Environmental Pollution 286 (2021) 117195

Contents lists available at ScienceDirect

Environmental Pollution
journal homepage: www.elsevier.com/locate/envpol

Primary and secondary aerosols in small passenger vehicle emissions:
Evaluation of engine technology, driving conditions, and
regulatory standards☆
Gyutae Park a, Kyunghoon Kim a, Taehyun Park a, Seokwon Kang a, Jihee Ban a, Siyoung Choi a,
Dong-Gil Yu a, Sanguk Lee b, Yunsung Lim b, Sunmoon Kim b, Sunhee Mun b, Jung-Hun Woo c,
Chan-Soo Jeon d, Taehyoung Lee a, *
a

Department of Environmental Science, Hankuk University of Foreign Studies, Yongin, 17035, South Korea
Transportation Pollution Research Center, National Institute of Environmental Research, Incheon, 22689, South Korea
c
Department of Civil and Environmental Engineering, Konkuk University, Seoul, 05029, South Korea
d
Korea Institute of Civil Engineering and Building Technology, Goyang, 10223, South Korea
b

A R T I C L E I N F O

A B S T R A C T

Keywords:
Potential aerosol mass (PAM)
Secondary organic aerosol (SOA)
Liquefied petroleum gas (LPG)
Expected SOA yield
Korean small passenger vehicles

The characteristics of primary gas/aerosol and secondary aerosol emissions were identified for small passenger
vehicles using typical fuel types in South Korea (gasoline, liquefied petroleum gas (LPG), and diesel). The
generation of secondary organic aerosol (SOA) was explored using the potential aerosol mass (PAM) oxidation
flow reactor. The primary emissions did not vary significantly between fuel types, combustion technologies, or
aftertreatment systems, while the amount of NH3 was higher in gasoline and LPG vehicle emissions than that in
diesel vehicle emissions. The SOA emission factor was 11.7–66 mg kg-fuel− 1 for gasoline vehicles, 2.4–50 mg kgfuel− 1 for non-diesel particulate filter (non-DPF) diesel vehicles (EURO 2–3), 0.4–40 mg kg-fuel− 1 for DPF diesel
vehicles (EURO 4–6), and 3–11 mg kg-fuel− 1 for LPG vehicles (lowest). The carbonaceous aerosols (equivalent
black carbon (eBC) + primary organic aerosol + SOA) of diesel vehicles in EURO 4–6 were reduced by up to 95%
compared to those in EURO 2–3. The expected SOA yield increased through the hot-condition combustion section
of a vehicle, over the SOA range of 0.2–155 μg m− 3. These results provide the necessary data to analyze all types
of SOA generated by the gas-phase oxidation in vehicle emissions in metropolitan areas.

1. Introduction
Vehicles directly cause air pollution by emitting nitrogen oxides
(NOx), carbon monoxide (CO), volatile organic compounds (VOCs), and
particulate matter (PM). These emissions also contribute to secondary
air pollution by chemically reacting with air pollutants from various
sources (Deng et al., 2020; George et al., 2015; Saha et al., 2018a,
2018b). Furthermore, as vehicles are the source of air pollution most
closely related to people’s daily lives in urban aera, the level of corre
sponding risk perceived by the public is higher than that from other
sources (e.g., combustion in energy and transformation industry, com
bustion in manufacturing industry, and non industrial combustion)
(Heal et al., 2012). For this reason, vehicle emission sources are used as a
major instrument in every country’s air pollution policy-making. For

example, in South Korea, policy is focused on diesel vehicles; if a high
concentration of fine dust has been predicted the previous day (Sup
porting Information, SI, Section S1), diesel vehicles that are not equip
ped with a diesel particulate filter (DPF) are restricted from 6 a.m. to 9 p.
m. in metropolitan areas as the action of Ministry of Environment (MOE)
(MOE, 2019). Furthermore, in order to increase the demand for clean
fuels, the government has revised the law to allow the general public to
purchase liquefied petroleum gas (LPG) vehicles, which were previously
only available for commercial use, such as taxis. The aim of this revision
was to encourage the purchase of LPG vehicles instead of diesel vehicles,
as the latter produce fine dust.
In South Korea LPG is classified as a clean fuel, which has main in
gredients being propane (C3H8) and butane (C4H10), and also contains
some low C4–C5 carbons. These compounds are highly volatile, which
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increases the probability of a homogenous mix during the combustion
process and enables complete combustion. In this regard, Myung et al.
(2014) compared domestic LPG vehicles and gasoline vehicles with
gasoline direct injection (GDI) engines, and reported that total hydro
carbons (THC), CO, and NOx emissions were 13 times, 2.6 times, and
13.3 times lower for LPG vehicles, respectively; further, the number of
particles decreased by approximately 99% (from 4.57 × 1011–1.01 ×
1012 N km− 1 to 2.53 × 109–1.07 × 1010) in case of LPG vehicles. Park
et al. (2019) reported that in hot conditions the NOx emission of LPG
vehicles was 0.01 ± 0.006 g km− 1, approximately 69 times lower than
that of diesel vehicles in EURO 5 and 6 (0.65 ± 0.47 g km− 1) and at a
similar level to gasoline vehicles. The gravimetric PM results obtained
from filter measurements for LPG vehicles were 2.8 times lower (2.101
mg km− 1 and 0.757 mg km− 1) than those obtained from gasoline ve
hicles with a GDI engine running in the Constant Volume Sampler-75
(CVS-75, same as the Federal Test Procedure (FTP-75) of U.S. Environ
mental Protection Agency (EPA)) and 1.2 times lower (0.656 mg km− 1
and 0.539 mg km− 1) in the highway mode (Myung et al., 2012).
Considering these results, LPG vehicles are more environmentally
friendly than diesel and gasoline vehicles and are in line with domestic
policy directions. However, there are insufficient data regarding the
formation of secondary aerosols in the atmosphere due to LPG vehicle
emissions, relative to gasoline and diesel vehicles. Therefore, more
relevant research into LPG vehicles is needed to allow for a compre
hensive evaluation.
Various studies have investigated the formation of secondary aero
sols from gasoline and diesel vehicles, ranging from smog chamber ex
periments to recently-developed oxidation flow reactor (OFR) studies.
The research results on the chassis-dynamometer related to this study
have been briefly reviewed, and the New European Driving Cycle
(NEDC) results in a smog chamber study conducted by Platt et al. (2017)
showed that the carbonaceous (BC, primary organic aerosol (POA), and
secondary organic aerosol (SOA)) emissions of gasoline vehicles with
direct injection (DI) and port fuel injection (PFI) combustion methods of
EURO 5 were ten times higher than those of diesel vehicles equipped
with DPF at 22 ◦ C, and 62 times higher at − 7 ◦ C. In addition, Zhao et al.
(2018) used an OFR to show that, as the non-methane organic gas
(NMOG) regulatory standard for gasoline vehicles was strengthened
from pre-low emission vehicle (pre-LEV) to super ultra-low emission
vehicle (SULEV), the production of SOA decreased, but there was no
significant difference in the production volume and SOA yield between
GDI and PFI combustion methods. In addition, Karjalainen et al. (2019)
conducted a study that simulated the combination of aftertreatment
systems (which became common when emission regulations were
introduced for diesel engines). They reported that, when progressing
from no aftertreatment system and diesel oxidation catalyst (DOC)
systems to combinations of DOC + selective catalytic reduction (SCR)
and DOC + DPF + SCR systems, the total PM including SOA (refractory
BC (rBC), organic matter, sulfate, nitrate, and ammonium) was reduced
by up to 100% (from 106.2 mg kWh− 1 to almost 0 mg kWh− 1). The
research results of gasoline and diesel vehicles based on various other
parameters, such as the type of vehicle, model year, and driving mode,
form an important basis for assessing the air pollution levels of countries
or metropolitan areas (Giani et al., 2019; Jathar et al., 2014; Karjalainen
et al., 2019; Platt et al., 2017; Zhao et al., 2017).
However, the main types of fuel for vehicles operating in Korea are
gasoline (46.3%), diesel (42.1%), and LPG (8.5%; Table S1), which lack
research data that could be used as the basis for identifying the primary
and secondary air pollution effects caused by the combinations of
different emissions. Therefore, in this study, small passenger vehicles
using gasoline, LPG, and diesel were divided by engine technology and
regulatory standards, and their emission production and secondary
formation were investigated depending on the regulatory standard
mode, using a chassis dynamometer. The PAM oxidation flow reactor
(Aerodyne, Inc) was used to simulate the secondary formation, and the
level of SOA formation was analyzed as a function of photochemical

