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Abstract. Gasoline direct injection (GDI) vehicles have mbe been identified as a significant source ofbceraceous
aerosol, of both primary and secondary origin. Heednvestigated primary emissions and secondaygroc aerosol (SOA)
from four GDI vehicles, two of which were also wditted with a prototype gasoline particle filtaRF). We studied two
driving test cycles under cold- and hot-engine dorgs. Emissions were characterized by protonsfe@mreaction time-of-
flight mass spectrometry (gaseous non-methane mrgampounds, NMOCSs), aerosol mass spectrometiyifsaron non-

refractory particles), and light attenuation meaments (equivalent black carbon (eBC) determinaiging Aethalometers)
together with supporting instrumentation. Atmospherocessing was simulated using the PSI mobilegsohamber (SC)
and the potential aerosol mass oxidation flow @a@®FR). Overall, primary and secondary particulatatter (PM) and
NMOC emissions were dominated by the engine cad,ste. before thermal activation of the catalyditer-treatment
system. Trends in the SOA O:C for OFR and SC wetfated to different OH exposures, but divergenceshe H:C

remained unexplained. SOA vyields agreed within eérpental variability between the two systems, wétitendency for
higher values in the OFR than in the SC (or, viees&, lower values in the SC). A few aromatic coumuis dominated the
NMOC emissions, primarily benzene, toluene, xylemaners/ethylbenzene and C3-benzenes. A signifitaation of the

SOA was explained by those compounds, based on arsop of effective SOA vyield curves with thosetofuene,o-

xylene and 1,2,4-trimethylbenzene determined in@ER, and others from literature. Remaining disangjes,which were
smaller in the SC and larger in the OFR) were up factor of 2 and may have resulted from diveesesons including
unaccounted precursors and matrix effects. GPBfittiing significantly reduced primary PM througdmoval of refractory
eBC and partially removed the minor POA fractioh.cAld-started conditions it did not affect hydrdman emission factors,
relative chemical composition of NMOCs, or SOA fation, and likewise did SOA yields and bulk comgiosi remain

unaffected. Hence, GPF-induced effects at hot-engimditions deserve attention in further studies.
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List of selected abbreviations/definitions

AMS =
ArHC =
catGPF =
cE=

cW =
eBC =
EDC =
FID =
GDI =
GPF =
hE =
hw =
NMHC =
NMOC =
OFR =

OFR-from-SC =

Online OFR =
PCFE =
Ph1l=

Ph 2-4 =

POA =
PTR-ToF-MS =
SC=

SOA =

WLTC =

Aerosol mass spectrometer

Aromatic hydrocarbons (including functidmad aromatic hydrocarbons)

Catalytically active gasoline particleefi

Cold-started EDC vehicle test

Cold-started WLTC vehicle test

Equivalent black carbon, as determined éthAlometer measurements

European Driving Cycle (previously knowntlas “New European Driving Cycle”)

Flame ionization detector

Gasoline direct injection vehicle

Gasoline particle filter

Hot-started EDC vehicle test

Hot-started WLTC vehicle test

Non-methane hydrocarbons, i.e. gaseousnicgammpounds (hydrocarbons) as measured by FID
Non-methane organic compounds, i.e. gasemanic compounds as measured by PTR-ToF-MS
Oxidation flow reactor (a potential aerasilss, PAM, reactor)

Also referred to as “batch OFR”, O&dttinuously sampling from a batch sample previoasllected in
the SC

OFR deployed online during a drivaygle, connected directly to diluted exhaust

Particle count filtration efficiency

First phase of WLTC, Ph 1 (cW) refersittst phase of cold-started WLTC

Second to fourth phase of WLTC, Ph 2W)(cefers to the % to 4" phase of cold-started WLTC, these
are quasi-hot engine conditions

Primary organic aerosol

Proton transfer reaction time-offflignass spectrometer

Smog chamber

Secondary organic aerosol

World-wide light duty test cycle
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1 Introduction

Vehicular emissions are a significant source of @itlution in many urban areas (Platt et al., 2@b#ter et al.,
2014;Bahreini et al., 2012;Borbon et al., 2013;Mxyal., 2014;Worton et al., 2014;Gentner et al170Depending on
vehicle fleet technology, emissions may includee fiparticulate matter (PM), consisting mainly of -saigron primary
organic aerosol (POA) and black carbon (BC), arattiee gases such as nitrogen oxides ,JN&hd organic compounds.
(Note that we refer to organic gas phase compoasd®n-methane organic compounds, NMOCs. Measutsrbgrproton
transfer reaction mass spectrometry are also egfetw as NMOCs herein. Instead, when referring &asurements by
flame-ionization technique, we use the term nonhkiane¢ hydrocarbons, NMHCs.)

Human health is known to be impacted by ,Ngnissions, the associated ozong) (formation, and by fine PM
emitted from combustion processes. Fine PM permstd¢ep into the human body and can damage luswget{&unzi et al.,
2015), and likewise the brain (Calderon-Garcidueanad Villarreal-Rios, 2017). Therefore, numerouatsgies have been
developed to decrease PM and JN#nissions from on-road vehicles, including optirtima of engine settings and
implementation of after-treatment systems. Exammesuch systems are oxidation catalysts that pgidjas phase
pollutants (CO, NMOC), three-way-catalysts (TWC) émsoline on-road vehicles and selective catalgituction (SCR)
systems for heavy duty diesel engines and largeedppassenger cars, which convert,@issions to Nand Q.

Historically, diesel-fueled vehicles have been ggiped as a significant source of BC (Bond et 2004).
Accordingly, the use of older-generation dieselielels may be restricted in cities and catalyzed-B#egipped diesel
vehicles are subject to stringent primary PM limite achieve those, they are equipped with bothedliexidation catalysts
(DOCs) and diesel patrticle filters (DPFs), whictvénarapping efficiencies for refractory materialugf to 99% (Gordon et
al., 2013a). Due to the regulatory attention anel ithproved after-treatment systems, diesel PM eéaomissfrom new
generation vehicles have been greatly reducedflaadimodernization can reduce their burden inahwient air further.
However, NQ emissions from diesel vehicles have not been adddeas successfully and remain a topic of deleage (
Barrett et al., 2015;Wang et al., 2016;di Rattabmd Perotti, 2017).

In contrast, gasoline light-duty vehicles have nglgebeen engineered towards better fuel econondyraduced
carbon dioxide (Cg emissions to satisfy regulations aimed at mitigatclimate change (Karjalainen et al., 2014).
However, recent research indicates that some ofmithods used to attain these emission goals,dimgjuismaller engines,
leaner combustion, and gasoline direct injectio®IGystems mimicking the lower fuel consumptiord atecreased CO
emission factors of diesel vehicles, lead to angase in the primary carbonaceous emissions, edlyeBC (Karjalainen et
al.,, 2014;Zhu et al., 2016;Platt et al., 2017;3ak al., 2017;Zimmerman et al., 2016b). Consedyemodern gasoline
light-duty vehicles have higher mass-based emidsictors of these pollutants than catalyzed-DPFpgeal diesel vehicles
(Platt et al., 2017). Additionally, they have beaeported to emit ammonia (NH(Heeb et al., 2006;Suarez-Bertoa et al.,
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2014) formed on the gasoline TWC. These emissioesaeased predominantly at engine start-up, wiaalytic after-
treatment systems are still cold, and during acagén and deceleration (Platt et al., 2017;Gentted., 2017).

Regarding PM abatement automobile manufacturerse haeently considered equipping gasoline light-duty
vehicles with gasoline particulate filters (GPHRs}he light of increasingly stringent legislatiofstst results are promising
(Chan et al., 2014;Demuynck, 2017;Czerwinski et2017). Although GPFs are likely to be similarfjeetive as DPFs in
reducing primary PM such as POA and BC, recentarebeindicates that the dominant fraction of thtaltM from modern
gasoline vehicles is secondary (Platt et al., 2O et al., 2013;Nordin et al., 2013;Gordon et 2014;Gordon et al.,
2013b;Gentner et al., 2017). Dominant secondargispenclude secondary organic aerosol (SOA) (Hiikyet al., 2009)
and ammonium nitrate (NfNOs), which are formed by the reaction of emitted meethane organic compounds (NMOCSs)
and NQ in presence of N respectively, with atmospheric oxidants such gdrdxyl radicals (OH). The gaseous
precursors leading to secondary aerosol are uplicebe removed by GPF systems alone. Laboratayltseof the GPF
effect on NMOC emissions and the associated SOdton are, however, missing.

Detailed investigations of SOA formation are typlic@erformed in smog chambers (SC), where the tethigases
are oxidized in batch-style experiments lastingesalv hours under close-to-tropospheric conditiohke poor time
resolution of such experiments prevents efficigntg of SOA formation as a function of driving camhs (e.g., engine
load or catalyst temperature), which as noted abewe critical consideration for gasoline vehicles.contrast, oxidation
flow reactors (OFR) (Kang et al., 2007;Li et aD13) are based on flow-through systems, allowimgrfeestigation of SOA
formation from time-varying emissions. They utiliagher-than-ambient oxidant concentrations to ameuhours to days of
atmospheric aging in only a few minutes of experitaktime. Several studies have attempted the gatiné application of
OFR systems to complex combustion emissions (Zhab.,e2018;Karjalainen et al., 2015;Bruns et 2015;Tkacik et al.,
2014;0Ortega et al., 2013). An in-depth analysi$S@fand OFR application to GDI exhaust, however aissmmissing, and
the OFR oxidation conditions (e.g. high oxidant @amtrations, short-wavelength light spectrum, aigt lwall surface-to-
volume ratios) require further investigation (Landteal., 2011;Lambe et al., 2015;Peng et al., 204y et al., 2016;Li et
al., 2015;Lambe et al., 2017;Palm et al., 2016).

