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In memoriam

Grief and pain were our first emotions, when we heard
from the sudden and tragic death of Andrea Ulrich. She
deceased on March 12, 2013 in a traffic accident in
Zirich not three miles north of Dibendorf.

Andrea was on her way to work and would have
presented a challenging new research project on
emissions of metal oxide nanoparticles. She had
organized the project the month before and just got it
funded from CCEM a few days before.

The project, which she courageously developed, needed
all her abilities. Clear scientific thinking, positive and
optimistic attitude to scope with the demanding tasks,
and confidence to convince project partners and the
reviewing committee. These were some of her many
abilities, which made her professional activities so
successful.

As an analytical chemist and leader of the ICP mass
spectrometry group at Empa, she contributed much to
the elemental trace analysis and the characterization of
nanoparticles from various sources including combustion
generated nanoparticles.

Andrea Ulrich has guided several bachelor-, master-, and
doctoral students through demanding research projects,
which resulted in many publications and was awarded
several times for this work. Andrea helped organizing the
VERT Forum in Diubendorf and the ETH conference in
Zirich on combustion-generated particles.

On March 12, 2013 we all lost a good colleague and a
dear friend. We will miss Andrea’s optimistic and
enthusiastic nature and will keep her memories alive.

Norbert Heeb, on behalf of the project team
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Dr. Andrea Ulrich
(2.11. 1961 -12. 3. 2013)
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Executive summary

More than 50 million gasoline-direct injection vehicles (GDI) will be operated on European roads in
2020 with yet unknown impact on human health and the environment. In the next decade to come it
is expected that about every third combustion-engine vehicle will have GDI technology on board.
Mitsubishi started mass production of GDI vehicles (Mitsubishi Carisma, 1.8 L, Euro-3) already in
1997.

We have tested this pioneer vehicle together with six additional Euro-4, -5, and Euro-6 GDI vehicles
in comparison with an Euro-5 diesel vehicle (Peugeot 4008, 1.6 L) equipped with a state-of-the-art
diesel particle filter. In other words, we compared the emission characteristics of 4 generations of
GDI vehicles representing the technology of the last 20 years with a current bench mark diesel
vehicle. All vehicles were tested in transient and steady engine operation. The worldwide
harmonized light vehicle test cycle (WLTC), which will be the future legal test cycle in Europe, was
applied together with a steady state cycle (SSC) representing constant driving at urban-, extra-urban,
highway and motorway conditions and an idle phase. A comprehensive characterization of gaseous,
liquid and solid exhaust constituents was performed. The focus was on toxic, especially carcinogenic
and mutagenic compounds, on nanoparticles, also those smaller than 23 nm, on metals and on
secondary pollutants that form during atmospheric oxidation of these exhausts. Thus, we compared
the particle burden, the genotoxic potential and the SOA formation potential of GDI and diesel
vehicles.

GDI particles are very small with diameters varying from 10-100 nm, they are numerous accounting
for 2 — 6 x 10%? particles/km and are found in exhaust concentrations of 10°-10’ particles/ccm. These
particles are released from all GDI vehicles under all conditions during urban, extra-urban and
highway driving. PN emissions of the average fleet in the cold- and hot-started WLTC varied around
2.5x 10" + 1.8 x 10" and 2.0 x 10" + 1.6 x 10" particles/km, those in the SCC are 6.6 x 10" + 1.4 x
10". Particle emissions of the diesel vehicle equipped with a filter were 4.0 x 10™°, 2.8 x 10° and 1.7 x
10® particles/km in the cWLTC, hWLTC and SSC. Thus the GDI fleet on average released about 100-,
1000-and 10°000-times more particles in the cold- and hot WLTC and the SSC than the diesel vehicle.

Well correlated with particles are emissions of polycyclic aromatic hydrocarbons (PAHs) which are
formed in the same moment as the soot particles. Genotoxicity-weighted PAH emissions of the GDI-
fleet on average were 480 and 435 ng benzo(a)pyrene equivalents/km compared to 22 and 23 ng/km
for the diesel vehicle in the cold- and hot-started WLTC. In other words, the genotoxic potential of
GDI vehicle exhaust is 21-, and 19-fold higher than that of the diesel bench mark vehicle. Genotoxic
PAHs are semi-volatile compounds which are adsorbed on soot nanoparticles at ambient
temperature. They can therefore be inhaled deeply into the lung, deposited at the alveolar
membrane with the particles or even penetrating it (Trojan horse effect). On average, concentrations
of genotoxic PAHs in GDI exhausts exceeded the EU ambient air limit value of 1 ng/m? (yearly mean)
750- and 707-fold in cWLTC and hWLTC, while filtered diesel exhaust was 45- and 51-fold higher.

The WHO has classified non-treated diesel exhaust as class 1 carcinogen inducing lung cancer in
humans. Based on the high concentrations of soot nanoparticles and adsorbed genotoxic PAHs, it has
to be questioned, if non-filtered GDI exhausts are also carcinogenic to humans?



w Empa

Materials Scence and Technology

Vehicular exhausts are mainly released in urbanized areas and thus are directly inhaled by the
population exposed to traffic. But exhausts are also processed during atmospheric transport and
chemical transformation occurs under the influence of light and oxidants like NO,, HONO, ozone and
others. These phenomena have been studied in smog chamber and reactor studies in the project.

Both, the smog chamber experiments at a time scale of hours, and the reactor studies with the PAM
and MSC reactors, at time scales of minutes and seconds, revealed that substantial amounts of
particle mass does form when GDI exhausts are aged under oxidizing conditions and under the
influence of UV light and secondary organic aerosols (SOA) are formed. It was found that those
volatile organic compounds (VOCs) released during the vehicle cold start accounted for most of the
SOA. Among the VOCs released in the first few seconds of driving, before catalyst light-off, aromatic
hydrocarbons are responsible for most of the SOA. Time-resolved SOA measurements also revealed
that next to the cold start emissions also acceleration events contribute to SOA, but to a lesser
extent. With this it was clear that particle filters have only limited potential to lower SOA precursors,
which are volatile enough to penetrate the filter as was observed.

In the project could we study the efficiency of four prototype gasoline particle filters (GPFs), two with
catalytic coatings and two non-coated filters. Particle number emissions in the cWLTC and hWLTC
were, on average, lowered by 77% and 87% with these filters. Efficiency was high in the entire
particle size range, even slightly higher at sub 23 nm particles. PN emission reductions varied among
different filters and were reduced for one of the non-coated filters to 67% and 79%. It was this filter
that also had the lowest efficiency of 10% for the genotoxic PAHs in the cWLTC. In the hot WLTC,
even 2 times more genotoxic PAHs were released, possibly due to a store-release phenomenon. The
other three prototype GPF lowered genotoxic PAH emissions by 45-70% and 71-83% in the cold and
hot WLTC, respectively.

Particle-bound metal emissions were determined from non-diluted exhausts in the SSC and under
idle on different ELPI stages (13 stages, one back-up sample) which allow a particle size-dependent
analysis. However, metal levels of GDI vehicle exhausts were very low, hardly exceeding the blank
levels. No increase could be observed due to the application of GPFs or the use of oxygenated fuels.

In conclusion, from a chemical point of view, exhausts of the current GDI fleet look like those of non-
treated diesel exhausts with respect to nanoparticles and genotoxic PAHs. These are the most critical
pollutants released from the GDI fleet with potentially adverse effects on human health. Particle
concentrations are high, exceeding those of the bench mark diesel vehicle by 2-4 orders of
magnitude, and those of genotoxic PAHs are 1-2 orders of magnitude higher. These critical pollutants
can be lowered substantially even with prototype GPFs. But those volatile compounds released
under cold start conditions will still contribute to secondary organic aerosol formation. Further
improvements of the catalyst light-off could lower the emissions of these SOA precursors.

Considering the mass production of GDI vehicles and the low costs of particle filters, which are
already produced and applied in millions of diesel vehicles, including the bench mark vehicle, it is
difficult to understand, why filter technology has not been implemented in GDI vehicles already a
decade ago. It is definitely the time to quickly implement state-of-the-art filter technology in GDI
vehicles now.
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Aerosol Mass Spectrometer

Aromatic Hydrocarbons (benzene and alkyl benzenes)
Catalytically active Gasoline Particle Filter

Cold- / hot-started EDC test

Constant Volume Sampling system

Cold- / hot-started WLTC test

Diesel Particle Filter

Equivalent Black Carbon (determined by Aethalometer)
European Driving Cycle

Electrical Low Pressure Impactor

Flame lonization Detector

Gas Chromatography High-Resolution Mass Spectrometry
Gasoline Direct Injection

Gasoline Particle Filter

Nano Scanning Mobility Particle Sizer

Non-Methane Hydrocarbons, (determined by FID)
Non-methane organic compounds, (determined by PTR-ToF-MS
Original Equipment Manufacturer

Oxidation flow reactor (a potential aerosol mass, PAM, reactor)
“batch OFR”, OFR continuously sampling from a batch SC sample
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OFR deployed online during a driving cycle, connected directly to the CVS

Polycyclic Aromatic Hydrocarbons

First phase of WLTC, Ph 1 (cW) refers to first phase of cold-started WLTC

Second to fourth phase of WLTC, Ph 2-4 (hW)

Particle Number

Primary Organic Aerosol

Proton Transfer Reaction Time-of-flight Mass Spectrometer
Smog Chamber

Scanning Mobility Particle Sizer

Secondary Organic Aerosol

Steady State Cycle

Sampling Point

World Harmonized Light Vehicle Test Cycle
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GASOMEP: Current Status and New Concepts of Gasoline Vehicle Emission
Control for Organic, Metallic and Particulate Non-Legislative Pollutants

Scope of project

In the next decades to come, we will be increasingly exposed to exhausts of gasoline direct injection
(GDI) vehicles with yet unknown consequences. But we still have a choice to equip these vehicles
with catalytic filter technology or not or use better fuels to lower the health and environmental
impact of these vehicles or not. In the GASOMEP project, we investigated the emission
characteristics of a representative fleet of GDI vehicles covering Euro-3 to Euro-6 technologies and
evaluated the potential of prototype gasoline particle filters (GPFs) currently developed by our
industrial partners and alternative fuels. A wide spectrum of gaseous and particle-bound pollutants
was studied for different GDI vehicles which were operated without and with filter technology and
with commercial gasoline and blends with oxygenated fuels like ethanol and butanol. Particle
emissions including their size distribution, number and metal content were characterized in detail.
Emissions of semi-volatile compounds including genotoxic constituents like PAHs, their alkylated and
nitrated forms were studied. Among others, these compounds are important precursors of
secondary organic aerosols (SOA), which form in the atmosphere during oxidative aging. Respective
SOA forming potentials were investigated with smog chamber experiments and two different flow
reactors.

Final state of project

The four-year project, which was extended with an additional campaign devoted to oxygenated fuels,
resulted in a comprehensive characterization of GDI vehicle emissions in comparison with a state-of-
the-art diesel vehicle. With the contributions of our industrial partners, we were able to evaluate the
potential of new filter technology to abate particles and potentially harmful exhaust constituents.
The project was a joint effort of the industry, regulators, and the Swiss research institutions PSI, the
Universities of Applied Sciences Northwestern Switzerland (UASNW) and Bern (UASB) and Empa. The
project was divided in 4 work packages (WPs): WP 1: regulated pollutants (UASB), WP 2:
nanoparticles (UASB, UASWN), WP 3: secondary organic aerosols (PSI, UASNW), WP 4: non-regulated
pollutants and metals (Empa).

The vehicles were tested at the chassis dynamometer of the UASB in Nidau. A scheme of the
dynamometer and the sampling points is given in Figure 1. Seven Euro-3 to Euro-6 GDI vehicles and —
as a bench mark — an Euro-5 diesel passenger car with OEM diesel particle filter (DPF) have been
tested. Table 1 reports some characteristics of the tested vehicles. A batch of commercial gasoline is
used as reference fuel in the project and blended with biofuel (E85) to an ethanol content of 10%
(E10) or with n-butanol to a butanol content of 15% (B15) for some experiments.

The Euro-5 Volvo V60 T4l, 1.6 L, which is a flex-fuel vehicle, was used as the reference vehicle
throughout the entire project. This vehicle was tested as such or in fuel studies with variable levels of
ethanol (EO, E10 and E85), with butanol (B15) or in combination with four gasoline particle filters
(GPFs), which were specifically developed for GDI-vehicles by our industrial partners.
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Figure 1: Scheme of the chassis dynamometer at UASB in Nidau. Different sampling points are indicated.

Table 1: Characteristics of the test vehicles.

Vehicle Volvo V60 T4F Opel Insignia
(flex-fuel)
Displacement (ccm) 1596 1598

Power (kW)

132 (5700 rpm)

125 (6000 rpm)

Torque (Nm)

240 (1600 rpm)

260 (1650 -3200 rpm)

Injection type GDI GDI

Number of cylinder 4 (in line) 4 (in line)

Curb weight (kg) 1554 1701

Gross vehicle weight (kg) 2110 2120

First registration 27.01.2012

Legislation Euro 5a

Vehicle Opel Zafira Mitsubishi Carisma
Tourer 1.8 GDI

Displacement (ccm) 1598 1834

Power (kW)

125 (6000 rpm)

90 (5500 rpm)

Torque (Nm)

260 (1650-3200 rpm)

174 (3750 rpm)

Injection type GDI GDI
Number of cylinder 4 (in line) 4 (in line)
Curb weight (kg) 1676 1315
Gross vehicle weight (kg) 2360 1750
First registration 22.07.2014 05.2001
Legislation Euro 3

Euro 5b+

Mitsubishi
GDI

11



Table 1 continued: Characteristics of test vehicles.
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Vehicle VW Golf VW Golf VII
Plus
Displacement (ccm) 1390 1395

Power (kW)

118 (5800 rpm)

110 (5000 - 6000 rpm)

Torque (Nm)

240 (1500 rpm)

250 (1500 -3500 rpm)

Injection type GDI GDI

Number of cylinder 4 (in line) 4 (in line)

Curb weight (kg) 1348-1362 1321

Gross vehicle weight (kg) 1960-1980 1820

First registration 01.02.2010 28.04.2015

Legislation Euro 4 Euro 6b

Vehicle Citroén C4 Peugeot 4008
Cactus 1.6HDI STT

Displacement (ccm) 1199 1560

Power (kW)

81 (5500 rpm)

84 (3600 rpm)

Torque (Nm)

250 (1500 rpm)

270 (1750 rpm)

Injection type GDI DI (diesel)
Number of cylinder 3 (in line) 4 (in line)
Curb weight (kg) 1048 1462
Gross vehicle weight (kg) 1555 2060

First registration 19.11.2014 12.04.2013
Legislation Euro 6b Euro 5b

ar

The reference vehicle (Volvo V60) was in compliance with the Euro-5 legislation, which still is based
on the European driving cycle (EDC) with limit values for CO, THC, NO, and PN of 1000, 100, 60
mg/km and 6.0 x 10% particles/km. In other words, the PN limit for Euro-5 and Euro-6 GDI vehicles
was 10 times higher than the one for Euro-5 and Euro-6 diesel vehicles, which are currently limited to
6.0 x 10™ particles/km. One can conclude that European emission limits were not technology neutral,
neither for NO,, nor for particles. From September 2017 on, the PN limit for future GDI vehicles is
lowered to 6.0 x 10™ particles/km.

We decided to relay on the world harmonized light vehicle test cycle (WLTC) shown in Figure 2 which
is much better representing real world driving than the EDC. In contrast to EDC, does the WLTC
include many transients and realistic acceleration and deceleration events and extended high speed
operation (Fig. 2). The WLTC includes urban (26 km/h), extra-urban (45 km/h), highway (61 km/h)
and motorway (94 km/h) driving with a total cycle time of 30 min. The WLTC was investigated under
cold start (cWLTC) and hot engine/catalyst conditions (hWLTC) throughout the project.

12
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Figure 2: The cold and hot started WLTC was used as the transient test cycle throughout the project.

In addition, a steady state cycle (SSC) covering constant vehicle operation at 26, 45, 61, 94 km/h and
at idling was also included to investigate in more detail the characteristics and chemical composition
of the released nanoparticles (Fig. 3). The SSC covers the mean velocity regimes of the four WLTC
phases and includes an equally long hot idle phase. The cycle was driven from high loads (94 km/h) to
idle. Each stage was kept for 20 minutes to yield a total cycle time of 100 min.

Steady State Cycle (SSC)

idle 26 km/h 45 km/h 61km/h 94 km/h

Figure 3: A steady state cycle (SSC), representing the mean velocities of the four WLTC phases and an idling
phase, was used to study exhaust compositions and particle properties under stable conditions.
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Main achievements in the project

Overall, we organized four three-week sampling campaigns in the project and investigated 7 GDI
vehicles and one diesel vehicle in different configurations varying fuels and filter technologies. An
additional campaign could be performed with additional means, which was devoted to study the
impact of alternative oxygenated fuels (GASOMEP-OXY).

