combining chassis
dynamometer tests together with chamber simulation makes it
possible to obtain both the primary emissions and SOA production
from a diesel vehicle at different driving condition. Using this
approach, Chirico et al. (2010) investigated the primary emissions
and SOA formation from medium duty diesel vehicle exhausts at
idling and at a driving speed of 60 km h�1, and concluded that
the formed SOA at the driving speed of 60 km h�1 was comparable
to that at idling. However, Gordon et al. (2014) compared the pri-
mary emissions and SOA production from a heavy duty diesel vehi-
cle under idling and urban dynamometer driving schedule (UDDS)
conditions, and suggested that the SOA production under the UDDS
condition was much lower than that under the idling condition.
Therefore, the effects of driving speeds on SOA formation from die-
sel vehicle exhausts also remains largely unknown, and further
investigation is warranted.

According to China Vehicle Environmental Management Annual
Report (MEPPRC, 2017), in China 94.6% diesel vehicles are not
equipped with exhaust gas aftertreatment system, and 51.7% of
them are China 3 diesel vehicles, which share a burden of 72.8%
hydrocarbons and 68.6% particle matters emitted from diesel vehi-
cles. In this study, a light duty diesel vehicle with China 3 emission
standard was chosen and tested on a chassis dynamometer. The
exhausts were diluted and introduced into an indoor smog cham-
ber to measure primary emissions and to investigate SOA produc-
tion with photo-oxidation. Thus we could obtain the emission
factors of SO2, volatile organic compounds (VOCs), BC and POA,
as well as the SOA production factors from the diesel vehicles
under idling, 20 and 40 km h�1. This is follow-up work of our pre-
vious study (Deng et al., 2017), in which only the primary emis-
sions and SOA formation from diesel vehicles at idling condition
were investigated. The main purpose of this study is to investigate
the influence of driving conditions on primary emissions and SOA
formation from diesel vehicle exhausts. The results could enhance
the understanding of both primary and secondary contribution of
diesel vehicle exhausts to PM under real world condition.
2. Materials and methods

2.1. The diesel vehicle and fuels

An in-use passenger diesel vehicle made by Foton Motor was
chosen in this study. Detailed information of this vehicle can be
found in Table S1. In brief, it is a China 3 (identical to Euro 3) emis-
sion standard light duty diesel vehicle equipped with a four-
cylinder, inline, direct-injection, turbocharged diesel engine. The
same vehicle was chosen in our previous study (Deng et al.,
2017), but its mileage had increased to 210,500 km from
160,000 km at the time of our previous study. It had no exhaust
aftertreatment devices and was fueled with Grade 0# diesel pur-
chased from a local gas station. It is worth noting that China 5 die-
sel fuel standard has been enforced in Guangdong since 2015, and



Table 1
Experimental conditions for the chamber experiments, as well as SOA formed during photo-oxidation.

Expt. no. Speed
(km h�1)

T
(�C)

RH
(%)

NOa

(ppbv)
NO2

a

(ppbv)
Dilution ratio OH exposure

(107 molecules cm�3 h)
BC
(lg m�3)

POA
(lg m�3)

SOAb

(lg m�3)

1 0 25.0 5.6 474 54 263 2.5 20.3 4.9 28.5
2 0 24.4 2.7 318 61 376 0.6 14.5 4.6 26.9
3 0 24.9 5.8 625 58 252 2.2 31.4 8.5 38.4
4 20 25.6 3.8 1073 9 196 1.7 41.3 9.5 28.4
5 20 24.8 8.3 620 53 245 2.4 28.6 12.6 27.9
6 20 25.0 5.9 1299 40 149 1.1 51.1 17.2 24.1
7 40 23.2 10.3 1238 3 181 2.1 86.7 15.8 33.6
8 40 24.9 4.3 934 110 137 2.1 59.4 15.4 36.3
9 40 25.2 4.3 859 28 268 3.1 48.6 13.4 26.7

a Before adding HONO.
b Wall loss corrected SOA.
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thus the fuel used in this study complies with the China 5 diesel
fuel standard and the fuel sulfur content was regulated to be
<10 ppm, whereas the fuel used by the same vehicle in our previ-
ous study (Deng et al., 2017) was China 3 diesel fuel in which sulfur
content was limited to <350 ppm.
2.2. Experimental setup