Despite recent studies of SOA from gasoline vehéaleaust (Platt et al., 2013;Gordon et al., 2018bgiGn et al.,
2014;Nordin et al., 2013;Platt et al., 2017;Zhaalet2017;Zhao et al., 2018), the formation preessthe role of relevant
precursors and their SOA yields remain a subjedetiate, and SOA data from the European GDI fleesearce. A wide
range of ratios of secondary-to-primary OA (SOA/PQénd SOA vyields (mass of SOA formed per orgaaigors reacted)
has been reported while using standardized andctaiple testing procedures (Jathar et al., 2014r@ewt al., 2017). This
is in part due to the high uncertainty relatedxpegimental considerations, including NMOC lev@&§) concentrations, OH
exposure, particle and vapor wall losses and eamisssampling. Moreover, the previously applied téghes (such as
offline gas chromatography-MS and -FID analysighaf total hydrocarbons (THC), or quadrupole prdtamsfer reaction
mass spectrometry (Q-PTR-MS) (de Gouw et al., 2008inger and Jordan, 1998) which allowed only famline

monitoring of selected compounds having no sigaificinterferences at the same integeézr), show limitations when

4
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studying complex combustion emissions. Recenthgazét al., 2016 suggested that the precursorsaméndntly volatile
organic compounds with a saturation concentraf@nabove 16 pg m®. This should allow for investigation with modern
online instrumentation, such as the high resoluiime-of-flight PTR-MS (PTR-ToF-MS).

Here, we investigated primary NMOC, POA, eBC enoigsiand SOA formation from Euro 4 and Euro 5 GDI
vehicle exhaust, including vehicles retrofittedhwirototype GPFs. Vehicles were tested on a chdgasmometer during a
modern regulatory driving cycle (world-wide lightity test cycle, WLTC class-3) and an older low-I&&dopean driving
cycle (EDC); both, under cold- and hot-engine ctiads. We studied SOA formation through batch-sgdéng in the PSI
mobile SC (Platt et al., 2013) and the potentiabs@ mass OFR, (Bruns et al., 2015;Lambe et @l.,12 ambe et al., 2015)
both, applying the latter for batch-style as wslltiane-resolved analysis. Relevant SOA precursare wharacterized using
a PTR-ToF-MS, and their photochemical processirgted to SOA formation, where SOA mass and its kallkmical

composition was derived from HR-ToF-AMS measuremsent

2 Experimental

Two experimental sets were conducted (set | in 2@&4 1l in 2015). In addition, selected SOA precus (toluenep-
xylene, and 1,2,4-trimethylbenzene (TMB)) were safsy injected into the OFR for comparison witle thehicle data
(experiments conducted in 2016). In the following describe vehicle testing (Section 2.1), photodsteynexperiments

(Section 2.2), and mass spectrometric instrumemtafSection 2.3).

2.1 Vehicle testing

Vehicles were operated on a chassis dynamometke dt.aboratories for IC-Engines and Exhaust EmissTControl of the
Berne University of Applied Sciences in Biel (Switland)”, which includes a roller dynamometer (Satte500 GS60), a
driver conductor system (Tornado, version 3.3),\é5Qlilution system (Horiba CVS-9500T with Roots Wwhr), and an
automatic air conditioning in the hall (intake- addution air) to maintain a temperature of 20-3046d an absolute
humidity of 5.5-12.2 g kg The driving resistances of the test bench andthking resistances were set according to legal
prescriptions without elevation change. This equ@ptrfulfilled the requirements of the Swiss and dp@an exhaust gas
legislation. The dilution ratio in the CVS-dilutidannel was variable and assessed by means of@hai@lysis; the range
was from 8, during high engines loads, to 30-40dl&t conditions. Gaseous components were monitaith an exhaust
gas measuring system Horiba MEXA-9400H, includingasurements of CO and ¢®y infrared analyzers (IR),
hydrocarbons by flame ionization detector (FID) fotal hydrocarbon (THC) and non-methane hydroaarféMHC)

measurements. Further instrumentation is listesl iBection S2.
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2.1.1 Vehicles, GPFs and fuels

Table 1 and S1 list the tested vehicles. In 201el tested a GDI Opel Insignia (denoted GDI1) andodv®&/ V60 (GDI4).
GDI1 was studied in standard configuration, ana adtrofitted with a prototype gasoline particliefi (GPF, cordierite,
porosity 50%, pore size 19 um, 2000 cells per sgirah)). The GPF was installed “underfloor”, c@.@n downstream of
the original TWC, and replaced the muffler (Fig@#). Filtration quality at this configuration waguévalent to the best
available technology for DPFs (personal communicativith the manufacturer; particle number reductiovere further
assessed in Czerwinski et al., 2017 and yielde€BEH>98%). In 2015, we tested two additional GDI vehicles (GPDI
GDI3) in standard configuration. We also repeagsistwith GDI4 in standard configuration and retied with two GPFs:
a) the previously tested GPF (as above), and l/BHPcatalytically coated GPF (denoted catGPF)rdRettng was again
performed in form of an underfloor modification lagng the muffler ca. 60 cm downstream the origif&/C. The PCFE
was >86%. The primary purpose of the catalytically asticoating was constant GPF self-cleaning of depasit
carbonaceous material according to personal conuation with the manufacturer. In future applicaipsuch catalytic
coatings might replace the existing TWC, or morec#fjrally, the TWC could be combined with a GPFoime system. All
vehicles were fueled with gasoline from the Swisskat, RON 95, according to SN EN228. It contaiB&86 aromatic
hydrocarbons, <1% alkenes, 5% methyl-tert-butyke{tMTBE) (in 2014, ~8% in 2015) added as anti-kiog agent, and

<0.5% ethanol, all on a volumetric basis.

2.1.2 Test cycles

We used dynamic driving cycles: the world-wide tighuty test cycle (WLTC-class 3), and the commaut, towadays
considered less representative, EDC (Europeamdrisycle). Figure 1 and S2 provide the speed mafWhile the EDC is
characterized by two phases, urban and extra-yshase of highly repetitive characteristics, andsl&® min, the WLTC
has four phases at different speed levels, reféoed Phase (Ph) 1-4, i.e. low, medium, highgelRtgh speed, and contains
patterns of disruptive acceleration and decelanatiblasts 30 min. Engines were started eithegradt soaking time of at
least 6 hours at test bench temperature (refeored tcold-started”), or after warming the engine after-treatment system
by driving for 3 min at steady-state (80 km, lhot-started”). Tests are referred to as coldtsthWLTC (cW), hot-started
WLTC (hW), cold-started EDC (cE), and hot-startdd(E(hE) throughout the manuscript.

2.2 Non-regulatory measurements and photochemistrgxperiments

In parallel to CVS measurements, emissions wereksathfrom the tailpipe using either 1 or 2 Dekgéctor dilutors in
series for characterization by non-regulatory emaipt and photochemistry experiments. Figure 1 givesheme of the set-
up. Sampling was performed as reported earliefdtt Bt al., 2017 and Platt et al., 2013. It dem@ted good agreement of
batch-sampled emissions with online measurementgaséous pollutants at the tailpipe (Platt et 2013) and also

gravimetric PM samples from the CVS (Platt et 2017). A likewise comparison of our PM measureménzrovided in
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Figure S16. Tubing material, length, temperature #ow rates are specified in the S| Section S&a@lair to operate the
non-CVS sampling and dilution system, SC and OFRs wrovided by a compressor (Atlas Copco SF lred-fcroll
compressor with 270 L container, Atlas Copco AG,it3svland) combined with an air purifier (AADCO 25gries,
AADCO Instruments, Inc., USA). Clean air specifioat can be found in Platt et al., 2013. Along witkasurements of
CO,, CO and CH (CRDS, Picarro), THC, CHand NMHC (FID, Horiba), NO, N§ Os, particle-phase instruments (CPC
and SMPS for particle number and size measuremamtis7-wavelength aethalometers for eBC deternaingrinovec et
al.,, 2015) (Aerosol d.o.0)), we deployed high ratoh time-of-flight mass spectrometers to investiigthe chemical
composition of the fresh and aged exhaust. Masstrgpeetric instrumentation is described in Seco8, all instruments
are listed in Tables S2-S3.

2.2.1 Experimental procedure

Experiments were conducted in three configurations.
» time-resolved measurements of primary emissions teme-resolved aging in the OFR during dynamic idigv
cycles, denoted “OFR online”
* OFR photochemical aging from SC batch samples wiieke collected over a driving cycle or phaseseher
denoted “OFR-from-SC”
e SC photochemical aging of the before-mentioned &Chbsample
At the start of each experiment the cleaned SC fillad to approximately two thirds full with humifiéd air, with the
remaining volume available for sample injectionluBid emissions from the cold-started driving cyeiere then sampled
into the SC for a later photochemical batch expernitnThe batch sampling was conducted either dwerfull cycle (cW
and cE), the first (Ph 1, cW) or the aggregatediseédhrough fourth phases (Ph 2-4, cW). After sa&mipjection, the
chamber volume was filled up to its maximum witkan air, and the relative humidity adjusted to 50%.quantify OH
exposure during the later photochemical experimehtgl of 9-times deuterated BuOH (BuOH-D9, purchasesimfr
Cambridge Isotope Laboratories) was added to thplea(Barmet et al., 2012).

In parallel to SC sampling, diluted emissions frifra cold-started tests were sampled online dutiegést bench
driving cycle and characterized in real-time, eaitfresh (“primary”), or OFR photo-chemically age@dcondary”). Once
the first driving test was completed and the primamissions were characterized in the SC batclot-atarted vehicle test
was performed. For this purpose, the vehicle wasraipd for 3 min at 80 km*hsteady state driving prior to the test.
Emissions of the hot-started cycle were charaadrin real-time fresh, or OFR aged. No samplindhaif-started cycle
emissions into the SC was performed.

Once both driving tests were completed, the emisspreviously collected in the SC were charactdrizad when
the monitored parameters and BuOH-D9 signal stadlliand indicated a well-mixed chamber, primaryssions were
sampled from the SC into the OFR for photochemégahg (“OFR-from-SC” sampling, also referred to“hatch OFR”
herein). The OFR was operated at varied OH expegiletermined by UV lamp intensity (100%, 70%, 50Fhally, UV

7
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on measurements were followed by a UV off (OFR Jadriod. Once OFR-from-SC sampling was complet@dwas
injected into the SC to titrate NO to NONitrous acid (HONO), used as an OH precursorhia $C, was injected
continuously for the remainder of the experimert photochemistry was initiated by illuminating tB€ with UV lights for
a period of 2 hours. The temperature around thev&&initially 23+2°C, and reached 26+2°C with Ughts on. The OFR
likely also exhibited slightly higher than ambideimperatures close to the UV sources due to heétimg the lamps.
Background measurements were conducted before experiment in SC and OFR, see Section 2.2.2 &h8d.2.

