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g EmGasCars

Zusammenfassung

Der vorliegende Bericht zeigt die wichtigsten Resultate Uber die Nanopartikel (NP) und nicht limitierte
Abgasemissionen verschiedener DI Benzinpersonenwagen. Die in den Projekten EmGasCars und
GasOMeP von der AFHB erarbeiteten Resultate bestdtigen, dass manche Fahrzeuge recht hohe
Partikelzahlen (PN) emittieren und dass diese sehr effizient mit einem Partikelfilter (GPF) eliminiert
werden koénnen. Es wurden auch die Einflisse von alkoholhaltigen Mischkraftstoffen und vom
erhdhten Schmierdlverbrauch auf die Emissionen untersucht.

Résumeé

Ce rapport présente les résultats d’études sur les émissions de nanoparticules et les émissions
gazeuses de différents véhicules a injection directe d’essence. Les résultats obtenus par 'AFHB dans
les projets EmGasCars et GasOMeP confirment les émissions élevées au niveau du nombre de
particules (PN) de certains véhicules, ainsi que la possibilit¢ d’'une réduction trés efficace des ces
particules a l'aide d'un filtre (GPF). L'influence de carburants contenant de l'alcool ainsi que les
influences d’une surconsommation d’huile de lubrification ont également été étudiées.

Summary

The present report summarizes the results concerning the nanoparticles (NP) and the non-legislated
emissions from different DI Gasoline Passenger Cars. The results obtained by AFHB in the projects
EmGasCars and GasOMeP confirm high particle number emissions of some vehicles and the
possibility to efficiently remove these particles by means of a gasoline particle filter (GPF). Influences
of alcohol-blend fuels and of the increased lube oil consumption on emissions were also investigated.

3/44



g EmGasCars

Appendix *

Supplementary information from project partners about GasOMeP:

Al

A2

A3

A4

A5

GasOMeP: Reduction of gasoline vehicle emissions for organic, metallic and particulate non-
legislative pollutants. Poster Dr. A. Ulrich 2013

GasOMeP: Current Status an New Concepts of Gasoline Vehicle Emission Control for
Organic, Metallic and Particulate Non-Legislative Pollutants. Poster Dr. N. Heeb 1014

GasOMeP, Status Report 2014. Dr. N. Heeb
GasOMeP, Status Report 2015. Dr. N. Heeb

Comparison of PAH Levels and Mutagenicity of GDI and Diesel Vehicle Exhausts and Impact
of (Bio)Ethanol. Poster Dr. M. Mufioz, NPC ETHZ 2016.

*) Appendices see at the end of the report
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1. Introduction & preliminary information

1.1. Nanoparticles GDI cars

The nanoaerosol in vehicle exhaust is known to be a complex mixture of different volatile and non-
volatile species often showing a bimodal particle size distribution with a nucleation mode smaller than
20 nm and a larger accumulation mode that mainly contains aggregates of primary particles.

The larger accumulation mode is usually composed of more graphitic soot particles with an elemental
carbon (EC) structure, whereas the particles in the nucleation mode are reported to be mainly volatile
organics, especially when sulphur is absent from fuel and lubrication oil, [1-4]. However, recent studies
detected also low-volatility particle fractions in the ultrafine size range when sampling was carried out
according to PMP protocol at 300 °C, [5-7].

These particles are suspected to be nucleated metal oxides originating from metal additives in
lubrication oil or fuels [8-11]. The formation of this particulate fraction was especially observed when
the soot content was low as in idle condition of diesel vehicles. These particles mainly appear in the
ultrafine size rage <23 nm. While the mass contribution of these ultrafine particles in vehicle emissions
is very low, their contribution to the number concentration is significant. Moreover, these ultrafine
particles may contribute to the surface composition of the aerosol and have therefore a significant
impact on health effects associated with pollution.

Knowledge about the emission level, chemistry and formation mechanisms of these particles is an
important objective in order to assess their toxic potential, and to propose effective measures to
reduce these emissions.

Studies for gasoline fuelled internal combustion engines pointed out that also this vehicle class can
emit remarkable amounts of particles, [6, 12, 13]. Especially gasoline direct injection technology (GDI)
shows particle number (PN) emissions significantly higher than modern diesel cars equipped with best
available DPF technology. Since the trend for gasoline vehicles with GDI technology is increasing, a
significant rise in emission is predicted in the near future.

The nanoparticles emissions are produced especially at cold start and warm-up conditions and at a
dynamic engine operation, [14]. The lube oil contributes to this emission in the sense of number
concentrations in nuclei mode and composition, [8, 9, 10].

The investigations of morphology of the nanoparticles from gasoline direct injection engine revealed
principally graphitic structures, which can store some metal oxides in certain conditions and can be
overlapped by condensates, [15, 16].

Car manufacturers and suppliers of exhaust aftertreatment technology offer several mature solutions
of GPF for efficient elimination of the nanoparticles from DI Sl-engines, [17, 18].

1.2. Operation with Ethanol blends

Thanks to the considerable progress and development of very powerful and reliable electronic control
systems. In the last years, a gasoline-Ethanol operation up to E85*) is possible in the Flex Fuel
Vehicles (FFV). The engine electronic control unit recognizes automatically the portion of Ethanol and
adapts the parameterization of the engine calibration, respectively to obtain the desired performances,
and the emissions below the legal limits. The information about Ethanol content after each tank filling
is provided by an Ethanol-sensor, [19] together with the OBD-control of the Lambda regulation, [20,
21, 22]. In the tested vehicle in this work no Ethanol-sensor, but a PE (Percentage Ethanol) adaptive
algorithm of the ECU was used.
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Several manufactures introduced the FFV variants and published extensive information about their
R&D and performances: GM / Saab [20, 21]; Toyota [22]; VW [23].