All the experiments were carried out in a 30 m3 indoor smog
chamber at Guangzhou Institute of Geochemistry, Chinese Acad-
emy of Sciences, and details of the smog chamber can be found
elsewhere (X. Wang et al., 2014; T. Liu et al., 2015; Deng et al.,
2017). 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, providing a NO2 photolysis rate of 0.25 min�1.
Temperature was maintained at 25 �C with an accuracy of ±1 �C,
and the relative humidity (RH) was set to <5% (Table 1). Prior to
each experiment, the Teflon chamber was flushed with dry purified
air for at least 5 whole exchanges of the reactor volume to ensure
that background concentrations of hydrocarbons, O3, NOx, and
aerosol particles in the chamber reactor were all below the detec-
tion limits.

The vehicle was tested at idling as well as at driving speeds of
20 and 40 km h�1 on an electric chassis dynamometer (FCDM-
100, Foshan Analytical Instrument Co., Ltd., China). The average
driving speeds were 21.1 ± 1.4 and 41.3 ± 1.7 km h�1, respectively.
Three repeated experiments were performed for each driving con-
dition. The results are presented as their means and standard devi-
ations for the three repeated experiments. At the beginning of each
experiment, the tested vehicle was firstly started and run on-road
for ~30 min, then it was driven onto chassis dynamometer, and
exhaust at hot idling or at driving at 20 and 40 km h�1 was first
diluted using a Dekati� ejector dilutor (DI-1000, Dekati Ltd., Fin-
land) before introduced through a stainless steel transfer line into
the chamber filled with purified air (Fig. S1). The stainless steel
transfer line was heated to 100 �C during the experiments to
reduce the loss of intermediate/semi-volatile organic compounds
(I/SVOC). When the particle mass reached approximately
50 lg m�3, which is comparable to the annual average value of
PM2.5 in Guangzhou in 2014 (Guangzhou Environmental
Protection Bureau, 2015), exhaust injection was stopped. The injec-
tion time typically lasted 30–60 min.

Similar to previous studies (Chirico et al., 2010; Presto et al.,
2014; Gordon et al., 2014; Deng et al., 2017), nitrous acid (HONO)
was delivered into the chamber as a source of hydroxyl radicals
(OH). Propene was also introduced into the chamber to adjust
the VOC/NOx ratio to ~3 ppbC/ppb, a typical value for urban envi-
ronments (Guo et al., 2013). In addition, 60 ppbv deuterated buta-
nol (butanol-d9) was also injected into the chamber as a tracer for
OH radicals, and the second-order rate constant for its reaction
with OH radicals is 3.4 � 10�12 cm3 molecule�1 s�1 at room tem-
perature (Barmet et al., 2012; Deng et al., 2017). After the primary
emissions were characterized in the dark for 1 h, black lamps were
turned on and the exhaust was photochemically aged for about 5 h.
Although the particle mass and VOC/NOx ratio were similar to
those in ambient air condition, the SOA formation from diesel vehi-
cle exhausts simulated in the chamber might be different with that
in ambient air due to different compositions between diesel and
ambient PM as well as much higher levels of NOx and other pollu-
tants in the chamber than in the ambient.
2.3. Instrumentation