reaction time in a simulated atmosphere, in conjunction with the pre
cursor gas results. In addition, comparisons were made regarding the
formation of SOA from combustion emissions from each fuel type, and a
comprehensive evaluation was conducted on the exhaust emissions of
domestic passenger vehicles regarding the formation of SOA.
2. Experimental section
2.1. Test configuration
Domestic gasoline and LPG vehicles were subjected to U.S. emissions
regulations, while diesel vehicles were subjected to EU regulations,
requiring the classifications of vehicles to correspond to each regulation.
To ensure the representativeness of the results, 16 small passenger ve
hicles that held high market shares in Korea were ultimately selected
(Table S2). Among the five gasoline vehicles with different regulations
and combustion technologies, two were PFI vehicles satisfying LEV out
of LEV1, two had GDI combustion methods, and one had a PFI com
bustion method that satisfied the ultra-low emission vehicle (ULEV)
standard of LEV2. The two GDIs were divided into GDI-BF-ULEV before
being subjected to the PM regulations for GDIs in South Korea (0.004 g
km− 1 after 2014), and GDI-AF-ULEV after being subjected to the regu
lation (Park et al., 2019, 2020). The two LPG vehicles fell under the
ULEVs of LEV2; they employed LPG injection (LPI) engine technology to
inject LPG directly into the combustion chamber. Nine diesel vehicles
were classified into EURO 2–6. In EURO 6, there was one vehicle with an
aftertreatment system combination of DOC + Lean NOx Trap (LNT) +
DPF and two vehicles with a combination of DOC + DPF + SCR. Infor
mation regarding their fuel properties is provided in section S2. When
preparing the test vehicles, CVS-75 and the EU NEDC were applied in the
driving mode to assess the emission regulatory standards (section S3 and
Fig S1). The emission regulation standards for the vehicles used in this
study are presented in Table S4, alongside information for CVS-75 and
NEDC.
2.2. Measurement system
The study was conducted at the Transportation Pollution Research
Center of the National Institute of Environmental Research (NIER) in
Incheon, South Korea. Test vehicles were driven twice per CVS-75 and
NEDC mode using a chassis dynamometer and a CVS system. The first
tests of each modes were conducted without the PAM and the second
tests were used the PAM. In the whole experiments, the gases and
equivalent black carbon (eBC) were measured prior to the PAM, so they
were defined as the primary emission. Here, the aerosol in the first test
was included in the primary emission and the aerosol passing through
the PAM was considered to be the secondary emissions. In this paper, we
report comprehensive eBC trend for vehicle emissions by integrating
recently published data of eBC emission (Park et al., 2020), and
expanding the vehicles in this study (Table S2).
Further dilution was made for the old diesel vehicles with highconcentration emissions in EURO 2 and 3. High-purity dried zero air,
Supelpure® hydrocarbon trap (Sulpelco), and a humidifier (Perma Pure,
LLC) were mixed with exhaust gas to dilute said emissions, for 9 to 17time dilutions. The general instrument information of the gases and
particles in this study are detailed in section S4. The NH3 measurements
were collected directly from the tailpipe of each vehicle, based on the
measurement code described by Link et al. (2017). The aerosol com
ponents of the primary and secondary emissions were measured using a
High Resolution Time-of-Flight Aerosol Mass Spectrometer (HR-To
F-AMS, Aerodyne Research, Inc.), a detailed description of which is
provided in many studies (DeCarlo et al., 2006; Deng et al., 2020; Hu
et al., 2016; Jathar et al., 2014; Karjalainen et al., 2019; Link et al.,
2017; Liu et al., 2019; Pieber et al., 2018; Platt et al., 2017; Zhao et al.,
2017, 2018). Organics, nitrate, sulfate, ammonium, and chloride in the
aerosol were measured at 1-min intervals in the V-mode, and the data
2
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were treated using the software packages SQUIRREL (version 1.62F) and
PIKA (version 1.22F) in the HR-ToF-AMS toolkit of Igor Pro (version
7.08). Additional details of the HR-ToF-AMS are provided in section S4.
In this study, the PAM was deployed for forming the secondary
aerosol as the one kind of the oxidation flow reactors. The PAM was
designed according to Kang et al. (2007, 2011), and has since been
upgraded and commercialized by Aerodyne Research, Inc. It is currently
used by more than 40 research groups across various fields, such as
aircraft, field, source, and laboratory (Kang et al., 2011; Nault et al.,
2018; Saha et al., 2018a,b; Shah et al., 2019; Tkacik et al., 2014;
Ylisirniö et al., 2020). While the operation of PAM is known to have
various methods depending on the major oxidants, in this study, the
OFR254 method was used to produce hydroxyl radicals (OH) (Li et al.,
2015). The OH exposure simulated inside PAM ranged from 5.5 × 109
molecules cm− 3 s to 9.9 × 1011 molecules cm− 3 s, using a photochemical
model (Matlab base) that was improved by Lambe et al. (2011) (section
S5 and Fig. S2). The daily OH exposure in the atmosphere used for
conversion was 1.5 × 106 molecules cm− 3, as suggested by Mao et al.
(2009). This corresponded to an average of approximately 7.7 of
photochemical aging days.