The durable operation with Ethanol needs several precautions: improvements of materials and
surfaces of parts of combustion chamber, all plastic materials having contact with fuel, fuel & injection
system, functions of the electronic control of the engine, problems of lube oil degradation, [24, 25, 26],
deposits formation, [27, 28] and cold startability, [29].

Cold start and especially winter cold start is more difficult with higher Ethanol content in the fuel. The
solutions are: double-tank-system (Brazilian market), or electrical preheating of engine and of the fuel
system (EU & US markets), [21, 29].

1.3. Butanol for IC-engines

Butanol (CHs(CH2)sOH) has a four-carbon structure and is a higher-chain alcohol than Ethanol, as the
carbon atoms can either form a straight chain (n-Butanol) or a branched structure (iso-Butanol), thus
resulting in different properties. Consequently, it exists as different isomers depending on the location
of the hydroxyl group (-OH) and carbon chain structure, with Butanol production from biomass tending
to yield mainly straight chain molecules. 1-Butanol, better known as n-Butanol (normal Butanol), has a
straight-chain structure with the hydroxyl group (-OH) at the terminal carbon.

n-Butanol is of particular interest as a renewable biofuel as it is less hydrophilic, and possesses higher
energy content, higher cetane number, higher viscosity, lower vapour pressure, higher flash point and
higher miscibility than Ethanol, making it more preferable than Ethanol for blending with diesel fuel. It
is also easily miscible with gasoline and it has no corrosive, or destructing activity on plastics, or
metals, like Ethanol or Methanol.

Several research works were performed with different Butanol blends BuXX, [30-36].

Generally there are advantages of higher heat value (than Ethanol). The oxygen content of Butanol
has similar advantages, like with other alcohols: tendency of less CO & HC, but possibility of
increasing NOx (depending on engine parameters setting).

The good miscibility, lower hygroscopicity and lower corrosivity make Butanol to an interesting
alternative.

The trend of downsizing the Sl-engines in the last years implies much higher specific torques and with
it an aptitude of knocking and mega-knocking at high- and full load. The alcohols have a higher
Octane Numbers (RON), are more resistant to knocking and are a welcomed solution for this new
technology of engines, [30].

A basic research of butanol blends Bu20 & Bul00 was performed on mono-cylinder engines with
optical ac-cess to the combustion chamber, [31, 32]. One of the engines was with GDI configuration. It
was demonstrated, that the alcohol blend improved the internal mixture preparation and reduced the
carbonaceous compounds formation and soot.

Concerning the characteristics of combustion Bu100 was similar to gasoline. This research considered
only little number of constant operating points.

The alcohol blend fuels E85 & Bu85 were tested on a vehicle with 3WC in road application and with
on-board measuring system for exhaust emissions, [33]. It was stated for butanol, that it has no
significant influence on CO & HC, but it increases strongly NOx.

Nevertheless, this is due to the limits of Lambda regulation and as effect of it to the production of too
many lean Lambda excursions during the transients.
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The warm operation with Bu85 was with no problems, the cold startability and emissions were not
investigated.

Butanol is easy miscible with diesel fuel and can con-tribute to the advantages similarly to other
oxygenated compounds. In an extensive study of published results, [34], it was confirmed that butanol
lowers the PM- and CO-production, has tendencies of increasing HC and no clear tendency
concerning NOx. These are statistical statements concerning different diesel engines with different
technical state of the art. The influences on nanoparticle emissions were mentioned as an open field
for further investigations.

Another studies on single-cylinder diesel engines with older technology and BulO remark no
substantial differences between the results with neat diesel fuel and with Bu10, [35, 36].

1.4. Non-legislated emissions of gasoline cars

The most important non-legislated emission components in present discussions are: the nanoparticles
(NP), Ammonia (NHs), nitrous oxide (N20), Formaldehyde (HCHO) and Acetaldehyde (MeCHO).

The nanoparticles (NP) became an important research topic, since the first introduction of legal
nanoparticle counts limits (Euro 5b) for DI Sl passenger cars in EU beginning of 2013.

In this situation the NP and especially the metal oxides emissions from additive packages of lube oils
and fuels, become an important topic for all kinds of engines. Lube oil contributes to the NP-emission
especially at cold start [37, 38, 39].

Further gaseous substances, which may be present under certain conditions in very low
concentrations in the exhaust gases are considered to be potential candidates for future legal
limitation. These non-legislated emission components are: Ammonia (NHs), Nitrogen Dioxide (NO3z),
Nitrous Oxide (N20), Formaldehyde (HCHO) and Acetaldehyde (MeCHO) — all of them quite easy to
be measured and indicated with FTIR.

Production of Ammonia (NHs) in the exhaust of gasoline cars with 3WC was demonstrated in [40] and
[41] — this especially at transient operation with rich excursions of Lambda.

The other components were little investigated in connection with E85-operation. From the research of
the authors can be stated, that with a correctly working 3WC (at warm operation) there are usually no
measurable concentrations of NO2 and N20 and the HCHO - values show a noise below 1ppm, [42].
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3. Test methods and Instrumentation

The vehicles were tested on a chassis dynamometer at constant speeds and in the dynamic driving
cycles WLTC and NEDC, with cold & warm engine.

3.1 Chassis dynamometer

The following test systems were used:

- roller dynamometer: Schenk 500 GS 60
- driver conductor system: Tornado, version 3.3.
- CVS dilution system: Horiba CVS-9500T with Roots blower

- air conditioning in the hall automatic (intake- and dilution air).

The driving resistances of the test bench were set according to the legal prescriptions, responding to
the horizontal road.

