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Emissions from passenger cars are one of major sources that deteriorate urban air quality. This study
presents characterization of real-drive emissions from three Euro 6 emission level passenger cars (two
gasoline and one diesel) in terms of fresh particles and secondary aerosol formation. The gasoline ve-
hicles were also characterized by chassis dynamometer studies. In the real-drive study, the particle
number emissions during regular driving were 1.1—-12.7 times greater than observed in the laboratory
tests (4.8 times greater on average), which may be caused by more effective nucleation process when
diluted by real polluted and humid ambient air. However, the emission factors measured in laboratory
were still much higher than the regulatory value of 6 x 10'! particles km~'. The higher emission factors
measured here result probably from the fact that the regulatory limit considers only non-volatile par-
ticles larger than 23 nm, whereas here, all particles (also volatile) larger than 3 nm were measured.
Secondary aerosol formation potential was the highest after a vehicle cold start when most of the sec-
ondary mass was organics. After the cold start, the relative contributions of ammonium, sulfate and
nitrate increased. Using a novel approach to study secondary aerosol formation under real-drive con-
ditions with the chase method resulted mostly in emission factors below detection limit, which was not

in disagreement with the laboratory findings.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Traffic is an important source of both gaseous and particle pol-
lutants (Hasheminassab et al., 2014; Pant and Harrison, 2013; Pérez
et al., 2010; Rakowska et al., 2014). While the emissions of some of
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these pollutants are effectively regulated, the formation potential of
secondary aerosol or emissions of small (<23 nm) and volatile
particles are not directly controlled. European Regulations on
vehicle exhaust particle emissions address the number of non-
volatile particles with the size of a minimum 50% cutpoint at
23nm (Commission Regulation (EU) 2017/1151). For light-duty
vehicles, the particle number (PN) limit is set to 6 x 10!! particles
km~! and this is applicable to diesel vehicles and gasoline vehicles
equipped with direct injection engines. This limit is now well

0269-7491/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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established and a thorough methodology exists on how to measure
and quantify non-volatile particle emissions. However, it is not
clear why we should only limit the emissions of this specific frac-
tion of all exhaust particles. The vehicle exhaust plume in the at-
mosphere contains particle fractions of different volatility,
including volatile, semi-volatile and non-volatile ones (Biswas
et al, 2007; Momenimovahed et al.,, 2015; Wang et al., 2017),
which have been formed either in the engine (Malmborg et al.,
2017), during the dilution process (Ronkko et al., 2006), or in the
atmosphere by oxidation (Gentner et al., 2017). Second, it is long
known that vehicular exhaust contains particles extending much
below 23 nm (Kittelson, 1998). Third, the limit value of 6 x 10!
particles km~! seems arbitrarily set, as it is not directly associated
with any atmospheric, air quality or health specific targets
(Giechaskiel et al., 2012). Thus, the current regulation, limited to
only one fraction of particles, does not reflect the actual real-world
exposure to aerosol emissions from traffic.

What seems to be a questionable regulation in its scientific
underpinning, has actually been very effective in introducing
advanced particle emission controls on actual vehicles. It has been
effectively mandatory since 2009 that all new on-road diesel light-
duty vehicles (and off-road engines since 2019) need to be equip-
ped with diesel particle filters (DPFs). Moreover, the EU will be the
first region in the world where the large majority of gasoline ve-
hicles sold — those equipped with direct injection engines — will be
equipped with gasoline particle filters (GPFs) to comply with PN
limits.

The introduction of advanced emission control systems gua-
rantees that the certified vehicles comply with exhaust PN limits.
But the use of advanced emission control per se says little about the
actual environmental performance of vehicles, as bitter experience
from the diesel NOx scandal has recently revealed (Jonson et al.,
2017). In assessing the actual impact, at least in terms of particle
emissions, one will need to study both primary emissions but also
the propensity of vehicle exhaust to form delayed primary partic-
ulate matter (PM) upon dilution (Ronkko et al., 2017) and second-
ary PM after oxidation in the atmosphere (e.g. Chirico et al., 2010).

Real-world environmental impacts can be assessed by studying
vehicles under actual operation and intervening as little as possible
with the actual processes that take place between particle emission
and atmospheric transformation. Chase experiments (e.g.,
Giechaskiel et al., 2005; Ronkko et al., 2006) allow the vehicle to be
studied under actual operation while its plume is diluted and
dispersed in the atmosphere. However, this provides little time
(~second) between emission and sampling for any oxidation re-
actions to occur. The use of an oxidation flow reactor (OFR;
Simonen et al,, 2017) in sampling plumes while chasing actual
vehicles on the road can be a very powerful tool to study the ex-
haust's potential to form secondary PM under actual driving con-
ditions. OFRs are needed to determine the organic proportion of the
potential secondary aerosol (SOA; secondary organic aerosol)
because it is difficult to estimate the SOA formation potential by
measuring the gaseous organic precursor emissions (Gentner et al.,
2017). For engine exhaust studies, OFRs have mainly been used
under laboratory conditions (Friedman et al., 2017; Ihalainen et al.,
2019; Jathar et al., 2017; Karjalainen et al., 2016; Link et al., 2017;
Pieber et al., 2018; Timonen et al., 2017; Zhao et al., 2018), and to a
smaller extent in roadside environments to study pass-by plumes
from individual city buses running on different fuels (Watne et al.,
2018) or emissions from a vehicle fleet (Liu et al., 2019; Ortega et al.,
2016; Saha et al., 2018; Tkacik et al., 2014).