An array of instruments was used to characterize gaseous and
particulate species inside the chamber. Gas phase organic species
were measured online with a commercial proton-transfer-
reaction time-of-flight mass spectrometer (PTR-ToF-MS, Model
2000, Ionicon Analytik GmbH, Austria) operated in H3O+-ion mode
(Lindinger et al., 1998; Jordan et al., 2009). The concentrations of
hydroxyl radical (OH) during the experiments were inferred from
the measured decay of deuterated butanol by the PTR-ToF-MS
(Atkinson and Arey, 2003). The PTR-ToF-MS was calibrated weekly
using a custom gas standard (Huang et al., 2016). Dedicated gas
monitors were used to measure O3 (EC9810, Ecotech, Australia),
NOx (EC9841, Ecotech, Australia), and SO2 (Model 43i, Thermo Sci-
entific, USA). Before and after exhaust was introduced into the
chamber, air samples were collected using 3 L cleaned Teflon bags
to determine CO2 concentrations using a HP 4890D gas chromatog-
raphy (Yi et al., 2007). The dilution ratios were estimated by the
measured CO2 concentrations, and the results are shown in Table 1.
Particle size distributions were measured with a scanning mobility
particle sizer (SMPS, Model 3936, TSI Inc., Minnesota, USA), con-
sisting of an electrostatic classifier (Model 3080), a long differential
mobility analyzer (Model 308100), and a condensation particle
counter (Model 3775). Particle mass concentrations were calcu-
lated by assuming that particles were spherical and had a density
of 1.0 g cm�3 (Weitkamp et al., 2007; Deng et al., 2017). BC concen-
trations were measured using a seven-wavelength Aethalometer
(Model AE-31, Magee Scientific, Berkeley, California, USA), and
the data were corrected for particle loading effects using the
method of Kirchstetter and Novakov (2007). Mass concentrations
and chemical compositions of submicron non-refractory aerosol
particles were measured using a high-resolution time-of-flight
aerosol mass spectrometer (HR-ToF-MS, Aerodyne Research Inc.,
USA) operated in alternating V and W modes (Jayne et al., 2000;
DeCarlo et al., 2006). The mass concentration of particles measured
by HR-ToF-AMS was corrected by SMPS data using the same
method as Gordon et al. (2014) and T. Liu et al. (2015). The contri-
bution of gas phase CO2 to the AMS signals atm/z 44 was corrected



Fig. 1. Emission factors of OVOCs, AHs and PAHs in gas phase as measured using
PTR-ToF-MS for idling, 20 and 40 km h�1.

Fig. 2. Emission factors of BC (left y-axis), POA (left y-axis), SO2 (left y-axis), total
particle number (right y-axis), and production factors of SOA (left y-axis):
comparison of our results (idling, 20 and 40 km h�1) with previous studies (idling).
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by analyzing HEPA filtered air from the smog chamber after it was
filled with the exhaust.

2.4. Data analysis

The emission factors (EF) for various pollutants and the produc-
tion factor (PF) for SOA were calculated on a fuel basis (g kg-fuel�1)
(Gordon et al., 2014) and presented in Table S2:

EForPF ¼ 103 � DP½ �
DCO2½ � �

M CO2ð Þ
M Cð Þ � Cf ð1Þ

where [DP] and [DCO2] are the background-corrected concentra-
tions (lg m�3) of the pollutants under investigation and CO2, and
M(CO2) and M(C) are molar masses of CO2 (44.1 g mol�1) and C
(12 g mol�1), respectively. The mass fraction of carbon in the diesel
fuel, Cf, is equal to 0.87 (Phuleria et al., 2006; Chirico et al., 2010).
Similarly, the emission factor of total particle number (EFTN, # kg-
fuel�1) was calculated using Eq. (2):

EFTN ¼ 1015 � PNtot½ �
DCO2½ � �

M CO2ð Þ
M Cð Þ � Cf ð2Þ

where [PNtot] is the total particle number concentration (# cm�3).
The loss of particles and condensable organic vapors onto the

reactor wall needs to be taken into account (Gordon et al., 2014).
In this study, the AMS and SMPS data were corrected for wall loss
using the method of Chirico et al. (2010). In brief, particulate loss
was quantified by assuming that the aerosol was internally mixed
and thus OA had the same wall loss rate as BC, and the mass con-
centration of OA corrected for wall losses (OAWLC) can be estimated
using Eq. (3):