3.2 Nanoparticle analysis

The measurements of NP size distributions were conducted with different SMPS-systems, which
enabled different ranges of size analysis:

- SMPS: DMA TSI 3081 & CPC TSI 3772 (10 - 429 nm)
- nSMPS: nDMA TSI 3085 & CPC TSI 3776 (2 - 64 nm)

For the dilution and sample preparation an ASET system from Matter Aerosol was used,
(ASET ... aerosol sampling & evaporation tube). This system contains:

- Primary dilution - MD19 tunable rotating disc minidiluter (Matter Eng. MD19-2E)

- Secondary dilution - dilution of the primary diluted and thermally conditioned sample gas on
the outlet of evaporative tube.

- Thermoconditioner (TC) - sample heating at 300°C

In the tests the gas sample for the NP-analysis was taken from the undiluted exhaust gas at tailpipe
for stationary operation (SMPS) or from the diluted exhaust gas in CVS-tunnel at transient operation
(CPCQ).

3.3 Driving cycles

The vehicles were tested on a chassis dynamometer at constant speeds (SSC) and in the dynamic
driving cycles (WLTC & NEDC).

The steady state cycle (SSC) consists of 20 min-steps at 95, 61, 45, 26 km/h and idling, performed in
the sequence from the highest to the lowest speed.

Fig. 1 shows the steady state cycle (SSC) with the resulting tailpipe temperatures (texn) for gasoline.

The approach to find a homogenized world-wide driving cycle was successfully finished with the
development of the homogenized WLTP world-wide light duty test procedure. The WLTC (world-wide
light duty test cycle) represents typical driving conditions around the world, Fig. 2.
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3.4 Different sampling positions (SP)

The exhaust gases were measured for certain tasks at different sampling positions (SP) along the gas
way.

Fig. 4 represents the sampling positions for gasoline vehicles. SP0, SP1 & SP2 are for undiluted and
SP3, SP4 & SP5 for diluted gas. In present work the mostly used sampling positions were: after 3WC
(SPOQ), tailpipe (SP1) and CVS at the end (SP5).

At constant operation the measuring system was switched from SP to SP.

to CVS pump

Dilution aiy

(p,T) amb

vehicle

SP4 SP5

Gasoline tunnel

SP1 SP2

chassis dynamometer

Figure 4: Sampling positions (SP) for testing the emissions along the gas way.
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3.5 Size-selective NP-sampling & analytics

In several tests the ELPI-instrument (electrical low pressure impactor) was used to collect size-specific
samples for follow-up chemical analysis with respect to the collected substances. The whole range
from 30 to 10°000 nm is split into 13 stages (13 impactors + filter for the rest). After the test the
collected material is available on these 13 deposition discs, it can be weighed to determine the mass
and can be analyzed. In order to improve the quality of the chemical analysis special deposition films
were used on these discs, consisting of Polycarbonate, which proved to be a very pure material.

Fig. 5 shows an example of soot deposits on an ELPI filter plate.

SEM/EDX

Figure 5: typical appearance of soot deposits on ELPI filter plates

The size-fractionated metal analysis of the collected aerosols on the impactor filter plates was
performed according to a microwave-assisted acid digestion procedure with subsequent ICP-MS
analysis (inductively coupled plasma mass spectrometry).

This analytical technique is extremely sensitive: detection limit for Pt as well for Pd is on the
impressively low level of 0,0004 ug / ELPI-stage and 0,0006 ug / ELPI-stage respectively.

Reliable results can only be achieved if the detection limit of the entire procedure, including sampling,

sample preparation and analysis are determined. Therefore, blanks of fresh filter material and field-
blanks (processed similarly to field sampling filters) need to be sampled, digested and determined, [5].
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4. Results

Most important examples of results from the publications of AFHB are given in this section.

4.1  Nanoparticle emissions of different gasoline cars, [43]

Test vehicles

The research of NP-emissions of a vehicle with MPI (older technology) and of the recent vehicles with
GDI was performed on Renault 18, Audi A3, Volvo V60 and Citroén C5, Tab. 1.

The gasoline used was from the Swiss market, RON 95, according to SN EN228. In the present tests
the lube oils were not changed and not analyzed.

Vehicle Renault Audi Volvo Citroén
18 Break @ A32.0TFSI @ V60 T4F @ C5 @

Engine code J7T-718 BWA B4164T2 EP6CDT (5F02)
Number and
arrangement of 4 /inline 4/ 1In line 4 /inline 4 /1In line
cylinders
Displacement cm3 2164 1984 1596 1598

74 @ 147 @ 132 @ 115 @
Power kW 5000 rpm 6000 rpm 5700 rpm 6000 rpm

162 @ 280 @ 240 @ 240 @
Torque Nm 2000 rpm 1800 rpm 1600 rpm 1400 - 4000 rpm
Injection type MPI DI DI DI
Curb weight kg 1110 1530 1554 1515
Gross vehicle 1585 1920 2110 1951
weight kg

Front-wheel
Drive wheel drizve Front-wheel drive | Front-wheel drive | Front-wheel drive
Gearbox m5 m6 a6 a6
First registration 01.04.1985 01.12.2006 27.01.2012 2013
Exhaust EURO O EURO 4 EURO 5a EURO 5a
VIN VF1135B00 WAUZZZ8P YV1FWO075BC VF7RD5FV
FO000505 17A042987 1043598 ABL503114

Table 1: Data of the investigated gasoline cars
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Steady state operation

SMPS particle size distributions (PSD) of all tested vehicles at tailpipe are represented exemplary at
similar constant part load operation of the engine in Fig. 6.

The PSD’s were measured with two SMPS-systems in different size ranges: SMPS [9.8—-429nm] and
nSMPS [6.85—-85nm], which for vehicle 1 gives a very complementary picture of PSD’s.