In this study, we present emission factors (EFs) of primary and
secondary particle emissions from latest technology light-duty
vehicles fueled by diesel and gasoline. The measurements were
performed for all the vehicles on a racing track by chasing the

vehicles with a mobile laboratory, and for the gasoline vehicles also
in the laboratory on a chassis dynamometer. Overall, the study
objective is to assess particle emissions under realistic operation
environments in comparison to regulated driving cycles while, at
the same time, allowing a comprehensive evaluation of all partic-
ulate matter emission dimensions relevant to urban air quality.

2. Materials and methods

Three Euro 6 light-duty vehicles were tested: a gasoline vehicle
equipped with port fuel injection (PFI), a gasoline vehicle equipped
with direct injection (GDI), and a diesel vehicle. The gasoline ve-
hicles were equipped with three-way catalysts (TWC) and the
diesel vehicle with a diesel oxidation catalyst (DOC), a diesel par-
ticulate filter (DPF) and a selective catalytic reduction device (SCR).
The emissions of all three vehicles were measured in real-drive
conditions by chasing, and the emissions of the two gasoline ve-
hicles were additionally characterized by chassis dynamometer
testing. The vehicle specifications are shown in detail in Table S1.
Standard market fuel was used in all experiments, but the fuel used
in the laboratory experiments was not necessarily from the same
batch as the fuel used under real-drive tests.

2.1. Laboratory experiments

Chassis dynamometer testing was conducted in an emissions
laboratory. The sampling setup for the laboratory measurements is
shown in Fig. ST and is described in detail in the Supporting In-
formation (SI). Shortly, the engine exhaust was sampled from the
tailpipe with a setup that has been shown to produce particle size
distributions resembling those after a few seconds following at-
mospheric dilution (Keskinen and Ronkko, 2010; Ronkko et al.,
2006), where the aerosol contains both nonvolatile primary parti-
cles and particle matter formed by condensation and nucleation.
Regulated gas species (NOy, CO, THC) were determined following
vehicle certification regulations, utilizing a constant volume sam-
pling (CVS) system.

Secondary aerosol formation potential was determined by a
Tampere Secondary Aerosol Reactor (TSAR), by comparing the
particulate mass downstream of the reactor to that of the untreated
aerosol, measured in parallel. TSAR is an oxidation flow reactor
(OFR) designed for measuring secondary aerosol formation of
rapidly changing emission sources, such as vehicles during tran-
sient operation (Simonen et al., 2017). In this, the diluted exhaust is
mixed with ozone and humidified air, and is then exposed to
254 nm UV radiation, where ozone photolysis produces OH radicals
in the presence of H,0. The oxidation reactions between precursor
gases present in the exhaust and OH or O3 lead to the formation of
secondary aerosol.

Aerosol mass was measured with electrical low pressure im-
pactors (Keskinen et al., 1992) (ELPI; Dekati Ltd.) with improved
nanoparticle resolution (Yli-Ojanpera et al., 2010) by integrating
the size distribution determined in impactor stages 1—7, corre-
sponding to particles sized up to ~380 nm in aerodynamic diam-
eter. One ELPI sampled the untreated aerosol, herein referred to as
‘fresh’ aerosol, and a second one was used downstream of TSAR to
measure the ‘aged’ aerosol. The aged aerosol thus includes both
fresh aerosol and secondary aerosol. Aerosol instrumentation was
placed downstream of three-way valves, to selectively measure
either aged or fresh sample. This included an engine exhaust par-
ticle sizer (Johnson et al.,, 2004) (EEPS; TSI Inc.), an ultrafine
condensation particle counter (CPC; CPC 3776, TSI Inc.), a scanning
mobility particle sizer (SMPS), and a soot-particle aerosol mass
spectrometer (Onasch et al., 2012) (SP-AMS; Aerodyne Research
Inc.). Moreover, a CO; analyzer (Sick Maihak, Sidor) was used to
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determine the dilution ratio (DR) at different stages of dilution
during steady state driving at 80 km h~!, by comparing upstream
and downstream CO, concentrations.

A SP-AMS (described in detail in the SI) was used to measure the
aerosol mass content in total organic aerosol (OA), ions (sulfate,
nitrate, ammonium) and refractive black carbon (rBC). Due to the
limited time resolution and the dropping detection efficiency of the
SP-AMS for small particles, this was only used here to determine
particle composition, while mass concentration was determined
from ELPI size distributions. For example, the organic mass con-
centration (Morg) is defined by

0A,
Morg = TOTAA,/\I,,SS x MErpy, (1)

where OAaps is the organic aerosol mass and TOTays is the total
mass, respectively, measured by the SP-AMS, and Mgp; is the ELPI-
determined mass concentration. This approach implicitly assumes
that the composition of small particles not detected by the SP-AMS
is the same as the particles actually being measured. This
assumption is a source of uncertainty for the composition-specific
emission factors. However, the effect of the particles below SP-
AMS detection limit on the total mass is generally small, as
demonstrated in the average mass size distributions in Figs. S4b—c.