OAWLC ¼ OAsus tð Þ � BC 0ð Þ=BC tð Þ½ � ð3Þ
where OAsus(t) is the mass concentration of suspended OAmeasured
using HR-ToF-AMS at the time of t, and BC(0) and BC(t) are the mea-
sured BC concentrations when the lamps were switched on and at
the time of t, respectively. This correction is the x = 1 case in
Gordon et al. (2014), where x is a proportionality factor of organic
vapor partitioning to chamber walls and suspended particles
(Weitkamp et al., 2007). This means that organic vapors are in
dynamic equilibrium with both wall-bound and suspended parti-
cles. Previous studies suggested that organic vapors not only can
lose to wall-bound particles, but also can lose directly to the cham-
ber wall, the directly loss of organic vapor to the chamber walls
could lead to an underestimation of the SOA formation potential
(Yeh and Ziemann, 2014; Zhang et al., 2014, 2015; Ye et al.,
2016). To evaluate the performance of our wall loss correction
method in accounting for the vapor wall loss, the vapor loss directly
to chamber walls was also estimated by assigning a condensational
sink to the chamber walls. Details can be found in the supporting
information. As shown in Fig. S2, our approach of determining
SOA formation could account for vapor wall loss as Zhao et al.
(2017) in gasoline exhaust experiments. Moreover, the CS of sus-
pended particles was 0.174 ± 0.020, 0.206 ± 0.081, and
0.346 ± 0.174 min�1 for idling, 20 and 40 km h�1. The similarity in
CS of suspended particles in different experiments indicates that
the changes in SOA formation were not due to the biases caused
by the vapor wall loss.

3. Results and discussion

3.1. Primary emissions

3.1.1. Gaseous pollutants
Fig. 1 displays the emission factors of aromatic hydrocarbons

(AHs), polycyclic aromatic hydrocarbons (PAHs) and eight oxy-
genated volatile organic compounds (OVOCs), including furan,
methacrolein, methylfuran, phenol, dimethylfuran, cresol, ben-
zenediol and dimethylphenol, measured by the PTR-ToF-MS. The
emission factors of those organic species decreased with increasing
of driving speeds, detailed data is listed in Table S2. Benzene and
toluene dominated the emission of AHs, and their emission factors
were measured to be 0.21 ± 0.01 and 0.12 ± 0.03 g kg-fuel�1 for
idling, 0.09 ± 0.01 and 0.04 ± 0.01 g kg-fuel�1 for 20 km h�1, and
0.04 ± 0.01 and 0.02 ± 0.01 g kg-fuel�1 for 40 km h�1. The contribu-
tions of other AHs were minor. The emission factors of C10H8

(naphthalene), C12H8 (acenaphthylene) and C12H10 (acenaphthene)
were 4.75 ± 1.17, 5.13 ± 1.22 and 1.68 ± 0.21 mg kg-fuel�1 for
idling, 3.31 ± 0.90, 3.32 ± 0.37 and 1.50 ± 0.62 mg kg-fuel�1 for
20 km h�1, and 2.38 ± 1.41, 1.30 ± 0.23 and 0.49 ± 0.17 mg kg-
fuel�1 for 40 km h�1.

As shown in Fig. 2, the emission factor of SO2 at idling in this
study was 0.05 ± 0.01 g kg-fuel�1, which was comparable to that
(0.06 ± 0.03 g kg-fuel�1) for a Euro 3 diesel vehicle fueled by
ultra-low sulfur diesel with a fuel sulfur content <15 ppm (Zavala
et al., 2017). The emission factors of SO2 for 20 and 40 km h�1

(0.07 ± 0.02 and 0.07 ± 0.01 g kg-fuel�1), which were a little bit
higher than those at idling condition. Assuming that all SO2 emis-
sion came from diesel burning and all sulfur in the diesel was con-
verted to SO2, the diesel sulfur contents were estimated to be 26–



Fig. 3. Predicted relative contributions of AHs, PAHs and OVOCs to the total formed
SOA for experiments in which the diesel vehicle was operated in different modes.
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35 ppm, higher than the limit of 10 ppm in China 5 diesel, suggest-
ing that the sulfur content of diesel used in this study was beyond
the limit, or other sources might also contributed to SO2 emission.