when the IVOCs fraction of DPF-equipped diesel vehicles were used, as
demonstrated by Zhao et al. (2015). iii) As there were only 12 VOC
classifications in the profile 8857–8860 of the EPA’s SPECIATE database
(version 4.3), the 2015 project results of the NIER-Transportation
Pollution Research Center (section S6) were used (Lee et al., 2015) to
obtain a broader range of classifications (driving cycle in Fig. S3).
Finally, based on the volatility basis set (VBS) results of Lu et al. (2018),
IVOCs–to-NMOG ratios of 0.046 and 0.0181 were used in Phases 1 and
2, respectively, for the CVS-75 and NEDC modes of gasoline vehicles.
Furthermore, and IVOCs-to-NMOG ratio of 0.542 was applied to EURO
2–3 vehicles without DPF, and a ratio of 0.455 was applied to EURO 4–6
vehicles equipped with DPF (Lu et al., 2018). The VOCs of the LPG ve
hicles were divided into cold and hot conditions, similar to gasoline
vehicles. Only the VOC components were included, as not all cases
showed IVOCs (Lee et al., 2015). In addition, due to the combustion
characteristics of LPG vehicles, their percentages of methane emissions
were high (hot 58%, cold 19%). This was accounted for in the expected
SOA yield calculations.

2.3. Particle emission/production factors

3.1. General gas/particle emissions

Equation (1), which is based on carbon balance, was used with pri
mary and secondary aerosols and eBC emission/production factors (EF)
(mg kg-fuel− 1). Primary ΔPA is the background-corrected EF and sec
ondary ΔSA excludes ΔPA and PAM background concentrations (μg
m− 3). ΔCO2 and ΔCO were calculated in terms of molecular weights (μg
of C m− 3) by correcting the background concentrations in the CVS
tunnel and MWC is the molecular weight of carbon. Domestic study re
sults on the carbon content in fuels were used for Cf, including 0.833 for
gasoline, 0.824 for LPG, and 0.857 for diesel (Korea Energy Agency,
2014).
(
)
ΔPA or ΔSA
Cf
EF = 106 ×
(1)
×
ΔCO2 + ΔCO
MWc

Fig. 2 shows the gaseous emission results of gasoline, LPG, and diesel
vehicles by regulation mode for NMOG (or NMNHC, as propane), NOx
(as NO2), CO, CO2, SO, and direct-NH3 were measured directly in the
tailpipe. To evaluate whether the emission regulation standards were
satisfied by each fuel type, the NMOG (or NMHC), CO, and NOx results
were examined (gasoline, LPG, and EURO 3 for CVS-75, EURO 4–6 for
NEDC). The PFI-LEV #2 vehicle was found to exceed the CO and NMHC
standards (CO = 2610 mg km− 1, NMHC = 56 mg km− 1; based on the
standard of 5 years/80,000 km in SI Table S4) by 110 mg km− 1 (EF =
2700 mg km− 1) and 3 mg km− 1 (EF = 59 mg km− 1), respectively. The
NOx and NMOG emissions of LPI-ULEV #1 exceeded these standards by
6 mg km− 1 (EF = 39 mg km− 1) and 3 mg km− 1 (EF = 37 mg km− 1),
respectively. For diesel vehicles, the NOx emissions of EURO 2 exceeded
the given standard by 251 mg km− 1 (EF = 1271 mg km− 1) and the
NMHC + NOx and NOx emissions of EURO 4 exceeded the given stan
dard by 44 mg km− 1 (EF = 344 mg km− 1) and 89 mg km− 1 (EF = 339
mg km− 1), respectively. Furthermore, the NMHC + NOx and NOx
emissions of EURO 5 #2 exceeded the given standards by 11 mg km− 1
(EF = 241 mg km− 1) and 25 mg km− 1 (EF = 205 mg km− 1), respectively,
and the NOx emissions of EURO 6-SCR #2 were more than 18 mg km− 1
(EF = 98 mg km− 1) higher than the regulation standard. While the other
test vehicles were found to satisfy the regulatory standards, those that
exceeded the standards by 4–30% were believed to do so because of the
aging and maintenance of their engines, aftertreatment systems, and
other accessory devices. It is important to be aware of these individual
effects when interpreting these results.
When the general characteristics of the two driving outcomes were
examined based on the different regulatory standards, the gasoline and
LPG vehicles emitted noticeable amounts of NMOG (or NMHC, gasoline
= 13–189 mg km− 1, LPG = 17–36 mg km− 1), CO (gasoline = 219–5602
mg km− 1, LPG = 229–651 mg km− 1), and direct-NH3 (gasoline = ~19.8
ppm, LPG = ~29.5 ppm), while the diesel vehicles emitted relatively
higher levels of NOx (38–1282 mg km− 1) and SO2 (0.4–6.7 mg km− 1).
The relationships between the NMOG (or NMHC), CO, and NOx emis
sions of the gasoline and diesel vehicles were identical to the emission
fraction trends of the gasoline and diesel vehicles of EURO 5 and 6 as
studied by Platt et al. (2017). Furthermore, the SO2 and direct-NH3
emissions were similar to the emissions by fuel type determined under
hot conditions by Park et al. (2019). As CO2 emissions vary in quantity
depending on the engine displacement (cc), only the vehicles with dis
placements of 1900–2000 cc were compared. The emissions of the LPG
vehicles at 187–202 mg km− 1 were slightly lower than those of the
gasoline vehicles at 189–258 mg km− 1 and the diesel vehicles at