While ELPI is advantageous because of its high time resolution,
it does not measure the mass directly and thus introduces uncer-
tainty in the particle mass EFs. This uncertainty is evaluated in the
SI (Fig. S9) by comparing the mass determined from ELPI size dis-
tributions to gravimetrically determined mass EFs, and by inter-
comparison between ELPI and EEPS. Shortly, there is a good
agreement between ELPI and EEPS for the fresh aerosol mass, but
the gravimetric mass is always higher. For the aged aerosol, the
mass determined from ELPI is approximately three times higher
than that from EEPS. This may partly depend on the assumption of
unit density, but it is also possible that the aged mass determined
from ELPI is slightly overestimated.

In the laboratory experiments, the driving cycles were the cold-
start New European Driving Cycle (NEDC), the warm-start NEDC,
and the warm-start Worldwide Harmonized Light Vehicles Test
Cycle (WLTC). In addition, steady state driving at 80 kmh~! was
measured for each vehicle. The laboratory schedule is presented in
Table S2. Only one cold-start NEDC and warm-start WLTC were
measured for each vehicle, and the SP-AMS measured the aged
sample during these cycles. Thus, the concentration of fresh OA is
unknown in these cases and the amount of potential SOA is
approximated by assuming that all fresh aerosol is organic, which
may underestimate the SOA formation potential. For the warm-
start NEDC and 80 km h~! steady cycles, the composition of fresh
aerosol was measured (although during a separate driving cycle for
the warm-start NEDC), so the SOA production factor (PF) is calcu-
lated by subtracting the fresh OA EF from the aged OA EF. The
sampling setup was not functioning during the cold-start NEDC for
the PFI, and thus no particle emission data is available for this
driving cycle.

EFs were determined for the total driving cycles but also for
specific sections in the cycles, which are hereafter called ‘slow ac-
celeration’ and ‘fast acceleration’. The EFs for slow accelerations are
calculated from four identical acceleration phases of warm-start
NEDCs, where the vehicle accelerates from 0 to 50 kmh~!. The
fast acceleration EF is calculated from the warm-start WLTC at 958 s
after start, where the vehicle accelerates from 25 to 50 kmh ™.

2.2. Real-driving experiments

The real-driving emissions were determined by chase

measurements. The chase experiments were conducted at the
Sérres racing track, Greece (41°04'20.9”"N 23°31'01.4"E; track
length 3.2 km). The track is located 3 km southwest of Sérres city
center and is surrounded by fields. The measurements lasted for
three days, and the schedule with associated ambient conditions is
presented in Tables S2—3. All vehicles were equipped with a
Portable Emissions Measurement System (PEMS; AVL M.O.V.E Gas
PEMS iS) to measure second by second concentrations of CO, CO,,
NO and NO; in the tailpipe. In addition, the on-board diagnostics
(OBD) data and vehicle coordinates from a GPS device were logged.

The vehicles were chased by the Tampere University Mobile
Laboratory, which is a large van equipped with stainless steel
sampling lines and instruments to measure exhaust emissions
(Ronkko et al., 2017). The sample was drawn from the lower-mid
sampling line at the front of the vehicle, which is located approx-
imately 50 cm above ground. A weather station (Weather Station
200WX; Airmar Technology Corporation) on the roof of the van
recorded the ambient temperature, humidity and the coordinates
from GPS. The sampling setup is shown in Fig. S10. The sample was
drawn directly to a CO; analyzer, ELPI, CPC and TSAR. Similar to the
lab measurements, the first ELPI was used to determine fresh
aerosol mass and a second ELPI downstream of TSAR determined
aged aerosol concentrations. A low dilution of 1.9:1 preceding the
second ELPI was necessary to keep the total flow rate through the
upstream TSAR at 5 Ipm. The SP-AMS was installed in the mobile
laboratory, but it was not possible to distinguish the composition of
exhaust aerosol from the dominating background mass.

All the vehicles drove similar driving patterns at the track:
regular driving with varying speed and stops, steady state driving at
80 kmh~', slow accelerations from 0 to 50 km h™! (identical to the
accelerations in the NEDC), and fast accelerations from 20 kmh~!
to 50kmh~! (resembling a fast acceleration in the WLTC). The
steady state driving at 80 km h™! performed on-road is not directly
comparable to the laboratory steady driving. In the laboratory, the
vehicle was allowed to stabilize after reaching the speed of
80 km h™!, whereas on the track, the measurement started directly
after the acceleration, so that some of the particles measured may
actually have originated from the acceleration rather than from the
steady speed driving, which lasted for approximately 10s. In
addition, the chassis dynamometer NEDC slow acceleration was not
representative of the real-drive slow acceleration despite the
similar speed profiles, because the type-approval dynamometer
load setting in the NEDC was not the same as the actual road load
(Mock et al., 2012). The engine was warmed up by driving at least
5 min before the actual measurements.