In addition to GDI exhaust experiments, tolueoxylene and 1,2,4-TMB provided via a liquid injexti system

were aged in the OFR as reference measuremergpanate experiments.

2.2.2 PSI mobile smog chamber (SC)

The SC described by Platt et al., 2013 is an apmately 12 mi, 125um thick collapsible Teflon bag (DuPont Teflon
fluorocarbon film (FEP), type 500A, Foiltec GmbHe@any) suspended from a mobile aluminum framex@x2.5 m,
LxWxH) with a battery of 40x100W UV lights (Cleo fi@mance solarium lamps, Philips). It is equippéth an injection
system for purified air, water vapor, and gases. i@#icals used as the primary oxidant are generayephotolysis of
HONO (Platt et al., 2013;Taira and Kanda, 1990)riu photochemistry, in-situ formation of;®@esulted in an average
OHIO; ratio of 5x1¢°; OH concentration and exposure are provided irréBalts section. The SC was cleaned prior to each
experiment by filling with humidified air andsQirradiating with UV light for at least 1 hour,lfowed by flushing with dry,
pure air for at least 10 h. Background measurenwadrttee clean SC were conducted prior to each éxget with UV lights
off. Background was insignificant compared to owasurements, except when stated otherwise. Phatigthg control
experiments were conducted regularly to estimate dbntribution of the SC background to SOA formatidhese
experiments were conducted after the standard iolg@mocedure. Instead of vehicle exhaust, purevas used as a sample
and ammonium sulfate (50 pg3ninjected as seed. Other photochemistry experiahgibcedures were in line with the
typical vehicle experiments. We found a SOA backgmb<1 pg . This was below the SOA concentrations formedruri
vehicle exhaust aging, see concentration-levelepsrted in Tables S4-S7. Concentration levelh@ $C, which were a

result of our sampling and dilution strategy, wexpresentative for urban ambient conditions.

2.2.3 Oxidation flow reactor (OFR)

Experiments herein utilize the potential aerosobsn®FR, of which several different configurationgse (Bruns et al.,
2015;Lambe et al., 2011;Kang et al., 2007;Lambad.eR015). Our OFR was previously described byBret al., 2015 and
consists of a 0.015 incylindrical glass chamber (0.46 m length, 0.22liameter) containing two low pressure mercury
lamps, each with discrete emission lines at 1852&#nm (BHK Inc.) (Li et al., 2015;Peng et al. 18(Peng et al., 2016).
The lamps were cooled by a constant flow of aire Ticoming reactant flow was mixed radially disperdy a perforated
mesh screen at the inlet flange. In our experimethts flow through the OFR was regulated by thewflpulled by

instruments and pumps behind the reactor, and etas $8-9 L mift. This corresponds to a plug flow residence tim8@®f

8
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100 s. A fraction of the total flow (0.5-1 L mihwas sampled behind a second perforated meshjiscarded to limit wall
effects. The OFR was equipped with an injectiontesysfor water vapor (a Nafion humidifier) and organompounds
(BuOH-D9 as an OH tracer, and toluengylene and 1,2,4-TMB purchased from Sigma-Aldrfpka.) for precursor tests).
Figure S3 provides a scheme. OH radicals in the @R produced by photolysis of water vapor at hé and by
production of atomic oxygen in excited staté@)(from photolysis of ozone at 254 nm, which can react with® to
form OH. Q itself was produced by reaction of atomic oxygemriound state, &®), with Q. OCP) in turn was formed by
photolysis of @ at 185 nm. Lamp power can be regulated betweed@@0%, with lower intensities lowering both; &hd
OH production. The ratio of OH/Jemained relatively constant at our test poirtsA-@.6)x1® at 100%, (1.9-3.0)xIDat
70%, and (1.7-2.6)x10at 50%. OH concentration and exposure are providéke results section. During “online” (time-
resolved) operation, the diluted exhaust (1 ore2tef dilutors, each at a dilution ratio of 1:8)swaixed with humidified air
up to 50% of the total volume flow through the teacFor OFR-from-SC experiments instead, no sdépaddition of water
vapor or BUOH-D9 was required. The OFR was clegménl to each experiment by flushing with humidifiepure air,
while keeping UV lights on for at least 10 min. Rgmund levels were <2 pg8OA before OFR-from-SC experiments

(when sampling from cleaned SC) and <10 piywhen sampling diluted (1:8) test bench room amonline-experiments.

2.2.4 Particle losses in SC and OFR

Loss of particulate (and gaseous) material to cgagtlls can cause significant uncertainties inations of atmospheric
aging (Zhang et al., 2014;Lambe et al., 2011;McMwand Grosjean, 1985). The main losses of partiatesdue to (1)
diffusion, (2) electrostatic deposition and (3)\dtaional settling, which are in turn affected teynperature changes due to
the UV lights.

Those losses were accounted for in our SC expetimesing the method described in Weitkamp et &l072and
Hildebrandt et al., 2009. This addresses all effeicicluding the aforementioned temperature effesitaultaneously. The
suspended OA concentrationg Lzuspendea Was consequently corrected to yielghGic following Eq. (1) from Hildebrandt et
al., 2009. Particulate wall-loss ratés, were determined from an exponential fit of thedidependent decrease in eBC
mass determined from optical absorptioha®50 nm. When eBC was below the instrumental dietedimit (e.g., for
experiments with retrofited GPF), an average bamedhe other experiments was appliég=6.6x10° s*). Diffusional
losses of particles vary with particle size (McMuand Grosjean, 1985). Our correction implicithpased internally mixed

OA/eBC patrticles, and did not account separatalgite-dependent effects.

t
COA,wlc (t) = COA,suspended (t) + fo kw * COA,suspended (t) * dt (1)

A comparison of eBC mass up- and downstream thie D&icated no significant losses of particulatasmy UV
on or UV off periods; the experimentally determirteghsmission was equal to 1. Consequently no durtiorrection was
applied. Particle wall losses in the OFR have peamtified previously by Lambe et al., 2011, whpated at least 80%

transmission efficiency for particles of mobilitiacheter ¢I,,) >150 nm. The particles measured downstream the @eur
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study had a median vacuum aerodynamic diamelgr fetween 200-400 nm (HR-ToF-AMS-based size digtidms in
Figure S10). This correspondeddg >150 nm assuming spherical particles and an OAitlenf 1.2 g crit (Turpin and

Lim, 2001). Particle size distributions in this gensupported our experimentally determined trarsonsequal to 1.

2.2.5 Vapor losses in SC and OFR (on walls and thugh other non-OH processes)

Low-volatility vapors (especially semi-volatile (8L€), and low volatility organic compounds (LVOCkasrone to losses
on clean reactor walls and deposited OA particsch compete with partitioning to suspended OAtipkes. Numerous
publications discussed potential SVOC and LVOC Wadkes in SC systems recently (e.g. Krechmer.e2@17;Ye et al.,
2016;Zhang et al., 2014;Hildebrandt et al., 200®ey highlighted that these losses may result oletipredictions of SOA
yields. However, a robust strategy for their detaation and correction remains challenging (Krecheteal., 2017). In our
previous work, we estimated that vapor wall losses cause SOA yields to be underestimated for pleeiic SC used
herein by a factor 1.5-2 (assessed based on gasadinicle exhaust, see Platt et al., 2017). This Ime with suggestions
by others (e.g., a factor of 1.1.-4.2 reported tnarg et al., 2014 and 1.1-6 reported by La et2811,6). Hence, data
correction would increase our SC SOA yields on agerby a factor 1.5-2.

Palm et al., 2016 recently estimated LVOC lossethé OFR, and described them as a result of ldsseslls,
losses due to insufficient residence time for garting to the particle phase (i.e., before vapoti$ the OFR before they
condense), and losses due to fragmentation upotipleuDH reactions prior to vapor condensation ospgnded OA. We
tested the loss rate of vapors in our OFR for batcde operation. Given the high SOA concentratind hence high
available particle surface ((1-5)XAnT cm® based on the SMPS size distribution of SOA), tes® 20% of the formed
LVOC was estimated to be lost to the reactor wadi;mg the Palm et al., 2016 model. Data correctionld increase our
OFR SOA yields by a factor of 1.25 on average.

Non-OH reaction processes in the OFR can be anptitbivay by which SOA precursors (vapors) are [blsese
processes have been parameterized by Peng e036,83 a function of residence time, photon-fluxOgrmeasurements,
water vapor availability, and external OH reacti(iODHR.,,), which is defined as the product of the availaDld-reactive
material and its respective OH rate constant. Rtsof285 nm, 254 nm), oxygen allotropes (excitedgexyatoms (3GD)),
ground state oxygen atoms ¢B)), and ozone (§) were identified as relevant loss processes &rysor molecules,
dependent on their chemical identity. To estimétgrtcontribution vs. OH-reactions, we applied fheng et al., 2016
model. The results and implications of photon-iretl@ffects on SOA formation or destruction are uhsed in the Sl
Section S4. In brief, for OFR-from-SC experiments, predicted non-OH loss processes of SOA precsitsoyield up to
25% for benzene and 10% for toluene, initiated bgtpns. For time-resolved OFR experiments, the inpaslicted more
significant losses at low dilution ratios (1 ejectilutor, which applies to experiments from 201dhd smaller influences
for experiments conducted with double dilution {@ctor dilutors, which applies to experiments fr@615). This is due to
the relatively higher [OH] at lower OHR Time-resolved OFR experiments from 2014 werehirtimpacted by OH
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suppression and relatively higher NiBvels. For this reason we did not use them qtaiviely within this publication (see
Section 3.3, Sl Section S4,).

2.2.6 SOAyields

Our SOA yield analysis is based on SC and OFR-f&@nexperiments with GDI1-3 when tested over thedytle or Phl
only. An effective SOA vyield {Y,), was calculated as the ratio of the formed SOAgnia the reacted SOA-forming spedies
(in Aug m° Eq. (2)). We took into account all our identifi&®A precursors, i.e. the 8 dominant aromatic hyairioons
presented in Figure 4d, neglecting non-reactive rmottSOA forming precursors. Thereby, we assumad dh relevant

SOA precursors were measured.

ASOA

Yi ASOA_precursori'reacted

Ye

)

SOA yields are presented as a function of the swdgmk (i.e. non particle wall loss corrected) orgaaérosol mass
(POA+SOA), for consistency with the wall loss catien method described above (i.e. neglecting vayadl interactions).