The data obtained in these different campaigns should be comparable. We applied the same test
cycles, mostly in the same order. Therefore we can report robust mean values of the whole fleet and
judge the representativeness of a single vehicle in relation to the fleet average and compare data
with those of the bench mark diesel vehicle.

Some of the major results and achievements are discussed here, but it was not possible to include all
findings of the different research groups which have been and will be published in separate
contributions and peer-reviewed articles. So far, 62 oral, poster and paper contributions, six bachelor
theses and two Ph.D. thesis were published which included findings from this project.

1. Time-resolved emissions during transient driving

Figure 4 displays time-resolved emission data for CO (ppmv), CO, (%v) and particle number (#/cm?) in
dilute exhaust of the CVS system of the reference vehicle (Volvo V60 T4l, 1.6 L, Euro-5) together with
the velocity-time diagram of the WLTC.

It is obvious that CO, emissions, and with it the amount of consumed fuel, increase substantially
when accelerating the GDI vehicle. During these transients also CO and PN emissions increase by 2-3
orders of magnitude. In other words, CO, CO, and PN emissions are well correlated throughout the
entire cycle and substantial numbers of particles are released independent if the vehicle is operated
at urban, extra-urban, highway or freeway conditions. Thus the implemented three-way catalyst
(TWC) technology could not remove CO completely and did not prevent from high particle emissions.

In conclusion, increased CO and PN emissions are observed under all driving conditions. Whenever
the vehicle is accelerated, combustion, at least in certain parts of the cylinder, becomes fuel-rich,
with sub-stoichiometric fuel-to-oxygen levels. As a consequence, CO and PN emissions increase 2-3
orders of magnitude.

14
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Figure 4: Time-resolved emissions of CO, CO, and particles (logarithmic scales) during a hot-started transient
cycle (WLTC) of the reference vehicle (Volvo V60, 1.6 L, Euro-5). The velocity-time diagram (top) and the four
phases of the WLTC are given. The transient nature of CO, CO, and PN emissions can be seen clearly. Emissions
are highly correlated and increase 1-3 orders of magnitude during acceleration.
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2. Fuel consumption of the GDI technology

Figure 5 displays the individual and mean fuel consumption of the seven tested GDI vehicles in
comparison with the diesel vehicle (bench mark) in the cold and hot started WTLC and in the SSC.
Fuel consumption varied from 4.2-9.5 L/100 km. On average, 7.6 and 7.4 L/100 km were consumed
for the GDI vehicle fleet in the cold and hot started WLTC respectively, indicating that even with
down-sized engines of 1.2-1.6 L, fuel consumption of these vehicles under real world driving
conditions is substantial.

The bench mark diesel vehicle consumed only 5.8 and 5.5 L/100 km. This corresponds to 151 and 145
g CO,/km for the diesel vehicles which compares with mean CO, emissions of 174 and 171 g/km for
the GDI-vehicles (Figure 6).

In other words, the GDI vehicles, when tested under real world driving conditions (WLTC), will not
contribute to substantial reductions of the CO, emissions of the Swiss road traffic as advertised,
when promoting the GDI technology. Average CO, emissions of 175 g/km of the entire Swiss
passenger car fleet are reported for 2015. The tested GDI-fleet released, on average, 171+28 and
174428 g CO,/km in the cold and warm WLTC.
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Figure 5: Fuel consumption (L/100 km) of seven GDI and one diesel vehicle in the cold and hot started WLTC
and the SSC. Mean values of the GDI fleet are also given.

3. Regulated pollutant emissions of the GDI technology

Figure 6 displays CO,, CO, NO,, and THC emissions of individual GDI vehicles in the cold and hot
started WLTC and the SSC. Emission limits in the European driving cycle (EDC), which were regulated
to 60 mg NO,/km, 100 mg THC/km and 1000 mg CO/km for Euro-5/6 vehicles, respectively, are also
indicated. EDC emission limits of 150 mg NO,/km, 200 mg THC/km and 2300 mg CO/km were
prescribed for Euro-3 vehicles.

While variations of CO, and THC emissions among the different GDI vehicles are moderate, those for
CO and NO, are larger. On average, THC emissions are 4 times higher in a cold-started WLTC thanin a
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hot WLTC. CO emissions too showed a moderate cold start effect for all GDI vehicles. However, as
also shown in Fig. 4, CO release is observed during the entire WLTC. On the other hand, CO emissions
in the SSC are substantially lower than in the WLTC for all but one GDI vehicle. It is evident that
transient driving is correlated with higher CO emissions. CO emissions of the GDI-3 vehicle (Opel
Insignia, 1.6 L, Euro-5) is clearly exceeding the CO limit of 1 g/km about 4- and 5-fold.
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Figure 6: CO,, CO, NO, (g/km) and THC (mg/km) emissions of seven GDI and one diesel vehicle in the cold and
hot started WLTC and the SSC. Mean values of the GDI fleet are also given and the valid Euro-5/6 EDC emission
limits for CO, NOx and THC of 1000, 60 and 100 mg/km are indicated (magenta lines) as well as the mean CO,
emission of the Swiss passenger car fleet in 2015 of 175 g/km.
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CO and THC emissions of the bench mark diesel vehicle are substantially lower than those of the GDI
vehicles. However, the Euro-5 diesel vehicle, with NO, emissions of 641 and 643 mg/km in the cold
and hot WLTC clearly exceeded the NOx limit value of 180 mg/km, which is based on the EDC. Even
at steady state driving (SSC), with NO, emissions of 294 mg/km, the EDC limit value is exceeded. In
other words, this Euro-5 diesel vehicle is, like many diesel vehicles of this generation, contribution to
high NOx emissions now described as “diesel-gate”.

NO, emissions of the GDI-1 vehicle (Mitsubishi Carisma, 1.8 L), which is an Euro-3 vehicle, exceeds
those of the other GDI vehicles and emits above the Euro-3 NOx limit value of 150 mg/km. NOx
emissions of all other GDI vehicles are below the limit.

THC emissions of all GDI vehicles are below 100 mg/km for the Euro-5/6 vehicles and below 200
mg/km for the Euro-3 vehicle, both under hot and cold start conditions. On average, THC emissions
in the cold-started WLTC are five times higher than in the hot WLTC indicating a substantial cold start
effect.

Figure 7 displays THC and CO emission factors of the seven GDI vehicles in different phases of the
WLTC. It can be noticed that THC emissions are below 50 mg/km for all vehicles whenever catalyst
light-off has occurred.
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Figure 7: THC and CO emissions (mg/km) of seven individual GDI vehicles in different phases of the cold and hot
started WLTC. Values of the reference vehicle (Volvo V60, 1.6 L, Euro-5) are indicated with gray bars, respective
values of the benchmark diesel vehicle (Peugeot 4008, 1.6 L, Euro-5) are considerably lower and given in red.
The EDC emission limits for THC of Euro-3 and Euro-5/6 GDI vehicles of 200 and 100 mg/km are indicated
together with respective limits for CO of 2300 and 1000 mg/km (dashed lines).

However, under cold start conditions (urban phase 1,cold), THC emissions are one to two orders of

magnitude higher than those with hot start (urban phasel, hot), indicating that indeed the very first

seconds of driving, before catalyst light-off, are responsible for most of the hydrocarbon emissions.
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THC emissions of the benchmark diesel vehicle are considerably lower than those of the GDI-fleet,
not exceeding 5 mg/km in hot conditions and reaching only 26 mg/km in the urban phase after cold-
start.

It has to be noticed that the volatile hydrocarbons released under these conditions are major
precursors for secondary organic aerosols (SOA) formed in the atmosphere as will be discussed later.

Higher CO emissions of the GDI vehicles are also observed under cold start influence, before catalyst
light-off (Fig. 7). But the cold start effect is less pronounced and CO is also released after catalyst
light-off, being highest for most vehicles during motorway driving. CO emissions of the benchmark
diesel vehicle are considerably lower than then those of the GDI-fleet, not exceeding 50 mg/km
under hot conditions and are at 370 mg/km under cold start influence.

4. Particle emissions of the GDI technology

The exposure to ultrafine particles from diesel vehicles and diesel machinery is a major health threat,
for more than a century now. Non-treated diesel exhausts contain large numbers of ultra-fine
particles. Primary diesel particles typically have diameters of 15-20 nm only. They are so abundant
that they quickly aggregate, but even the heavily branched agglomerates that form have mean
mobility diameters of 80 nm. In other words, non-treated diesel particles are smaller than 200 nm
which is considered as a critical size. From an inhalation toxicity point of view, particles below 200
nm were shown to penetrate the alveolar membrane of human lung cells.

In the following, we compare these well-characterized diesel particles with those, released from GDI
vehicles and find remarkable parallels in particle number, size and chemical compositions.

4.1. Particle size distribution

Figure 8 displays mean particle number size distributions of the reference vehicle (VOLVO V60 T4F,
1.6 L, Euro-5) operated with gasoline without particle filter. A nano-SMPS instrument was used to
detect particles down to 9 nm and a conventional SMPS was applied for the size range from 23-400
nm.

In general, nano-SMPS and SMPS data correlate well in the overlapping size range. The most
prominent particles found in GDI-exhausts when constantly driving at 95, 61, 45 and 26 km/h have
diameters of about 80 nm just like diesel particles. A second mode of 20 nm particles was observed
in all cases. These smaller particles could be interpreted as nucleation mode particles and the larger
as accumulation mode particles. Bimodal particle size distributions, as now observed for GDI
exhausts, are very common in non-filtered diesel engine exhausts.

Concentrations of nucleation mode particles (20 nm) increased from about 1 to 2x10e6 particles/ccm
while increasing the velocity. The increase of accumulation mode particles (80 nm) from about 1 to
5x10e6 particles/ccm is even more pronounced. In other words, at lower speed, particle number
emissions are lowest with about half of the particles in the nucleation mode and half of them in the
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accumulation mode. At higher speed more particles are released and the proportion of accumulation
mode particles also increased to about 80% at 95 km/h.

Legal PN measurements only include particles in the size range of 23-400 nm. But as can be seen
from Figure 8, substantial contributions are also found in the smallest size range below 23 nm. These
sub-23 nm particles accounted for about 20% at all velocities.
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Figure 8: Particle number size distribution (#/cma) of the reference vehicle (Volvo, V60, 1.6 L, Euro-5) operated
with gasoline while constantly driving at 95, 61, 45 and 26 km/h.

We conclude that particle size distributions of GDI- and diesel vehicles are very comparable.
Distributions are bimodal with a nucleation and an accumulation mode, indicating a similar particle
formation pathway as in diesel engines.

4.2. Particle number emission factors

Time-resolved particle number concentrations (#/cm?) in diluted exhaust of the reference GDI vehicle
(VOLVO V60 T4F, 1.6 L, Euro-5) operated in a hot started WLTC have been shown in Fig. 4. During the
WLTC, particle number concentrations varied by three orders of magnitude ranging from 10° up to
10° particles/cm®. As discussed before, particle and CO emissions are strongly correlated. It is obvious
that particles are released throughout the entire cycle, mainly in transient vehicle operation, when
sub-stoichiometric combustion conditions are prevailing.

To obtain more robust particle emission data and to document the status of the GDI-technology,
seven GDI-vehicles have been studied (Table 1) representing Euro-3 to Euro-6 technology.
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Figure 9 reports particle number emission factors (#/km) of seven GDI vehicles operated in the cold
and hot-started WLTC and the SSC. Respective mean values of the GDI fleet together with the bench
mark diesel vehicle (Peugeot 4008, 1.6 L, Euro-5) with particle filter are compared as well. Particle
emissions of the different GDI vehicles varied by about one order of magnitude under transient
driving conditions (WLTC) and two orders of magnitude under steady driving (SSC).
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Figure 9: Particle number emissions (#/km, logarithmic scale) of seven GDI- and one diesel vehicle in the cold-
and hot-started WLTC and the SSC. Mean values of the GDI fleet are also given and the Euro-5/6 EDC emission
limit for diesel and for GDI vehicles of 6 x 10™ and 6 x 10" particles/km are indicated (magenta lines).

All Euro-3, -4 and Euro-5 vehicles emit particles above the emission limit for Euro-5/6 diesel
passenger cars of 6.0 x 10" particles/km but are in the limit for GDI vehicles of 6.0 x 10** particles/km
(magenta lines). Particle emissions of the reference vehicle (Volvo V60 T4F, 1.6 L, Euro-5, GDI-4), is in
the range of the mean values of the fleet. The Euro-3 vehicle (Mitsubishi Carisma, 1.8 L, GDI-1) was
the first GDI vehicle on the market. Its particle emissions are comparably high as those of the Euro-4
and Euro-5 vehicles.

It seems like the announced reduction of the PN limit for GDI vehicles to 6.0 x 10™ particles/km, as it
is in force since September 2017, has already resulted in a certain PN reduction to about this level for
both Euro-6 vehicles, which emitted at the lower end of the examined GDI-fleet.

We conclude that particle emissions of GDI vehicles in real world driving conditions are substantial
for all vehicles and for all conditions. This is even more obvious, when comparing PN emissions of
GDI vehicles with those of the bench mark diesel vehicle which is equipped with a state-of-the-art
particle filter. Comparing with the GDI fleet average of 2.5 x 10*?, 2.0 x 10™and 6.6 x 10"particles/km
in the cold and hot WLTC and the SSC, respectively, particle emissions of the diesel vehicle of 4.0 x
10", 2.8 x 10°and 1.7 x 108particles/km were obtained, which are about 60-, 700- and 39’000-times
lower the those of the GDI vehicles (Fig. 9).

In other words, particle emissions of the studied GDI vehicle fleet today are 2-4 orders of magnitude
higher than those of comparable diesel vehicles which are nowadays all equipped with efficient
particle filters. Thus GDI vehicles indeed release orders of magnitude more soot-like nanoparticles
than modern diesel vehicles.
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As discussed, GDI vehicles emit particles throughout the entire WLTC (Fig. 4). Figure 10 displays
particle emission factors (#/km) of the seven GDI vehicles in different parts of the WLTC including
urban, extra-urban, highway and motorway driving. Only particles in the size range of 23 — 400 nm
(the legally binding size range) were counted.
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Figure 10: Particle number emissions (particles/km) of seven individual GDI vehicles (colored lines) in different
phases of the cold and hot started WLTC. Values of the Euro-5 reference vehicle (Volvo V60, 1.6 L) are indicated
with gray bars, respective values of the Euro-5 benchmark diesel vehicle (Peugeot 4008, 1.6 L) are given in red.
The particle number emission limits for Euro-5/6 diesel passenger cars of 6 x 10" particles/km and of Euro-5/6
GDI vehicles of 6 x 10" particles/km are also given (dashed lines).

There are some variations in PN emissions of different vehicles at different driving conditions.
Highest PN emissions of 7 x 10™ to 2 x 10" particles/km were observed under cold started urban
driving. Generally, particle emissions decreased under hot engine conditions and varied from 1 x 10"
to 1 x 10" particles/km. No clear trend was observed with respect to PN emissions at higher
velocities. Emissions at hot urban, extra-urban, highway and motorway driving were comparable for
most vehicles, varying about one order of magnitude.

We conclude that PN emissions of most of these gasoline-fueled GDI vehicles remain at or below the
6 x 10" particles/km limit in most driving conditions. But 5 out of 7 vehicles would clearly exceed,
both under hot and cold start conditions, the threshold limit for diesel passenger cars of 6 x 10"
particles/km (dashed line) valid since 2009. Only the Euro-6 GDI vehicles remained at or below the
diesel limit and the future GDI limit.

Comparing with the diesel vehicle, it is obvious that a state-of-the-art particle filter lowers PN
emissions by about two orders of magnitude. In other words, diesel vehicles can also fulfill PN
emission limits of 1 x 10 particles/km in the WLTC. This corresponds to a 60-fold reduction of the
current PN limit without much to change on the technology. It is obvious too that filter technology
also has the potential to lower particle emissions of GDI vehicles. Why this promising technology has
not been applied since the advent of filters for diesel vehicles, which goes back to the year 2000, is
difficult to understand, especially when considering the high health risks associated with exposure to
genotoxic compounds adsorbed on persistent soot nanoparticles.
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5. Emissions of non-regulated pollutants
5.1. Emissions of genotoxic polycyclic aromatic hydrocarbons (PAHs)

Polycyclic aromatic hydrocarbons (PAHs) are a large class of compounds. Figure 11 displays some of
the analyzed PAHs and alkyl-PAHs. Some of these PAHs contribute to the overall genotoxicity of
gasoline and diesel exhausts and of consequently of ambient air in traffic-affected areas. Thus
emission levels for these critical compounds are important to know to be able to assess the
genotoxic risks for any new technology and specifically for the GDI technology. Naphthalene (1),
benzo(a)anthracene (18), chrysene (19), benzo(b)fluoranthene (20), benzo(k)fluroanthene (21),
benzo(a)pyrene (22), indeno(1,2,3-cd)pyrene (23) and dibenzo(a,h)anthracene (24) are known
human carcinogens according to the WHO and therefore analyzed specifically.
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Figure 11: Chemical structures of the investigated PAHs. Compounds 1 and 18-24 are carcinogenic to humans
according to the WHO.
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Dilute exhausts have been sampled from the CVS tunnel for all vehicle configurations throughout the
five campaigns. For this purpose, aliquots of diluted exhausts were collected in all-glass sampling
devices. Overall more than 60 sampling devices have been exposed to collect complete exhaust
samples including solid, condensed (liquid) and gaseous exhaust constituents. After a multi-step
clean-up procedure, these samples were analyzed for PAHs and related compounds with GC-HRMS.