It can be remarked, that vehicle 1, the older model with MPI, has a clearly bimodal shape of PSD with
maximum in nuclei mode, which is up to 4 orders of magnitude higher, than the lowest emissions of

vehicle 2.
1.0E+9 - tailpipe SP1
__10E4+8 -
l."'.l
£ 10847 |
=
5106 | NSMPS
k>
‘E 10F+5 4 1... Renault 18
@ 2. Audi A3
c10E+4 4 3. Volvo VED
s 4 Citroén C5
1.0E+3

1 diameter[nm]
Figure 6: Particle size distributions of different vehicles at tailpipe & 40 km/h

The NP-emissions of vehicle 2 are at the ambient level and show stochastic peaks at different particle
sizes, but no regular PSD.

The PSD’s of vehicles 3 & 4 show no increased nuclei mode (< 50 nm). In the accumulation mode
(> 50 nm) the particle count concentrations (PC) of vehicle 3 are nearly identical with vehicle 1 and for
vehicle 4 the PC’s are up to 1 order of magnitude higher.

How can the differences be explained? There are different interacting processes during mixture
preparation, combustion and gas flow in the exhaust system, which sensitively influence the
generation of nanoparticle emissions. The following discussion gives some ideas and hypotheses:

For the older vehicle it is clear that it has higher lube oil consumption than the other new vehicles. The
lube oil consumption in such self-aspirating engine can be provoked by the valve shafts and by the
used piston segments and cylinder walls. We can suppose the presence of both reasons: the lube oil
from intake valves shafts will be carried with the fuel (MPI) into the combustion chambers, the thicker
lube oil layer on the combustion chamber walls will contribute to higher induction of oil into the
combustion. Both effects work similarly like the blending of lube oil into the fuel for lost-oil-lubrication of
small 2-stroke engines and increases strongly the NP-emissions, [44, 45]. This increase is caused on
the one hand by metal and metal oxides from the additive packages, which during the spontaneous
condensation produce primary particles in nano-, or sub-nano scale. These primary particles are on
the other hand “seeding kernels” for the condensation of heaviest HC-compounds from the lube oil,
which can pyrolize and cannot be eliminated by the catalytic or thermal striping used in the present
measuring systems.

Another question is the mixture preparation: the ideal mixture preparation should atomize and

evaporate all the used fuel and bring it as homogenously premixed, as possible into the combustion
chamber.
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For MPI there is usually a portion of fuel deposited on the walls of the intake port, which can arrive in
the combustion chamber as liquid non-premixed droplets. A part of this “unprepared” fuel burns
heterogeneously and is a source of soot-production.

These effects are stronger in DI technology and especially, when the liquid fuel arrives at the wall and
interacts with the lube oil layer, the production of nanopatrticles is particularly increased, [46, 47].

The chemistry of oil and fuel, their HC-matrix and additive packages have a significant influence on the
NP’s.

The passage of aerosol through the exhaust system, the history of temperature drop, catalysis,
chemistry, spontaneous condensation and store/release effects have finally influences on “what will be
measured at tailpipe”.

The processes influencing NP-production depend on engine operating conditions. With no doubt the
NP-emissions vary with the operating point and are increased at transient operation.

Several measurements were performed with vehicle 4 at three sampling positions (SP) in the gas
path: directly after 3WC SPO, at tailpipe SP1 and at the end of CVS-tunnel (SP5).
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Figure 7: NP-Emissions at different sampling positions (SP). Vehicle 4; 40 km/h; 2nd gear.
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Fig. 7 shows some results at 40 km/h. There is an increase of summary PC’s over the gas way, both:
in undiluted gas (SPO to SP1) and in diluted gas (SP1 to SP5).

These effects are clear and repetitive. It must be supposed that in the undiluted part the nucleation
and the spontaneous condensation are more pronounced, than in the diluted part of the gas line. In
the last one, the agglomeration and the diffusion loses are slowed down due to the dilution.

In the SMPS particle size distributions represented at the bottom of this figure. the supplementary
particle generation in nuclei mode is visible. At SP1 & SP5 the measuring system detects smaller NP’s
as at SPO.

Transient operation

Following figures represent some results of summary NP-counts, measured with CPC in the legal
driving cycles NEDC & WLTC.

Particles from 10 repeated NEDC’s with vehicle 3 were collected on ELPI-stages and the size-
selective analysis of collected substances was performed at the EMPA Analytical Laboratory.
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Figure 8: Major elements found on the ELPI-stages after 10 NEDC's. Vehicle 3; CVS tunnel.
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Fig. 8 shows the most important substances, which were found on the ELPI-stages after the 10
NEDC'’s.

It can be remarked that there is a highest amount of Ca (in average 10 to 15 times more, than other
substances). A clear increase of amount in the lowest size range show Na, Mg, Ca & Zn, while Al & Fe
do not show this effect. There are also some sporadic peaks in higher size classes. This can be partly
explained by the mechanism of particle production. While the nano-size particles originate from
“atomary procedures” (like combustion, nucleation, agglomeration, condensation), the micro-size
particles are coming from the mechanical wear.

The maximum values of Ca are at 30 pg/filter and for the other elements at 1 pg/filter.

Five WLTC’s — 1 cycle with cold start and 4 cycles with warm start — were performed with the objective
of indicating the repetitivity of NP-emissions.

The nanoparticles were measured on line with CPC at the end of CVS-tunnel (according to the PMP-
method).

Fig. 9 compares the total particle number emissions TPN of all vehicles in the driving cycles NEDC &
WLTC “hot”. In both phases of NEDC vehicle 1 has the highest emissions.

Regarding from phase 1 (ECE) to phase 2 (EUDC with higher load) the relationship of vehicles 2, 3 &
4 inverts.