In practice, this has little effect on the obtaif@@A yield curves, as particle wall losses weretéch due to the short
experiment time (2 hours). As the yield could bkwated for each point in time since initiation giotochemistry, values

as a function of OH exposure and also as a funai@uspended OA were derived.

2.2.7 OH exposure estimation

The time-integrated OH exposure (molects), defined as the integrated OH concentration the reaction timet( was
calculated from the decay of BUOH-D9 (Barmet et 2012). The obtained OH exposure was related tapgmoximate
ambient aging time by assuming a mean atmosph@iitj pf 1x1¢ molec cn? (global 24h average, Finlayson-Pitts and
Pitts, 2000). We also predicted OH concentratiath @posure using the OFR model and OH exposumaa&isbin from Li et
al.,, 2015 and Peng et al., 2016. The tracer-bade¢cxposure was generally in good agreement withntbeel results,
except at the highest OH exposures where the trae#inod was on average a factor of 3 higher (Sti@e&4). Tracer-

based OH exposures were used throughout our asahgsthese measurements are specific to our exgras.

2.3. Mass spectrometric instrumentation
2.3.3 PTR-ToF-MS

A proton transfer reaction time-of-flight mass spemeter (Jordan et al., 2009;Graus et al., 20RPOR-ToF-MS), (PTR-
TOF-8000, lonicon Analytik Ges.m.b.H., Innsbruclystria), was used to study gaseous non-methan@iorgampounds
(NMOC) in fresh and aged emissions. We used hydrorions (HO") as the primary reagent. Water clusters@)fH,0)"
were below 5% of the 4D ion and not considered further. Detected compoimcisded aromatic hydrocarbons, alkanes

(>C,0) and alkenes (>, as well as oxygenated compounds and thus marngcoies expected in GDI vehicle exhaust
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(Gueneron et al., 2015;Schauer et al., 2082}. set | (2014), the PTR-ToF-MS operated at at doftage of 545 V, a
chamber temperature of 90 °C, a drift pressure.®dfabar, and a resulting reduced electric fi&éNj of 140 Td. In set Il
(2015) and for single precursor experiments (200@)used 545 V, 60 °C and 2.1-2.2 mbar, respdgtivesulting in an
E/N of 130 Td. The mass resolution, mass accuracy ratative transmission efficiency (De Gouw and Wame
2007;Mdiller et al., 2014) were routinely verifieding a 12-compound gas standard (Carbagas, pretbiraegemyz 45 to

181, containing alcohols, carbonyls, alkenes, atimntgydrocarbons and terpenes). Further, we usethtemal calibrant
(diiodobenzene, gH,l,, protonated integan/z 331), to support mass calibration at higimézr.

Data were analyzed using the Tofware post-procgssoftware (version 2.4.2, TOFWERK AG, Thun,
Switzerland; PTR module as distributed by loniconatik GmbH, Innsbruck, Austria), running in thgot Pro 6.3
environment (Wavemetrics Inc., Lake Oswego, OR,.Al)SIn the absence of fragmentation, ions areepled at thenw'z
corresponding to the neutral parent molecule shifig the mass of one proton (denoted [NMOC3HThe exact mass was
used to determine the elemental composition andbawed with previous reports of compounds identifiademissions
(Schauer et al., 2002;Schauer et al., 1999;Gueredrah, 2015;Erickson et al., 2014) to proposelfikmolecular structures.
NMOC concentrations were derived from theOH normalized ion signal of [NMOC+H] the appropriate reaction rate
constant towards 40" (kyso.) from Cappellin et al., 2012 and Cappellin et 2010, and the residence time in the drift tube,
following standard procedures. While ideally the lecolar sum formula can be approximated by the texaass of
[NMOC+H]", isomers, such as e, p-, m-xylenes and ethylbenzene, cannot be resolved gid i& uncertain. When the
information was missing, we used the collisiona reonstant (2xIdcnts?). Although protonation with kD" is typically
soft, fragmentation may occur for aldehydes, altmhalkanes, alkenes and substituted aromatic$, thi¢ non-oxygen-
containing species being of particular importaneeeim (Gueneron et al., 2015;Erickson et al., 2BU#r et al., 2002).

Fragments constituted a small fraction of the tsigihal in our analysis (see results). No correstivere applied.

2.3.4 HR-ToF-AMS

Quantitative, size-resolved mass spectra of therafsactory sub-micron particle composition werdaited using a high
resolution time-of-flight aerosol mass spectrométtR-ToF-AMS, Aerodyne, (DeCarlo et al., 2006))uggped with a PM
aerodynamic lens. All data presented hereingpen minus closed signals derived from high resolution analysisirfgt
procedures (SQUIRREL1.51H, PIKA 1.10H), runningtlwe Igor Pro 6.3 environment (Wavemetrics Inc., e &swego,
OR, U.S.A)). Following standard procedures (Caratgaret al., 2007), the instrument ionization é&ficy and particle size
measurement were calibrated using size-selectegNRE particles and polystyrene latex spheres, respgtiA relative
ionization efficiency of 1.4 for organic materiabs applied. We used a collection efficiency ofd ppon photochemistry,
significant amounts of NiNO; were formed, and under our (WEBEO,-free conditions, our aerosol mixture is not expdct
to bounce significantly. No corrections for lerasrsmission were performed; pTOF distributions aowiged in Figure S10.
HR-ToF-AMS data were corrected for background daasp CQ by subtracting the C&signal measured in a particle-free

sample. The interaction of inorganic salts with-geposited carbon on the tungsten vaporizer cahtiea CQ" signal in
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the open minus closed HR-ToF-AMS mass spectra (Pieber et al., 2016)td&t@mical aging resulted in significant MO,
formation, reaching N@OA ratios of roughly 5. A C@ signal at 3.5% to NQwas determined by calibration (Figure S4)
and corrected according to Pieber et al., 2016.

3 Results and discussion
3.1 Pollutant emission factors (EFs) as function afehicle technology and driving cycle

Figure 2 summarizes emission factors (EFs) acrisgehicles and conditions tested. We investigalddHC, THC,
primary PM (eBC, POA) and SOA. A detailed discussim emissions of CO, NOparticle number and genotoxic PAHs

from cold- vs. hot-started cycle driven GDI vehgla standard configuration is provided in Mufioalet2018.

3.1.1 NMHC and THC

No drastic test cycle-dependencies (WLTC vs. ED@yewobservable in terms of NMHC or THC EFs for estialrt
conditions (cW vs cE). The comparison for hot-st@drtycles (hW vs hE) was not conclusive, but indidaventually lower
EFs during hE for GDI1. Differences between coldd dot-started tests were more dramatic: EFs afigoyt NMHC and
THC were reduced by a factor of 90 for GDI1-3 unket-started conditions compared to cold-startststéigure 2, panel
a and c). Median NMHC EFs were 1132 mg,kg (cW) and 12.9 mg kg* (hW). EFs from cold-started WLTC (cW) for
GDI1-3 were clearly dominated by Ph 1 (cW, 4663kgg."), which exceeded all other test conditions by 2 trders of
magnitude. For GDI4 we found lower total emissidnsing cold-started cycles compared to other vekiét-factor 3 lower
than GDI1-3, median NMHC EF (cW): 434 mgqkd) and a smaller difference between cold- and tarted cycles. For
GDI4, the cW NMHC EF was only 8 times higher theani hW, rather than 90 times as for GDI1-3. Insteelten looking
at the total NMHC EF of hW, GDI4 exceeded thoseGdil1-3 (the median for hW (GDI4) is 55.7 mgqkg). This
remained true for individual cycle phases. Commaifth 1 of cW and hW vs. Ph 2, 3 or 4 of cW and hwdifferent
vehicle standards revealed that, except for PAAD),(6DI4 had higher EFs during all other phases t6&I11-3 (factor 2-
30, with the biggest difference found for Ph 2-¥\). The corresponding median data were 4663,288, 1.6 (for GDI1-
3, Ph 1 (cW), Ph 1 (hW), Ph 2-4 (cW) and Ph 2-4 meépectively), and 1507, 2.2, 56.8, 41.1 mg.Kgfor GDI4). Lower
cold start emissions of GDI4 compared to other aclekimay be explained by differences in the catatter-treatment
system, the location of the catalyst as well asiced cold start enrichment. In terms of NMHC andCTHFs, GDI4 is in
line with Euro 6 vehicles, for which regulation@®cuses on the reduction of the cold-start HCssions. GPF-retrofitting
did not affect the NMHC or THC EFs for either Gid 4 under cold-started conditions, as furtherulsed in Section 3.2.

3.1.2 Primary PM (gravimetric PM, eBC, POA)

Primary PM emissions appeared less dramaticalgcadtl by the differences between cold- and hotestarycles compared

to above discussed NMHC and THC EFs (Figure 2alpcBee sampling of phases of the cold-started e¢ié the SC

13



10

15

20

25

30

(Figure 2d) and time-resolved measurements (Figuiedicated that significant eBC was emitted dgraold-engine start-
up (Ph 1 cW). Primary PM emissions were, howevetas strongly reduced during hot-engine conditi@es Ph 2-4 from
cold-started cycle as well as hW in Figure 2a/lsid Rigure 3). The total PM emitted by vehiclestanslard configuration
was dominated by eBC rather than POA (Figure 2h, the low POA-to-eBC ratio similar to diesel eregimot equipped
with DPFs, as also found by Saliba et al., 2017. raéasured in the batch samples (sum of eBC and R@&Ayompared
with gravimetric PM analysis of filters sampledrfraghe CVS in Figure S16, and chemical analysisMfdamples is further
presented in Mufioz et al., 2018. Significant efdct the primary PM EFs were induced by the appticaof GPFs as

discussed in Section 3.2.