Figure 12 compares concentrations of individual PAHs in non-diluted exhausts of five Euro-3, -4 and
Euro-5 GDI vehicles in the hot-started WLTC. For comparison, PAH concentrations in the exhaust of
the Euro-5 diesel vehicle (Peugeot 4008, 1.6 L, black bars) with DPF, are also given.
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Figure 12: PAH emissions (ng/ma, non-diluted exhaust, logarithmic scale) of five Euro-3, -4 and Euro-5 GDI-
vehicles and the bench mark diesel vehicle equipped with particle filter (black) in the hot-started WLTC.

It was found that 4- to 5-ring PAH emissions of most GDI vehicles exceeded those of the bench mark
diesel vehicle, whereas those of the less volatile 6- and 7-ring PAHs are comparably high. Emissions
of individual PAHs can vary one to two orders of magnitude among different GDI-vehicles with the
Euro-3 vehicle (Mitsubishi Carisma, 1.8 L, red bars) is the highest emitter in all, but one cases, and the
Euro-5 vehicle (Opel Zafira, 1.6 L, blue bars) is the lowest emitting GDI-vehicle for most PAHs.
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5.2. Genotoxic potential of non-filtered GDI exhausts

Figure 13 displays the weighted genotoxic potential of different GDI vehicle exhausts in the cold
started WLTC. Non-diluted exhaust concentrations of those 8 PAHs rated to be genotoxic to humans
(Fig. 11) were determined by GC-HRMS and weighted with respective toxicity factors.

Benzo(a)pyrene (red bars) and dibenzo(ah)anthracene (pink bars), both have the highest toxicity
factor of 1, naphthalene has the lowest toxicity factor of 0.001, other PAHs have intermediate
toxicity.

It is obvious that the seven GDI vehicles release substantially more genotoxic PAHs than the bench
mark diesel vehicle equipped with particle filter (dashed red line). Diesel vehicle exhaust has a
genotoxic potential of 45 ng benzo(a)pyrene equivalents/m?®, while those of the GDI vehicles varied
from 270 up to 1700 ng/m>. On average, GDI exhausts correspond to 750 ng benzo(a)pyrene
equivalents/m?® having a 17-fold higher genotoxic potential than the diesel exhaust.

If one compares these values with the EU air quality limit of 1 ng benzo(a)pyrene/m?, it is clear that
all GDI vehicles will substantially contribute to the overall benzo(a)pyrene burden in traffic-affected
areas. In other words, the release of 1 m® of GDI exhaust has to be diluted, on average, about 750
times to remain below the EU air quality standard.

Genotoxic potential of GDI exhausts (hngTEQ/m3, cWLTC)
(EU air quality limit: 1 ng benzo(a)pyrene/m3)

0,_ 400 800 1200 1600 2000
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Opel Insignia1.6L Euro-5 1000x
Volvo V60 1.6L Euro-5 300x
Opel Zafira 1.6L Euro-5 270x
Citroen C4 1.2L Euro-6 380x
VW Golf VIl 1.4L Euro-6 290x
GDI Flotte (Mittelwert) 750x
Peugeot 4008 1.6L Euro-5 (Diesel mit Partikelfilter) 45x
B Naphthalene(0.001x) B Benzo(a)anthracene (0.1x)
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Figure 13: Genotoxic potential of GDI exhausts (ng benzo(a)pyrene equivalent/m?, non-diluted exhaust) of four
generations of Euro-3, -4, -5 and -6 GDI-vehicles and the bench mark diesel vehicle equipped with a particle
filter in the cold-started WLTC. The mean of the GDI fleet is also given.

We conclude that all GDI vehicles emit relevant amounts of PAHs including genotoxic PAHs. In all
cases did GDI vehicles release more PAHs than the bench mark diesel vehicle. Thus GDI vehicles not
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only release billions of soot-like particles, they also emit relevant amounts of genotoxic PAHs. We can
conclude that GDI-particles which are covered with genotoxic PAHs at ambient temperatures have a
high genotoxic potential.

The co-release of nanoparticles adsorbing these semi-volatile compounds, acting as Trojan horses,
transporting these PAHSs into the human lung and possibly even penetrating the alveolar membrane,
represent a serious health threat. We conclude that GDI exhausts contain numerous soot-like
nanoparticles which carry genotoxic PAHs. In this respect they have a similar chemical composition
as non-treated diesel exhausts. Non-treated diesel exhaust is considered as class 1 carcinogen by the
WHO inducing lung cancer in humans. It is not clear yet, how the WHO will classify non-filtered GDI
exhausts, but this certainly is an important task to do.

5.3. Metal emissions

Vehicle exhausts can contain trace amounts of metals typically released in oxidized forms as metal
cations and sampled and analyzed as that, after microwave-assisted digestion in nitric acid. Several
parts of the vehicle can contribute to metal emissions. The engine can contribute with engine wear,
typically Fe, Al, Cu, Ni, Cr, or with abrasion from the converter technology, in this case three-way
catalysts and particle filters, which are typically based on cordierite or silicon carbide, thus Al, Mg
and Si have to be expected. Catalyst coating materials such as Ce, Al used as supports in form of
Al,0O; and Ce0Q, and catalyst metals such as Rh, Pd, Pt are expected. Metal emissions from fuels or
fuel additives such as iron and cerium oxides or their precursors, which are widely used as filter
regeneration catalysts (fuel-borne catalysts), and metals from lubrication oils such as Ca, Zn and Ba
have to be expected.

In other words, metal emissions associated with the GDI particles might be of relevance. In a first
approach, diluted CVS exhausts during transient vehicle operation in the WLTC were collected with
impingers. Elemental analyses of the impinging solutions indicate that metal concentrations in dilute
vehicle exhausts were as low as those of the dilution air.

In a second approach, we collected non-diluted exhausts in the SSC and under idling conditions with
an electrical low pressure impactor (ELPI) which allows size-classified particle sampling in the size
range of 29 nm to 10 um (aerodynamic diameter). A scheme of the ELPI is given in Figure 14. In
addition to the 13 stages, a last sample (back up) was taken collecting particles below 29 nm.
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Figure 14: Scheme of the electrical low pressure impactor (ELPI) used to collect size-classified particles in the
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size range of 29 nm to 10 um (13 stages). In addition, back-up samples collecting particles < 29 nm were taken.
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These samples were digested in conc. nitric acid (HNO3, supra pur) and analyzed with an inductively-
coupled plasma high-resolution mass spectrometer (ICP-HR-MS).
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Figure 15: Barium (left) and platinum (right) contents (ng per filter) of exhausts of the Euro-5 reference vehicle
(Volvo V60, 1.6 L) operated in the SSC with gasoline and with ethanol/gasoline blends (E10 and E85) without
and with GPF-1, -2, -3 and -4. Mean blank values of sampling filters also given (red line).

Current data on metal contents of GDI soot particles indicate that levels are very low, mostly at the
blank level of the sampling filter. As Figure 15 shows, it can be excluded that e.g. barium is released
at significant levels exceeding mean blank values from exhausts of the Euro-5 reference vehicle
(Volvo V60, 1.6 L) neither when the vehicle was operated with gasoline or ethanol fuel blends (E10
and E85), nor when GPFs were used (Fig. 15 left). Also platinum levels (Fig. 15 right) were lower than
mean blank values in the SSC when operating the reference vehicle (Volvo V60, 1.6 L, Euro-5) with
gasoline without and with filter technology. Slightly increased Pt emissions were observed with
ethanol blends (E10 and E85) which exceeded the mean blank level 3- to 4-fold.

We conclude that metal contents of GDI soot, collected on different ELPI filter stages, were very low,
mostly at levels of the blank filters. With metal contents at background levels, no obvious differences
could be observed for filtered and non-filtered samples or for samples obtained from combustion of
gasoline or ethanol/gasoline blends. It can be concluded that most of the particulate matter released
from GDI vehicles is soot, carrying adsorbates from semi- or non-volatile carbonaceous material.
Thus the presence of substantial quantities of metal oxide particles can be excluded, also in the ultra-
fine fraction (< 100 nm).
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6. Impact of alternative fuels on GDI vehicle emissions
6. 1. Impact of ethanol fuel blends on particle and regulated pollutant emissions

One of the GDI vehicles (Volvo V60, 1.6 L, Euro-5) is a flex-fuel vehicle, which was used to study
effects of ethanol on particle formation and PAH emissions as discussed below.

Figure 16 displays CO,, CO and PN emission factors of the flex-fuel GDI vehicle when operated with
gasoline (EO), and gasoline ethanol blends which contained 10% (E10) and 85% (E85) ethanol. The
vehicle was tested under steady-state conditions (SSC) and transient driving in the cold- and hot-
started WLTC.

cWLTC 1.00x 1.00x 1.00x
hWLTC 0.98x 0.95x 0.63x
ssc 0.66x | 0.04x 0.63x
cWLTC 0.90x 1 0.24x 0.23x
1
hWLTC 0.87x | 0.19x 0.03x
ssc 0.67x ! 0.04x <0.001x
cWLTC 0.85x ! 0.17x 0.06x
hWLTC 0.83x 1 0.13x 0.04x
ssC ' 0.63x i 0.03x <0.001x
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Figure 16: CO,, CO and PN emission factors of the reference Euro-5 GDI vehicle (Volvo, V60, 1.6 L) operated
with gasoline (EQ) and two gasoline/ethanol blends (E10, E85) in cold- (blue) and hot-started (red) WLTCs and
the SSC (black). The EDC Euro5/6 diesel emission limits for CO (1000 mg/km) and for PN (6 x 10™" particles/km)
are indicated (magenta lines). The mean CO, emission of the flex-fuel vehicle in the homologation cycle is
reported to be 153 g/km, corresponding to a fuel consumption of 6.6 L/100 km (magenta).

As observed before, emissions of CO,, CO and particles (PN) are highest under transient driving
compared with steady-state vehicle operation. Ethanol blending resulted in CO, emission reductions
in the WLTC of 10-13% and 15-17% for E10 and E85, respectively. CO emissions were lowered by 76-
81% and 83-87% with E10 and E85 and PN emissions dropped by 77-97% and 94-96%.

When comparing the SSC with the cold start WLTC data, CO, and CO emissions were lowered by 33-
37% and 96-97%. CO and CO, reductions were rather independent of the fuel. Substantial reductions
of PN emissions were also observed. PN emissions were lowered by 37% when comparing transient
and steady vehicle operation with gasoline (EO) and are reduced by more than 99% with E10 and E85.

In conclusion, ethanol blending had pronounced effects on CO,, CO and PN emissions of this flex-fuel
GDI vehicle, both under transient and steady driving conditions.

Figure 17 compares CO- and PN- (y-axes, logarithmic scales) with CO, emission factors (x-axes) of
different cycle phases for EO, E10 and E85 fuels. CO and CO, emission factors are correlated to some
degree. CO emissions increased by about two orders of magnitude with increasing CO, (Fig. 17,
upper diagrams). CO, is a metric for fuel consumption, which increases with vehicle speed and during
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transient (red) rather than steady (black) driving. Urban transient driving under cold start influence
(blue) produced highest CO, PN and CO, emissions independent of the fuel applied.

Similar correlations could be observed for PN emissions (Fig. 17, lower diagrams), but fuel effects
were much stronger for this vehicle. Especially PN emissions under steady-state driving (black) are
two orders of magnitude lower than those from transient driving (red).
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Figure 17: Correlation of CO-, PN- and CO, emission factors of the Euro-5 reference vehicle (Volvo V60, 1.6 L)
operated with gasoline (EO) and gasoline/ethanol blends (E10 and E85) in different phases of the cold- (blue),
hot-started (red) WLTCs and the SSC (black).

It can be concluded that already at ethanol levels of 10% (E10) PN emissions are mostly below the
emission limit of 6 x 10™ particles/km. Even lower PN emissions are observed with E85.

6.2. Impact of ethanol fuel blends on genotoxic emissions

It has been shown that ethanol blending strongly affects CO and particle emissions of the tested
Euro-5 flex-fuel vehicle (Volvo V60, 1.6 L). We hypothesized that PAH emissions are also affected by
ethanol assuming that PAHs do form in parallel to particles in the engine, in sub-stoichiometric, fuel-
rich mixing zones. Figure 18 compares PAH emission factors (ug/km, logarithmic scales) of selected
PAHs. Respective chemical structures are given in Figure 11. Genotoxic PAHs are labeled (*).

PAH emissions were highest in the cold- (blue) and hot-started (red) WLTC with gasoline (EO).
Emissions decreased with increasing ethanol levels when comparing EO, E10 and E85 data, both in
the cold- and hot-started WLTCs. PAH emissions are often minimal under steady state operation
(black) as observed before for other pollutants like PN, CO, CO, and THC. This trend is independent of
the fuel and is also observed for E10 and E85. Individual PAH emissions in the SSC were sometimes
very low, at levels of the dilution air. Respective data is indicated as white bars in Fig. 18.
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Figure 18: PAH emissions (ug/km) of the reference vehicle (Volvo, V60, 1.6 L, Euro-5) operated with gasoline
(E0) and two ethanol-gasoline blends (E10, E85) in cold- (blue) and hot-started (red) WLTCs and the SSC (black).
Dilution air levels are also reported (white). Genotoxic compounds are marked (*).

It can be concluded that ethanol blending has a positive effect and reduced particle and PAH
emissions for this specific flex-fuel GDI vehicle (Munoz et al., 2016).

Figure 19 reports PAH reduction efficiencies when comparing data from hot- (red) and cold-started
(blue) WLTC for E10 (left) and E85 (right) with respective gasoline (EO) data. Consistent trends were
observed for hot WLTC data. Reduction efficiencies increase from 70% for 2-ring PAHs to about 95%
for 6-ring PAHs when comparing E10 with EO data. Efficiencies were even higher for E85. They
increased from about 85% for 2-ring to 95% for 6-ring PAHs. There is more scatter in the cold start
data (blue), but trends towards increased PAH reduction efficiencies with higher ethanol content and
larger ring number are also evident.

In conclusion, ethanol blending leads to substantial reductions of PAH emissions for this flex-fuel
vehicle. Reduction efficiencies increased with PAH ring number and ethanol content of the fuel.

Some of the investigated PAHs are genotoxic to humans (Fig. 11). Figure 20 reports the genotoxic
potential of these exhausts and compares the toxicity equivalence-weighted emission factors (ng
TEQ/km) for the genotoxic PAH fractions and different fuels and driving cycles.

30



<
< E
2 Empa
Materials Scence and Technology

Driving the reference vehicle (Volvo V60, 1.6L, Euro-5) with gasoline, produced genotoxic PAH
emissions of 185-210 ng TEQ/km at transient driving in the cold and hot WLTC. Genotoxic PAH
emissions in the SSC were considerably lower (0.01 x) as observed for most other pollutants.

PAH-Reduction WLTC [%] PAH-Reduction WLTC [%]
0O 20 40 60 8 100 O 20 40 60 80 100
6-ring h
c
5-ring 2
4-ring g
3-ring "
2-ring Q E10 85

Figure 19: PAH reduction efficiencies dependent on PAH ring number. Data of the flex-fuel vehicle (Volvo, V60,
1.6 L, Euro-5) operated with ethanol blends (E10 and E85) and gasoline (EO) in cold- (blue) and hot-started (red)
WLTCs are compared.

Ethanol blending induced substantial reductions of genotoxic PAH emissions, most pronounced in
the hot WLTC with reductions of 77% and 84%, if comparing E10 and E85 with EO data, respectively.
Effects were less pronounced in the cold WLTC but pointed in the same direction.