3.1.2. Particulate matters
Fig. 2 shows emission factors of BC, POA, and total particle num-

ber measured in this study in comparison with those in previous
studies for idling diesel vehicles without aftertreatment devices.
The average emission factors of BC were 0.28 ± 0.05, 0.23 ± 0.01
and 0.34 ± 0.09 g kg-fuel�1, and that of POA were 0.08 ± 0.02,
0.07 ± 0.02 and 0.08 ± 0.02 g kg-fuel�1, respectively, for idling, 20
and 40 km h�1. At idling condition, the emission factors of BC
and POA measured in our work were consistent with those of
0.260 and 0.047 g kg-fuel�1 reported by Gordon et al. (2014), but
lower than those of 0.544 and 0.147 g kg-fuel�1 reported by
Chirico et al. (2010). The emission factors of total particle number
(PN) for idling, 20 and 40 km h�1 were measured to be
4.64 ± 1.12 � 1014, 3.78 ± 0.90 � 1014 and 3.95 ± 0.92 � 1014 kg-
fuel�1, respectively. Our results were within the range of 0.3–
21 � 1014 kg-fuel�1 reported for city buses under real-world condi-
tions in Finland (Pirjola et al., 2016). Assuming an average diesel
efficiency of 8.6 L per 100 km and a diesel oil density of
0.85 g mL�1 (Table S1; Zhang et al., 2016), the mileage-based emis-
sion factors of PN for the vehicle tested in our work were in the
range of 2.22–4.31 � 1013 km�1, much higher than the EU limit
of 6.0 � 1011 km�1 (EU commission regulation No. 459/2012,
2012).

Our work demonstrated that the diesel vehicle had emission
factors of both BC and POA at 20 or 40 km h�1 comparable to those
at idling. This result is consistent with Chirico et al. (2010) where
emission factors of BC and POA at 60 km h�1 were comparable to
those at idling. However, Shah et al. (2004) found larger emission
of EC in the cruise mode than in the idling mode, and lower emis-
sion of OC in the cruise mode than in the idling mode. Our work
and the work by Chirico et al. (2010) were both conducted on a
chassis dynamometer with relatively steady engine loads under
constant driving speeds; In contrast, on-road tests were performed
by Shah et al. (2004) and the engine loads could vary when driving
uphill, downhill, and on flat road even the driving speed was kept
steady. Nevertheless, based on on-road tests using PEMS for 25
heavy duty diesel vehicles (Zheng et al., 2015), BC emissions
became stable when the average speeds ranged from 30 km h�1

to 70 km h�1. Therefore, more works are necessary about the influ-
ence of driving speeds and engine loads on primary emissions.

3.2. SOA formation

After the diesel vehicle exhaust was photochemically aged for
5 h in the indoor chamber, significant amounts of SOA were
formed. As shown in Fig. 2, the SOA production factors were found
to be 0.41 ± 0.09 g kg-fuel�1 at idling, similar to that of 0.461 kg-
fuel�1 reported by Chirico et al. (2010) or 0.401 kg-fuel�1 reported
by Gordon et al. (2014) for idling diesel vehicles without aftertreat-
ment. The SOA/POA ratios were found to range from 4.5 to 5.9,
higher than that of ~3 reported by Chirico et al. (2010) for a med-
ium duty diesel vehicle at idling, but significantly smaller than that
of ~10 reported by Gordon et al. (2014) for a heavy duty diesel
vehicle in the US under the ‘‘creep + idle” condition.