3.1.3 Secondary Organic Aerosol (SOA)

Emissions of all cold-started vehicles, technolsg@ad driving tests showed significant SOA formatipon photochemical
oxidation (Figure 2b), in line with other studies @DI as well as port-fuel injection systems (Péatal., 2017;Gordon et al.,
2014;Nordin et al., 2013;Saliba et al., 2017;Zha@le 2018). The findings were consistent with abobservation that
NMHC and aromatic hydrocarbon EFs (determined leyRAR-ToF-MS, see Figure 2d) were significantlyhleigduring
cold-started cycles compared to other conditionst-¢hgine emissions (Ph 2-4 sampling from coldtsthWLTC, as
presented in Figure 2d) also resulted in SOA foimnatwhich was, however, 20-50 times lower in tewh&Fs than SOA
formed from Ph 1 sampling of a cold-started WLTQisTis likewise in agreement with the trends intidaby the phase-
dependent NMHC EFs (Figure 2c). Also the SOA préidudfactors for GDI4 (median: 12 mg kg.) were around a factor
20 lower than the average SOA production of GDIERjure 2b) (median: 222 mg %g.). The observed SC SOA (on
average 13-170 mg Kge) was in line with previously aggregated data (@.gnedian 60, range ~10-400 mg'kg as
reported in Jathar et al., 2014) and with our presifindings (range ~6-70 mg kg, Platt et al., 2017). OFR experiments
resulted in higher SOA values compared to SC enpnis (OFR SOA on average 11-500 mgkg): this was in parts due
to the higher OH exposure which led to more reapiedursor mass and higher OA loadings. High OAlilogs induced
partitioning effects (Pankow, 1994;Donahue et2006), which needs to be considered when comp@iig and SC data.
This can be done by comparing SOA data as a fumcfi®A, as presented in Section 3.6, Figure 6eOdifferences which
may affect the measured SOA mass within the tweesys (including vapor losses, etc.) are discuss&kctions 2.2.5 and
3.6.

While engineering measures to reduced cold-staidstoms from GDI4 were effective to reduce SOA Edrg] the
lower SOA EFs of hot-engine conditions indicategl thlevance of a functional after-treatment systemeduce SOA, GPF-

retrofitting appeared ineffective under cold-stdrtenditions.

3.2 Effect of gasoline particle filters (GPF) on pllutants

Figure 2 provides emission factors (EFs) of GPFofigted vehicles compared to standard configurgtias discussed in
Section 3.1. We found that gravimetric PM was digantly reduced by the retrofitted GPFs testedGipil and GDI4
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(reduction was 98%, 96% and 84% for GDI1-GPF, GBRF and GDI4-catGPF during cW, respectively; cquoesiing

hW reduction was 96%, 91%, and 73%). The signifigaimary PM reduction was linked to the removatted non-volatile
eBC fraction (Figure 2 panel b,d), which dominateel total primary PM and for which reduction valygsdded >99%, 94%
and 64% for GDI1-GPF, GDI4-GPF and GDIl4-catGPFpeesively, during cW.

Retrofitted GPFs (including catGPF downstream thedard TWC) appeared also to reduce the POA dnackiut
the effect was smaller (by 54 to 64% in 3 testg,with a POA enhancement in a fourth test, whichcaanot robustly
interpret; all data correspond to cold-started egcl POA removal is more complex, given that POA &avide range of
volatilities and may thus encounter a particlesfilin either vapor or particle phase. Only the hdlatility POA fraction
may be efficiently removed by filtration, while neovolatile material passes through the filter gsovaand condenses when
the exhaust is cooled in the ambient air. GPFsndidaffect FID-based NMHC (Figure 2a), aromatic togérbon EFs
(Figure 2d), or the PTR-ToF-MS-based NMOC compesitiuring the cold-started cycles (discussed lat&igure 4). We
have indications for GPF-induced hydrocarbon redoctiuring hot engine conditions (by 20-80% for thED-based
NMHC EFs measured from the CVS system) and belieisedeserves further attention in follow up stsdi€he retrofitted
GPFs did neither reduce the SOA EFs under coldestaronditions (Figure 2, panel b,d, and Figure)S$®A reduction
requires hence additional after-treatments to remdMHCs or selected NMOCs, such as reduced coftl-etgichment or
engine/catalyst pre-heating. Significantly lowe®@A EFs of GDI4 and during Ph 2-4 SOA experimemgsiadicated by
such engineering measures (Section 3.1). No effettthe GPFs were observed on SOA yields or bulkndbal
composition of cold-started tests, detailed laBactions 3.6-3.7).

3.3 Time-resolved SOA formation in the OFR during gnamic test cycles

CVS and batch sampling of the individual cold-gdr?WLTC phases indicated the highest emission ok $f@cursors and
SOA formation during cold-started Ph 1 (cW), asaded in Section 3.1.3/Figure 2d. This was confidniey time-resolved
SOA profiles from aging of the emissions in the O#iftine during the driving cycles, which we showHigure 3 for cW
and hW tests using GDI1 in standard configuratidme emissions were exposed to OFR photochemisttly, W intensity
at 100%. Particulate OA and nitrate (denoted;N¥ere monitored downstream the OFR; for the ctddted cycle, the
POA signal measured during a separate experimehtWW off is shown for reference. The large diffece between the
OA and POA traces indicated that the observed OA mm@dominantly SOA. During the cold-started cysle found
significant SOA formation during Ph 1 (i.e. standalow speed) and to a lesser extent during Ph(rdulated highway
driving), which confirmed our observations from e 3.1.3/Figure 2d. The peak at engine start eeserved during all
cold-start vehicle tests, regardless of vehiclayimy cycle or GPF-retrofit, while the small peak the end of high-
speed/extra urban driving was finished appearednisistently. The latter is related to a delay & ®FR signal by the
residence time in the reactor, as also observethhy et al., 2018, and might potentially also based by a delay of SOA
forming species which are retained on surfaces qiflaget al., 2017). The SOA signal correlated wigdrocarbon
measurements at the OFR inlet (Figure S6-S9). Turation of the SOA peak observed at the engind stas likely
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artificially increased by OFR residence/responsesicales and reflects the first few seconds to tesprior to catalyst
light-off, rather than representing consistentlgthemissions throughout Ph 1. Supporting this egilan, the hot-started
cycle (in which the catalyst operated efficientlgrh the beginning of the test) did not exhibit aignificant emission of
NMHC (Figure 2c), and resulted in relatively litt®OA formation when investigated online. Hencep alsiring online-

measurements, cold-start emissions appeared tandterthe total GDI SOA burden.

Time-resolved SOA data from 2014 were not used tpaéimely herein, due to instabilities with the G#tposure
throughout the driving cycle (lower OH exposureidgrhigh emissions period as well as potential ioipdy photolysis
and competing non-OH processes, as discussedSed@ibon S4, Eq. S2 and Figures S11-S12, (Peng, &0dl5;Peng et al.,
2016;Li et al., 2015). Further, those data wereepiidlly impacted by an NO-influence on the oxidatregime (high vs.

low NO levels, NQ radical formation, discussed in Sl Section S4 Radg and Jimenez, 2017). This was caused by the low

dilution ratio we had applied in 2014 (1 ejectoluttir, 1:8, and additional 1:2 at OFR entrance): #& experiments
conducted in 2015 such experimental artefacts westeced by using a higher dilution ratio (2 ejedtitutors in series, each
1:8 and additional 1:2 at OFR entrance). Time-rebldata from 2015 collected with GDI4 were intégdato derived EFs
labelled “Online, OFR100%” (Figure 2b, Figure 4daagreed well with data derived from correspondh@) experiments.
While we cannot rely on an absolute quantitative efsour 2014 data from time-resolved measuremémsielative profile
indicating that total SOA was dominated by the cstltt-up remains true regardless of those effactd,was confirmed in
the 2015 data set (Figure S14). Future work shidstigate the quantitative use of online OFR datturther detail for
additional quantification of cold- and hot-starntibution of SOA to the total SOA burden; a dissioa of the associated
technical issues (including also the condensatisitld as well as the equilibration time inside @ER reactor) has been
recently published by Zhao et al., 2018.

3.4 Primary NMOC composition investigated by PTR-T&-MS
3.4.1 Dependence on vehicle test conditions

Figure 4a shows the average NMOC mass spectrurhtamed by the PTR-ToF-MS measurements for exHamst GDI1
over a cold-started WLTC. The relative compositiomer all test conditions (driving cycles and phaseshicle
configuration including GPF-retrofits) is given ligure 4b. Figure 4c summarizes aromatic hydrocgafdaHC) emission
factors (EFs), and Figure 4d provides the relafisldC composition of the most dominant species (@itkel description is
provided later). Gasoline as a fuel is mainly cosgubof aliphatic compounds and ArHC with 7 to 1€boas (making up
roughly 35% of the fuel volume). The exhaust mascgal composition from cold-started driving tesppeared instead
dominated by surviving fuel additives (ArHC, andthy-tert-butyl-ether (MTBE)), together with incoiepe combustion
products (ArHC and short chain aliphatics). The position was strongly dependent on the driving eystase, with ArHC
contributing on average 70% of the total signalPbf 1 (cW) and the full cycles (cW, cE). Insteadytitonstituted on
average only 14% of Ph 2-4 (cW). (Note that the NBM€oncentrations for Ph 2-4 (cW) were close to lmackground
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measurements, i.e. the signal not significantljedént from 3 standard deviations of the backgroomgésurement). ArHC
EFs during Ph 1 (cW) were more than one order ajnitade higher than Ph 2-4 (cW) EFs. As we showsave, GPF-
retrofitting did not reduce NMHC or ArHC EFs (Figu2, Figure 4c); and likewise it had no distindtuiance on the overall
NMOC composition (Figure 4b).

3.4.2 Speciation and carbon quantification

In the following we speciate the chemical compositand establish a closure between FID-based aRdTRF-MS based
measurements, in order to quantify our potentiaAg®ecursors for Sections 3.5-3.7. A small numb&rAdHC ions
dominated the mass spectrum and relative compositio full WLTC and Ph 1 (cW); specifically: benzeif{CsHg+H]",
integernmvz 79, denoted BENZ), toluene (8s+H]*, m/z 93, TOL), o-/m-/p-xylene or ethylbenzene (§8.4+H]", vz 107,
XYL/EBENZ) as well as gbenzenes ([¢H.+H", Wz 121, C3BENZ). Their rate constants are shown ibld 2. Relevant
additional aromatic peaks corresponded jebénzenes ([GH..+H]*, vz 135, CABENZ), naphthalene (Els+H]*, m/z
129, NAPH), styrene ([§Hg+H]", m/z 105, STY) and methyl-styrene &,o+H]", m/z 119, C1STY). While our primary
ionization pathway was via 4@, the ion source produced up to 5% unwanted, @hich enabled further pathways
(Amador Mufioz et al., 2016;Jordan et al., 2011;Ktog et al., 2009). Signals assigned tg @athways were excluded
from our analysis (S| Section S5).