Genotoxic Potential [ngTEQ/Km] Mass Proportion [-]
0 50 100 150 200 250 O 02 04 06 08 1.0
cWLTC 1.00x
hwLTC 1.1x
SSC 0.01x
cWLTC 0.97x
hwLTC 0.23x
SsC 0.08x
cWLTC 0.37x '
ssC 0.01x '
B Naphthalene (1, 0.001x) B Benzo(a)anthracene (18, 0.1x)
[J Chrysene (19, 0.01x) B Benzo(k)fluoranthene (21, 0.1x)
B Benzo(b)fluoranthene (20, 0.1x) B Benzo(a)pyrene (22, 1.0x)

O Indeno(1,2,3,-cd)pyrene (23, 0.1x) [ Dibenzo(ah)anthracene (24, 1.0x)

Figure 20: Genotoxic potential of the PAH emissions. The eight genotoxic PAHs listed and their toxicity
equivalence-weighted proportions (ng TEQ/km) of the reference vehicle (Volvo, V60, 1.6 L, Euro-5) operated
with gasoline (EQ) and ethanol blends (E10 and E85) in cold and hot started WLTCs and the SSC are given (left).
Respective weighted mass proportions are also shown for WLTC data (right).
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Figure 20 also displays patterns of the genotoxic PAHs. Naphthalene (blue) and benzo(a)pyrene (red)
mainly contributed to the overall genotoxic potential of these exhausts, independent of the fuel
used.

Overall, one can conclude that ethanol blending strongly affected the emission characteristics of this
vehicle. All critical pollutants were clearly reduced with strongest effects on emissions of particles,
CO, PAHs including the genotoxic PAHs, THCs and even CO,.

However, before generalizing these findings, additional GDI vehicles have to be studied. With the
support of CCEM, we performed an additional campaign and tested two other GDI vehicles. These
vehicles were operated with EO and E10 and, as another alternative oxygenated fuel, with an n-
butanol/gasoline blend, containing 15% n-butanol (B15). Respective emission data is not available yet
and will be published later elsewhere.
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7. Impact of gasoline particle filters (GPFs) on GDI vehicle emissions

Particle filters are widely used in various diesel vehicles today. They have been implemented already
in the year 2000 in an Euro-3 passenger car (Peugeot 607, 98 kW, 2.2 L). With the implementation of
a particle number emission limit of 6 x 10e11 particles/km in 2009, all Euro-5 diesel vehicles were
equipped with filter technology. This PN emission limit also affected light-duty vehicles. Since 2013,
Euro-VI heavy-duty vehicles also have to comply with a PN limit of 6 x 10e11 particles/kWh and are
equipped with particle filters too.

In parallel also construction machinery, buses for public transportation and many off-road diesel
applications are equipped with particle filter technology. The Swiss clean air act (Luftreinhalte-
Verordnung) limits particle number emissions of construction machinery to 6 x 10e11 particles/kWh
already since 2009 and defines criteria to be met for filter technology for these applications. It is
prescribed that particle number filtration efficiencies should be >98% for all particles in a size range
of 23 and 400 nm. The application of particle filters should not lead to an increase of toxic secondary
pollutants and these conditions must also be met after 2000 hours of field operation.

In other words particle filters have been widely used for nearly two decades now in many diesel
applications but are so far not applied for gasoline vehicles. With the support of our industrial
partners could we test four different prototype particle filters for their impact on GDI-exhausts.

Two GPFs were non-coated, two were coated with catalytic material not specified to us. The four
filters named GPF-1, -2, -3 and -4, were installed at the tailpipe of the reference vehicle and tested
under similar conditions in the cold and hot started WLTC and the SSC.

7.1. Impact of GPFs on particle size distribution

Figure 21 displays particle size distributions of exhausts of the reference vehicle (Volvo V60, 1.6 L,
Euro-5) without and with a GPF under steady state driving at 95 km/h. A bimodal particle size
distribution with nucleation mode particles at 20 nm and accumulation mode particles at 80 nm can
be observed without GPF as discussed before. Both, the SMPS and the nanoSMPS data correlate well
in the overlapping size range indicating that sub-23 nm particle are observed, but no indications are
found for an increase towards 10 nm particles.

With GPF, particle emissions are lowered be 2-3 orders of magnitude to particle number
concentrations of 2x10e2 to 6x10e5 particles/ccm in dilute exhaust (Fig. 21, left). In other words, PN
filtration efficiencies are always > 99% and even > 99.9% for the very fine particles <30 nm. Thus the
examined GPF is able to lower PN emissions in the entire size range without any brake through at
sub-23 nm particles.
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Figure 21: Particle number concentrations (particles/ccm) and size distribution (nm) of GDI vehicle exhausts
(Volvo V60, 1.6 L, Euro-5) without and with a GPF at constant driving at 95 km/h. SMPS (solid lines) and
nanoSMPS (dashed lines) data is compared and respective particle number filtration efficiencies are calculated
(left).

7.2. Efficiencies of GPFs and particle number emissions

Figure 22 displays PN emissions of the reference vehicle (Volvo V60, 1.6 L, Euro-5) without (left) and
with four different gasoline particle filters (GPF-1, -2, -3 and -4) in the cold and hot started WLTC and
the SSC. For comparison, the mean values (xstdv.) and PN emissions of the bench mark diesel vehicle
(Peugeot 4008, 1.6 L, Euro-5) with DPF are given.
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Figure 22: Particle number emissions (particles/km) of the reference GDI vehicle (Volvo V60, 1.6 L, Euro-5)
without and with GPF-1, -2, -3, and -4 in the cold and hot started WLTC and the SSC. Mean emissions (n=4) of
the filtered exhausts are compared with those of the bench mark diesel vehicle (Peugeot 4008, 1.6 L, Euro-5)
with DPF.
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Particle number emissions after GPF-1, which showed the strongest effects, are reduced by 1 to 2
orders of magnitude at transient driving in the cold and hot WLTC and even 3 orders of magnitude
lower under steady vehicle operation (SSC). PN emissions after this filter still are about a factor 10
higher than those of the diesel vehicle, but are more than one order of magnitude lower than those
after GPF-2, -3 and -4.

On average, these four prototype GPFs induced PN reductions of 77%, 87% and 95% in the cWLTC,
hWLTC and the SSC. In other words, the Euro-5 reference vehicle after a retrofit with these GPFs can
lower PN emissions below the future PN limit of 6 x 10e11 particles/km. However, this seems not to
be the maximum efficiency that can be achieved with well integrated filter technology, as shown by
the bench mark diesel vehicle with a well-integrated and regulated catalytic DPF.

7.3. Impact of GPFs on genotoxic PAH emissions

Figure 23 displays the toxicity-weighted genotoxic potentials (ng benzo(a)pyrene equivalents/m?) of
GDI vehicle exhausts of the Euro-5 reference vehicle (Volvo V60, 1.6 L) without and equipped with
four prototype gasoline particle filters (GPF-1, -2, -3 and -4) in the cold and hot-started WLTC. For
comparison, respective data of the bench mark diesel vehicle with integrated particle filter is also
given.

Genotoxic potential of non-filtered and filtered GDI exhausts (ngTEQ/m?)
(EU air quality limit: 1 ng benzo(a)pyrene/m?)
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Figure 23: Genotoxic potential of PAH emissions of filtered and non-filtered GDI vehicle exhausts in the cold
and hot started WLTC. The eight genotoxic PAHs listed and their toxicity equivalence weighted proportion (ng
TEQ/mS) of the Euro-5 reference vehicle (Volvo, V60, 1.6 L) operated without filter and with GPF-1, -2, -3 and -4
are given and compared with data of the benchmark diesel vehicle (Peugeot 4008, 1.6 L, Euro-5) with DPF.

It has been discussed that the genotoxic potential of exhausts of the non-filtered Euro-5 GDI vehicle
(Volvo V60, 1.6 L) is substantial and is exceeding the diesel vehicle 6- to 7 -fold. Gasoline particle
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filters GPF-1, -2 and -3 lowered emissions of genotoxic PAHs by about 45-70% in the cold and by 71-
83% in the hot WLTC, respectively.

GPF-4, which was not coated, not only had moderate efficiency with respect to particle number
emissions, its impact on genotoxic emissions were only 10% in the cWLTC. In the hot WLTC, even 2-
times more genotoxic PAHs were released after the filter than from vehicle. In other words, this filter
was not able to convert these genotoxic PAHSs, but stored them, and released them again. Such store-
and-release phenomena have been observed before for catalytically inactive DPFs.

We conclude that GPFs have a large potential to reduce both, nanoparticle emissions and genotoxic
PAHs. But best-available filter technologies have to be implemented, to guarantee an efficient
removal of soot particles. To be able to combust the accumulated soot, catalytic coatings are needed
which should also convert semi-volatile adsorbates like PAHs. Otherwise, these critical compounds
do accumulate in filters to be released again later under high load operations as observed for one of
the four prototype particle filters.

Furthermore, fully integrated catalytic GPFs, operated at higher temperatures, allowing a combustion
of accumulated soot and adsorbates, will be needed to lower the genotoxic potential of GDI vehicle
exhausts to levels, already achieved for diesel vehicles since nearly two decades.

Further steps to integrated GPFs are needed. Due to the substantial risks associated with non-filtered
GDI exhausts which include numerous nanoparticles and substantial levels of genotoxic PAHs, filters
should be implemented quickly in GDI vehicles, on a global scale.
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8. SOA formation of GDI exhausts in the PSI smog chamber and PAM oxidation flow reactor

Some of the emitted gaseous exhaust constituents and the semi-volatile hydrocarbons discussed
above can contribute to the formation of organic secondary aerosols (SOA) once released to the
atmosphere. Three independent approaches, which are applied in the project, address these exhaust
properties. For SOA analysis, PSI used their mobile smog chamber (SC) and the potential aerosol
mass (PAM) oxidation flow reactor (OFR) as discussed in this chapter. A third and independent
approach to study the SOA potential is the micro smog chamber (MSC) developed by UASNWS, which
will be discussed in the following chapter.

8.1. Material and methods
8.1.1 Experimental design

Two sets of experiments to study vehicle emissions were conducted (set | in 2014, set Il in 2015). In
addition, selected SOA precursors, the non-methane organic carbon (NMOCs) toluene, o-xylene, and
1,2,4-trimethylbenzene (TMB) were injected into the OFR at different concentrations for comparison
(conducted in 2016, Pieber et al.,, 2017). In the following, we describe vehicle testing and
photochemistry experiments. For further details also refer to Pieber et al., 2017.

8.1.2. Vehicle testing

All vehicles were operated on the UASB chassis dynamometer, those studied in the SOA campaigns
are listed in Table 2. In 2014, the Euro-5 GDI vehicle (Opel Insignia 1.6 LGDI-1), as well as the Euro-5
reference vehicle (Volvo V60, 1.6 L, GDI-4) were tested. GDI1 was investigated i) in standard
configuration, and ii) equipped with a prototype gasoline particle filter (GPF), installed at the muffler
(“underfloor”). The GPF filtration quality is equivalent to the best available technology for DPFs
(personal communication by the manufacturer). In 2015, two additional GDI vehicles were tested in
standard configuration (no retrofitted after-treatment system). Tests with GDI-4 (Volvo V60) were
repeated in 2015; furthermore, GDI-4 was retrofitted with i) the previously tested GPF as well as ii) a
catalytically coated GPF (catGPF) (installed at the muffler, underfloor, while keeping the original TWC
in the original position). For the retrofitted catGPF, the primary purpose of the catalytically active
coating is the constant self-cleaning of deposited carbonaceous material on the particle filter
(personal communication with manufacturer). In future applications, such catalytic coating on a GPF
might replace the existing TWC in GDI vehicles, or specifically, the TWC can be replaced with a GPF
carrying the TWC coating.

The WLTC (Figure 2), and the common but less representative European driving cycle (EDC) were
used. The EDC is characterized by two phases (urban and extra-urban phase of highly repetitive
characteristics) and lasts 20 min, the WLTC is characterized by four phases at different speed levels
(referred to as Phase (Ph) 1-4, i.e. low, medium, high, extra-high speed); it contains patterns of
disruptive acceleration and deceleration and lasts 30 min. Engines were started either after a soaking
time of at least 6 hours at the test temperature (typically between 20-25°C, referred to as “cold-
started”), or after warming up the engine and after-treatment system by driving for 3 min at a
steady-state speed of 80 km h™ (“hot-started”).
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Table 2. Vehicles and tests (n number of tests conducted; EDC tests were only
conducted with GDI-1 and GDI-1 w/GPF).

Vehicle Vehicle Expt. cold- hot- cold- hot-
Code Type Set started started started started
WLTC WLTC EDC EDC

GDI-1 Opel Insignia; Euro 5, 2014 (1) n=4 n=4 n=1 n=1
standard configuration

GDI-1 w/GPF Opel Insignia; Euro 5, 2014 (1) n=4 n=4 n=3 n=3
with retrofitted GPF (underfloor)

GDI-2 Opel Zafira Tourer, 2015 (I1) n=4 n=4 -- --
Euro 5

GDI-3 VW Golf Plus, 2015 (I1) n=4 n=4 -- --
Euro 4

GDI-4 (2014) Volvo V60, Euro 5, 2014 (1) n=4 n=4 -- --
standard configuration

GDI-4 (2015) Volvo V60, Euro 5, 2015 (I1) n=3 n=1 -- --
standard configuration

GDI-4 w/GPF Volvo V60, Euro 5, 2015 (I1) n=4 n=2 -- --
with retrofitted GPF (underfloor)

GDI-4 w/catGPF Volvo V60, Euro 5, 2015 (I1) n=4 n=2 -- --

with retrofitted catGPF (underfloor)

Cycles are classified as cold-started WLTC (denoted cW), and hot-started WLTC (hW), cold-started
EDC (cE), and hot-started EDC (hE). In parallel to the regulatory CVS sampling and tailpipe FTIR
measurements, emissions were sampled using 1 or 2 Dekati ejector dilutors in series for
characterization by non-regulatory equipment and photochemistry experiments. Figure 24 gives a
scheme of the set-up, including our non-regulatory equipment, the SC and the OFR. Sampling was
performed similar to the description in Platt et al., 2013; 2017, which demonstrated good agreement
between batch-sampled emissions and 1) online measurements of gaseous emission at the tailpipe
(Platt et al., 2013) and 2) gravimetric PM samples from the CVS (Platt et al., 2017). Clean air to
operate the sampling and dilution system, as well as the SC and OFR, was provided by a compressor
(Atlas Copco SF 1 oil-free scroll compressor with 270 L container, Atlas Copco AG, Switzerland)
combined with an air purifier (AADCO 250 series, AADCO Instruments, Inc., USA).
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Figure 24. Schematic (not to scale) of the experimental set-up for SOA measurements. Vehicles were driven
over regulatory driving cycles (EDC and WLTC) on a chassis dynamometer . Emissions were sampled through a
heated dilution and sampling system using 1 or 2 ejector dilutors into the PSI mobile SC and the potential
aerosol mass (PAM) oxidation flow reactor (OFR). Instrumentation for characterization of fresh and photo-
chemically aged emissions is listed. The raw exhaust was also sampled at the tailpipe using standard test bench
equipment to monitor regulatory species (diluted in a constant volume sampler, CVS) and non-regulated
emissions (with Fourier-Transformed Infrared Spectroscopy, FTIR).

8.1.3. Experimental procedures

Experiments were conducted in three configurations: 1) time-resolved measurements of primary
emissions and time-resolved aging in the oxidation flow reactor, 2) OFR photochemical aging from SC
batch samples, 3) SC photochemical aging of SC batch sample. Experiments were conducted as
follows. First, diluted emissions from the cold-started vehicle tests were sampled online during the
driving cycle and characterized in real-time, either fresh (“primary”), or photochemically aged in the
OFR (“secondary”). In parallel, the emissions from the cold-started driving cycle were sampled into
the SC for a later photochemical batch experiment, either over the full cycle (cW and cE), the first (Ph
1, cW) or the aggregated second through fourth phases (Ph 2-4, cW). Thereafter, a second vehicle
test was performed, for which the vehicle was warmed up for 3 min at 80 km h™* steady driving. The
hot-started test emissions were sampled and characterized in real-time fresh or aged (“OFR online”).
No sampling of hot-started driving cycle emissions into the SC was performed. When both driving
tests were completed, the previously sampled cold-started emissions were characterized and
photochemically aged in the OFR by sampling the batch collection from the SC (OFR-from-SC
sampling experiments, also referred to as “batch OFR” herein). Then, photochemical aging was
performed in the SC. At the start of each experiment the SC was filled to approximately two thirds
full with humidified air, with the remaining volume available for sample injection. After sample
injection, the chamber volume was filled up to its maximum with pure air, and the relative humidity
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(RH) was adjusted to 50%. To quantify OH exposure during the experiments, 1 uL of deuterated
butanol (BuOH-D9) was added. Once the monitored emissions parameters and the BuOH-D9 signal
stabilized and indicated a well-mixed chamber, primary emissions were characterized and sampled
into the OFR for photochemical aging. The OFR was operated at different OH exposures determined
by UV lamp intensity (denoted 100%, 70% and 50%), followed by a UV off (OFR dark) period. Once
OFR-from-SC sampling was completed, O; was injected into the SC to oxidize NO to NO,. HONO, used
as an OH precursor, was injected continuously for the remainder of the experiment and
photochemistry was initiated by illuminating the SC with the UV lights for a period of 2 hours. The
temperature around the SC was kept approximately at 25°C, but reached up to 30°C with UV lights
switched on. The OFR likely, also has slightly higher than ambient temperatures close to the UV
sources, due to heating from the lamps.