3. Results and discussion

2.4. Expected SOA yield
The expected SOA yield is defined as the ratio between the actual
measured SOA (ΔSOAmeasured, μg m− 3) and the theoretical SOA
(ΔSOAprecursor-reacted, μg m− 3) formed during the reaction between the
precursor of each SOA and OH radicals (Odum et al., 1996). Here,
reacted organic gas (ROGi) refers to the single compound, i (μg m− 3), of
the SOA precursor; kOH is the OH reaction rate constant (based on 25 ◦ C,
molecules cm− 3) of i; and [OH] × Δt is the OH exposure over the resi
dence time inside PAM during the test (Jathar et al., 2017; Zhao et al.,
2017, 2018).
∑
)
(
(2)
Δ SOAprecursor− reacted =
ROGi × 1 − e− kOH ×[OH] × Δt
i

In this study, ROGi was not measured; instead, the ideal effective
SOA yield was calculated by distinguishing the fractions and composi
tions of the VOCs and intermediate VOCs (IVOCs) among the two modes
of non-methane hydrocarbon (NMHC). i) The normalized profiles of
gasoline and diesel vehicles, which were expanded to include 200 types
of VOC compounds by Lu et al. (2018), were used. ii) In addition to VOCs
for gasoline and diesel vehicles, the IVOC compositions and fractions
from Zhao et al. (2016, 2015) were used, as recent research has shown
that IVOCs are important for explaining SOA precursors in automobile
exhaust gases (Robinson et al., 2007). Here, the non-DPF result was used
collectively for the fraction of IVOCs for diesel vehicles. This was done
because the IVOCs-to-NMHC ratio in DPF was 1 or more on average, and
this study was structured around the fraction of IVOCs in NMHC.
However, the expected SOA yield in this study obtained using the
non-DPF IVOCs fraction was underestimated by 1–3%, compared to
3
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187–242 mg km− 1. This was likely because the gasoline and diesel ve
hicles had lower carbon contents, lower heating values, and higher oc
tane numbers than those of LPG vehicles (Myung et al., 2014; Yeom
et al., 2007). Regarding greenhouse gases, LPG vehicles may provide a
solution to reducing the overall CO2 emissions of mobile pollutants,
while their lower NMOG (or NMHC), SO2, and NOx emissions compared
to the other fuel types could reduce the effects of the primary air
pollution. However, as shown in Fig. 1b, LPG vehicles ultimately
contribute more to the emission of pollutants during the cold-start than
during the hot-start. This is due to the stabilization of the engine and
drive-related systems, and due to the aftertreatment system reaching its
optimal activation temperature (Fig. S4). This indicates that the effects
of cold-starts should be considered when evaluating the emissions and
air pollution of LPG vehicles in the future. In addition, the direct-NH3
emissions of LPG vehicles, as shown in Figs. 1b and 2, averaged 10–29.5
ppm. This was similar to the average range of gasoline vehicles
(1.4–19.8 ppm), which implies that secondary pollution may occur with
nitrogen oxides reacting in the atmosphere to produce ammonium ni
trate (more details are provided in the secondary aerosol emission
section).
Fig. 3 shows the EFs for primary eBC and POA (with background
concentrations corrected) and the EFs for SOA and nitrate following
PAM. Based on the primary eBC results, the EFs of each type of driving
mode and fuel showed similar tendencies. The gasoline regulatory
standards indicated different eBC EF and POA EF trends, depending on
the combustion technology (PFI or GDI). During the LEV1 stage, the POA
EFs of PFI-LEV #1 and #2 ranged from 3.4–11.1 mg kg-fuel− 1, which
were 2.8–5 times higher than for eBC EF (1.2–25 mg kg-fuel− 1). In
contrast, the eBC EFs for ULEV vehicles in LEV2 ranged from 0.9–12.5
mg kg-fuel− 1, which were 7.6–42.8 times higher than the POA EFs
(0.1–1.6 mg kg-fuel− 1). This is similar to the reductions in organic car
bon (OC)/elemental carbon (EC) (filter measurements) from LEV1 to
LEV2 reported by May et al. (2014). It appears to be the result of the
improved performance of the overall combustion and aftertreatment
systems, due to the tightened regulatory standards.
The GDI vehicles produced eBC EFs of 4.2–12.5 mg kg-fuel− 1 and
POA EFs of 0.1–1.6 mg kg-fuel− 1, which were 13.3–14 times higher than
those of the PFI vehicles; these findings were similar to those of previous
studies (Du et al., 2018; Saliba et al., 2017). The GDI vehicles each had a
displacement of 1600 cc; their POA EFs were 9.6 times (1.2–0.12 mg