The eight above identified ions comprised 96.7+3@%he total ArHC and 69.5+19.7% of the total NM@tass
signal in pg it for full cW, cE and Ph 1 (cW); Ph 2-4 (cW) fractiwere 65.2+9.8% and 13.9+12.1%, respectively.
Oxygenated ArHC, such as phenolic compounds andabéehyde, made up an additional 1.2+2.0% to ti&l #rHC
fraction for cold-started conditions (cW, cE, PlicWV)). Their relative contribution increased undlet-engine conditions
(Ph 2-4 (cW): 5.9£1.2%). Also GDI4 exhibited enhedicontribution of oxygenated ArHC compared to GBI1

The carbon content of the quantified ArHC corresfazhto 48.8+7.6% of the FID-derived NMHC signaluassg
equal response factors on the FID, for full cW, akd Ph 1 (cW). (Note, that the ratio of total NM®&ss in pgC
determined by the PTR-ToF-MS to NMHC measured leyRID (after subtracting CHas measured by the Picarro CRDS)
is 0.65+£0.15 as average of cW,cE, Ph 1 (cW). (TMHE/NMOC comparison for data for Ph2-4 is not prded due to
interferences on FID measurements of oxygen-cangimydrocarbons.) The high ArHC contribution te #8DI emissions
observed here are in line with reports by e.g. Zemman et al., 2016a and Saliba et al., 2017.

Of the non-aromatic peaks in Figure 4a, the ldrg@mals occurred at integevz 57 ([CHg]"), followed by 41
([CsHs)) and 43 ([GH;]"), which taken together made up 7.9+4.8% for tHedycle (cW, cE) and Ph 1 (cW). A larger
fraction (13.2+11.9%) was observed in Ph 2-4 (ci¥), hot engine conditions. These ions are oftagrfrents of larger
molecules and hence not straight-forward to assitgns, they are labelled as structurally unassigngttocarbons here.
Frequently, [GHs]" and [GH,]" are considered fragments of oxygenated parentaui@le. In our experiments, however,
these ions dominantly derived from propengHg}, based on ratios between those ions an#l{IC (S| Section S5, Figure
S15). The fuel contained 5%0(2014) to 8%, (2015) of methyl-tert-butyl-ether (MTBE), as artidenocking agent which,
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rather than butene, dominated the significant sighavz 57 ([CiHq]"), which is elaborated in SI Section S5 furthere Th
carbon content of unspecific fragments 46" (mz 41), [GH;]" (Wz 43), [CHo* (mz 57)) accounted for additional
4.4+3.0% of the FID NMHC signal (full cW, cE, ant B (cW)).

Based on the literature reports of e.g. Platt e28l13 and Schauer et al., 2002 we expect a ggntfcontribution
of ethene (gH,) to the exhaust hydrocarbons. This however, cabhaajuantified by proton transfer reaction (Guenezb
al., 2015), and together with short-chain alkarastributes in parts to the difference between théQC and FID-based
NMHC signal (ratio of the two measurements: 0.6%5). Further possibilities for parents of above titered potential
fragments may also contribute to the missing mimsuce: e.g. 41, 43, 57, and furtheiHz,.," may also derive from alkyl-
substituted monocyclic aromatics, alkenes with,,>@r alkanes (>¢, potentially >G if cyclic) (Gueneron et al.,
2015;Erickson et al., 2014;Buhr et al., 2002). While detected small intensities at the massesspameing to0 GHon.t
(e.g. 71, 85, 99), we did not observe significaghals corresponding to aliphatic fragmentationtgras abovenz 57.
Signals indicating larger cycloalkanes or alkeneg.(most abundant fragmentsralz 69 for substituted cyclohexane)
(Gueneron et al., 2015;Erickson et al., 2014) weeither abundant, although reported by gas-chragnaphic MS
techniques in other experiments (e.g. Saliba eP8ll7;Zhao et al., 2016). We cannot fully excltide presence of those
compounds, due to the limitations of our measurémenciple and they might contribute to the migsB5% carbon mass.
Their potential relevance for SOA is further disseds in Section 3.6, fragmentation is further disedsin S| Section S5.

We found a small contribution from oxygenated spec{such as small acids and carbonyls), while targe
oxygenated molecules were not detected except rimes of benzaldehyde (J8;0+H]") and methyl-benzaldehyde
([CsHsO+H]"). Nitrogen was found in very few species, of whitie dominant one was acetonitrile (§CHN). Due to
challenges in its quantification without properilsedtion of the PTR-ToF-MS, and its unknown souficeluding potential
outgassing from Teflon sampling lines), it was exed from our analysis. The carbon content of orgtred compounds

would make up only 3.6+3.9% of the FID signal assigra response equal to pure HCs for cW, cE antl {ehV).

3.5 SOA formation in OFR and SC: oxidation conditims and reacted SOA precursors

Figure 5 shows a typical experiment during whicheobed primary emissions were sampled from thetl8Gugh the OFR
(OFR-from-SC), exposed to photochemistry at UV tigettings of 100%, 70%, and 50%, and characterimedark
conditions (Figure 5a). Thereafter, photochemistag initiated in the SC (Figure 5b).

The emissions of vehicle exhaust contained NO, fwicgn influence the chemical pathways during atinesp
processing, given that the dominance of ;LD or RQ-RO, reactions is driven by NO levels. NO-to-NOy ratiae
presented in the top panels of Figure 5. NO wasvexed rapidly to N@ (and further to HNg) in the OFR (Lambe et al.,
2017) and OFR aging conditions when sampling fraltet exhaust hence were considered “low NO”. kstvated NO
levels such as during online operation of the OERNg our 2014 measurements (discussed in Sect®argd S4) “high
NO” conditions may have been reached as defineBdng and Jimenez, 2017. Based on Platt et al.,, RQ4radicals

predominantly react with NO, when the concentratdémNO is higher than only 1 ppb in the SC. Befstarting SC aging
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by injecting HONO and initiating photochemistry, tated NO present in the SC to DGsing Q. NO levels in the SC
typically dropped to the detection limit (< 1 pphithin few minutes of photochemistry. The total N&)gnal increased with
time of SC experiment, which we relate to the faioraof HNG; from primary NQ and continuous injection of nitrous acid
(HONO). The presence of N@ould not be unambiguously quantified. We clasdifour SC experiments as “low NO”
conditions; albeit initial NO concentrations midig higher than in the corresponding OFR experiments

Upon photochemistry, reactive NMOCs decayed duedotions with OH radicals (Figure 5a,b, middlegiprOA
and secondary nitrate mass increased in turn (ooftanel). While in terms of abundance of potenti@OA-forming
precursors toluene (TOL) and xylenes/ethylbenzet¥ (EBENZ) dominate over benzene (BENZ) and the li&3zenes
(C3BENZ), their OH reaction rates (Table 2), hake bpposite trend (C3BENZ > XYL/EBENZ > TOL > BENZ)he
reacted ArHC mass at a given OH exposure was getdrmy the combination of their abundance and tegiction kinetics.
At the final OH exposure of (1.4-5.8)xf@nolec cn? s* the reacted ArHC mass was dominated by XY L/EBEKT+3%),
which together with TOL (33+4%) comprised more th&l?%o of the total reacted ArHC. C3BENZ (13+2%) a&BENZ
(7£3%) provided smaller contributions, and CABENZTY, C1STY and NAPH accounted for additional 5%hest
compounds were not considered (fractions are peavid Figure S5, OH exposure data at the end pdiSIC experiments
and for the OFR are provided in caption to Figuen@ in Figure 7). N@QOA as a surrogate to describe \D; formation
were 4.00+2.11 in the SC and comparatively lowghénOFR (0.43+0.26).

3.6 Effective SOA yields

Effective SOA yields Ye) as a function of absorptive mass (Pankow, 199dzbae et al., 2006) are displayed in Figure 6.

For the GDI exhaust, ouf, assumed BENZ, TOL, XYL/EBENZ, C3BENZ, C4BENZ, NAPHTY, C1STY as sole SOA

precursors and we focused on tests from cold-st&t@l1-3 (i.e. for full cW, cE; and Ph 1 (cW)), whiGDI4 or hot engine

conditions, i.e. Ph 2-4 (cW) were not included ur analysis. (This is, because the concentrativaeldewere close to our
background measurements. However, we would likkighlight that Zhao et al., 2018 recently reportegher effective

SOA yields for hot-engine conditions compared tl@ngine conditions, which reflects also our olatons). All yields

(for exhaust as well as separate precursors) iseteas function of the suspended OA, reaching G@-DFR vehicle

exhaust experiments with OA loadings above B0m°. In the atmospherically more relevant range otdQ00ug mi®,

yields spread from a few (<15%) to 20-50%. Detadestussions are provided later. In brief, we fothelfollowing:

» SC- and OFR-derived effective yield curves for GRhaust agreed within our experimental variabilityd had a trend
for higher yields in the OFR than the SC (or, viesa, lower yields for the SC than the OFR) (Fégbc, Section
3.6.1). No distinct difference between Ph 1 (cW)AS&hd the full cycle (cW, cE) SOA was observed, aridher an
explicit effect of GPF-retrofitting.

» GDI vehicle exhaust effective SOA yields (SC andRpRppeared relatively higher than our referencasmements
with specific SOA precursors, by up to a factopfvith larger discrepancies for the OFR and senallscrepancies
for the SC. This is detailed further below (Figéee Section 3.6.2).
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 OFR SOA yields of tolueney-xylene and 1,2,4-TMB and their mixtures were irndgagreement with those of other
OFR studiesrfrxylene, Ahlberg et al., 2017) and SC studies (bapztoluene, o-xylene, from Li et al., 2016a andtL
al., 2016b, Figure 6b).

3.6.1 SC vs OFR yields of GDI exhaust (Figure 6c).

Aging of GDI vehicle exhaust in the SC and the QEBulted, within our experimental variability, imélar effective SOA
yield curves. They exhibited a trend towards higieues for OFR experiments (or, vice versa, lovadues for the SC)
(Figure 6c¢). Yields determined in the SC experimentre, however, variable among themselves andstigetions of
agreement between SC- and OFR-derived yields capsdlyf a function of the chosen reference point. Mégeve that
experiments A2, A3 and B3 (as labelled in Figuan@ Table S4) are reliable data points for comparisvhile experiments
Al, B1 and B2 are potentially associated with higiecertainties (further discussed in the paragfalibwing the next).