2.3. Data analysis

Emission factors (EF) of any compound were determined by eq.

(2):

j([cm ~ [Cog](©)) x DR() x Qean(t)dt
S : (2)

EF =

where [C] is the time-dependent concentration, [Cpg] is the back-
ground concentration, DR is the total dilution ratio, Qexn is the
volumetric exhaust flow and N is the quantity to which emissions
are normalized (e.g., fuel consumed or distance travelled). In lab-
oratory experiments, the volumetric exhaust flow was calculated
from the flow rate and the DR of the CVS. In chase experiments, the
exhaust flow was calculated from the engine intake air pressure or
intake airflow data combined with the PEMS gas concentration
data (SI). The secondary mass PFs were calculated by subtracting
the fresh aerosol mass EFs from the aged mass EFs.
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In the laboratory measurements, DR was constant and [Cyg] was
zero except for the aged mass. The aged mass background was
determined by oxidizing pure humidified dilution air with TSAR. In
the chase measurements, DR depends on the chase distance and the
plume behavior, and was calculated by eq. (3):

COy aw] () — |CO
pr(ey - (L2l O [€Oy.g] (1) 5)

[CO.a1) (£) — [CO2pg] (8)

where [COy raw] is the raw exhaust CO, concentration measured by
PEMS, [CO3 be] is the background CO; concentration, and [COy gil] is
the CO, concentration measured by the mobile laboratory. When
defining the EF for the aged aerosol (downstream of TSAR), [CO2 raw]
and Qexn are convolved with the residence time distribution of
TSAR to take the TSAR delay into account (SI). When calculating the
real-drive EFs, we neglect the data where DR was negative or higher
than 6000:1.

To determine the background concentrations in real-drive
measurements, we assumed that due to the required distance be-
tween the mobile laboratory and the vehicle chased, the in-van
instruments occasionally unintentionally sampled background air
instead of the exhaust plume even when chasing the vehicle. Thus,
for a CO, value measured at time t ([CO4i(t)]), we define the
background concentration ([CO2pg(t)]) as the third CO; concentra-
tions percentile between t-2 min and t+2 min. The background
number and mass concentrations measured by CPC and ELPIs were
defined similarly, but the 15th percentile was used because of the
higher deviation in the particle measurements. A comparison be-
tween the calculated background levels and the actual background
concentrations measured while not chasing a vehicle is shown in
Fig. S11.

While this approach is suitable to estimate the regional back-
ground, it cannot distinguish short peaks of background pollutants
from the vehicle exhaust. As a result, the potential noise in back-
ground concentration causes a bias in the EF calculated by eq. (2).
To estimate the effect of varying background emissions on the
calculated EFs, we performed reference measurements by driving
around the track without chasing any vehicle. Based on these
measurements, we determined the background noise level for the
emission factor (EFyg) for each chase measurement by means of eq.
(4):

[ [Crr]  DR®) (1
EFpg — . , (4)

where [Crf] is the average background-corrected concentration of
the pollutant during the closest reference measurement, whereas
DR, Qexh and N are the values from the actual chase measurement.
Effectively, EF,g defines the EF that would be calculated for a vehicle
with no pollutant emissions, and this EF will be nonzero due to the
noise in the background concentrations. A similar approach to
define EFs below threshold has been used by Wang et al. (2015).

3. Results and discussion

Particle emissions and secondary aerosol formation potential
are discussed in the following sections. The EFs are normalized to
the distance travelled, with emissions normalized to fuel consumed
available in the SI. The regulated emissions measured both in lab-
oratory and under real-drive conditions are presented in Table S4.

3.1. Emission factors of particle number

Fig. 1a shows the fresh background-corrected average particle
number concentrations measured by a CPC during fast accelera-
tions in chase experiments. The corresponding vehicle speeds and
background-corrected CO; levels are shown in Fig. 1b. The highest
particle number concentrations were measured when chasing the
PFI, while only a small peak in concentration is observed in the
wake of the diesel vehicle. However, due to different dilution ratios,
it is necessary to compare the EFs instead of the absolute particle
concentrations.

Emission factors for fresh particle number for the laboratory
measurements are shown in Fig. 2a—b. Values in Fig. 2a correspond
to particles above 3 nm measured by a CPC, whereas Fig. 2b shows
values corresponding to particles larger than 7 nm, as measured by
an ELPI. The error bars for laboratory measurements in Fig. 2 show
the standard deviation of two or more repetitions, and EFs without
error bars are calculated from a single measurement. Fresh particle
emissions of both gasoline vehicles exceeded the limit defined in
the Euro 6 regulation. This is only to put levels into perspective, as
fresh particles include volatile and semi-volatile ones and range
down to 3 nm, while the limit only addresses non-volatile particles
larger than 23 nm from diesel and GDI vehicles. The results ob-
tained in the lab indicate that PFI vehicles that are not controlled by
regulations emit significant numbers of fresh particles.