The SOA production factors were measured to be
0.16 ± 0.04 g kg-fuel�1 at 20 km h�1and 0.17 ± 0.02 g kg-fuel�1 at
40 km h�1, being only ~30% of that for the idling condition. The
SOA/POA ratios were 2.0 to 3.1, lower than those under idling con-
dition. This is consistent with Jathar et al. (2017) where SOA forma-
tion at load condition was higher than that at idling. Zhao et al.
(2015) found that the averaged ratio of the total IVOCs to POA
was 20.4 ± 3.7 for the ‘‘creep + idle” condition and it decreased to
8.0 ± 3.6 for the driving condition. Since our study showed that
the POA emission factors were near each other for idling or for
driving at 20/40 km h�1, if the ratio of the total IVOCs to POA chan-
ged the same as reported by Zhao et al. (2015), the emission factors
of total IVOCs for idling would be ~2.5 times as high as those for
driving at 20 and 40 km h�1. As discussed above, the emission fac-
tors of the PAHs, which are IVOC species, decreased with the
increase of driving speed (Fig. 1). Zhao et al. (2015) suggested that
IVOCs could dominate the SOA production for diesel vehicle
exhaust. Hence, the larger SOA production factors at idling might
be at least partly attributed to larger IVOC emissions.

Combining BC, POA and SOA altogether, the contributions of
diesel vehicle exhaust to carbonaceous aerosols at 20 and
40 km h�1 were 60–75% of those at idling condition, and the reduc-
tion was mainly caused by the lower SOA production. This also
implies mitigating traffic congestion to reduce idling conditions
would be an effective way to lower diesel vehicles’ overall contri-
bution to fine particles in urban areas.

3.3. Contribution of different precursors to SOA formation

SOA productions from traditional precursor VOCs (SOApredicted)
measured by PTR-ToF-MS can be estimated using Eq. (4):

SOApredicted ¼
X

i

DXi � Yi ð4Þ

where DXi is the mass concentration (lg m�3) of the ith precursor
consumed during photochemical oxidation, and Yi is the corre-
sponding SOA yield of ith precursor. As the PTR-ToF-MS cannot dis-
tinguish isomers, AHs were divided into five groups, including
benzene, toluene, C2-benzene, C3-benzene, and C4-benzene. The
SOA yields for benzene, toluene and m-xylene were estimated using
the two-product model (Ng et al., 2007), and styrene was assumed
to have the same SOA yield as m-xylene. The SOA yields for C3-
benzene and C4-benzene were taken from Odum et al. (1997).

Fig. 3 displays the predicted relative contributions of different
groups of precursor VOCs to the total measured SOA for idling,
20 km h�1 and 40 km h�1. Although the emission factors of AHs
were different at idling, 20 and 40 km h�1, the contribution per-
centages to SOA formation were similar and minor, and they were
3.2 ± 0.5%, 4.3 ± 1.0% and 2.6 ± 0.8%, respectively. Weitkamp et al.
(2007) reported that <10% of the SOA mass can be explained by
the known precursors for diesel exhaust experiments; Deng et al.
(2017) noticed that 65 non-methane hydrocarbons accounted for
<3% of the SOA production from diesel exhausts. Previous studies
found that naphthalene can contribute as much as 52% of gasoline
SOA (T. Liu et al., 2015) and approximate 16% of SOA from wood
combustion plumes (Bruns et al., 2016). The SOA formation from
three PAHs, including naphthalene, acenaphthylene and acenaph-



Fig. 4. Number distributions of the particles from Foton light duty diesel vehicle
exhaust with China 5 diesel under idling, 20 and 40 km h�1 (lines), as well as the
particle number distribution for Foton light duty diesel vehicle with China 3 diesel
under idling condition (markers). The vertical axis was converted to emission
factors of particle number (EFPN) with Eq. (2).
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thene, were estimated. According to the gas-particle partition the-
ory, over 98% of these three PAHs were in gas phase, and the data
from HR-ToF-AMS confirmed that (Table S3). Therefore, the SOA
contribution from particle phase naphthalene, acenaphthylene
and acenaphthene was minor compared to that from their gas
phase. With the SOA yields reported by Shakya and Griffin
(2010), the contribution of three PAHs to the measured SOA was
estimated to be only 1.6–2.9% in all experiments. The measured
AHs and PAHs altogether were estimated to account for <10% of
SOA production.