In WLTC vehicle 2 becomes in some phases of the cycle higher emitting than the other vehicles, in
spite of showing previously very low emissions at constant speeds (see Fig. 6). It is visible that the
NP-emissions of each vehicle depend on the dynamics and power of the used driving cycle. The
consideration of SMPS PSD’s at certain constant operation (like in Fig. 6) is not sufficient to see the
relationships at transient operation in the presented driving cycles.
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Figure 9: Comparisons of NP-results in NEDC hot. CVS tunnel; gasoline
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Conclusions

The most important statements from this part of tests can be summarized as follows:

the older model with MPI (vehicle 1) emits at the stationary part load operation up to 4 orders
of magnitude more nanoparticles,

for the low-emitting vehicle there are sporadic PN-emission peaks and no clear shape of
particle size distribution,

for the vehicles with DI (vehicle 2, 3 & 4) there is no increase of PC’s in nuclei mode (below 10
nm) at the measured constant speeds,

the NP emitted at cold start (20-25°C) of a NEDC, or WLTC are roughly 4 to 5 times higher
than with the hot start,

in the last phases of WLTC with higher accelerations, with higher speeds and more energy
needed for accelerations, there is a highest level of PN-emissions,

there is a good repeatability of the average emissions in the “warm” driving cycles,

10 NEDC'’s allow the accumulation of enough particles on the ELPI-stages, to enable the size-
selective substance analysis,

the most important substances found after 10 NEDC'’s in the 3 lowest stages (sizes: 0,03;
0,06; 0,108; um) were: Na, Mg, Ca and Zn,

there is an increase of particle counts along the gas way due to the increasing nuclei mode,

due to the electronic regulation of the engine the PN-emission of some vehicles (here vehicle
3 & 4) are periodically fluctuating,

comparing the NP-emissions of different vehicles with SMPS PSD’s at constant operation

gives only a limited information about the relationships of emissions measured with CPC in
dynamic driving cycles.
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4.2  Results with/without GPF and with Diesel car, [48]

Test vehicles

Tables 2 & 3 summarize the most important vehicle data. As a reference of the best available
technology, concerning the reduction or elimination of PM- and PN-emissions a modern Diesel
passenger car (vehicle 6) with a high-quality DPF was included in the tests.

O) @ ©)
Vehicle ©@0® Volvo Opel Insignia Mitsubishi
V60 T4F 1.6 EcoFlex Carisma 1.8 GDI
Number and
arrangement of 4 /in line 4 /in line 4 [inline
cylinders
Displacement cm3 1596 1598 1834
132 @ 125 @ 0@
Power kW 5700 rpm 6000 rpm 5500 rpm
260
Torque Nm 240 @ @ 174 @
1600 rpm 1650-3200 rpm 3750 rpm
Injection type DI DI DI
Curb weight kg 1554 1701 1315
Gross vehicle 2110 2120 1750
weight kg
Drive wheel Front-wheel drive | Front-wheel drive | Front-wheel drive
Gearbox ab m6 m5
First registration 27.01.2012 2014 05.2001
Exhaust EURO 5a EURO 5b+ EURO 3

Table 2: Data of investigated cars
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@ ® ®
Vehicle ®©® Opel VW Peugeot
Zafira Tourer Golf Plus 4008 1.6HDi STT
Number and
arrangement of 4 /in line 4 /in line 4 /inline
cylinders
Displacement cm?3 1598 1390 1560
Power kW 125 @ 118 @ 84 @
6000 rpm 5800 rpm 3600 rpm
Torque Nm 260 @ 240 @ 270 @
1650-3200 rpm 1500 rpm 1750 rpm
Injection type DI DI DI
Curb weight kg 1678 1348 - 1362 1462
Gross vehicle
weight kg 2360 1960 - 1980 2060
Drive wheel Front-wheel drive | Front-wheel drive | Front-wheel drive
Gearbox m6 m6 m6
First registration 22.07.2014 01.02.2010 12.04.2013
Exhaust EURO 5b+ EURO 4 EURO 5b

Table 3: Data of investigated cars

Steady state operation (SSC)

Fig. 10 represents exemplary the SMPS particle size distributions (PSD) of all tested vehicles (V1 to
V5) at tailpipe without GPF at the same constant speeds and idling.

At 95 and 45 km/h the maxima of PSD’s show the particle counts concentrations (PC) in the range of
106 to 107 #/cm3, which is similar as for Diesel engines. At idling, the PC values are roughly one order
of magnitude lower.

For vehicle 3, strong fluctuations of the PC-concentration during the period of scanning (over the size
range) are visible. During the constant speed operation of this vehicle (at 95 and 45 km/h), periodic
fluctuations of gaseous emissions (CO, HC, NOx) were observed (not represented here) and
confirmed a continuous switching of the operation between lean and rich. This means that for this
vehicle, changing between the stratified (lean) and homogenous (rich) operating strategies, it also
implies the switching of parameters, like ignition timing, injection timing, injection quantity and
eventually EGR. This has the influence on NP-emission as demonstrated.

The relationships of NP-emissions between different vehicles can vary depending on operating

condition. As example: vehicle 2 has at 95 km/h the lowest and at 45 km/h and idling the highest
particle counts concentrations.
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Figure 10: SMPS particle size distributions at constant speeds with different GDI vehicles (w/o GPF).

24/44



g EmGasCarss

Transient operation

All mechanisms influencing the NP-production in combustion chambers and in the exhaust system are
at transient operation variable and mostly overlapping each other. A known and accepted fact is that
the peak values of NP-emissions coincide with the acceleration, or deceleration events in the driving
cycle.
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Figure 11: Comparison of PN-emissions in WLTC cold and hot for different vehicles

Fig. 11 summarizes the average PN emissions in WLTC cold and hot. The emission level of “hot”
cycles is generally lower than the emission level of “cold” cycles. Vehicles which are equipped with
GPF have, as expected, lower PN-emissions. Vehicle 6 is a Diesel car with original DPF of a very
good quality; it sets a quality level, which is only roughly attained by the vehicle 2 with GPF1.