Yields are expected to be underestimated by facbis5-2 (SC) and 1.25 (OFR) (Platt et al., 20&HPet al.,
2016) due to influences of vapor wall losses. Tgkimse correction factors into account reducegliberepancy between
the two systems. The relative contribution of speto the reacted ArHC fraction was not signifigadifferent between the
systems (Section 3.5, Figure S5). At average eedjby a factor of 1.0+£0.3. However, other plagsétplanations exist for
the remaining gap in the yields. While higher adifevels of NO in the SC experiments might suppi®8 SOA formation,
as recently discussed by Zhao et al., 2017, the filkegly scenario in our experiments is that thgher OH concentrations
in the OFR (16 molec cri? in the SC, vs. 0to 10 in the OFR) led to more than one OH attack orettoenatic precursors
(Molteni et al., 2018) and thereby enhanced the @IERIs. This is also supported by the higher HoGnid in OFR SOA
(see discussion in Section 3.7).

As mentioned earlier, we also investigated on theability among SC yields, which indicated a ctatien of
higher SOA yields with higher initial SC NO levetsjch as e.g. for experiments Al, B1 and B2 (Figureable S4). This is
contradictory to common knowledge and recent workZhao et al., 2017. The higher initial NO levdigwever, also
correlated with higher concentrations of seconddifyNO; in the SC (Table S4, using the N&s a surrogate). Presenting
SC yields as a function of OA+N®NH, in Figure S13 appeared to decrease variabilityrgm8C vyields, indicating
NH4NOs-dependencies for those three experiments (Al, B2), Given that the high NfOs; concentration in these
experiments was outside our CAMS interference calibration, data may be assediatith a positive mass bias even after
correction (Pieber et al., 2016). Neglecting expental artifacts would allow for a speculation dw tcontribution of
inorganic nitrate and the associated water as ptigermass (Stirnweis et al., 2017), and the (une@ninfluence of N@
radicals at relatively higher concentrations ofi@iNO (Schwantes et al., 2017). A detailed arialiss however, beyond the

scope of our study.
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3.6.2 GDI exhaust SOA yields in comparison to spdit precursors (Figure 6a)

GDI vehicle exhaust effective SOA yields from SCGdaDFR, appeared higher than our reference measuotenagth
specific SOA precursors, again from SC and OFRediffe yields of vehicle exhausts were in the rasfgghose from single
precursors, particularly, when considering SC eixpent, but with a higher discrepancy for the OFRearkments , Figure
6a). To explain the remaining discrepancy, whicls wa to a factor 2, we focus on the following tmgotheses:

1) Unaccounted precursors (see also Section 3.@ur calculated effective SOA yields assume thatedévant
SOA precursors were identified and their decay tjfied, as defined in Eqg. (2). We were able to expl65%+15% of the
total non-methane hydrocarbon signal with the carfiooind in the PTR-ToF-MS measured NMOCs, and tisecaromatic
fraction (49+8%) as SOA precursors. This approamlecs a significant fraction of likely SOA-precursoWhile both, the
aromatic (Odum et al., 1997;Ng et al., 2007b;Hildellt et al., 2009;Loza et al., 2012;Platt et2014) and the aliphatic
(especially alkanes) (Lim and Ziemann, 2005;Lozal 2014) species are known exhaust constitierdsmay form SOA,
aliphatic species are relevant only if their cartdrain is sufficiently long and does not substdigtiragment during
reaction. Short-chain alkanes (g@xhibit only low SOA yields at typical ambient Aévels (Jordan et al., 2008). ArHC,
starting from the simplest with¢Cinstead produce highly oxygenated multifunctiooedanics with only few OH attacks
(Molteni et al., 2018;Schwantes et al., 2017), areltherefore efficient SOA precursors exhibitinghhyields. Oxygenated
ArHC (phenolic, benzaldehyde) did not appear sigaift enough (<1% of the total NMOCSs) to inducddAenhancements
and were neglected in our analysis. Further relesampounds were not included as relevant SOA psecs, although, on
average, up to 35% additional carbon was avail@blmdetected molecules (assuming the PTR-ToF-M8Bocomparison
is a valid approach). Parts of those 35% are c#ytaot significant for SOA formation, such as eethene and other above-
mentioned short-chain aliphatic compounds. Whiteséhmight contribute significantly to the unideietif carbon fraction,
they do not contribute significant SOA mass. Otlnedetected molecules instead might also form SQ#, laaving them
unaccounted, artificially increases our calculagfidctive SOA vyields.

Prominent candidates are alkyl-substituted mondécyebmatic and long chain aliphatic compoundsslaborated
on in the following. Identified ArHC as determinbg the PTR-ToF-MS were classified as VOCs basethein saturation
concentration €*) at or above 1Dpug m® (VOCs) with a small contribution from aromaticsi¢h as naphthalene) in the
IVOC range C*=10%10° pg m) (Pandis et al., 2013). While the larger contiitrutof VOCs than IVOCs to gasoline
vehicle exhaust SOA is consistent with Zhao et 2016, they, also suggest additional substitutetiaogclic aromatic
IVOCs, which we did not identify. Likewise Nordint @l., 2013 postulated alkyl-substituted monocydi®matics
previously as relevant precursors. Given that fnegment in the PTR-ToF-MS predominantly by losthg aromatic-ring,
those compounds could indeed be significant cauiiols to the 35% missing carbon mass and would @stribute to
SOA. Long-chain aliphatic compounds are likewisauglible, although we found no significant indicatim our mass
spectra. Further investigations of those speciésguBTR-ToF-MS could be performed by inducing otli@nization

pathways such as by use of @s the primary ion source (e.g., Amador Mufiod.e2816).
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Finally, MTBE was present in significant amountsthre exhaust. It has currently not been conside®d
significant SOA precursor, owing to its small cantbmumber and high volatility. We believe it sholld investigated in
future work considering it may contribute to SOAamhcontained in a complex mixture.

2) Reference SOA yields do not accurately represetihe complex exhaust emissiong€Complex mixtures of
hydrocarbons and matrix effects might exhibit SQélds which differ from single molecules or relay simple mixtures.
The influence of NO on SOA yields has been previoaddressed in the literature for biogenic andienogenic sources
(e.g- Ng et al.,, 2007a; Ng et al., 2007b), and gdlyeindicates that at higher NO conditions, IowgDA yields are
observed. Zhao et al., 2017 confirmed this for jas@xhaust, and we choose NO-free conditionsoagparison points for
our yields based on the discussion in Section G®osing a high-NO reference would enhance diso@es. Instead, the
influence of other exhaust constituents which dogeat in our reference measurements, such as timedoNHNO;, the
presence of N@and chemical processing by unwanted formation ©f-Mdicals (Schwantes et al., 2017) are insuffitjent
addressed in the literature for a final conclusidnatrix processes, along with potential non-linetiects of SOA-formation
from mixed precursors, should be addressed induttudies. Further, aromatic isomers show a digtdh of yields based
on carbon number, number of aromatic rings, andetegnd location of substitution, which are notyfdovered by the
reference compounds selected for testing. Isomesept in the exhaust may enhance the effective @€l relative to the
reference measurements. Last, benzene contribessdtthan 10% to the reacted NMOCs (Section 3.5Fagare S5) and
was therefore not tested separately in our OFR. d¥ew its SOA yield has been reported to exceet dhalkylated
analogous compounds, such as xylenes or highelatgklybenzenes (Li et al., 2017;Bruns et al., 20B6hzene may hence

contribute to the enhanced effective SOA yieldtiredato the reference measurements.

3.7 SOA elemental composition (SC and OFR)

The bulk OA elemental oxygen-to-carbon and hydregecarbon ratios (O:C and H:C) for GDI exhaust SfoAned in SC
and OFR-from-SC experiments at varied OH exposteeshown in Figure 7. The SOA composition shifteaidrds higher
O:C and lower H:C as a function of OH exposureathtsystems. While we found agreement for the Getvben SC and
OFR-from-SC at similar OH exposure for three SCeeixpents (labelled A2, A3, B3 in Figure 7a,c), thimer three
experiments exhibited relatively higher O:C at @glent OH exposure (labelled Al, B1, B2 in Figulecy. The latter also
had higher SOA vyields (Section 3.6.1) and were attarized by higher N#O; concentrations, which were outside our
CO,"-AMS interference calibration. We believe data nbayassociated with a positive bias towards high€ €ven after
correction (Pieber et al., 2016). Hence we focusedA2, A3 and B3 and consider our O:C data in ganagreement
between OFR-SOA and SC-SOA, when representedwasctidn of OH exposure. This agreement did notyafipl the H:C,
however, for which the OFR yielded higher valueanttthe SC. Oxidation products with two more H-atoimsn the
precursor are formed when the aromatic-OH adduds @h oxygen molecule and the peroxy radical teemibates by a
reaction with HQ or RG.. If the oxidation product contains a C=C doublendbothis reaction sequence can be repeated

leaving a second generation oxidation product Vdhr additional H-atoms. The formation of highly ygenated low
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volatility products with 2 and 4 additional H-atomsder high OH concentrations has been shown byeviokt al., 2018.
The higher NO-levels in the SC and the higher pemaxical concentration in the OFR are criticamthich termination
pathways of the peroxy radical occur. For example,enhanced reaction termination with H@ther than R@would
increase the H:C in the OFR relative to the SCtHaurinvestigation of those aspects requires inédion on a molecular
level and should be the focus of future comparistuties. GPF-retrofitting did not distinctly affe8OA bulk elemental
composition, in line with no clear effects on NM@@mposition, SOA EFs or SOA vyields.

4  Conclusions

We studied exhaust from Euro 4 and Euro 5 GDI Jekias a function of driving cycles, individual pka thereof and
engine temperature (cold-started, hot-started), emaduated the effect of retrofitted GPFs on prymamissions and SOA.
We presented a detailed analysis of primary NMO@pmusition from PTR-ToF-MS measurements, identifieldvant SOA
precursors and assessed SC and OFR experimengs.vitesummarize the major conclusions.