Previous studies suggested that OVOCs, such as phenol, ben-
zenediol, and cresol, were very important SOA precursors in bio-
mass burning plumes (Bruns et al., 2016; Fang et al., 2017). In
this study, eight OVOCs were measured by the PTR-ToF-MS. The
SOA production from these eight OVOCs was estimated by Eq.
(4). The SOA yields depend on experimental conditions, including
VOC/NOx ratios, presence of seed particles and total organic mass
(Odum et al., 1997; Ng et al., 2007; Zhang et al., 2014). As the VOC/
NOx ratios in this study (~3 ppbC/ppb) were much lower than the
minimum ratio reported in the literature, the yields reported at the
minimum VOC/NOx ratio was applied to estimate the SOA produc-
tion (Table S4). The SOA production from the OVOCs was calcu-
lated to be 2.77 ± 1.51, 5.98 ± 0.74, and 3.95 ± 0.93 lg m�3 for
idling, 20 and 40 km h�1, and they accounted for 8.4 ± 3.4%,
23 ± 4.3%, and 13 ± 4.2% of the SOA formation from the diesel
exhausts (Fig. 3), respectively. In summary, the total contribution
percentages of detected AHs, PAHs and OVOCs to the formed SOA
added up to 13–30%, suggesting that precursors other than these
species might contribute substantially to SOA formation from die-
sel exhausts. It is worth noting that only eight OVOCs were consid-
ered in this study, the contribution of OVOCs to SOA formation
from diesel exhausts could be even larger if more carbonyl com-
pounds were taken into account, as carbonyls were the most abun-
dant VOCs in diesel exhausts (Schauer et al., 1999; Yao et al., 2015).

3.4. Effect of fuel upgrade

The vehicle used in this study is the same one used in a previous
study by Deng et al. (2017), yet its mileage increased about
55,000 km at the time of present study, and the diesel fuel it used
had upgraded from grade China 3 to grade China 5. The BC emis-
sion factors measured in the present work were quite similar with
that in our previous study (Deng et al., 2017). The emission factors
of POA and the total PN, however, decreased by 72% and 38%,
respectively. Fig. 4 displayed the number distributions of particles
emitted by the diesel vehicle. While only one peak with a median
diameter of 80 nm, which was probably related to soot particles
(Rönkkö et al., 2007, 2013), was observed at idling, 20 and
40 km h�1 in this study. The peak of nuclei mode particles with a
median diameter of 10 nm were not observed in this work but sig-
nificant amount of nuclei mode particles appeared in our previous
study (Deng et al., 2017). Therefore the decrease in total PN emis-
sion was mainly due to less nuclei mode particles.

It has been suggested that the emission of nuclei mode particles
increases with the increase in the fuel sulfur content, while the
emission of soot mode particles is not affected (Sakurai et al.,
2003; Liu et al., 2007; Rönkkö et al., 2013). The diesel fuel used
in this study was China 5 grade with a sulfur content limit of
10 ppm (Table S4), and that in the study by Deng et al. (2017)
was China 3 grade with a sulfur content limit of 350 ppm. As
shown is Fig. 1, the average SO2 emission factor was 0.05 g kg-
fuel�1 for idling in this study, 36% of that (0.15 g kg-fuel�1) mea-
sured in our previous study (Deng et al., 2017). Assuming that
SO2 all came from the conversion of sulfur in the diesel fuel, the
fuel sulfur contents were estimated to be 25 ppm in this study
and 75 ppm in Deng et al. (2017). Therefore, the difference in the
fuel sulfur content might be the reason that causes the differences
in total PN and their size distribution between this study and our
previous study (Sakurai et al., 2003; Liu et al., 2007; Rönkkö
et al., 2013).