8.1.4. PSI mobile smog chamber (SC)

Figure 25 displays the PSI mobile SC (Platt et al., 2013) which is an approximately 12 m?, 125 pm thick
collapsible Teflon bag (DuPont Teflon fluorocarbon film (FEP), type 500A, Foiltec GmbH, Germany)
suspended from a mobile aluminum frame (2.3x2x2.5 m, LxWxH) with a battery of 40x100 W UV
lights (Cleo Performance solarium lamps, Philips).

Figure 25: Light- and HONO-induced secondary organic aerosol formation in the mobile PSI smog chamber.

It is equipped with an injection system for purified air, water vapor, and gases (O;, NO, NO,, SO,,
propene (CsHg). OH radicals used as the primary oxidant, are generated by photolysis of HONO,
which is injected continuously into the chamber and generated as described in Platt et al., 2013 and
Taira and Kanda, 1990. The SC was cleaned prior to each experiment by filling with humidified air and
O; and irradiating with UV light for at least 1 h, followed by flushing with dry, pure air for at least 10
h. Background measurements of the clean chamber were conducted prior to each experiment.
Control experiments were conducted regularly in the SC to estimate the contribution of the SC
background to SOA formation.
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8.1.5. PAM oxidation flow reactor (OFR)

Experiments herein utilize the potential aerosol mass (PAM) OFR, of which several different
configurations currently exist. We described our OFR previously (Bruns et al., 2015). It consists of a
0.015 m?®, cylindrical glass chamber (0.46 m length, 0.22 m diameter) containing two low pressure
mercury UV lamps, each with discrete emission lines at 185 and 254 nm (BHK Inc.), as shown in
Figure 26.

Figure 26: The PSI oxidation flow reactor (OFR) equipped with 2 lamps.

The lamps are cooled by a constant flow of air. The incoming reactant flow is mixed radially dispersed
by a perforated mesh screen at the inlet flange. The flow through the OFR was regulated by the flow
pulled by instruments and pumps behind the reactor, and was set to 8-9 L min™, corresponding to a
plug flow residence time of 90-100 s. A small fraction of the total flow (0.5-1 L min™*) was sampled
behind a second perforated mesh (often termed “ring-flow”) and discarded. The OFR was equipped
with an injection system for water vapor (a Nafion humidifier) and organic compounds (BuOH-D9 as
an OH tracer, and toluene, o-xylene and 1,2,4-trimethyl benzene for single precursor tests (Pieber et
al., 2017). A scheme is presented in Figure 27.

During “online” time-resolved operation of the OFR, the diluted exhaust (either 1 or 2 ejector
dilutors) was mixed with humidified air up to 50% of the total flow through the reactor, leading to an
additional dilution of up to a factor 2. When sampling from the SC (OFR-from-SC experiments)
instead, no separate addition of water vapor or BUOH-D9 was required. OH radicals in the OFR are
produced by photolysis of water vapor (H,0) at 185 nm, or by production of atomic oxygen in excited
state O('D) from photolysis of ozone (O3) at 254 nm, which can react with H,0 to form OH. O; itself is
produced by reaction of atomic oxygen in ground state, O(*P), with O,. O(*P) itself is formed by
photolysis of O, at 185 nm. Lamp power can be regulated between 0 and 100%, with lower
intensities lowering both, O; and OH production. The ratio of OH/O; remained relatively constant at
our test points (1.4-2.6 x 10” at 100%, 1.9-3.0 x 10” at 70%, and 1.7-2.6 x 10” at 50%). The OFR was
cleaned prior to each experiment by flushing it with humidified, pure air, while keeping the UV lights
on for at least 10 min.
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Figure 27: Schematic of the oxidation flow reactor (not to scale, modified from Pieber et al., 2017). The reactor
is equipped with an injection system for water vapor (H,0) and hydrocarbons (notably BuOH-D9, and selected
precursors for single molecule testing). Water vapor is provided via a Nafion humidifier. Air is passing on one
side of the Nafion membrane, collecting water vapor from the liquid on the other side of the membrane. In
addition, other chemicals, such as BUOH-D9 (used as an OH tracer) can be injected by passing a small stream of
clean air through a vial containing the liquid hydrocarbons.

8.1.6. PTR-ToF-MS

A high resolution proton transfer reaction time-of-flight mass spectrometer (PTR-ToF-MS, PTR-TOF-

8000, lonicon Analytik Ges.m.b.H., Innsbruck, Austria), was used to study the chemical composition

of the gaseous organic compounds in fresh and aged emissions (Jordan et al.,, 2009; Graus et al.,

2010). The PTR-ToF-MS uses hydronium ions (H;0") as the primary reagent to protonate gaseous

organic molecules having a proton affinity higher than that of water (Pieber et al., 2017).

8.1.7. HR-ToF-AMS

Quantitative, size-resolved mass spectra of the non-refractory sub-micron particle composition were

provided by use of a high resolution time-of-flight aerosol mass spectrometer (HR-ToF-AMS,

Aerodyne, DeCarlo et al., 2006). Particles are continuously sampled into the HR-ToF-AMS through a

PM; aerodynamic lens and focused onto a heated porous tungsten vaporizer (T,,, = 600 °C) in high

vacuum (10 Pa). The non-refractory particle components are flash-vaporized and the resulting gas is

ionized by electron ionization (El, 70 eV), and then classified by a time-of-flight mass spectrometer

(ToF-MS). The particle beam is alternately blocked (“closed”) and unblocked (“open”), and all data

presented herein are open minus closed signals derived from high resolution analysis fitting
procedures (SQUIRREL1.51H, PIKA 1.10H), running in the Igor Pro 6.3 environment (Wavemetrics
Inc., Lake Oswego, OR, U.S.A.). Following standard procedures (Canagaratna et al., 2007), the

instrument ionization efficiency (IE) and particle size measurement were calibrated using size-

selected NH,NO; particles and polystyrene latex spheres (PSLs), respectively. A relative ionization

efficiency of 1.4 for organic material and a collection efficiency of 1 were applied to the data. No

corrections for lens transmission were performed. HR-ToF-AMS data were corrected for background

gas-phase CO, in the emissions by subtracting a CO,-signal measured in a particle-free sample. The

interaction of inorganic salts with pre-deposited carbon on the tungsten vaporizer can lead to the

generation of CO," signal in the open minus closed HR-ToF-AMS mass spectra (Pieber et al., 2016).

Here photochemical aging of the exhaust resulted in significant NH,NO; formation, reaching NO3/OA

ratios of 5. A CO," signal at 3.5% to NO; was determined and corrected according to Pieber et al.,
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8.2. SOA formation in PSI-smog chamber and the oxidation flow reactor
8.2.1. Pollutants as function of vehicle technology and driving cycle

Figure 28 summarizes emission factors (EFs) of pollutants across all vehicles and conditions tested
(Pieber et al., 2017). Investigation of THC, NMHC and gravimetric PM of time-resolved emissions for
cold- and hot-started WLTC and EDC tests using GDI1-3 demonstrated significant THC and NMHC
emissions during cold-engine tests, with emission factors reduced by a factor of 90 during hot-started
cycles (Figure 29 panels a and c). Median NMHC EFs were 1132 mg kgfue{1 (cW) and 12.9 mg kgfue{1
(hW). EFs from cold-started WLTC (cW) for GDI1-3 were dominated by Ph 1 (cW, 4663 mg kg ),
which exceeded all other phases of the WLTC by 2 to 4 orders of magnitude. GDI4 had lower total
emissions during cold-started cycles compared to other vehicles (~factor 3 lower, median NMHC EF
(cW): 434 mg kgse") and a smaller difference between cold- and hot-started cycles (GDI4 cW NMHC
is only 8 times higher than hW, rather than 90 times as for GDI1-3; median NMHC EF for hW (GDI4):
55.7 mg kgrel ). When looking at individual phases of the driving cycle, e.g. comparing Ph 1 of cW
and hW vs. Ph 2-4 of cW and hW, for different vehicles (GDI1-3 vs. GDI4), we find that while Ph 1
(cW) NMHC emissions for GDI4 are significantly lower compared to GDI1-3 (by a factor 3), NMHC EF
for GDI4 during all other phases appeared higher than those of GDI1-3 (factor 2-30, with the biggest
difference found for Ph 2-4 (hW). The corresponding median data are 4663, 0.1, 23.8, 1.6 mg/kg:.«
(for GDI1-3, Ph 1 (cW), Ph 1 (hW), Ph 2-4 (cW) and Ph 2-4 (hW) respectively, and 1507, 2.2, 56.8, 41.1
mg/kgs..(for GDI4).

Lower cold start emissions of GDI4 compared to other vehicles may be explained by differences in
the catalytic after-treatment system, the location of the catalyst as well as reduced cold start
enrichment. In terms of NMHC/THC EFs, GDI4 can be considered in line with Euro 6 vehicles, for
which regulation also focuses on the reduction of the cold-start HC emissions. No influence of GPF
installation on the NMHC EFs was observed for either GDI1 or 4 (GDI2 and 3 were not tested), as
further discussed below. Primary PM emissions are less affected by the differences between cold-
and hot-started cycles and among vehicles (Fig. 28). The largest difference was induced by the
application of GPFs as discussed further below.

The total PM emitted by vehicles in standard configuration is dominated by eBC rather than POA (Fig.
28 b), and the low POA-to-eBC ratio is similar to diesel engines not equipped with DPFs, as also found
by Saliba et al., 2017. PM measured in the batch samples (sum of eBC and POA, Fig. 28b) compares
generally well with the gravimetric PM analysis of filters sampled from the CVS.
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Figure 28: Emission factors (EF) of pollutants from cold-started (c) and hot-started (h) test cycles (WLTC (W)
and EDC (E)) (modified from Pieber et al., 2017). Individual cW and hW phases are indicated as Ph 1-4. (a) EFs
of total and non-methane hydrocarbons (THC, NMHC) and primary gravimetric particulate matter (PM) from
CVS measurements over entire test cycles for different vehicle configuration and test conditions, (b) EFs of
primary PM (equivalent black carbon (eBC) and primary organic aerosol (POA)), and secondary organic aerosol
(SOA) formed during photochemical aging in SC, OFR-from-SC experiments and during online operation of the
OFR (OFR at 100% UV intensity) per vehicle configuration for cold-started test cycles. (c) EFs of the same cW
and hW experiments presented in (a) separated into individual cycle phases. (d) EFs of primary gravimetric PM,
POA and eBC, NMHC and aromatic hydrocarbons (ArHC) and SOA full cW and cE, compared to individual phases
of cW. Note that the EF for eBC for Ph 2-4 (cW) is 17 mg kg ‘1.« and that the data point is hidden behind the

SOA data points in the graphical presentation. (a-d)
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Selective sampling of phases of the cold-started cW into the SC (Fig. 28d) and time-resolved
measurements (Figure 29) indicate that significant eBC is emitted during cold-engine start-up (Ph 1
cW). Equivalent BC emissions are however not as strongly reduced during hot-engine (Ph 2-4 from
cold-started cycle) emissions, and during hot-started cycles (hW, Fig. 28b for total PM (CVS), Fig. 29
for eBC) as e.g. the NMHC EFs under hot engine conditions.

Emissions of all cold-started vehicles, technologies and driving tests showed significant SOA
formation upon photochemical oxidation (Fig. 28b). This is consistent with the above observation
that NMHC and NMOC emissions (determined by the PTR-ToF-MS, see Fig. 30d) are greatly elevated
during cold-started cycles. The SOA production in mg kg™ lies within the range of previous
aggregated data (Jathar et al., 2014; Platt et al., 2017) (median 60, range 10-400 mg kg *t.e/) (Jathar et
al., 2014) for the SC experiments with vehicles in standard configuration (as well as equipped with
GPF). Similar to the observations for NMHC EFs, SOA production factors for GDI4 (median: 12 mg kg’
!wel) are around a factor 20 lower compared to average SOA production factors for GDI1-3 (Fig. 28b)
(median: 222 mg kg ).

Photo-chemical aging of Ph 2-4, sampled into the SC and OFR-from-SC from a cold-started driving
test, showed significantly lower SOA production factors (Fig 28d), in analogy to the lower NMHC and
NMOC emission factors for hot engine conditions, which are discussed in detail later.

8.2.2. Time-resolved SOA formation in the OFR

Investigation of CVS and batch sampling of the individual phases of cold-started WLTC indicates the
highest emission of SOA precursors and SOA formation from cold-started Ph 1 (cW), consistent with
the previous discussion. This is confirmed by time-resolved SOA profiles from aging of the emissions
in the OFR online during the driving cycles. Figure 29 shows the time-resolved aged emissions for
cold- and hot-started WLTC tests using GDI1 (standard configuration). The emissions are exposed to
photochemistry in the OFR, with UV intensity at 100%. OA and nitrate (denoted NOs) are monitored
behind the OFR by the HR-ToF-AMS; for the cold-started cycle, the POA signal measured during a
separate experiment (with OFR UV off) is shown for reference. The large difference between the OA
and POA traces indicates that the observed OA is predominantly SOA.

During the cold-started cycle, significant SOA formation is observed by the HR-ToF-AMS during Ph 1
(i.e. start and low speed) and to a lesser extent during Ph 2-4 (simulated highway driving). The peak
at engine start is observed during all cold-start vehicle tests, regardless of vehicle, driving cycle or
presence/absence of GPFs, while the small peak at the end of high-speed/extra urban driving is
finished appears inconsistently. The latter is related to a delay of the OFR signal by the residence
time in the reactor. The cold-start SOA signal correlates with THC measurements at the OFR inlet,
and is not evident during the hot-started cycle.

These trends are consistent with the regulatory test bench measurements described above and EFs
calculated from batch samples in the SC. The duration of the SOA peak observed at the engine start is
likely artificially increased by OFR residence/response timescales and reflects the first few seconds to
minutes, prior to catalyst light-off, rather than representing consistently high emissions throughout
Ph 1. Supporting this explanation, the hot-started cycle (in which the catalyst operates efficiently
from the beginning of the test) does not exhibit any significant emission of NMHC, and leads to very
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little SOA formation also when investigated online. Hence, the cold-start emissions dominate the
total GDI SOA burden, and are selected below for investigation of relevant SOA precursors, SOA
potential and yields in OFR-from-SC and SC photochemistry experiments.
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Figure 29: Example of time-resolved aging of cold- and hot-started emissions (WLTC) (GDI1, standard
configuration) (modified from Pieber et al., 2017). Top: WLTC speed profile. Bottom: OA profile during WLTC
presenting the OA measurement during the 30 min driving test with OFR at 100% UV intensity; due to a delay
in the OFR the signal after the WLTC is finished is displayed as well), nitrate aerosol (inorganic, ammonium
nitrate, displayed is only NO3), as well as POA and equivalent black carbon (eBC).

8.2.3. Primary NMOC composition investigated by PTR-ToF-MS

Figure 30 a shows the average NMOC mass spectrum obtained by the PTR-ToF-MS for exhaust from
vehicle GDI1 over a full cold-started WLTC. The relative NMOC composition over all test conditions
(driving cycles and phases, vehicle configuration) is given in Fig. 30b. A detailed description is
provided later. In summary, while gasoline as a fuel is mainly composed of aliphatic compounds and
aromatic hydrocarbons (ArHC) having between 7 and 10 carbons (the latter making up roughly 35%
of the fuel volume), the exhaust mass spectral composition from cold-started driving tests appears to
be dominated ArHC by surviving fuel additives like methyl-tert-butyl-ether (MTBE), together with
newly formed ArHC and short chain aliphatic hydrocarbons, which are incomplete combustion
products. The composition depends strongly on the driving cycle phase, with ArHC dominating the
emissions in Ph 1 (cW) and the full cycles (cW, cE), while constituting a smaller fraction of Ph 2-4
(cW). As discussed above, NMHC EFs during Ph 1 (cW) are far higher than Ph 2-4 (cW), with the
resulting effect that the emissions composition for the full WLTC closely resemble those of Ph 1 (i.e.,
dominated by ArHC) also from a chemical composition perspective. Note that the NMOC
concentrations for Ph 2-4 (cW) are close to our background measurements (signal not significantly
different from 3 standard deviations of the background measurement). We showed above that GPF
installation does not reduce NMHC EFs; in addition, it has no obvious influence on the gaseous
NMOC composition (Fig. 30b-d).
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In detail, the mass spectrum and relative composition for full WLTC and Ph 1 (cW) experiments is
dominated by a small number of ArHC ions, specifically: benzene ([C¢He+H]', m/z 79, BENZ), toluene
([C;Hg+H]", m/z 93, TOL), o-/m-/p-xylene or ethylbenzene ([CgH1o+H]", m/z 107, XYL/EBENZ) as well as
Cs-benzenes ([CoHi,+H', m/z 121, C3BENZ). Reaction rates of the above compounds are shown in
Table 3. The most important additional aromatic HC peaks in the spectra correspond to C,-benzenes
([C1oH14+H]*, m/z 135, C4BENZ), naphthalene ([CioHg+H]", m/z 129, NAPH), styrene ([CsHg+H]", m/z
105, STY) and methyl-styrene ([CosHqo+H]", m/z 119, C1STY). These 8 ArHC ions comprise 96.7+3.3% of
the total ArHC signal in pg m™ and correspond to 69.5+19.7% of the total NMOC signal for full cW, cE
and Ph 1 (cW) experiments (Fig. 30; Ph 2-4 (cW): 65.219.8% and 13.94+12.1%). Oxygenated ArHC
(such as phenolic compounds and benzaldehyde) make up an additional 1.2+2.0% contribution to the
total ArHC fraction for cold-started conditions (cW, cE, Ph 1 (cW)). Their relative contribution
increases when engine conditions are hot (Ph 2-4 (cW): 5.9£1.2%). Also GDI4 shows enhanced
contributions of oxygenated ArHC to the total NMOC compared to GDI1-3, which is in line with
relatively enhanced hot engine emissions.