From all variants with GPF’s the GPF3 and GPF4 have the highest emissions. These two filters also
have the lowest average filtration efficiencies, Fig. 12.

Finally, it can be concluded that the PN-emission level of the investigated GDI cars in WLTC without
GPF is in the same range of magnitude very near to the actual limit value of 6.0 x 102 #/km. With the
GPF’s with better filtration quality it is possible to lower the emissions below the future limit value of
6.0 x 101 #/km.
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Figure 12: PCFE's of the investigated GPF's in WLTC hot

Conclusions

The results from these tests confirm the previous findings and they can be summarized as follows:

the PN-emission level of the investigated GDI cars in WLTC without GPF is in the same range of
maghnitude very near to the actual limit value of 6.0 x 1012 #/km,

with the GPF’s with better filtration quality it is possible to lower the emissions below the future
limit value of 6.0 x 10%*#/km,

the filtration efficiency of GPF can attain 99% but it can also be optimized to lower values — in this
respect the requirement of “best available technology for health protection” should be considered,

the relationships of NP-emissions between different vehicles can vary depending on operating
condition,

generally there is a very good accordance of PSD’s measured with both systems SMPS and
nSMPS in the common size range (10-64 mm),

for the vehicles with gasoline DI, there is no increase of PC’s in nuclei mode (below 10 nm) at the
measured constant speeds, the particle counts below 10 nm are negligible,

due to the electronic regulation of the engine the NP-emission of some vehicles (here vehicle 3)
are periodically fluctuating,

there is a good repeatability of the average emissions in the “warm” driving cycles.
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4.3 Influences of fuels EO/E10/E85, [49]

As example the effects of Ethanol blend fuels E10 & E85 on the emissions of a flex fuel passenger car
(FFV, vehicle 1, see Table 2, chap. 4.2) are presented and discussed:

Fig. 13 gives the comparisons of average emission values from the operation with gasoline, E10 and
E85 in WLTC warm. These results are averages of 2 cycles. The warm-up procedure was always by
means of a preliminary cold started WLTC.

The particle counts emissions are generally significantly reduced with Exx (more than 1 order of
magnitude). There is a clear increase of NHs with E85 and an insignificant tendency of increasing NHs

with E10.
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Figure 13: Average emissions in WLTC warm, with gasoline E10 & E85 Volvo V60 T4F, 3WC

There are no significant emissions and no increasing tendencies of average values HCHO
Formaldehyde (at a level of fraction of ppm) with higher Ethanol content.

CO-emissions are clearly reduced with increasing Exx-content. For HC- & NOx no regular tendencies
with E10 & E85 are visible. It can be stated, that with E10 there are no changes of HC & NOy, but with
E85 a slight increase of these compounds is noticed. This nevertheless, especially NOx is dependent
very much on the electronic control of this FFV and the indicated differences of few [ppm] can also be
an effect of emitting dispersion.
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Fig. 14 represents the respective SMPS particle size distributions at different constant speeds. The
drastic reduction of NP count concentrations with E10 & E85 is demonstrated. It is interesting to
remark, that already the lower Ethanol content (E10) contributes significantly to the reduction of PC-
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Conclusions
The main results obtained from the investigated test vehicle are:

- the particle counts emissions are generally significantly reduced with Ethanol blend fuels at all
operating conditions,

- in WLTC there is a clear increase of NHs with E85 and an insignificant tendency of increasing
NHs with E10,

- with all fuels (EO, E10 & E85) there are no emissions of N2O and no increase of HCHO (below
1 ppm), in WLTC warm.

4.4  Cold start with Ethanol and Butanol blend fuels, [50]

Test vehicle

The tests were performed with a new (Euro 5) flex fuel vehicle Volvo V60 (GDI), which is a reference
vehicle for several projects concerning NP-research from gasoline engines, (vehicle 1, chap. 4.2).

EO, E10/E85

The emission results are represented as time-courses during the cold start (CS) and warm-up phase
until 10 min after start. Each configuration of CS was performed at least 3 times and the represented
plots are averages from 3 attempts.

The results from single days (not represented here) show repetitive tendencies with certain fluctuation
of the peak values.

Fig. 15 & Fig. 16 show the gaseous emissions, comparing Ethanol blend fuels EO / E10 / E85 in two
temperature domains of the CS: 0°C and 20°C.

The values of CO, HC, HCHO (Formaldehyde) and ETOH (Ethanol) have generally a strong peak in
the first 60-80 s after start. At higher start temperature (20°C) these peak values are lower.

For CO & HC there is no tendency of the peak values considering the fuel quality (EO / E10 / E85).
The peak values of HCHO and of ETOH nevertheless are with E85 the highest.

NHs is zero at start, but it increases during the warm-up period up to 6 ppm after 10 min. Exception is
with E85 at 20°C, where NHz has a stronger increase (up to 13 ppm). This is due to random conditions
promoting NHs-production, like: dispersion of the engine emission profile, store-release effects in the
exhaust system, local enrichment regions in the catalyst and/or heterogeneous heating up of the
catalyst. It is known from the previous research, [51], that certain NHs-peaks appear randomly even in
repetitive driving conditions at warm operation.
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Figure 15: Comparison of the gaseous emissions during cold start at idling with different fuels,
measured with FTIR at tailpipe
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Figure 16: Comparison of the gaseous emissions during cold start at idling with different fuels,
measured with FTIR at tailpipe.
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EO, E10/Bul5

Fig. 17 & Fig. 18 summarize the emissions as integral average values in the 1st two minutes after CS.
For CO, HC and NOx the emissions are lower at the higher temperature of start. With increasing
Ethanol content the NOx-values decrease; with Bul5 the NOx-values are similar like with E10.