Compared with our previous study (Deng et al., 2017) with the
same diesel vehicle at idling, the SOA production factors measured
in this work decrease by 37%. The CS of suspended particles in this
study (0.174 ± 0.020 min�1) was similar to that
(0.154 ± 0.060 min�1) in Deng et al. (2017), indicating that the
reduction in SOA formation was not due to the biases caused by
organic vapor wall loss. The temperature was 24.8 ± 0.5 �C, RH
was <6% (Table 1), and VOC/NOx ratios were ~3 ppbC/ppb both
in this study and in Deng et al. (2017), also indicating that the
decrease was not due to the biases caused by the change of exper-
imental conditions. As shown in Fig. S4, the van Krevelen slopes in
this study were also similar to those in Deng et al. (2017), indicat-
ing the SOA precursors and formation pathways might also be sim-
ilar. Both studies revealed that the measured traditional precursor
VOCs could only account for <10% of SOA observed and IVOCs
might dominate the SOA production; if the IVOC/POA ratios were
the same, the IVOCs emission in this study should be lower due
to lowered POA emissions. Unfortunately, IVOCs were not mea-
sured in the two studies, and identification and quantification of
IVOCs (as well as their SOA production yields) should be further
investigated for a better understanding of the SOA formation from
diesel vehicle exhaust.

In summary, the total mass concentrations of BC, POA and SOA
from diesel vehicle decreased approximately by 32% due to the
upgrading of diesel fuel from China 3 to China 5. It is worth noting
that as the vehicle’s mileage accumulated from 160,000 km to
210,500 km, primary emissions and thereby SOA formation are
supposed to increase due to the deterioration of engine if there is
no fuel switch (Clark et al., 2002; Maricq et al., 2013). Therefore,
the reduction of primary emissions and SOA formation due to fuel
switch might be underestimated if considering the mileage accu-
mulation and engine deterioration. Our work demonstrated that
upgrading diesel fuel could help lower the emission of POA and
the total PN and reduce SOA formation from diesel exhaust, but
have no significant effects on BC emission. To further reduce BC
emission, upgrade of engine technology and adoption of aftertreat-
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ment devices, such as diesel particulate filters, are required
(Chirico et al., 2010; Gordon et al., 2014).
4. Conclusions

In this study, we characterized primary emissions of gaseous
species and particulate matters from an in-use China 3 light duty
diesel vehicle at idling as well as driving at constant speeds of 20
and 40 km h�1, and investigated their SOA formation when photo-
chemically oxidized in a large indoor chamber. Emission factors of
AHs, PAHs and OVOCs all decreased with the increase in driving
speed. The emission factors of BC, POA and the total PN at driving
speeds of 20/40 km h�1 were however comparable to those at
idling.

After photochemical aging, significant amount of SOA was
formed with SOA/POA ratios ranging from 2.0 to 5.9. The SOA pro-
duction factors at 20 and 40 km h�1 were lower than those at
idling. The total contribution of AHs, naphthalene, acenaphthylene,
and acenaphthene to the formed SOA were estimated to be <10% of
the observed SOA for all the driving conditions. OVOCs accounted
for 8.4–23% of measured SOA production. At 20/40 km h�1 the
combined contributions of BC, POA and SOA to carbonaceous aero-
sols were 60–75% of those at idling condition, largely due to
reduced SOA production. This might be probably explained by
the reduced emission of IVOCs as important precursors in diesel
vehicle exhaust (Zhao et al., 2015). It should be emphasized that
emission factors of IVOCs by diesel vehicles in China might be very
different from those in the USA. Therefore, comprehensive charac-
terization of IVOCs emitted by diesel vehicles in China are required
to better understand the impacts of diesel vehicle emissions on air
quality particularly in urban areas. In this study, only tests for con-
stant driving speeds of 20 and 40 km h�1 were performed, more
tests for driving cycles, which include acceleration and decelera-
tion, should be conducted in the future in order to better reflect
real world driving conditions.

Compared with our previous study (Deng et al., 2017) with the
same diesel vehicle, the BC emission factors remained almost
unchanged after a fuel switch from China 3 to China 5, while the
POA emission factors and SOA production factors became signifi-
cantly lower, and the emission factors of total particle numbers
also decreased with reduced nuclei mode particles due probably
to the reduction of fuel sulfur content. These results, however,
are based on tests for only one diesel vehicle in this study. Tests
involving with more diesel vehicles and under various driving con-
ditions might be needed to deepen our understanding and to
obtain more representative results.
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