For all GDI vehicles, the dominant fraction of hgdarbon emissions was released during cold-stadbitle tests,
before after-treatment systems are at operati@emaperature. No drastic test cycle-dependenciesdeetWLTC and EDC
were observable from our tests during cold-stattedes. Instead, EFs of primary NMHC and THC wexguced by up to a
factor of 90 under hot-started conditions compaoecbld-starts, and total emissions were dominhiethe pollution during
the first few minutes of the driving cycle. Chenligathe emissions of cold-started vehicles werend@mted by aromatic
hydrocarbons, especially by toluene, xylenes/ethytiene, C3-benzenes and benzene. SOA formation likesise
governed by the cold-start emissions, and SOA ftanainder hot-engine conditions 20-50 times lotf®m under cold-
engine conditions. These results were independetiteotesting protocol, demonstrating that vehietegineering and the
performance of after-treatment systems rather tiendriving behavior governed these emissions. &lethe SOA
potential (in terms of an emission factor) agreéth wecent literature reports from both, GDI andtgoel injection systems.
It appeared that GDI4, which was in line with Eéroegulations regarding its NMHC emissions, hadduced overall and
cold-start NMHC EF, but instead its emissions dyirimot-engine conditions contributed a bigger re&firaction to the
total. Additionally, by trend, oxygenated ArHCs hadslightly enhanced fraction in GDI4 compared BIG3 exhaust.
SOA formation of GDI4 was lower compared to GDI1#3,line with NMHC reduction induced by reduced atstart
enrichment or improved catalytic after-treatmenstegn. Considering that GDI4 NMHC EFs follow thoske Euro 6
vehicles, the determined SOA EFs may be represemtat a newer generation of vehicles.

GPF-retrofitting efficiently removed eBC, which w#se dominant component of primary PM. It also sadw
effects on the minor POA fraction, which was, hoamewnot as significantly reduced as the refracky. Instead, GPF-
retrofitting did not alter NMHC EF, the chemicalsgphase composition, and neither did it reduce S@#ation in our
cold-started tests. This result holds likely gelieriue when GPFs are catalytically inactive, aatdcold-started driving
cycles also for catalytically active GPFs (i.e. whemissions pass through the TWC and the catGPérebdifjht-off
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temperatures are reached). It implies that, whilgofitting GDI vehicles with GPFs will likely refuin an important
reduction of the total primary PM emissions thriougmoval of refractory material, it will (underratitions similar to our
experiments) only to a small extent reduce hydimmaremissions including ArHC, and thereby not diyetead to SOA
reduction. Future work should assess GPF and ca#&Béts under hot-engine conditions in more detallewise, tests on
so-called “4-way catalysts”, i.e. a TWC-GPF combkima installed at the location of the current TW@& &imultaneous
filtration of particulates and catalytic conversimingaseous pollutants will be beneficial to untserd whether reductions of
SOA precursors, SOA, and semi-volatile primary Fivi be achieved with further optimized systems.

Effective SOA yields from GDI exhaust, while in @eal agreement considering our experimental vditabi
appeared by tendency higher for the OFR than théo§ice versa, lower in the SC than the OFRY}l, @ere not explicitly
influenced by GPF-retrofitting. Trends in the elera O:C of the bulk SOA were related to differ@i exposure levels in
the two systems. Trends in the H:C indicated inbtddferences in OFR and SC processing, which fmll further
investigation on a molecular level . SOA formatfoom GDI vehicle exhaust appeared dominated bywaAeHC and was
not affected by GPF-retrofitting. While a signifitafraction of the SOA could be attributed to tideritified precursors,
divergences in the effective SOA yields remainedap factor of 2 when comparing to specific preous. This may have
diverse reasons including unaccounted precursdigfwcannot be detected by PTR-ToF-MS measuremantszomplex

matrix effects which deserve further attentionalidw up studies.
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Figure 2. Emission factors (EF) of pollutants from ctal-started (“c”) and hot-started (“h”) test cycles (WLTC (“W”) and EDC
(“E")). Individual cW and hW phases are indicated as “P#’ (a) Total and non-methane hydrocarbons (THC, NMHC) ammgry
gravimetric particulate matter (PM) from CVS measugats over entire test cycles for different vehwafiguration and test conditions
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Figure 4. PTR-ToF-MS derived NMOC composition (cold-grted cycles).Data collected by batch sampling (“SC”) or durindiros
measurementga) Mass spectrum of GDI1 emissions (standard cordignm) sampled into the SC during a cold-started WIEW). (b)
Relative composition of the PTR-ToF-MS derived NMQ&cfion (which makes up 65%z+15 of the FID-based NB/ignal on a carbon-
basis for cW, cE, Ph 1(cW)) total ArHC EFs (which make up 49+8% of the FID-whB8B8MHC signal on a carbon-basis for cW, cE, Ph
1(cW)), and(d) relative contribution of the 8 dominant ArHC, whicorrespond to 96.7+3.3% of the total ArHC sigmal W, cE, Ph
1(cW)). (b-c) Data correspond to vehicle exhaust for GDI1 (e&pD), GDI2 (expt. E), GDI3 (expt. F) and GDI4 (exi&) sampled into
the SC during full cW and cE driving tests, or indial phases of cW, or measured “online”. The idientin parenthesis specifies
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Figure 5. Typical OFR-from-SC and SC photochemistryexperiment. Decay of dominant SOA precursors (benzene (BENX)etwe
(TOL), o-/m-/p-xylene (XYL) or ethylbenzene (EBENZ), C3-benzenesBERZ)) upon photochemistry and associated SOA faonah
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Figure 6. Effective SOA yieldsVehicle exhaust from GDI1-3 (full cW, full cE, Pi§¢W)) photo-chemically aged in the SC
and OFR-from-SC compared to effective SOA yieldsnfreelected ArHC (tolueney-xylene, 1,2,4-TMB) photo-chemically
aged in our OFR (this study, w/o N®:xylene data from Ahlberg et al., 2017) and in a(8énhzene, toluene, o-xylene from Li
et al., 2016a and Li et al., 2016b, w/o N@3) all data combined)) OFR (data from this study are also provided inl@&8)
and SC yields of single ArHC or mixturgs) vehicle exhaust photo-chemically aged in SC anR-®Bbm-SC (average+1SD of
AMS OA measurement during stable conditions). Ebans on data from OFR represent the variabilitthefmeasurement. SC
yield curves per experiment are presented in Fi§li®and potential factors enhancing yields in ergnts Al, B1, B2 (Table
S4) are discussed in Section 3.§4-c) OH data are given in Figure 7 and summarized H@ké:exposures up to 1.4x10
molec cnt s, after ~2 hours of SC photochemistry (average]f@KL0’ molec crit). OFR100%: [OH]=(2.7-5.2)xfomolec
cm®; [OH]ey=(3.0-5.8)x16" molec cn? s (at ~8 ppm §). OFR70%: [OH]=(1.4-2.2)xT0molec cn; [OH]e=(1.6-2.5)x16"
molec cn™ s (at ~3 ppm ). OFR50%: [OH]=(0.28-0.44)xfamolec cni?; [OH]ex=(0.31-0.49)x18" molec ont's (at ~0.7 ppm
03). The max. OH exposure in the SC correspondsdadhge of green to orange colored OFR data poinganel (c), see
Figure 7.
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experiments with NENO; levels outside our CO-AMS interference calibration range (Pieber et 2016). The POA contribution was
subtracted from the total OA bulk composition; S@BIA ratios were > 10. The Aiken parameterizatioikéA et al., 2007;Aiken et al.,
2008) has been applied to HR fitted data. Linescaugi the Van-Krevelen (VK) space typical for ambi@MS measurements (Ng et al.,
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Table 1. Vehicles(details in Table S1) and tests dives the number of driving tests conducted; EDsEstevere only conducted with
GDI1 and GDI1 w/GPF).

Vehicle Vehicle Expt. cold- hot- cold- hot-
Code Type Set started started started started
WLTC WLTC EDC EDC
GDI1 Opel Insignia;Euro 5, standard configuratio 2014 (1) n =4 n =4 n=1 n=1
GDI1 w/GPF Opel Insignia; Eurc5, with retrofitted GPF (underfloor, 2014 (I) n=4 n =4 n=3 n =3
GDI2 Opel Zafira Tourer,Euro 5 2015 (I1) n =4 n =4 -- --
GDI3 VW Golf Plus, Euro 4 2015 (I1) n=4 n =4 -- --
GDI4 (2014) Volvo V60, Euro 5, standard configuratic 2014 (1) n =4 n =4 -- --
GDI4 (2015) Volvo V60, Euro 5, standardconfiguratior 2015 (I1) n =3 n=1 -- --
GDI4 w/GPF Volvo V60, Euro 5, with retrofitted GPF (underfloor; 2015 (I1) n =4 n=2 -- --
GDI4 w/catGPF Volvo V60, Euro5, with retrofitted catGPF (underfloor, 2015 (Il) n =4 n=2 -- --
5
Table 2. NMOC information (list of dominant peaks).

lon, Chem. Assignment Denotation  kjz0+2 Kon?

m/z Formula cms? cm® molec! st

78 [CeHe+H] benzen BENZ 1.93x1(° 1.22x1(7

93 [C/Hg+H]* toluene TOL 2.08x1(° 5.63x1(%

107 [CeHiotH]* o-/m-/p-xylene, ethylbenzel  XYL/E-BENZ 2.26x1(° (7-23)x1C*

121 [CeHo+H]* Cs-alkyl-benzene C3BENZ 2.39x1(¢° (6-57)x1(*2

13t [CroH1atH]* Cy-alkyl-benzene C4BENZ 2.50x1(° (5-15)x1C*2

12¢ [CiHg+H]* naphthalen NAPH 2.45x1(° 23x1(*

105 [CgHgtH] styren STY 2.27x1(° 28x1(%2

11¢ [CoHyotH]* methy-styrene C1STY 2.00x1(° (51-57)x1C*?

41 [CaHs]* HC fragmen - 2.00x1(° n.a.

43 [CaH7]* HC fragmen - 2.00x1(° n.a.

57 [C4Hq]* HC fragmen - 2.00x1(° n.a.

lons are referred to with their integer mass-torghaf/z) ratio for simplicity, but are identified based tme HR derived exaatvz
instead. n.a.=not applicabf@kso. from Cappellin et al., 2019koy from Atkinson and Arey, 2003, range in (bracketsjresponds to
10 isomers.
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