The average real-drive EFs for particles larger than 3 nm and
7 nm are shown in Fig. 2c—d along with the average background
noise levels. The error bars for the real-drive EFs indicate the
minimum and maximum values of the calculated EFs. For the cases
where EFs are close to or below the background noise, the actual EF
can be anything between zero and the measured EF.

The diesel vehicle EFs were below or very close to the back-
ground noise level, indicating low particle emissions. This shows
that the DPF was effective at controlling total fresh particle

4
10 x10 . .
a)
= PF|
— GDI
Diesel

Concentration (cm'3)
(&)}

Speed (km h™)

Time (s)

Fig. 1. The average background-corrected particle concentrations in the exhaust plume
measured by CPC during real-drive fast accelerations (a), and the corresponding
average speeds and background-corrected CO, concentrations (b).
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Fig. 2. Fresh particle number emission factors. Average laboratory EFs of particles larger than 3 nm (a), laboratory EFs of particles larger than 7 nm (b), real-drive EFs of particles
larger than 3 nm (c) and real-drive EFs of particles larger than 7 nm (d). The CPC data is not available for the WLTC (including the fast acceleration) measurement in the laboratory.

Note the different scales for laboratory and real-drive measurements.

emissions, even during real-world driving. Only during slow ac-
celerations did diesel emissions occasionally appear higher than
the average background. These cases had higher uncertainties,
since the DR and Qex, Were approximated based on the fast accel-
eration data, as the PEMS was not functioning during the slow
acceleration cases driven with the diesel vehicle. The DR was
approximated by assuming an inverse correlation between DR and
the measured CO,, and acquiring the fitting parameter from the fast
acceleration cases. Similarly, we assumed that Qe depends on
vehicle speed and acceleration, and fitted a polynomial function to
these parameters for the fast acceleration cases and used the same
fits for the slow accelerations. The high variation in the slow ac-
celeration EFs and the difference in the absolute level of the EFs
(compared to regular driving and fast acceleration cases) suggest
that the high EFs may also be an artefact from a background source
or that the vehicle occasionally emits high amounts of particles
during this acceleration due to factors such as DPF regeneration or a
storage-release phenomena of semivolatile particle precursors in
the aftertreatment system (Karjalainen et al., 2014a).

On the contrary, a clear signal for particles larger than 3 nm was
produced by the petrol vehicles, with the PFI being higher than the
GDI, similar to the laboratory results. In addition, there was more
absolute variation in the EFs for the PFI than the other vehicles,
which may indicate unstable operation of the PFI under real-
driving conditions. The difference between the PFI and GDI was
largest during accelerations, where the PFI emitted 3—4 times more
particles than the GDI. The PFI particle emissions were more sen-
sitive to the driving condition than the GDI, since the EF of fast
acceleration for the PFI was 4.6 times higher than that of steady
state driving at 80 km h~!, whereas for the GDI, this ratio was 2.2.

Both gasoline vehicles emitted more particles under real-drive
conditions than in laboratory driving based on the EFs deter-
mined by CPC. However, the difference between the real-drive and
laboratory EFs was much higher for the PFI than the GDI. For

example, in slow acceleration the PFI real-driving EF was 5.7 times
the laboratory EF, whereas the GDI real-driving EF was 3.4 times the
laboratory EF.

More small particles (approximately in range 3—7 nm) were
emitted or nucleated under real-drive conditions than in the lab-
oratory based on the EFs determined from the CPC with 3 nm
cutpoint and ELPI with 7 nm cutpoint. In the laboratory experi-
ments, the EFs calculated based on the number concentration
measured by ELPI and CPC were almost equal, whereas in real-drive
measurements the CPC-originated EFs were significantly higher
during regular driving and slow acceleration while the ELPI-
originated EFs were often close to or below the detection limit.
There are several possible reasons for the higher amount of the
small particles under real-drive conditions. First, the vehicle oper-
ation during the real-drive test may differ from the laboratory
operation because of factors such as different engine loads. For
example, the average real-driving CO; EFs for regular driving were
1.4—1.5 times higher than the laboratory cycle EFs (Table S4). Sec-
ond, the driving history can be different, leading to a difference in
storage-release phenomena of particle precursors in the catalyst,
which affect the nucleation mode particle emissions (Karjalainen
et al., 2014b, 2014a). Third, nucleation mode particle formation is
sensitive to the relative humidity and temperature of the dilution
air (Ronkko et al,, 2006). Even though the laboratory sampling
setup simulates the atmospheric delayed primary particle forma-
tion, the used 30 °C dry dilution air may not be able to simulate the
actual particle formation in the real-drive conditions in this study,
where the average ambient temperatures were 11.8—17.7 °C and
relative humidity was higher than 50%. It has been shown earlier
that the EFs of volatile particles are higher at lower temperatures
(Wang et al., 2017), and the relative humidity affects at least the
nucleation dynamics of sulfuric acid and water (Brus et al., 2010).