kg-fuel− 1, CVS-75) and 10.9 times (1.6–0.15 mg kg-fuel− 1, NEDC) lower
before and after the PM regulation (4 mg km− 1). Furthermore, their eBC
EFs decreased by 2.5 times (10.3–4.2 mg kg-fuel− 1, CVS-75) and two
times (12.5–6.3 mg kg-fuel− 1, NEDC) before and after the PM regula
tion. These reductions could be explained by the findings of Choi et al.
(2019), who reported that PM (gravimetric measurement) decreased
with increasing injector pressure in the cylinders of GDI vehicles.
Furthermore, while OC/EC (filter measurement) was found to be higher,
the POA EF-to-eBC EF ratio decreased from 0.13 to 0.02 in this study;
further research is needed to fully understand the cause. However, eBC
EF + POA EF emitted from the GDI vehicles in this study was 9.12 mg
kg-fuel− 1, which was approximately 17.4 times higher than that of
EURO 4–6 diesel vehicles equipped with DPF (0.53 mg kg-fuel− 1). This
suggests the significance of the primary particle emissions of GDI
regarding air pollution.
In this study, regardless of the vehicle age (MY, 2008, 2014), the POA
EFs of the LPG vehicles (0.1–0.4 mg kg-fuel− 1) were similar to those of
PFI-ULEV. Furthermore, the eBC EFs (0.2–0.3 mg kg-fuel− 1) were lower
than those of PFI-ULEV. This was because the combustion of LPG is
advantageous for the formation of a vapor mixture because of its high
steam pressure and vaporization characteristics. Furthermore, its
composition is simpler than that of gasoline, which decreases the for
mation of complex carbon chains during the combustion process (Myung
et al., 2012, 2014). The fresh soot emissions of diesel vehicles (in terms
of eBC EFs) decreased noticeably by 99.9% following the installation of
DPF, from 531 mg kg-fuel− 1 for non-DPF (EURO 3#1,2) to 0.5 mg
kg-fuel− 1 for DPF (EURO 4–6). Furthermore, the POA EF was 531 mg
kg-fuel− 1 for non-DPF vehicles (EURO 2–3) and 0.15 mg kg-fuel− 1
(maximum) for DPF vehicles (EURO 4–6), based on the corrected
background concentrations.
3.2. Secondary aerosol emissions
Fig. 3 shows the results of the SOA and nitrate EFs calculated using
PAM (Table S7). In the two modes, the SOA EFs for gasoline vehicles
were highest, at 11.7–66 mg kg-fuel− 1, while non-DPF diesel vehicles
(EURO 2–3) and DPF diesel vehicles (EURO 4–6) exhibited similar
values (2.4–50 and 0.4–40 mg kg-fuel− 1, respectively). The SOA EFs of
LPG vehicles were estimated to be the lowest (3–11 mg kg-fuel− 1). The
difference between SOA EFs between gasoline and diesel vehicles in this

Fig. 1. Raw primary gases and eBC from CVS tunnel, and secondary aerosols with PAM of LPI-ULEV #1. a) Trends of oxidized raw organics, nitrate, and sulfate with
PAM from CVS tunnel, and primary eBC from CVS tunnel at driving speed. b) Raw emissions of the primary gases from CVS tunnel; NH3 was measured directly from
the tailpipe.
4
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Fig. 2. Final EFs of primary gases by CVS-75 and NEDC, according to the test method procedure in law. a) Left axis shows NMOG or NMHC, calculated by THC plus
carbonyls and alcohols minus methane for NMOG, and by THC minus CH4 for NMHC. NOx EFs were calculated as NO2. b) Results of CO and CO2 were measured using
a non-dispersive infrared analyzer. c) NH3 was directly sampled from the tailpipe. Regulated concentration of NH3 is below 10 ppm (average value of whole driving)
for heavy passenger vehicles and heavy trucks with gross vehicle weight (GVW) over 3500 kg in Korea. Since 2013, this has also applied to gasoline and LPG vehicles
manufactured; since 2014 it has applied to diesel vehicles. SO2 EFs were calculated using the same method as for regulated emissions gases. The detailed emission
standard was in Table S4.

study was in agreement with previous studies conducted using smog
chambers and PAM (Gordon et al., 2013, 2014a, 2014b; Jathar et al.,
2014; May et al., 2014; Platt et al., 2017). However, the NEDC results
showed that the SOA EFs of gasoline vehicles were 11.7–38 mg
kg-fuel− 1, a range similar to that of DPF diesel vehicles (EURO 4–6;
12.8–39.7 mg kg-fuel− 1). Platt et al. (2017) indicated that for NEDC
results, the EFs (BC + POA + SOA) of gasoline vehicles (PFI, GDI) of
EURO 5 were on average ten times higher than those of diesel vehicles
(DOC + DPF) at an experimental temperature of 22 ◦ C. However, in this
study, the EFs (eBC + POA + SOA) of ULEV gasoline vehicles in LEV2
ranged from 26.1 to 43.3 mg kg-fuel− 1, which was only 1.2 times higher

than those of EURO 5 vehicles with a combination of DOC and DPF
(21.2–30.9 mg kg-fuel− 1). While further research may be required, the
variables related to the other exhaust gases, such as composition, OH
radical concentration, dilution level, maintenance conditions, and
combustion systems, may be responsible for this disparity, as in this
study the NMHC-to-NOx ratio (ppmCPAM input/ppmPAM input) ranged from
2 to 24 for the gasoline vehicles and from 0.3 to 1.6 for the diesel ve
hicles. This was lower than the VOC-to-NOx ratio at 22 ◦ C for gasoline
vehicles (3.1–6.1), and was similar to the range for diesel vehicles re
ported by Platt et al. (2017) (0.3–11).
Shifting from LEV1 to LEV2, gasoline vehicle emissions showed
5
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Fig. 3. Average EFs of primary aerosols (eBC and POA), and secondary aerosols (organics and nitrate); corrected background data from CVS-75 and NEDC are shown.
a) For CVS-75, not considering the weight factor. b) For NEDC. *No data for eBC, # only primary aerosols (eBC and POA) were available due to failure of PAM
measurement.

increase in NMOG levels (NMHC for LEV of LEV1 phase; NMOG for
ULEV of LEV2 phase from gasoline and LPG vehicles in the Korean
regulations) by 39% (0.056–0.034 g km− 1 by the standard, based on
80,000 km/five years). However, the overall SOA EF increased from
30.6 mg kg-fuel− 1 to 37.1 mg kg-fuel− 1. This may the result of the
decreased POA EF concentrations (3.4–11.1 mg kg-fuel− 1 for LEV,
0.1–1.6 mg kg-fuel− 1 for ULEV) affecting the SOA EF, as shown in Eq. (1)
(e.g., SOA EF/POA EF increased from 1.2 to 8.2 to 41.2–531). Further
more, the fraction of the SOA precursors in NMOG (or NMHC) either
remained the same or increased because of higher carbon contents and
enhanced aftertreatment systems, even though NMOG was reduced to
meet the tightened regulation (Gordon et al., 2014a; Jathar et al., 2014;
Zhao et al., 2017).
The SOA EF of LPG vehicles was (on average) 6.1 mg kg-fuel− 1,
which was six times lower than those of gasoline and EURO 4–6 diesel
vehicles in ULEV. Considering the similar OH exposures of the subject
vehicles during the experiment (7 × 1011 for LPG vehicles, 8.8 × 1011 for
ULEVEs of gasoline vehicles, and 9.9 × 1011 molecules cm− 3 s for EURO
4–6 diesel vehicles), the SOA EFs of LPG vehicles were relatively low.
However, the SOA/POA EFs of LPG vehicles ranged from 14 to 48,
indicating that their POA EFs had a stronger effect, compared to the
other fuel types.
Fig. 1 shows the real-time concentration changes of the aging aerosol
and diluted exhaust gas in PAM during the experiment of the LPG
vehicle LPI-ULEV #1 being driven in CVS-75. For the first 100 s after the
initial start, the average THC-to-NOx (ppmCCVS/ppmCVS) was 4.4, which