Table 3: NMOC information (list of dominant peaks).

lon, m/z Chem. Formula Assignment Denotation
79 [CeHg+H]" benzene BENZ

93 [CoHg+H]" toluene ToL

107 [CgH1o+H] o-/m-/p-xylene, ethylbenzene XYL/E-BENZ
121 [CgH1p#H] Cs-alkyl-benzenes C3BENZ
135 [CioH1a#+H] C,-alkyl-benzenes CABENZ
129 [CioHg+H] naphthalene NAPH

105 [CgHg+H]" styrene STY

119 [CoH1g+H] methyl-styrene C1STY

41 [CsHS] HC fragment -

43 [CsH, HC fragment -

57 [C4Ho* HC fragment -

lons are referred to with their integer mass-to-charge (m/z) ratio for simplicity, but are identified based on the
HR derived exact m/z instead.

While the primary ionization pathway in the PTR-ToF-MS is proton transfer reaction by H;O" ions, the
ion source produces up to 5% of unwanted O,". O," can lead to charge transfer or hydride abstraction
reactions (Amador Mufioz et al., 2016; Jordan et al., 2009; Knighton et al., 2009). Signals at [C¢H¢]"
(m/z 78), [C;Hg]" (m/z 92) and [CgH10]" (Mm/z 106) likely derive from O," charged ions of ArHC, and are
hence excluded from the analysis of the total mass (but support peak identification by correlation
with their corresponding protonated ion at ~5% of the protonated signal). Other ions deriving from
0," ionization are insignificant contributors to the total mass. The carbon content of the quantified
ArHC corresponds to 48.8+7.6% of the FID NMHC signal (assuming equal response factors on the FID)
for full cW, cE and Ph 1 (cW) (Note, that the ratio of total NMOC mass (ugC) determined by the PTR-
ToF-MS to NMHC measured by the FID (after subtraction of CH, as measured by the Picarro CRDS) is
0.65+0.15 as average of cW, cE, Ph 1 (cW) (NMHC/NMOC comparison for data for Ph2-4 are not
presented due to interferences on FID in measurements of oxygen-containing hydrocarbons). Fig.
30c summarizes the ArHC emission factors, and Fig. 30d gives the relative composition of the most
dominant ArHC.
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Figure 30: PTR-ToF-MS derived NMOC composition (cold-started cycles). Data are collected by batch sampling
(“SC”) or during online measurements (“online”) (modified from Pieber et al., 2017). (a) PTR-ToF-MS mass
spectrum of emissions from GDI1 in standard configuration sampled into the SC during a cold-started WLTC
(cW). (b) Relative composition of the PTR-ToF-MS derived NMOC fraction, (c) total ArHC EFs, and (d) relative
contribution of the 8 dominant ArHC. (b-c) Data correspond to vehicle exhaust for GDI1 (expt. A-D), GDI2 (expt.
E), GDI3 (expt. F) and GDI4 (expt. G) sampled into the SC during full cW and cE driving tests, or individual
phases of cW, or measured “online”. The identifier in parenthesis specifies individual SC experiments (further
information provided in (Pieber et al., 2017)). Note that the total NMOC levels for Ph 2-4 (cW) are about 1/10
of full cW and Ph 1 (cW) concentrations only and measurements are close to the background measurements
(signal not significantly different from 3 standard deviations of the background measurement).

Of the non-aromatic peaks in Fig. 30a, the largest signals occur at m/z 57 ([C,H]"), followed by 41
([C5Hs]") and 43 ([C5H,]7), which taken together make up 7.9+4.8% of the signal for the full cycle (cW,
cE) as well as for Ph 1 (cW). A larger fraction (13.2£11.9%) is observed when investigating Ph 2-4 (cW)
(i.e. hot engine conditions). These ions are often fragments of larger molecules and hence not
straight-forward to assign. Thus, they are included in the category of structurally unassigned
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hydrocarbons in Fig. 7. Often, [CsHs]" and [CsH,]" are considered fragments of oxygenated parent
molecules. In our experiments, however, these ions may dominantly derive from propene (CsHs), for
which protonation leads to [CsHg+H], and a subsequent loss of H, leads to [C3Hs]". The observed
ratio of [C3Hs]” and [C5H,]" is consistent with the ratio seen for pure propene (CsHg) injected into the
instrument as reference. In analogy to O, ionization of ArHC, we find [C3Hg]" in the spectra as
insignificant signal (5% of [CsHe+H]"). It is likely related to an O," charge transfer to propene (Amador
Mufioz et al., 2016; Jordan et al.; Knighton et al., 2009), and supports the peak identification. The fuel
contains 5%, (2014) to 8%, (2015) of methyl-tert-butyl-ether (MTBE), as an anti-knocking agent.
Fragmentation by proton transfer reactions of MTBE can lead to a significant signal at m/z 57
([C4Hq]"). Protonated butene would also yield [C4Hs]", but analogous to the ArHC and propene, should
also give a correlated signal at [C,Hg])" at approximately 5% of [C4Hs]", which is not observed. The
carbon content of unspecific fragments ([CsHs]" (m/z 41), [CsH,]" (m/z 43), [C4Hs]" (Mm/z 57)) accounts
for additional 4.4+3.0% of the FID NMHC signal (full cW, cE, and Ph 1 (cW)). Based on the literature
reports of e.g. Platt et al.,, 2013 and Schauer et al., 2002 we expect a significant contribution of
ethene (C,H,) to the exhaust hydrocarbons, which however, cannot be quantified by proton transfer
reaction (Gueneron et al., 2015), and together with short-chain alkanes contributes in parts to the
difference between the NMOC and NMHC signal. Other possibilities for parents of those potential
fragments (41, 43, 57, and further C,H,,.,") are alkyl-substituted mono-aromatics, alkenes with >C,,
or alkanes (>C,o, potentially >Cg if cyclic) (Gueneron et al., 2015; Erickson et al., 2014; Buhr et al.,
2002). While small intensities at the masses corresponding to C,H,n.1" (e.g. 71, 85, 99) are detected,
we do not observe significant signals corresponding to aliphatic fragmentation patterns above m/z
57. Signals indicating larger cycloalkanes or alkenes (e.g. most abundant fragments at m/z 69 for
substituted cyclohexane) (Gueneron et al., 2015; Erickson et al., 2014) are also not abundant in our
spectra, although their presence has been reported by gas-chromatographic MS techniques in other
experiments (e.g. Saliba et al., 2017; Zhao et al., 2016). We cannot exclude the presence of those
compounds, however, due to the limitations of our measurement principle. Further missing carbon
mass in the NMOC and NMHC measurements (may result from alkyl-substituted mono-aromatics
which can also lead to fragments at m/z 41, 43, 57, and further C,H,,.," as already mentioned above.
The fragmentation process would result into a significant mass loss, as the aromatic ring would
remain predominantly neutral (especially for mono-aromatics with long alkyl-substituents (Gueneron
et al.,, 2015)). For example, only 22% of the ion signal generated from n-pentylbenzene
fragmentation retains the aromatic ring (19% M+H", 3% protonated benzene ring), and 88% is found
at non-aromatic ions m/z 41 or 43). A small contribution from oxygenated species (such as small
acids and carbonyls) is found, while larger oxygenated molecules are not detected in significant
amounts except for traces of benzaldehyde ([C;H¢O+H]") and methyl-benzaldehyde ([CsHsO+H]").
Nitrogen is found only in very few species, of which the dominant one is assigned to acetonitrile
(CHsCN). Due to challenges in its quantification without proper calibration of the PTR-ToF-MS, and its
unknown source (including potential outgazing from Teflon sampling lines), it was excluded from our
analysis. The carbon content of oxygenated compounds found in the NMOC fraction, which have a
lower response in the FID, would make up only 3.6£3.9% of the FID signal assuming a response equal
to pure HCs for cW, cE and Ph 1 (cW). Hence, even if oxygenated species have a limited response in
FID measurements, they do not bias the total FID NMHC measurements substantially (assuming that
the PTR-ToF-MS is able to detect and quantify all oxygenated species present). Summarizing, our
above interpretation of the NMHC and NMOC closure holds for full cW and cE, and Ph 1 (cW)
experiments, summing all these species and accounting for the uncertainties introduced by response

factors and k30, rates of fragments, as well as species that the PTR-ToF-MS is unable to detect.
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8.2.4. Effects of gasoline particle filters (GPF) on SOA

Gravimetric PM and eBC were greatly reduced by the retrofitted GPFs (GPF tested on GDI1 and GDI4;
with GPF performance apparently compromised on GDI4, potentially due to aging of the filter;
catGPF tested on GDI4 also performed poorly on VOCs). While the retrofitted GPFs efficiently remove
the non-volatile eBC and thus significantly reduce total primary PM, the effect on POA is more
complex. POA has a wide range of volatilities and may thus encounter a particle filter in either vapor
or particle phase. Thus GPFs can only efficiently remove the low volatility POA fraction, while more
volatile POA passes through the filter as vapor and will condense when the exhaust is cooled in the
ambient air. Within experimental uncertainty, retrofitted GPFs (including catGPF behind the standard
TWC) did not affect the POA fraction. Further, GPFs did not affect FID-based NMHC and PTR-ToF-MS-
based NMOC EFs, or NMOC composition as discussed in Fig. 30). The retrofitted GPFs did neither
reduce the produced SOA mass. SOA reduction requires additional after-treatment to remove
NMHCs/NMOCs, such as engine or catalyst pre-heating, indicated by significantly lowered SOA
formation during Ph 2-4 (when engine and after-treatment systems are already hot), compared to Ph
1 emissions (when engine/after-treatment systems are cold).

8.3. Conclusions on SOA formation

We studied the SOA formation potential of GDI vehicles as a function of driving cycles, individual
phases thereof and engine temperature (cold-started, hot-started), and evaluated the effect of
retrofitted, prototype GPFs on the primary and secondary particle emissions. We present a detailed
analysis of primary NMOC composition from PTR-ToF-MS measurements. The associated SOA
formation potential was evaluated by SC and OFR experiments, and provided a quantitative link
between the NMOC fraction and the observed SOA. For all GDI gasoline vehicles including GDI and
conventional port-fuel injection vehicles, the dominant fraction of hydrocarbon emissions is released
during the starting phase, before after-treatment systems are hot. These emissions of cold-started
vehicles are dominated by aromatic hydrocarbons, especially toluene, xylenes/ethylbenzenes, C3-
alkyl-benzenes and benzene which are also found in the fuel. Thus SOA formation is governed by the
cold-start. These results are independent of testing protocol, demonstrating that the performance of
after-treatment systems and to a lesser extent the driving behavior governs cold-start emissions.

GPF application efficiently removes elemental black carbon particles, which is the dominant
component of primary PM, but has small effects on the minor POA fraction. The volatile POA fraction
passes through the filter in the vapor phase and later condenses when the exhaust is emitted and
cooled; hence POA emission factors are not significantly reduced by GPFs and SOA formation was not
affected by the tested GPFs, neither by non-coated nor by catalyst coated GPFs. This means that
retrofitting GDI vehicles with GPFs will result in an important reduction of the total primary PM
emitted (removal of refractory material), but will not, or only to a small extent, reduce hydrocarbon
emissions including benzene and alkylbenzenes and will not directly lead to a reduction of the SOA
formation. Future work on so-called 4-way catalysts, i.e. a TWC catalyst directly applied onto a GPF
and installed at the location of the current TWC for simultaneous filtration of particulates and
catalytic conversion of hydrocarbons should be conducted to understand, whether reductions of SOA
precursors, SOA production, and semi-volatile primary PM can also be achieved.
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9. Accelerated SOA formation in the UASNWS flow reactor

An even faster flow reactor allowing the determination of the SOA formation potential of a vehicle
exhaust per second during transient vehicle operation was developed by the UASNWS. Figure 31
displays the implementation of the micro-smog chamber (MSC) at the chassis dynamometer.
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Figure 31: Schematic representation of the experimental setup using the MSC.

GDI exhaust samples are extracted during the WLTC (Figure 3) or during steady state conditions
(constant speed or idle). Exhausts are filtered to remove primary particle and only the gas-phase
fraction (dilution ~1:10 at 150°C) is oxidized inside the micro smog chamber. This produces
nucleation particles composed purely of secondary aerosol. On a second dilution stage, the
concentration is reduced to levels compatible with aerosol measurement devices.

9.1. Impact of ethanol on secondary organic aerosol formation

We studied the impact of ethanol on emissions of particles and non-regulated pollutants. The
technology for measuring sub-23nm particles has been established with the nano-SMPS. The
UASNWS supplied the nano-SMPS for the first round of measurements, the latter measurements in
2014 and 2015 were performed using a nano-SMPS acquired by the UASB.
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Figure 32: Particle number concentration (#/cm3) in exhausts of an Euro-5 vehicle (Volvo V60, 1.6 L) operated
with gasoline (EO) and gasoline/ethanol blends (E10 and E85) during different phases of the SSC.
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Figure 32 indicates that ethanol blending even at proportions of only 10%, lowered nanoparticle
emissions (10-414 nm) of the Euro-5 reference vehicle (Volvo V60, 1.6 L) by three orders of
magnitude when driving the vehicle a different phases of the SSC. Even at idle, emissions were
reduced by two orders of magnitude.

In parallel, the micro smog chamber has been used. The instrument efficiently removes primary
particles with additional membrane filters to obtain a diluted and particle-free exhaust gas. The
filtered vehicle emissions are then exposed to UV light to determine the secondary aerosol
production potential of the gaseous exhaust constituents. This is the first time that the MSC has been
tested with vehicular exhaust rather than wood burning exhausts, and it was not clear, how the
performance would be.

The level of potential secondary particle emissions, produced by means of the MSC, compared to
primary PM emissions is much lower to what we have observed in wood burning experiments. The
standard filter used in front of the MSC was not fine enough to fully separate primary GDI-particles
and, thus, these particles caused interferences during the first campaign. These difficulties were
overcome for the second campaign with better filter material.

Figure 33 displays clear signals originating from secondary particles produced in the MSC. We can use
the steady state cycles to estimate the average size distribution of the secondary particles generated
in our system. This data can then be used to establish real time emission factors during transient
cycles at a time resolution of seconds.
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Figure 33: Average mass-weighted particle size distribution (black squares) of the secondary aerosol produced
in the micro-smog chamber for an Euro-5 vehicle (Volvo V60, 1.6 L) operated with E85 while idling the engine.
Error bars show the standard error of the mean. The integral of the fitted curve (shaded area) gives an average
emission factor for the secondary aerosol of EFs4=0.1 mg/L-fuel. A particle density of p=2000 kg/m3 was used
for these calculations.
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9.2. Fast and time-resolved secondary organic aerosol formation

The MSC is the fastest system for secondary particle emission measurements used in this campaign
and thus achieves the best time resolution. The continuous-flow reactor-tube was applied to study
the formation of secondary aerosols by taking the gas-phase fraction of exhausts and oxidize it with
ozone (up to 60 ppm) at residence times of about 10 seconds.
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Figure 34: Secondary aerosol of a GDI vehicle produced in the micro-smog chamber during cold- and hot-

started WLTC driving of the Euro-3 vehicle (Mitsubishi Carisma, 1.8 L). The mass concentration was derived

from the observed number concentration, average mass distributions from the SSC and a particle density p =
2000 kg/m>.
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Figure 34 displays an example of secondary aerosol emissions (g/L-fuel) during the cold and hot
WLTC. Secondary aerosol emissions varied by two orders of magnitude and were highest during
transient driving under hot conditions.

In conclusion, the secondary aerosol released per litre of fuel consumed is several orders of
magnitude lower than what we have observed in wood burning experiments. However, time-
resolved secondary aerosol data of GDI vehicles could be obtained using the micro smog chamber.