Previous studies have shown that the particle EFs for GDI ve-
hicles usually exceed those for the PFI vehicles (Chen et al., 2017;
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Mamakos et al., 2012; Zhu et al., 2016). The results obtained in this
study both in laboratory and under real-drive conditions seem to
disagree with the previous studies, since we found higher particle
number EFs for the PFI vehicle. However, this is not necessarily a
disagreement, since the measurement technique in this study dif-
fers from the aforementioned studies. We measured all particles
larger than 3 nm, whereas the previous studies report the EFs for
solid particles only. Thus, it is possible that the higher EFs for the PFI
observed here result from higher emissions of volatile particles.

The hypothesis is supported by the particle number size distri-
butions in Fig. S4a. The accumulation mode, which often contains
non-volatile soot particles, is higher for the GDI, whereas the
nucleation mode is higher for the PFI. A similar phenomenon was
observed by Saliba et al. (2017). We note that we cannot make
strong conclusions regarding the two engine technologies because
only two vehicles were tested, and we cannot distinguish the solid
and volatile fractions based on our measurements.

3.2. Emission factors of particle mass

Because of the low signal-to-noise ratio, the actual real-driving
EFs for the fresh and aged aerosol mass could not be determined in
most cases. Thus, we only shortly discuss the results here, and show
the emission factors in Fig. S12.

In the laboratory, the EFs for both gasoline vehicles were less
than 0.2 mg km™!, except for the fast acceleration case, where the
PFI emitted 0.85 mg km ™! and the GDI 0.25 mg km™ . In real-drive
conditions, the average EFs were below the average background
noise levels except for the slow acceleration of the diesel vehicle.
This is similar to what was observed for the particle number
emissions of the diesel vehicle.

The particulate mass of the aged exhaust in laboratory experi-
ments was always higher than the fresh aerosol mass, and is dis-
cussed in Sect 3.3. In real-drive measurements, it was challenging
to determine the secondary aerosol formation by the chase method
due to the high background noise in the aged mass, similar to the
fresh aerosol mass measurements. The only case where the average
aged aerosol EF was higher than the background noise was the fast
acceleration with the PFI, which also produced the highest EF in the
laboratory measurements. However, the real-drive EF in this case
was lower than the laboratory EF, and also in the other cases the
real-drive EFs of the aged mass were close to the laboratory EFs
despite the background influence (Fig. S12). Thus, even though the
background noise prevented the determination of exact PFs for the
secondary mass, we can deduce that the secondary aerosol for-
mation potential under real-drive conditions was not significantly
higher than in laboratory measurements.

3.3. Aged exhaust aerosol in laboratory

The time series of aged organic aerosol mass (average 7—13 days
equivalent atmospheric aging; see Fig. 4 and Fig. S2) and fresh
aerosol mass measured for the laboratory driving cycles and one
real-drive cold start are shown in Fig. 3. To make the fresh aerosol
mass and aged mass comparable, the fresh aerosol mass data in the
figure is convolved with the TSAR residence time distribution. An
average mass particle size distribution of the aged aerosol during
an acceleration is shown in Fig. S4c, and the time-resolved particle
number size distributions of the aged aerosol during the NEDCs and
the WLTCs are shown in Figs. S6 and S8, respectively.

We do not have a direct measurement of SOA formation from
the exhaust because the fresh OA was not measured simultaneously
with the aged OA. However, when the aged OA is higher than the
total fresh aerosol mass, there is obviously SOA formation in TSAR.
The most apparent transient SOA formation phenomenon is

observed during the GDI cold-start driving cycle (Fig. 3a). The SOA
formation begins immediately after the engine start and exceeds
the SOA observed during the hot-start cycle by approximately a
factor of 25 at maximum. This is reflected in the SOA production
factor so that the GDI cold-start NEDC produces 5 times more SOA
than the hot NEDC (Fig. 4). Approximately 200 s after the cold start,
the aged OA levels off, and its profile for the rest of the cycle is close
to that of the hot-start cycle. A similar secondary aerosol formation
event was observed for the PFI cold-start at track conditions,
measured with the chase measurement set-up (Fig. 3d). This is the
only case where a clear signal above the detection limit could be
obtained for the aged mass under real-drive conditions, as dis-
cussed in the previous section. Thus, in this section, we analyze
only the aged mass determined in the laboratory studies.

The high SOA formation in the beginning of the cold-start cycles
has been reported in several earlier publications (Karjalainen et al.,
2016; Pieber et al., 2018; Timonen et al., 2017), and is most probably
related to the catalyst temperature. Specifically, the catalyst tem-
perature during cold start is too low to oxidize the emitted hy-
drocarbons and thus they are available for oxidation in the OFR. By
using the TSAR designed for high time resolution, it allows us to
analyze driving condition dependent SOA formation, in contrast to
other publications using the potential aerosol mass (PAM) reactor
(Kang et al., 2007; Lambe et al., 2011) (see SI).