subsequently increased to 76 by the end of Phase 1. In other words, the
THC (avg. 9.1 ppmCCVS), NOx (avg. 2 ppmCVS), and CO (avg. 113
ppmCVS) were high until reaching the aftertreatment system entered
stable operation, after the start reduced the OH exposure inside PAM.
However, despite the high THC (avg. 9.1 ppmCCVS), the high direct-NH3
(avg. 20 ppmCVS) and NOx concentrations first produced ammonium
nitrate, and the lower NOx concentrations (avg. 0.1 ppm) and higher
THC-to-NOx ratio encouraged the formation of SOA. As a result, the
Phase 1 (cold-started) SOA EFs of the LPG vehicles in CVS-75 increased
from 1.9 to 1 mg kg-fuel− 1 to 5.6 and 5.3 mg kg-fuel− 1 in hot conditions
(Phase 2). However, in NEDC, the SOA EFs were 12.2 and 7.2 mg kgfuel− 1 in Phase 1, including the initial start. They decreased to 8.9 and
3.4 mg kg-fuel− 1 in Phase 2, under high-speed driving. Similarly, Kar
jalainen et al. (2016) reported that GDI gasoline vehicles driven in NEDC
using PAM (1.03 × 1012 molecules cm− 3 s of OH exposure) produced a
SOA EF of 10.92 mg km− 1; this decreased to 0.52 mg km− 1 in Phase 2.
Although LPG and gasoline have different fuel characteristics, it is
believed that the speed profile of NEDC did not differ significantly from
CVS-75 during deceleration and rapid acceleration because their com
bustion and aftertreatment systems are similar. This would have allowed
effective combustion control and purification, resulting in a low pro
portion of SOA precursors being emitted from incomplete combustion.
The SOA EFs of diesel vehicles varied by regulatory standard and by
the combination of aftertreatment systems, among which EURO 6 (DOC
+ DPF + LNT (or SCR)) was the highest (24.5 mg kg-fuel− 1 on average).
This was followed by EURO 2–3 (non-DPF) at 19.8 mg kg-fuel− 1 and
6
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EURO 4–5 (DOC + DPF) at 14 mg kg-fuel− 1. SOA concentrations tended
to vary with the regulatory mode, such that the regulatory mode of CVS75 for EURO 2–3 diesel vehicles resulted in SOA EFs ranging from 2.4 to
49.8 mg kg-fuel− 1, whereas the non-regulatory mode of NEDC resulted
in a higher SOA EF (approximately 4.5 mg kg-fuel− 1). The SOA EF/POA
EF of EURO 2–3 was approximately 1.5, which was similar to the SOA/
POA EF of 1.8 observed in the smog chamber study conducted by Gor
don et al. (2014b) (3.5–7h of equivalent atmospheric aging), in which a
medium-duty diesel vehicle (MDDV) was driven in CVS-75. Further
more, the regulatory mode for EURO 4–6 diesel vehicles, NEDC, led to
SOA EFs of 12.8–49.7 mg kg-fuel− 1; these values were up to 78 times
higher than those of CVS-75 (0.4–31.5 mg kg-fuel− 1). DPF installation
dramatically reduced the primary carbonaceous aerosols of diesel ve
hicles (POA and eBC). The improvement of the precursor purification
rates in DOC and DPF, combined with the development of combustion
technology, achieved a reduction in SOA compared to non-DPF diesel
vehicles (Chirico et al., 2010; Gordon et al., 2013; Jathar et al., 2017;
Karjalainen et al., 2019). As a result, in this study, diesel vehicles in
EURO 4–5 equipped with DOC and DPF showed carbonaceous aerosol
EFs (POA, eBC, SOA) that were 99.7% (for CVS-75) and 92% (for NEDC)
lower than those of non-DPF vehicles. However, the proportion of SOA
EFs rose to 0.4–36% for EURO 2–3 and 59–97% for EURO 4–5 vehicles.
This phenomenon again increased for the proportion of SOA EFs to
97–99%. The addition of SCR (or LNT) aftertreatment systems reduced
NOx by 56%, compared to EURO 5. Also, the average SOA EF of EURO 6
increased to 19.8 mg kg-fuel− 1 for CVS-75, and to 29.1 mg kg-fuel− 1 for
NEDC, or by 31 times and 1.2 times, respectively. This increase likely
resulted from OH exposure of EURO 6, which ranged by phase during
the experiment from 2.1 × 1010 to 9.9 × 1011 molecules cm− 3 s; this was
somewhat higher than that of EURO 5 when SOA was formed, and the
yield of the precursors also increased due to the lower NOx conditions in
PAM. However, from the perspective of the corresponding NEDC regu
latory mode, there was only a small significant change in SOA formation
in EURO 6.
In this study, NOx was found to be emitted from all of the fuel types
with NOx and NH3, in a counter partner relationship. The nitrate EFs of
gasoline vehicles (15.5–119 mg kg-fuel− 1) were higher than those of
LPG vehicles (0.4–33 mg kg-fuel− 1); both fuel types emitted large
amounts of NH3 (Fig. 2c). This was consistent with the ranking trend
reported by Link et al. (2017), though the results of diesel vehicles were
different in this study. In Fig. 2c, direct-NH3 emissions for diesel vehicles
were below the equipment’s limit of detection (LOD) of 0.2 ppm, except
for the average 3.3 ppm of EURO 6-LNT #1 (Suarez-Bertoa et al., 2015).
Nevertheless, the nitrate EFs (3.9–150) appeared to be caused by the
influx of external NH3 without being filtered at the pre-treatment system
using diluted air during the experiment. In addition, the high NOx
conditions of the diesel vehicles (PAM input diluted NOx: 0.3–26.3 ppm
for diesel vehicles, 0.002–4.3 ppm for gasoline and LPG vehicles) may
also have encouraged this formation.