Figure 35 shows another example of secondary aerosol emissions of the Euro-5 reference vehicle
(Volvo V60, 1.6 L). This vehicle is very different than the Mitsubishi Carisma 1.8 GDI (Figure 34)
because it has very pronounced emissions of secondary aerosol at the beginning of the cold cycle.
This is similar to the findings from the PAM-Chamber, the flow-reactor used by the PSI (Figure 29).
However, a main difference between the two reactors was the fact that, when using the PAM
chamber, this pronounced emission of secondary aerosol seems to be constant throughout several
vehicles. In the case of the micro-smog chamber, this only seems to be the case for the Volvo V60
running on pure gasoline (Figure 35).
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Figure 35: Vehicle velocity and time resolved secondary aerosol produced in the micro-smog chamber during
cold- (left) and warm-started (right) WLTC for an Euro-5 GDI vehicle (Volvo V60, 1.6 L). The mass concentration
was derived from the number concentration by using average mass distributions from the steady state
condition measurements.

9.3. Integrated cycle based SOA formation potential

Integration of time-resolved SOA data from CVS exhausts allows deducing mean SOA emission
factors (mg/km) of different GDI vehicles in different cycle phases as shown in Figure 36.
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Figure 36: Average emission factors for secondary organic aerosol during cold and warm-started WLTC for
different vehicles of the GASOMEP fleet. Data is given for the four phases of the cycle, simulating different
driving conditions, as well as for the whole cycle (right).

In general, comparing the results from the micro-smog chamber to the PAM reactor and the smog-
chamber, it can be said that the micro-smog chamber produced lower amounts of secondary
aerosols. Further analysis by the PSI group shows that few aromatic compounds are found to
dominate the hydrocarbon emissions (primarily benzene, toluene, C,- and Cs-benzenes), and a large
fraction of the SOA production is explained by these compounds. The PAM reactor humidifies the
sample close to 90% RH before exposing it to UV light. This busts the OH reactions that lead to
formation of SOA.
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Humidification in the PAM chamber is always required, because the sample is always diluted before
aging starts. In contrast, the micro-smog chamber relies on the humidity already present in the
sample, which in previous applications, like e.g. biomass combustion emission, is high enough for this
processes to take place. But in the case of the GDI vehicles, the relative humidity was already low in
the raw gas.

This explains the differences in SOA yield between the PAM reactor and the micro-smog chamber.
Aging in the micro-smog chamber was dominated by ozonolysis, whereas aging on the PAM reactor
and the smog-chamber includes both ozonolysis and OH reactions. These results gave us valuable
insights on how to proceed for further applications. For instance, the micro-smog chamber is the
smallest and fastest of the three reactors and could be easily adapted as a conditioning system for
portable emission measurement devices.

It was one goal of the project to operate three independent devices to study the SOA potential of
various exhausts in parallel. For this purpose, aliquots of the exhausts were delivered to a 12 m?
smog chamber (Fig. 25) and aged therein for 4-5 h under conditions similar to the atmosphere.
Furthermore, the extent of SOA formation was also studied with two flow reactors, the PAM reactor
and the just mentioned MSC.

Together with the other equipment to sample complete exhausts including the solid, liquid and gas-
phase material for the detailed chemical analysis of semi-volatile compounds like PAHs or equipment
for particle characterization (CPC, SMPS, nano SMPS, ELPI) and to determine emissions of regulated
and non-regulated pollutants, this has resulted in a quite impressive clustering of instruments at the
chassis dynamometer of the UASB in Nidau as Figure 27 gives an impression thereof.

Without the good collaboration of the crews from different institutions, this project would not have
been possible. Most of the credit for the efficient teamwork goes to the UASB project partners in

Nidau for hosting us in the different sampling campaigns.

Figure 37: The flex-fuel GDI vehicle V1 (Volvo V60, 1.6 L, Euro-5) on the chassis dynamometer at the UASB in
Nidau and the instrumentation used to study regulated and non-regulated pollutants and particles.
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Project activities, presentations and patents

In the four project years did we organize and perform five large sampling campaigns, either in spring
or in fall of 2014 to 2016. Nine internal project meetings were organized in Nidau, Windisch and
Dibendorf. Preliminary results have been presented to the project partners in these meetings. We
informed to the general public in two meetings, both held at Empa in Diibendorf, which were
connected to the 6™ and 7™ VERT Forum in 2015 and 2016. All project partners were invited to
present their findings at the final GASOMEP project meeting in the Empa academy in Diibendorf
which was held on March 16, 2017, connected to the 8" VERT Forum.

Several oral and poster presentations from findings of the GASOMEP project (see below) were
presented by various project partners at the 5%, 6", 7" and 8" VERT Forum in 2014, 2015, 2016 and
2017 to members of the international filter industry and parties interested in filter technology.

An even broader audience from industry, government and academia was reached with several
contributions at the 18", 19" 20" and 21 ETH Conferences on Combustion Generated Particles held
in Zurich in 2014, 2015, 2016 and 2017, respectively.

Some of the findings of the GASOMEP project, especially the SOA formation were also presented at
the Aerosol Conference in Busan, Korea and the TAP conferences in Graz in 2014 and in Dibendorf in
2017.

These events were important occasions to interact with key person in the field, the scientific
community, the industry and governmental authorities.

On behalf of the final project meeting in March 2017, a more general summary of the findings was
distributed in form of a press release and some of the general conclusions were published and
discussed in the printed national media (Empa Quaterly, NZZ am Sonntag, Beobachter, Blick, several
regional newspapers), in the Swiss TV and in interviews which were broadcasted in Swiss and
German radio stations.

It is beyond the scope of this report to list all interactions with the national and international press. A
quick search with the term “GASOMEP” resulted in about 400 hits (November 1%, 2017).

At the occasion of the final meeting in 2017 an executive summary including the yearly CCEM reports
from 2014, 2015 and 2016 was also distributed and given here as Appendices 1-3.

Based on their valuable contributions to the project the PSI doctoral students Simone Pieber and
Nivedita Kumar both earned their PhD in February 2017.

In addition, the bachelor students Benjamin Fréhlich, Stefan Germann, Adrian Braun, Thomas Egli,
Joel Delgado and Elia Limarzo from the UASB contributed with their work to the project and earned
their bachelor’s degree in automotive engineering.
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Industrial and institutional partners

Interactions among project partners were productive and interesting exhausts of various qualities
could be delivered. We could already demonstrate early in the project the potential of a first
gasoline particle filter developed by one of our industrial partners. Two additional filters were made
available by a second industrial partner and an additional filter was developed by the first partner.

In other words, we were able to test four different particle filters, two had catalytic coatings, two
were non-coated, in one campaign at the same vehicle. This was a unique opportunity and we would
like to thank to our industrial partners for these important contributions.

It was the policy of these industrial partners not to be visible and not to disclose technical details of
these prototype filters which we respected throughout the project. Thus the applied filters were not
specified further. However, the tested vehicles were rented and hence their producers name and
model were specified.
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List of abbreviations

GC-HRMS Gas Chro-

matography-High
Resolution Mass
Spectrometry

GOl Gasoline Direct
Injection

GPF Gasoline Particle
Filter

Scanning Maobility
Particle Sizer

SOA  Secondary Organic
Aerasol

S5C  Steady State Cycle
BAH  Paolycyclic Aromatic

SMPS

Hydrocarbans
PN Particle Number
WLTC  World Harmonized
Light Vehicke Test
Cytle

WP Wark Package

Major partners in the
ETH domain

Empa - Aerothermo-
chernistry and Combus-
tien Systems Laboratory
(Lav)

+ PSI - Combustion Re-
search Laboratory (CRL)

Main Investigator
Morbert Heeb, Empa

Project Partners
Empa

PSI

UASE

UASHW

FOEN

Time frame of Project
2013-2016

Thematic Relationship
to SCCER

Mebility

GasOMeP
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Gasoline Vehicle Emission Control for Organic,

Metallic and Particulate Non-Legislative Pollutants

Scope of project

In the next decades, we will be exposed to exhausts of gasoline direct injection (GDI) wehicles with
yat unknown conssgquances. But we have the choice to equip thess wehicles with catalytic filter
technology or not. The GasOMeP project will investigate the emission characteristics of various
GDI vehicles and evaluate the potential of gasoline particde filters (GPF) currently developed by our
industrial partners. A wide spactrum of gasecus and particdle-bound pellutants is studied for differ-
ent GDI vehicles which are operated without and with filter technolegy and fossil fusls or bicfuels.
Particle emissions including their size distribution, number and metal content will be characterized
in detail, Emissions of semi-volatile compounds including genotexic constituents like polyeydic are-
matic hydrocarbons (PAH), their alkylated, nitrated and oxygenated forms will be studied. Thess
compounds are important precursors of secondary organic aeresols (S0A) which form in the atmo-
sphere. Respective SOA forming petentials will be investigated with smeg chamber experiments and
two independent flow reactor approaches.

Status of project

The three-year project will re-
sult in a comprehensive char-
acterization of GDI wehide
emissions and evaluate the
potential of new filter tech-
nology to abate potentially
harmful exhaust constituents.
The project is a joint effort of
industry, regulators, and the
Swiss research institutions
PSI, the Universities of Ap-
plied Sciencas MNorthwestern
Switzaerdand (UASNW) and Bial
(UASE) as well as Empa.

The project is divided in 5 work
packages [WP):

WP1: regulated pollutants
{uasB),

WP2: nanoparticles  [UASE,
UASNW),

WP 3: secondary arganic
aesrosols (PSI, LASNW),

WP4: non-regulated  pollut-
ants (Empa),

WP3S: metals (Empa).

All wehicles and wehicle con-
figurations are tested at the
chassis dynamometer of the
UASE in Nidau. A batch of
commercial gasoline is used
as reference fusl in the proj-
ect and blended with biofusl if
needed. The world harmonized
light vehide test cyde (WLTC),

which includes parts of wr-
ban (26km/h), extra-urban
(45 km/h, highway (81 km/h)
and motorway (34 kmy'h) driv-
ing, is investigated under cold
start and hot engine/cata-
lyst conditions. In addition, a
steady state cycle (SSC) cow-
ering constant wehicle opera-
tion at 25, 45, 61, 94 km/h and
at idle conditions is studied.

So far, & different vehice con-
figurations including three dif-
farent GDI wehicles (Valvo VED
T4F 1.61, Euro-5; Opel Insig-
nia, 1.61, Eurc-3; Mitsubishi
Carisma, 1.81, Buro-3), a first
GPF contributed by our indus-
try partner, and two different
bicfuel/gasoline blends (ES5
and E10) were investigated.

Main scientific results of workgroups

Current GDI technology

A first set of three differsnt
GDI wehicles has been studied.
Substantial emission variations
were observed. With respect to
particle emissions the Euro-3
wehicle (Mitsubishi Carisma,
1.81) exceeded those of baoth
Euro-5 wehicles, the Volve Vel
(T4F, 1.61), which was cho-
sen as the reference vehicle
throughout the project, and
the Opel Insignia (1.61). Par-
ticle emissions of these three
GDI wehicles were above the
threshold limit for diessl pas-
senger cars of &+10% par-
ticles/km indicating that par-
tidde emissions indeed are an
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important issue for these GDI
wehicles,

Figure1 displays the particle
number size distribution of
the reference wehice (Volvo
W60 T4F, 1.61) operated with
gasoline without particle filter.
A nano-SMPS instrument was
used ko detect the particle size
distribution down to 9nm. The
most prominent particles have
diameters around 80nm like
diesal particles, but substantial
contributions are also found in
the smallest size range below
23 nm.

Figure 2 displays particle num-
ber-based emission factors
{#/km) over a size range of



% Empa

Materials Scence and Technology

Appendix 1 (continued)

-r|
c
®
L7} ]

105

[Partico s ixo dis tribution

Mizan PH e Bsion faciom

I#en]

- Ay

S0 06

lom3]
=3
e
x

Diama tor jnm]

Part 2 Part 3 Pats
i high miar
urtmn -y -y

23-400nm (the legally bind-
ing size range) in the WLTC.
Highest particdle number (PN}
emissions of 8.6+ 10% parti-
des/km wera observed under
urban cold start conditions.
Particle emissions stabilized
at 1.2-1.7+10% #/km under
heot engine conditions. We con-
clude that this gascline-fueled
Euro-5 wvehicle excesded the
thrashald limit for diesel pas-
senger cars (6+10 #/km)
2-fold under hot and 14-fold
under cold start conditions.

A first gasoline particle
filter tested

A first GPF, developed by one
of our industrial partners, was
tested successfully showing

that substantial reductions of
PN emissions are possible with
good filter technology.

Impact of (Bio)ethanol on
particle emissions

In two additional configura-
tions the impact of (bio)etha-
nol was studied on particle
emissions and emissions of
non-regulated pollutants, For
this purpose aliquots of emit-
ted exhausts are collected in
all-glass sampling devices and
are analyzed after a multi-step
clean-up procedure with GC-
HRMS for PAHs and related
compounds. Respective data
evaluation is on-going.

Other aliguots of the exhausts
are deliverad to 2 smeg cham-
ber and aged therein for 4-5h
under conditions similar to the
atmosphere to study the ex-
tent of secondary aerosel for-
mation. In parallel, two flow
reactors are used to determine

the SOA potential of these ex-
hausts with accelerated ag-
ing at higher time resclution.
Figure3 displays the smog
chamber in operation and fig-
ure4 gives an impression of
the dustering of instruments
at the chassis dynamometer of
the UASE in Nidau during the
first sampling campaign hald in
spring 2014,
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the reference GDI wehicle
(Vohva V&0, 1.61, Euro-5)
obtained from an SMPS
measurement.

Figure 2 (right):

Particle number emis-
sions (#/km) of the refer-
ence GDI wehicle ([Volvo
V&0, 1.61, Euro-5) in dif-
ferent parts of the WLTC.
The threshold limit of 6 x
10el1l particdes/km {red
line) valid for Euro-5 diesel
wehicles is excesded in all
cycle parts.

Figure 3 (left):

Mobile Smog chamber of
the PSI to study SOA for-
mation of GO vehicle ex-
hausts,

Figure 4 (right):

Clustering of instruments
at the chassis dynamom-
gber of the UASE in Nidau
during the spring 2014
CAMmpaign.
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List of abbreviations

GO Gasoline Direct
Injection

GPF Gasoline Particle
Filter

SMPS  Scanning Mobility
Particle Sizer

SA Secondary Aerosol

SOA  Secondary Organic
Asrasol

SSC  Steady State Cycle

PAH Polycyclic Aromatic
Hydrocarbans.

PN Particle Number

WLTC  World Harmonized
Light Vehicke Test
Cycle

WP Work Package

Major partners in the
ETH domain

» Empa - Laboratory for
Advanced Analytical
Technalogies

= Empa - Laboratory for
Adr Pollutiony Enwiron-
mental Technelogy

= PSI - Laboratory for
Atmaspheric Chemistry

Main Investigator
HNorbert Heeb, Empa

Project Partners
Empa

PSI

UASE

UASHNWS

FOEN

Time frame of Project
2013-2016

Thematic Relationship
e SCCER

Mebility

Scope of project

Gasoline direct injection (GDI) wehicles will quickly replace port-fuel injection vehicles in the next
years. It is estimated that about 50 million GDI wehides will be operated on Europe's roads by 2020.
In the GASOMEP project, we comprehensively study exhaust composition of various GDI wehicles
including particle-bound, condensable and gaseous pollutants. Effects of fusl quality and converter
technology, especially the potential of gasoline particle filkers (GPFs), which are currently dewel-
oped by our industrial partners, will be studied. Particle characterization including size distribution,
number and metal content as well as the emissions of genotoxic compounds like pelycydic aromatic
hydrocarbons (PAHs), their alkylated and nitrated forms are studied. These semi-volatile compounds
are expectad to penetrate filters to some degree and are important precursors of secondary organic
asrosols (SOA) formed upon atmaspheric oxidation. Respective SOA forming potentials are investi-
gated in smog chamber experiments and bwo different flow reactor approaches in the project.

Status of project

After two years we can now
look back to four
sampling campaigns of 3 to
4 weeks each at the chassis
dynamometar at the Univer-
sity of Applied Sciences Biel
(UASB). One from the PSI,
one from the University of Ap-
plied Sciences MNorthwestemn
Switzerdand (UASNW) and one
from Empa met the one at the
UASB to investigate, according
to the different work packages,
emissions of regulated pollut-
ants and nanoparticles {UASB,
UASWN), non-regulated pol-
lutants and metals (Empa) and
secondary organic
(PSI, UASWN).

intense

aerosols

So far five different GDI we-
hicles from Euro-3 and Burc-
5 legislation were tested and
compared with a Euro-3 die-

sel vehicle with partide filter

as the bench mark wehide. A
flex-fuel wehicle (Volwo VB0
T4I, 1.51, Euro-3) which was
operated with (bio)ethanol/
gasaoline blends is the refer-
ence GDI wehicle available in
the 3-year campaign. In addi-
tion, two of our industrial part-
ners contributed two coated
and two non-coated gasoline
particle filkers (GPFs). These
filters were tested with the

reference vehicle in the world
harmonized light wehicle test
cycle (WLTC), under cold start
and hot engine/catalyst con-

ditions and in a steady state
cycla (S5C) with constant we-
hicle operation at 94, 61, 45,
26 kmy'h and idle.