The SOA formation from the PFI exhaust in the TSAR seems to
depend strongly on driving condition, as it was the case for both
number and mass EFs. For the PFI hot NEDC (Fig. 3b), there was a
peak in SOA formation both in the beginning of the cycle during the
first acceleration from 0 to 30 kmh~! and at the end of the cycle
during high speed driving and acceleration from 100 to 120 km h™.
For the PFI hot WLTC (Fig. 3e), there were several peaks in the aged
OA, the highest ones again in the beginning of the cycle and for the
acceleration at the end of the cycle. On the other hand, the SOA
formation decreased when driving at a relatively constant speed of
90 km h~! starting from 1200's after the start of the WLTC.

The SOA formation from the GDI exhaust showed much less
transient behavior than the PFI. For the NEDC (Fig. 3c), the aged OA
was relatively constant throughout the cycle with a slight increase
for the high-speed part of the cycle. The absolute levels of aged OA
were almost equal in the WLTC and in the NEDC, except for a few
peaks during high-speed driving at the end of the WLTC.

The differences between the two gasoline vehicles regarding the
SOA formation in the TSAR are evident in Fig. 4, where the total SOA
production factors are presented. The steady driving at 80 kmh~!
and hot WLTC with PFI had the lowest and highest PFs of SOA at hot
engine operation, respectively, with 3.5 times difference between
the two. In contrast, the production of SOA with GDI was almost
independent of driving conditions, since the steady state driving at
80kmh~! produced almost equal amount of SOA as the other
warm-start driving cycles. The differences in SOA production
demonstrate vehicle-to-vehicle variation and cannot be addressed
to the different gasoline injection technologies since only two ve-
hicles were tested. A larger set of vehicles was tested by Zhao et al.
(2018) in an engine laboratory. Using a PAM reactor, they found no
difference between GDI and PFI vehicles in total SOA production
integrated over the phases of a driving cycle. However, it is not
possible to analyze the dependence of SOA formation on specific
driving conditions by using a PAM reactor because of its long
residence time. Thus, the two engine technologies may behave
differently in terms of SOA production under transient driving
conditions even when the integrated SOA production over a certain
test cycle is equal.

Most previous studies on gasoline vehicle SOA formation po-
tential report SOA PFs only for cold-start driving cycles (Karjalainen
et al., 2016; Pieber et al., 2018; Timonen et al., 2017; Zhao et al.,
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Fig. 4. SOA PFs determined from the laboratory experiments. The numbers above the
bars indicate the average OH exposure during the cycles (as equivalent atmospheric
days). Error bars show the uncertainty related to potential losses of low volatility
organic compounds in TSAR (SI). The cold NEDC of the PFI is excluded because of
dilution system malfunction in the beginning of the cycle. *assuming all fresh aerosol is
organic.

2018). The GDI cold-start NEDC SOA formation potential observed
here is on the same order of magnitude as PFs of previous publi-
cations. Also, the warm-start SOA PFs agree with previously re-
ported SOA PFs of warm-start cycles (Gordon et al., 2014a)
(0-20mg kgqb) and warmed-up phases of cold-start cycles
(Karjalainen et al., 2016; Pieber et al., 2018) (0.5—1.5 mg km~! and
5—-15 mg kggb).

To give a perspective on vehicle SOA formation potential, we
compare the warm-start cycle SOA PFs measured in laboratory to
SOA PFs from large vehicle fleets determined by roadside and
tunnel measurements. The SOA PFs reported for vehicle fleets are
200—400 mg kgik (at 1-8 days eq. photo-oxidation) (Liu et al.,
2019; Tkacik et al., 2014) or 40—190 pgm > ppm~' (at 2—9 days
eq. photo-oxidation; normalized to CO concentration) (Saha et al.,
2018). These values are much higher than the 8—21 mg kggli or
2—15pgm > ppm~' (Figs. S15—16) measured here for the hot-
engine operation, which indicates that the SOA formation poten-
tial from Euro 6 gasoline vehicles is significantly lower than that of
the average fleet in these studies. Even though the Euro 6 values
here were measured in the laboratory, the real-drive SOA formation

potential of these vehicles is not expected to be significantly higher,
because the real-drive measurements were below the detection
limit as discussed in Section 3.2 and close to the values measured in
the laboratory (Fig. S12). However, a significant difference between
this study and the results from larger vehicle fleets is that the latter
are measurements of a complex mixture of vehicle exhaust and
urban air, whereas we sampled the exhaust of only one vehicle at
time.

Even though the SOA formation from Euro 6 gasoline vehicles in
this study is lower than that of the vehicle fleets spanning a wide
range of model years, it is not guaranteed that the modernization of
the vehicle fleet results in lower ambient SOA formation. The
oxidation pathways of SOA precursors depend on the ambient NOx
concentrations, and decreasing NOx concentrations may lead to
increased SOA formation, despite the low-emitting vehicles (Zhao
et al., 2017).