Fig. 4. Comparison of expected SOA yield for each phase according to Eq. (2).
The SOA were corrected by background and POA values. Lu et al. (2018)’s
profiles of VOCs and Zhao et al. (2016)’s profiles of IVOCs (LEV2) were applied
for gasoline vehicles. VOC profiles are divided into cold-started and hot-started.
LPG vehicles are shown with NIER’s profile (Lee et al., 2015) of VOCs,
including the cold-started and hot-started cases, as for gasoline vehicles. For
diesel vehicles, VOCs are applied differently depending on the aftertreatment
(DPF or non-DPF), referring to Lu et al. (2018). However, for IVOCs fraction,
the profile of the non-DPF in Zhao et al. (2015)’s paper is applied here without
this distinction. More detailed information of cold and hot-started vs. measured
SOA is provided in Fig. S5.

consistent with the trends in other smog chambers and PAM studies on
vehicles (Jathar et al., 2017; Pieber et al., 2018; Platt et al., 2017; Zhao
et al., 2018). In particular, the cold-start results for the gasoline vehicles
in this study were low regardless of the driving mode, which was in line
with the findings of Zhao et al. (2018). It should be noted that, as the
domestic NMOG standard for gasoline vehicles was tightened and the
PM regulation for GDI vehicles began, the cold-start NMOG of the cor
responding regulation mode (CVS-75) increased from 0.002 to 0.019,
and the SOA (EF) also increased from 23 μg m− 3 (12 mg kg-fuel− 1) to 98
μg m− 3 (58 mg kg-fuel− 1), except for PFI-LEV #2. This is because of the
enhanced combustion control technology, which prevents excessive
exhaust emissions during the initial start and the achievement of fast,
optimal purification rates of aftertreatment systems, which reduces
POAs. While the NMOG (or NMHC) EF during the cold start in this study
decreased from 184 mg km− 1 to 59 mg km− 1, the actual composition of
the SOA precursors was not significantly affected by the reduced NMOG
(or NMHC) (May et al., 2014; Saliba et al., 2017; Zhao et al., 2017). This
trend, despite being cold-started, is consistent with the overall changes
in SOA yields for gasoline vehicles for each regulatory standard, as re
ported by Zhao et al. (2017). In addition, the expected SOA yield during
the hot-start was higher than that during the cold start, which can be
attributed to the relatively higher OH exposure conditions and the
increased IVOCs in NMOG (or NMHC) (Zhao et al., 2016, 2018).
The LPG vehicles were lower during the cold start, similar to the
gasoline vehicles, and the tendency for the expected SOA yield to in
crease with increasing SOA concentrations was identical to that of the
other fuel types (Fig. S4). Under similar OH exposure conditions by fuel
type, the NEDC hot-start results of the LPG vehicles reached the same

3.3. Expected SOA yield and SOA/ΔCO
Fig. 4 shows the expected SOA yields calculated using profiles (Lee
et al., 2015; Lu et al., 2018; Robinson et al., 2007; Zhao et al., 2015,
2016) of the SOA (μg m− 3), VOCs, and IVOCs measured during the
different phases of each run. As VOCs and IVOCs emitted from the ve
hicles during the experiment may differ from the profiles used to
calculate the expected SOA yields, any quantitative explanation of the
changes under each regulatory standard is limited. However, the results
of some of the regulated vehicles and cold and hot phases showed similar
trends to those reported in previous studies.
The SOA with corrected POA and background concentrations ranged
from 0.2 to 155 μg m− 3 and was found to be lower with the cold-started
(Phase 1) vehicles than the hot-started (Phases 2 and 3 for CVS-75 and
NEDC) vehicles (Fig. S4). In addition, the expected SOA yield increased
to approximately 0.93 overall as SOA increased, and this tendency was
7
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age) and EURO 4–6 (with DPF) diesel vehicles at 12 μg m− 3 ppm− 1 (~4
eq. age). However, except for EURO 2–3 (without DPF) diesel vehicles at
0.7–1.1 μg m− 3 ppm− 1 at 1 eq. age, their ratios were distributed across a
range of 0.7–1.1 μg m− 3 ppm− 1 at 4–6 eq. age. As shown in Fig. 5, the
corrected CO ranged from 0.1 to 281 ppm for gasoline vehicles,
1.1–24.4 ppm for LPG vehicles, 0.1–9.6 ppm for EURO 4–6 (without
DPF) diesel vehicles, and 0.1–16.4 ppm for EURO 2–3 (without DPF).
This indicates that gasoline and LPG vehicles had higher CO emissions,
possibly due to their aftertreatment system characteristics. Therefore,
the emission effects of the dominant fuel types should be considered
when comparing the SOA/ΔCO effect in the atmosphere, particularly in
areas with concentrated vehicle sources. Furthermore, as various vehicle
models were grouped in this study to examine the SOA/ΔCO tendency
by the eq. age of each fuel type, multiple factors in the formation of SOA
were combined together, such as combustion technology, displacement,
aftertreatment system, regulatory standard, and driving mode. There
fore, these implicit factors should be considered when applying the re
sults of this study.