Main scientific results of workgroups

GDI  wehicles release uwp
to 2000x mere particles
than cumrent diesal wehicles
equipped with filters: The
five GDI wehides studied so
far released substantial num-
bers of nanoparticles (PN) in
the range of 7x 10 to 2x 10

partides/km. Emissions wers
about 2-10 times higher undar
cold start conditions. In other
words, PN emissions of thess
G0 wehiclas are cearly above
the threshold limit for diesel
passenger cars of 6x 10 par-
ticles/km.

Chwpsane

Beazo manibwacens

Figure 1 :
Emissions of genotoxic PAHS and
GOI vehicle exhausts (ng/mY).
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Comparing these values with
those of the benchmark diesal
vehicle (Peugect 4008, 1.61,
Eurc-5), which is equipped
with a particle filker, revealed
30-2000-fold higher partice
emissions of the GO technol-
ogy. This clearly indicates that
filkers must have a large po-
tential to detoxify GDI wehides
with respect to their high par-
ticle emissions.

Comparable emissions of
genotoxic PAHs from GDI-
and diesel vehicles

Figure 1 displays emission fac-
tors (ng/m”) of various 4-, 5-,
&- and 7-ring PAHs, including
those PAHs relevant for the
genatoxic potential, of five GDI
vehicles and the bench mark
diesel wehicle equipped with
filker (Peugeot 4003, 1.&81).
PAH emissions varied consid-
erably amang the different
GO wehicles, Thay were high-
est for the oldest vehicle (Mit-
subishi Carisma, 1.8 1, Euro-3)
but comparable for the Euro-4
and Euro-5 wvehides. In com-
parison with the diesel vwehide
one can state that PAH emis-
sions of the GDI vehicdes are at
or slightly above those of the
diesel vehide. In other words,
GO wehicle exhausts will also
contribute to the overall bur-
den for these genotoxic com-
pounds in areas which are af-
fected by traffic.

Impact of (bio)ethanol on
PAH and particle emissions

Figure 2 displays emission fac-
tors (pg/km) of warious 2-,
3-, 4- and S-ring PAHs of the
reference wehicle (VOLVO VED
T4F, 1.51) operated with gaso-
line {(EQ) and ethancl/gascline
blends (E10, EBS) in the cold
and het started WLTC and the

SSC. Transient driving {WLTC)
has a substantial impact on
PAH emissions which were 1-3
orders of magnitude higher
than those under steady state
driving. The cold start effect
is moderate (< 10x) whereas
blending with ethanel lowered
PAH emissions by more than
one order of magnitude. EF-
fects tent to be larger with in-
creasing PAH ring numbern

For comparison, figure 2 also
includes particle number emis-
sions in the WTLC which were
10~ partides/km with EQ but
only about 10" particles/km
with E10 and E85. This indi-
cates that blending of gascline
with ethanol has beneficial ef-
fects on particde and PAH emis-
sions including the genotoxic
PAHs. However, these prom-
ising effects will be wearified
again in naxt year's campaign
on additional GDI wehicles.

Particle filters for GDI ve-
hicles successfully applied

So far, four different filters,
btwo with catalytic ceatings,
two non-coated ones, have
been tested on the reference
vehicle under comparable con-
ditions. Data evaluation is on-
going and will be reported later
in the project.

Time-resolved secondary
aerosol analysis of GDI
wehicles

Time-resalved
aerosoel analysis of GDI wehi-
cles was conducted using the
micro smog chamber A con-
tinuous-flow reactor-tube was
applied to study the formation
of secondary aercsols (SA)
by taking the gas-phase frac-
tion of exhausts and oxidize it
with ozone {up to &0 ppm) at

sacondary
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residence times of about 10
seconds. Figure 3 displays an
example of secondary aerosol
emissions  (g/flit-fusl) during
cold and hot WLTC. In condu-
sion, the secondary aerosol
releasad per liter of fuel is sev-
aral orders of magnitude lower
than what has been observed
in wood buming experiments,
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Effects of ethanol blend

on selected PAH {nn"km'.i
and particle number (&)
km} emissions of the ref-
erence GDI vehide (Volvo
&0, 1.61, Eura-5) in the
cold (blue) and hot (red)
started WLTC and the S5C
(pink). Commercial gaso-
line [ED) and two (bio}
ethancl/gasoline  blends
(E10 and EB5) have been
applied.

Figure 3:

Secondary aerosols of a
GODI wehicle produced in
the micro-smog chamber
during cold and het WLTC
driving. The mass concen-
tration was derived from
the abserved number con-
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Scope of project

In 2020 it is expected that =50 million gascline direct injection (GDI) vehides will operate on
Eurcpean roads. The majority of these vehides will not be equipped with filter technologies and
will release substantial numbers of inhalable, soot-like nancparticles smaller than 100 nm. In the
GASOMEP project we studied seven GDI wehicles under transient and steady driving conditions with
varying converter technologies and fuels. Due to the well appreciated support from our industrial
partners, four prototype gasoline particle filkers (GPFs) could be studied. Our focus was on emis-
sions of toxic and environmentally relevant pollutants. Particle characterization included size, num-
ber distribution and metal content. Emissions of genctoxic compounds included polycyclic aromatic
hydrocarbons (PAHs) and their alkylated and nitrated forms which were studied in detzil to assass
the genctoxic potential of GDI vehide exhausts and the effects filters and fuels have on these criti-
cal compounds. In addition, secondary organic asrosol (S0A) formation potentials of GDI exhausts
wera investigated in smog chamber and flow reactor experiments to assess their impact on second-

ary ambient particle formation.

Status of project

Within three years five sam-
pling campaigns have been
organized, each lasting 3-4
weeks, which were performed
at the chassis dynamometer
of the University of Applied
Srciences Bern. Owersll, four
teams (from PSI, FHNW, BFH-
TI and Empa} met in Nidau to
investigate emissions of regu-
lated pollutants. nanoparticles
{BFH-TI, FHNW). non-regulat-
ed pollutants, metals {Empa)
and secendary organic aero-
sols (PSI, FHNW). The project
is now in its last phase which
includes data evaluation, re-
porting, publishing and dis-
semination of the many re-
sults.

Main scientific results of workgroups

Experimental set-up

The wehicle fleet studied con-
sisted of sewven GDI wehicles
representing technology of the
Euro-3, Eurc-4, Burc-5 and
Eurc-6 legislation. The fleet
included a Eurc-3 Mitsubishi
Carisma (1.8L), the first GDI
wehide released. Furthermare,
an Eurc-5 flex-fuel wehice
(Volvo V&0, T4I, 1.6L) was
used to compare emissions
when operating the wehicle
with gaseoline (ED), two (bio)
ethanol/gascline blends (E10,
E25) and n-butancl/gaso-
line {B15). For comparison, a
Euro-5 diesel vehicle (Peugsat,
4008, 1.6L) equipped with
diesal partide filtar was also
studied.

Our industrial partners con-
tributed four prototype gaso-
line particle filters, two non-
coated and two coated filters.
The world harmeonized light ve-
hicle test cycle (WLTC) was ap-
plied under cold start and hot
conditions. The WLTC will be
the next legislative cycle rep-
resenting transient driving in
urban, extra-urban, highway
and matorway conditions. The
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particle characteristics  were
also studied in a steady state
cycle (55C) with constant wve-
hicle operation at 34, &1, 45,
26 km/h and idle.

Large numbers of inhalable
10-100 nm particles re-
leased by all GDI vehicles

Figure 1 displays the particle
number size distribution of an
Euro-5 GDI vehicle (Volvo V&0)
exhaust at 95 km/h. A bimodal
distribution with maxima at
20 and 70 nm {nudleation and
accumulation modes) was ob-
served. Particle number con-
centrations of 1026 to 107
particles/cm? were found, Na-
no-SMPS and SMPS data are in
good agreement in the owver-
lapping size range.

The time-velocity diagram of
the WLTC and its four phases
are indicated in figure 2 to-
gether with time-resolved
CO (red) and particle (black)
data, Particles and CO are re-
leased together throughout
the entire cyde. They are well
correlated and increase 2-3
orders of magnitude while ac-
celerating the wehicle. In other

List of abbreviations

DFF Die=zel Particle Filter

GDI Gasoling Direct
Injection

GPF Gasoling Particle
Filter

NSMPS  Nano Scanning Mo-
bility Particle Sizer

SMPS  Scanning Mobility
Particle Sizer

S0OA Secondary Organic
Agrosol

SSC  Skeady State Cycle
PAH  Polycyclic Aromatic

Hydrocarbons
PN Particle Number
WLTC  Warld Harmenized
Light Vehicle Test
Cycle

Major partners in the
ETH domain

= Empa - Laboratory for
Advanced Analytical
Technolagies

+ Empa - Laboratory for
Air Pollution,Enviren-
mental Technalogy

* PSI - Laboratory for
Atmospheric Chemistry

Main Investigator
Norbert Heeb, Empa

Project Partners
BAFU

Empa

Industry

PSI

BFH-TI

FHNW

Time frame of Project
2013-2017

Thematic Relationship
to SCCER

Mability
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95 km/h

and OO emissions oc-
cur under fuel-rich
conditions with sub-
stoichiometric oxygen
lewels.
are frequent in real
world driving. On the
contrary, hydrocarbon
emissions of GO wehi-
cles are highest in the
first 200 seconds of

Such ewvents

1.0E+08

driving before catalyst
light-off and are hencs

wjo GPF
——zwPs

e RAMPS
1.0E+D:

1.0E+04 |
with Gpf | |
—SNPE ;

~—nSLFS

1.0E+02

released mainly at
wvehicle start. We con-
clude that current GDI
wehicles, not equipped
with filters, releasa
substantial  numbers
of particles, wherever
they are used, in wr-
ban, extra-urban and
highway conditions.

GDI vehicles re-

lease up to 3 orders

PN Rltration Efficiency %5 km/Mh

of magnitude more
particles than cur-
rent diesel vehicles

The GDI vehicles stud-
ied, released nanopar-
ticles in the rangs
of 7x10" to 2x10%
particles/km, exceed-
ing the partide limit
for Eurc-3/6 diesel
passenger cars of

100 d [mm]

6x10ell  partices/

Figure 1 :
Particle size distributions

(#fcom) of Euro-5 GDI
vehicle (Volva VED, 1.6L)
exhausts without (top) and
with particle filter (middie)
at 95 km/h. SMPS and
nanaSMPS data are in good
agresment.

Particle filtration efficiency
(bottom) is abowve 99 % for
all particle sizes.

km. Comparing thess
values with those of
the Euro-5 diesal vehicle [Peu-
geot 4008, 1.6 L), which wers
2x10° to 4x10" partides/
km, revealed that cumrent
GDI wehicles release 20-4000
times more particles than the
comparzble  diesal wvehides,
equipped with particle filters.
Diesel particle filkers are ro-
bust and efficient technologies
already introduced in the mar-
ket in 2000 by Peugeot,

Genotoxic PAH emissions
of GDI-vehicles exceeded
those of the diesel vehicle

Figure3 displays toxicity-
weighted emission factors
(ng TEQYm*) of B genotoxic
PAHs of Eurc-5 GDI (VWolvo
Vel 1.6L) and diesel (Peu-
geot 4008, 1.6L) wehices.
Genatoxic PAH emissions of
the GDI vehicle were 390 and
410 ng-TEQ/m” in the cold and
hot WITC; those of the diesel
wehicle equipped with a fil-
ter were 45 and 150 ng-TEQ/
m’. In other words, the geno-
toxic potential of the GDI-we-
hicle exhausts was 3- to 9-fold
higher than the one of the die-
sel wehicle. Non-filtered die-
sel exhausts, containing large
numbers of nanoparticles and
comparable amounts of geno-
toxic PAHs, are considered as
class1 carcinogen inducing
lung cancer in humans.

In condusion, GDI vehicle ax-
hausts not enly contain billions

urtman (B wmib)

of inhalable socot-like nanopar-
ticles, they also include rel-
evant amounts of genotoxic
PAHs and with this, stronghy
resamble non-filtered  diesel
exhausts. Swch mixtures are
potentially dangerous. Due to
the fast implementation of GDI
vehides in Eurcpe, we con-
dude that such exhausts will
substantially contribute to the
overall burdens of nanoparti-
des and genctoxic compounds
in ambient air representing a
serious health threat for peo-
ple exposad to traffic,

Gasoline particle filters
lower genotoxic PAH and
nanoparticle emissions

Figure 1 also displays the par-
ticle number distribution af-
ter a gascline particle filter
(middle) and shows the size-
resolved comwversion efficiency
(bottom). Particle emissions
dropped by two orders of mag-
nitude for 80 nm particles and
even more for 20 nm particles,

wxireurtion (45 kmt) Mgy (81 kmib) fresessey (96 kmb )

w Pt

CO [ppew]

R [padiclas’em 1]

Figure 2 :

Tiera 3]

Time-resolved CO (red) and particle (black) emissions (legarithmic
scales) during a hot transient cycle of a Eure-5 GDI vehicle (Volvo
VED, 1.6 L). The velocity-time diagram (blue) and the four phases

of the WLTC are also shown.
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which couldnt be detected
anymore after the filker Re-
spective filtration efficiencies
exceed 39 % in the entire size
range, indicating that particle
emissions can be lowered sub-
stantially with well-designed
filters. It is also evident that
smallest partides are aven re-
moved better than larger ones.

Figure 3 also includes geno-
toxicity-weighted PAH emis-
sions of a GDI wehicle (Volvo
VE&D, 1.6 L) equippad with four
prototype GPFs. Three filters
lowsarad the genctoxic poten-
tial by 40-70% and 65-80 %
in the cold and hot WLTC. Fil-
ter 4 was not active in the cold
WLTC and released 2 times
more genokoxic PAHs in the
hot WLTC. Filter £ also had the
lowest performance for solid
particles. Filtar 4 was inactive
and did not convert genotoxic
PAHs, but was storing them in
the cold and releasing them

again under hot conditions.

In conclusion, well designed
and catalytically-active  fil-

ters can remove nanoparticles
and genotoxic PAHs and with
it substantially detoxify GDI-
wehide exhausts. However
filters with poor efficiency and
without catalytic activity will
not be able to remove geno-
toxic PAHs te the extent that
is needed. Such filters intrinsi-
cally can store PAHs in the cold
and releass them again in high
concentrations when exhaust
temperatures rise.

Time-resolved secondary
organic aerosol formation
potential

The secendary organic asro-
sol (SOA) forming potentials
were investigated with smog
chamber experiments
two independent flow reactor

and

approaches. One of the reac-
tors, the Micro Smog Cham-
ber (MSC), exposes gaseous
(filtered) wehicle emissions
to high intensity UV light to
achieve photochemical aging of
the gaseous compounds within
10 seconds. The advantage of
the flow reactor approach, and

in particular of the MSC, is that
time-resalved SOA data can be
obtained and paired with real-
time wvehicle emission data to
establish specific S0A emis-
sion fackors.

Figure 4 displays that for most
of the WLTC, the secondary
asrosol production remained
below 1 mg SO&/t-fuel, but in-
tervals with emissions dose to

Figure 3:

Genotoxic  potential  of
non-filtered and filkersd
GDI-  and  diesel-vehicke
exhausts. Eight genotoxic
PAHS, weighted with their
toxicity equivalence factors
(Mg TEQYm?), of an Eura-5
vehicle (Volvo, VB0, 1.6L)
cperated  without  filter
(tep) and with four proto-
type GPFs in cold- and hot-
started WLTCS are com-
pared with the benchmark
Euro-5 diesel wehicle (Peu-
geot 4008, 1.6 L) which in-
cluded a DFF (bottom).

Genoloxic potential (ng TEQImY)
200 800 a0o

200 mg SOA/S

lt-fuel  wers

observed dur- w dN.TCO

ing cold start .; HWLTC
operatkion. -
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resolved data, g WLTC
average  S0A LT
emission fac- B cWLTC

tors of 0.68 5"“’”“

and 0.33mg/ ¥ eMTC

km were ob- 5 LTS
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tential (logarithmic scale),
obtained wsing the micro-
smag chamber, during
cold and hot WLTC for an
Ewro-5 vehicle (Volve, VED,
1.6L). The mass concen-
tration was derived from
the observed number con-
centration, average mass
distributions  from  the
S5C, and a particle density
p=2000 ka/m®.
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