For non-legislated gaseous components there is a finding of considerable increased values of MeCHO
and HCHO with E85. Bul5 yields in this respect similar results as E10.
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Figure 17: Integral average values of exhaust emissions with different fuels in the first 2 min. after cold
start (0°C & 20°C) at idling
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Figure 18: Integral average values of gaseous- and nanoparticles emissions with different fuels in the
first 2 min. after cold start (0°C & 20°C) at idling

Conclusions

From the cold start tests following statements have to be mentioned:

With higher Ethanol content there are:

e higher peaks of Formaldehyde (HCHO) and of Acetaldehyde (MeCHO) at start,
e lower increase of NHs after 600s at 0°C and higher increase of NHs after 600s at 20°C
e lower NP-value, both: average of CPC-and average of SMPS-signals.

Comparing Bul5-results with E10 — both fuels with similar Oz-content — it can be remarked that with
E10 comparing to Bul5 there are:

e higher peak values of CO and ETOH and
e lower peak values of MeCHO, HCHO and nanoparticles (both CPC & SMPS).

32/44



g EmGasCarss

These tendencies can be found at both temperature levels: 0°C and 20°C.

With increased temperature at start (20°C instead of 0°C) there are:
lower peaks of CO & NOx,

lower peaks of MeCHO and of HCHO,

lower peaks of ETOH,

lower peak values of N20O after start,

lower peaks of CPC and mostly lower SMPS PC-concentrations.

With progressing warm-up generally the emission level is reduced. Only NHz behaves inversely,
increasing after 540s in some test series up to max. 6 ppm.

4.5 Investigations of NHz at different sampling positions, [51]

Test vehicle

The tests were performed with a new (Euro 5) flex fuel vehicle Volvo V60 (GDI), which is a reference
vehicle for several projects concerning NP-research from gasoline engines, (vehicle 1, chap. 4.2).

The vehicle was operated with gasoline, with Butanol blend Bu 30 and Ethanol blend fuel E85. The
emissions were measured at different sampling positions (SP, siehe Fig. 4).

Steady state and WLTC

Fig. 19 shows an example of time courses of diluted and undiluted emissions of NHs and N20O during
the test of vehicle 1 at v=30km/h. The time intervals of measurements and of switching the sampling
sonde between the sampling positions (SP’s) are visible. The undiluted values are obtained by
multiplying the diluted values with DF.

At 50 km/h two CVS flows and consequently two dilution factors DF have been applied — Fig. 20
represents the integral average values. It can be seen, that with a double DF the values at SP3 to SP5
and bag are also nearly doubled. This means, that the low NHs-values which were measured in diluted
gas were at the detection limit of the FTIR and did not represent the real NHz-concentrations any
more.

This influence — measurements at the detection limit — is believed to be the major reason of non-valid
results from diluted gas. The other postulated reasons — inhomogeneities in the flow, reactivity and
store-release of NHs — are at these low concentrations most probably of lower importance.

Test were also performed in transient operation (WLTC). Concentrations were measured at different
sampling positions in undiluted (SP1 and SP2) and in diluted (SP3, 4 and 5) exhaust gas. There are
some high peaks of NHs, which occur systematically in all tests of the same vehicle and in the same
operating profile of the cycle. These peaks are the results of rich Lambda-excursions connected with
higher exhaust gas temperatures. Another type of NHs-spikes arrive randomly (only in one
measurement) and are an effect of stochastic “release” from the exhaust system. They are originating
from the store-release effects of NHs and/or of NHs precursor substances.
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Figure 20: Influence of dilution factors on NHz-emissions at v=const 50 km/h vehicle 1;
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SP3, SP4, SP5 and bag calculated with CO:

DF: 19.6 and 10.5

Gasoline / Bu30/ E85

Fig. 21 represents the comparisons of NHs-emissions with gasoline, Bu30 and E85 at 30km/h,

50 km/h and in WLTC.

At constant speeds there are no clear repetitive tendencies. In WLTC warm, nevertheless, the
increase of NHs with the oxygenated fuels B30 and E85 becomes quite clear, although overlapped by
the stochastic emission effects. This increase can be explained with stronger Lambda-excursions,
which happen with higher Oxygen content of fuel. NHs is produced especially at rich Lambda
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deviations with a hot exhaust system, a situation which happens regularly in the high-speed part of
WLTC (at 1200s).
E85 has a 3 times higher Oxygen content, than Bu30 and there is also higher NH3z with E85.

30 km/h
04 | 938
= Bu30
E 48
= E85
2 12
=
[
0 4
b o o« =T uwn o
o o o o o _g
w w w w w
50 km/h
30
24 | 93
= Bu30
E 18
2 E85
2 12
=
6 4
G 4
— o™ ™ = w o
o o o o o o
w w w w w L
WLTC warm
40
gas.
Bu30
- 30 - u 35
E
Q
2 20 - /
©)
I
=
10 |
G 4
- o™ o = wn
o o o o o ©
w w w w w £

Figure 21: comparisons of NHsz-emissins with gasoline, Bu30 and E85 at constant speeds and in
WLTC warm.

Conclusions

The most important experiences from the NHs-research with different vehicles can be summarized as
follows:

e The vehicle with older technology had an approximately 10x higher NHs-emission level, than the
newer vehicles.

¢ In single phases of the WLTC the relationships of bag-values and the average SP-values are
varying: there is a tendency of lower NHs in the bag for high emitting case and a tendency of slight
increasing NHs in the bag for the low emitting cases.

e The results from diluted gas (also bag-values) in WLTC correspond better with the results from
undiluted gas than at constant speeds; this is because of different emission profiles and different
estimates of dilution factors in both operating modes.
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In certain acceleration events of WLTC high peaks of NHz emissions are observed; some of these
peaks are repetitive (originating from rich Lambda-excursions) and some of them are stochastic
(originating from store-release effects of NHs, or NHs-precursors).