level as those of the gasoline and DPF-equipped diesel vehicles (EURO
4–6). Therefore, while LPG vehicles produce less SOA during high-speed
driving without rapid speed changes, such as acceleration and deceler
ation, they may still contribute significantly to SOA regarding their
overall composition. However, further research is necessary into the
SOA precursors mentioned above, to obtain a more accurate
comparison.
Depending on the emission regulation standard, DPF installation,
and additional NOx-reducing aftertreatment device, the expected SOA
yield increased from ~0.15 (~7.6 × 1011 molecules cm− 3 s) in EURO
2–3 (non-DPF), to 0.19 (~6.4 × 1011 molecules cm− 3 s) in EURO 4–5
(DPF), and then to ~0.43 (~7.2 × 1011 molecules cm− 3 s) in EURO 6
(DPF, LNT, or SCR). At the same time, the NMHC-to-NOx ratios (ppmC/
ppm) from PAM ranged from 0.03 to 0.19, 0.03–1.56, and 0.09–2.8,
respectively, indicating an increasing fraction of NMHC. In addition,
with the tightening of regulations, NOx and NMHC EFs decreased from
~1600 mg km− 1 to ~400 mg km− 1 and from ~76 mg km− 1 to ~30 mg
km− 1, respectively, during the PAM experiment. While a direct NMHC
composition analysis could not be conducted, the consistent trend in the
expected SOA yields of the diesel vehicles was an interesting result.
However, this study does not represent all diesel vehicles, as it only
examined passenger vehicles. Therefore, other diesel vehicles that
contribute to emissions significantly, such as diesel cargo vehicles,
should also be investigated.
Fig. 5 shows SOA/ΔCO with respect to changing equivalent photo
chemical age [OH] (hereafter eq. age) for each fuel type. SOA/ΔCO is
used to evaluate the effect of SOA from combustion emissions across an
area or at the source (traffic and biomass) by using ΔCO (background
corrected) as a tracer to normalize the dilution effect (DeCarlo et al.,
2010; de Gouw et al., 2008). Within the OHexp range simulated in this
study, the gasoline, LPG, and EURO 4–6 (with DPF) diesel vehicles
showed increasing SOA/ΔCO ratios with increasing eq. age (more in
formation in Fig. S6). In addition, for a similar eq. age (~6), the
SOA/ΔCO for gasoline vehicles was 30 μg m− 3 ppm− 1 (~5 eq. age),
which was higher than those of LPG vehicles at 6 μg m− 3 ppm− 1 (~6 eq.

4. Conclusion
Here, the primary gases, primary aerosols, and secondary aerosols
produced in PAM were analyzed according to the regulatory standards
of domestic passenger vehicles, using the most common fuel types in
South Korea (gasoline, LPG, and diesel). In this study, the fate of the
LVOCs method suggested by Palm et al. (2016) could not be applied to
reflect the effect of the partitioning process of LVOCs during SOA for
mation. As in other previous studies, as direct-NH3 was found to be high
for gasoline and LPG vehicles (maximum average of ~34 ppm), which
are not currently regulated for NH3 in South Korea (only regulation is
below 10 ppm NH3 average for large and extra-large passengers and
cargo vehicles), additional research is required for these unregulated
vehicles considering the nitrate results shown in Fig. 3 (Jordan et al.,
2020; Link et al., 2017; Park et al., 2019; Suarez-Bertoa et al., 2015).
Considering the existing lack of research on SOA from LPG vehicles,
the lower SOA EFs (3–11 mg kg-fuel− 1) of LPG vehicles, compared to
gasoline and diesel vehicles (EURO 4–6), obtained using PAM in this
study is expected to increase the relative usefulness of environment as
sessments, particularly at a time when the purchase eligibility of LPG
vehicles has been eased. However, direct-NH3 was found to potentially
cause the formation of ammonium nitrate (Figs. 1 and 2), and eBC,
which causes global warming. The average expected SOA yield of 0.05
(~16.4 μg m− 3 of SOA measured) was similar to those of gasoline and
diesel vehicles (EURO 4–6) during the formation of SOA under hot
conditions (Figs. 3 and 4). Furthermore, the SOA/ΔCO levels increased
with increasing eq. age (Fig. 5); this requires further research focusing
on the emissions and SOA, using more diverse vehicle models and
different driving conditions for LPG vehicles.
The expected SOA yield was found to be lower during cold-start than
hot-start conditions; this finding was consistent with previous studies
(see caption for Fig. 4) (Zhao et al., 2016, 2018). Installing DPFs into
diesel vehicles drastically reduces primary carbonaceous aerosols and
SOA, as demonstrated in this study. Here, EURO 4–6 diesel vehicles were
found to be up to 95% lower than non-DPF EURO 2–3 vehicles In this
regard. However, the expected SOA yield appeared to increase with
tightening regulation. Based on this study, the NMHC-to-NOx ratio and
NOx concentration condition affected the changing precursor yield.
Furthermore, the relatively smaller reduction in oxygenates (C9 to C27)
from fuel and lubricant oil emissions was attributed to the combination
of the decreased NMHC (from ~76 mg km− 1 to ~30 mg km− 1 in this
measurement) and the enhanced aftertreatment system. This led to
higher oxidation of the catalysts (Karjalainen et al., 2019; Liu et al.,
2020; Zeraati-Rezaei et al., 2020). However, as the profiles from pre
vious studies were adopted in this study, the actual results may have
been different, and there are currently insufficient data on large cargo
diesel vehicles with a high displacement; further research is required in

Fig. 5. Ratio of SOA/ΔCO vs. eq. photochemical age [day] (OHexp = 1.5 × 106
molec. cm− 3 in an atmospheric day). a) Gasoline (LEVs-LEV1, ULEVs-LEV2),
LPG (ULEVs-LEV2), and EURO 4–6 (w/DPF); number of phases as follows: n
= 25 for gasoline, n = 10 for LPG, and n = 18 for diesel vehicles. b) Box plot of
EURO 2–3 (w/o DPF, n = 10 phases); the top, middle, and bottom lines of the
boxes show the 75th, 50th, and 25th percentiles, respectively and whiskers
show the 10th and 90th percentiles. More detailed information of raw SOA/
ΔCO is presented in Fig. S6.
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this regard.
As the SOA/ΔCO, shown in Fig. 5, was obtained based on limited
driving conditions and a simplified comparison between the fuel types,
the results of this study may differ from reality due to the complex
combination of the actual factors. However, considering the lack of
comparative evaluation of secondary air pollution from domestic vehi
cles, this study provides valuable regulatory data, which could be used
to evaluate the atmospheric effects of each fuel type, albeit partially,
using the relative differences in the formation of SOA from the com
bustion of individual fuel types.
The driving conditions and fuel properties can vary depending on the
seasonal temperature (e.g., summer or winter) as well as the lubricant
oil used. These factors will affect the composition and fractions of the
dominant chemicals during the formation of SOA (Gordon et al., 2014b;
Liu et al., 2020; Platt et al., 2017). Therefore, these seasonal aspects
should be further investigated in the future. Comparative evaluations
using modern emission evaluation methods, such as real driving emis
sion (RDE) and the worldwide harmonized light vehicle test procedure
(WLTP), should continue to be conducted with a view to the evolution of
low-emission passenger vehicles.
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