The diesel vehicle emissions were not measured in laboratory
conditions. However, we note that previous research showed
negligible SOA formation from diesel vehicles equipped with DPFs
(Gordon et al., 2014b; Platt et al., 2017). We also measured the aged
aerosol mass of another Euro 6 diesel vehicle in the emission lab-
oratory (SI), and found that the aged OA mass was usually below
the detection limit. Occasionally, we observed peaks of mass in the
aged exhaust of the diesel vehicle at the end of the cycles, but this
consisted mainly of ammonium nitrate and the highest peak was
related to a regeneration of the DPF (Fig. S3).

The average aerosol compositions presented in Fig. 3 show that
the dominant part of aged mass for both gasoline vehicles is inor-
ganic. Mostly the aged inorganic mass is ammonium nitrate, but
also a significant contribution of sulfate is observed for the PFI
during the NEDC. Some of the sulfur is in the gas phase prior to
TSAR because the SO4:1rBC ratio is higher in the aged aerosol than in
the fresh aerosol. The precursor for the secondary sulfate aerosol is
presumably SO,, which oxidizes in TSAR to form SO3, which further
produces sulfuric acid. Maricq et al. (2002) have shown that during
the beginning of a driving cycle, the sulfur from the gasoline vehicle
exhaust is stored in the three-way catalyst, from where it is
released as SO, during fast accelerations at the end of the cycle. The
behavior of sulfur in PFI exhaust in the NEDC here seems to be
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consistent with the observations by Maricq et al. as the sulfate is
formed in TSAR at the end of the cycle (Fig. S17).

The secondary ammonium nitrate is formed when the ammonia
in the exhaust reacts with nitric acid. Nitric acid (HNO3) in TSAR is
formed when the NO in the exhaust reacts with O3 to form NO», and
NO; further reacts with OH to form HNOs. Thus, whenever there is
ammonia and NO or NO; present in the exhaust, there will be
ammonium nitrate formation in TSAR. The ammonia in gasoline
vehicle exhaust is formed in the three-way catalyst (Heeb et al.,
2006) and both ammonia emissions (Suarez-Bertoa et al., 2014;
Suarez-Bertoa and Astorga, 2016) and formation of secondary
ammonium nitrate from gasoline vehicle exhaust are frequently
observed (Link et al., 2017; Nordin et al., 2013; Pieber et al., 2018).

4. Conclusions

The number emissions of fresh particles larger than 7 nm for
three Euro 6 vehicles measured in this study in real-drive use were
generally below background noise. However, by extending the
measured particle size range down to 3 nm, we observed that the
real-drive particle emissions for the gasoline vehicles were signif-
icantly higher than the corresponding emissions measured in lab-
oratory, whereas the diesel vehicle emissions also in this size range
were below background noise levels. The results cannot be gener-
alized to different engine or aftertreatment technologies, but the
high vehicle-to-vehicle variation highlights the need for real-drive
tests to gain knowledge on exposure-relevant particle emissions
and implications on air quality. Clearly, the current regulated par-
ticle emissions, considering only solid particles larger than 23 nm,
do not reflect the actual emissions for all of the three vehicles
measured here, despite all of them belonging to the same Euro 6
class.

In addition, the real-drive secondary aerosol formation potential
was below the detection limit, and thus we expect that the
laboratory-derived SOA production factors are representative of
real driving SOA formation potential. The SOA PFs determined in
the laboratory for warmed-up Euro 6 gasoline vehicles are
approximately a tenth of the SOA PFs measured for vehicle fleets,
and even lower for DPF equipped diesel vehicles according to this
study and two others (Gordon et al., 2014b; Platt et al., 2017). Thus,
increasing the proportion of Euro 6 light-duty vehicles in the
vehicle fleet will likely diminish the atmospheric traffic-related
SOA formation. However, Zhao et al. (2017) showed that trans-
formation to modern gasoline vehicles does not necessarily reduce
the SOA concentrations if the ambient NOy levels decrease simul-
taneously. In addition to SOA, a comparable amount of inorganic
secondary aerosol was formed from gasoline vehicle exhaust,
mainly consisting of ammonium nitrate. Regulation of ammonia
emissions should be considered to mitigate the effect of gasoline
vehicles on urban air quality (Link et al., 2017).

Due to relatively low emissions of the studied Euro 6 vehicles, it
was usually difficult to distinguish the vehicle emissions from the
background when chasing a single vehicle. Thus, sampling the
exhaust directly from the tailpipe as in PEMS applications may be
better suitable for real-drive emission measurements than the
chase method. However, this would require a specific dilution
system for the fresh PN and the aged aerosol measurement. It is not
clear whether the differences in EFs for particle number between
laboratory and chase measurement were a function of the atmo-
spheric dilution process or different vehicle operation. If the higher
EFs were caused by nucleation during the atmospheric dilution (as
discussed by Keskinen and Ronkko, 2010), a PEMS dilution system
may not be able to replicate the atmospheric particle formation and
would not report exposure-relevant EFs for particle number. In
addition, fitting all the equipment needed for the fresh PN and aged

aerosol measurement on-board of a light-duty vehicle would be
challenging. Another option to determine EFs for low-emitting
vehicles is to conduct the chase experiments in a cleaner
environment.
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