Emission level of newer vehicles, regarded as average of all SP’s, is mostly below 20 ppm NHs.
The NHzs-concentrations in diluted exhaust gas in CVS-tunnel (SP3, SP4, SP5) and in bag are for
modern, low-emitting vehicles close to the detection limit of FTIR and the results are biased from
detector noise.

The direct, undiluted measurement of NH3 at tailpipe (SP1) can be recommended as the best
variant. This direct measurement avoids the possible problems of: detection limit, contamination
from dilution air, adsorption/desorption in CVS-tunnel and artefacts in the bag.

EB85 has a 3 times higher Oxygen content, than Bu30, this causes more frequent and more intense
Lambda rich excursions in the transient operation (WLTC) and consequently a tendency of higher
NHs-emissions,

the N20-emissions of the investigated vehicle 1 are zero and the NO2 -emissions are negligible

(below 1ppm).

4.6  Increased lube oil consumption, [52]

Test vehicle

The tests on gasoline vehicle (GDI) were performed with a Seat Leon 1.4 TSI. This vehicle was
operated with gasoline, in original condition (3WC) and with lube oil blended to the fuel, which
simulated the increased lube oil consumption.

The vehicle data are presented in Tab. 4.

Vehicle Seat Leon
1.4 TSI ST/ 2015
Number and
arrangement of 4 /in line
cylinders
Displacement cm3 1395
Power kW 1oe
6000 rpm
250 @
Torque Nm
d 1500 rpm
Injection type Gasoline / DI
Curb weight kg 1287
Gross vehicle
weight kg 1830
Drive wheel Front-wheel drive
Gearbox m6
First registration 13.11.2014
Exhaust Euro 6b

Table 4: Technical data of tested vehicle
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Simulation of lube oil consumption & GPF

The lube oil consumption was simulated by mixing 2% vol. lube oil into the fuel. A non-coated GPF
was mounted at tailpipe, so only the filtration effects were indicated. The tests were performed at
transient (WLTC) and at stationary (SSC) operating conditions.

The lube oils blended to the fuel were selected in order to enable the testing with high “H” (< 1.2%) or
with low “L” (< 0.5%) content of ashes and metals. They have an unified HC-matrix (hydrocrack) and
equal viscosity. This choice makes the influence of ashes and metals on the PN more visible.

Fig.22 represents the comparison of limited gaseous emissions CO, HC, and NOx in WLTC warm
(averages of 3 cycles). The average emission levels with fuels containing lube oil are generally higher
than the reference (gasoline). This is to explain with the higher content of heavy HC, their influence on
chemistry of exhaust gases and on the Lambda regulation. There are, nevertheless, significant
differences of CO- and HC-values between “2% H” and “2% H + GPF”. The questions arise: how
repetitive are the CO peak values in WLTC? Can the GPF be responsible for the observed effects?

With this configuration (2% “H” + GPF) 30 WLTC with 3 cold starts were performed in the frame of
another project. This gave the opportunity to consider the above questions.

Finally, it could be stated, that the extreme CO-values are not connected to the GPF and they
represent some coincidental and random states of the system (mixture preparation, A-regulation, OBD-
control, state of catalyst) of this vehicle. The influence of driver is unlikely, but cannot be excluded.

The results in SSC (not presented in this report) confirm the highest CO & HC values with lube oil “H”.
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Figure 22: Limited gaseous exhaust emissions in WLTC warm.
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Fig. 23 compares the integral average values of non-legislated gaseous components in a single WLTC
warm. There is a clear increase of NHz with fuels containing lube oil. This is a result from both
influences: oil chemistry and impact of the oil on the Lambda regulation (more Lambda rich
“excursions” provoke more NHs).
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Figure 23: Non-legislated gaseous emissions in WLTC warm.

The emissions of NO2, N2O, HCHO and MeCHO are negligible.

In previous research of NHs emissions on gasoline vehicles, [51], was found that certain NHs-peaks in
the repeated transient cycle (WLTC) appear randomly, while the NHs-peaks connected with the
acceleration events in the high-speed part of the cycle appear regularly, but of course with an
extremely varying intensity. This means that the NHz-emissions are irregular even in the repeating
operating conditions. Additionally to the rich Lambda excursions and high exhaust temperatures
further reasons for the NHs-fluctuations are the store/release effect of NHs and NHs precursor
substances in the exhaust system and especially in the catalyst.

Considering this together with the emission variability observed the authors presume, that the NHs
values in Fig. 23 are generally overlapped by the emission fluctuation.

Fig. 24 represents the average PN-emission (WLTC averages of 3 cycles, SSC single cycle). It is
demonstrated in this figure that the fuel variant “2% H” increases the nanoparticle emissions a little bit
more than the fuel variant “2% L”. The applied, non-catalytic gasoline particle filter (GPF) eliminates
very efficiently the nanoparticle counts. This reduction is by approximately 4 orders of magnitude and
sets the particle count concentrations down to or below the ambient level.
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Figure 24: PN emissions during WLTC (3 cycles) and SSC (single) driving cycles warm.

Conclusions

The results obtained in this part of tests allow following summarizing statements:

the increased lube oil consumption increases emissions of CO and HC, it can have impact on
Lambda regulation and contributes to increased NHz-values,

with all fuels: gasoline, gasoline +'"H” and gasoline +’L” there are no emissions of nitric dioxide
NO2, of nitrous oxide N20 and negligible emissions (<1ppm) of aldehyde HCHO and of
acetaldehyde MeOH,

with increasing constant speed the NP-emissions increase for the investigated car; at idling there
is the lowest NP-emission (1-2 orders of magnitude lower than with engine load),

with addition of lube oil to the fuel (simulating the increased lube oil consumption) there is an
increase of PN-emissions by approximately 2 orders of magnitude,

- lube oil “H” increases PN by 2 orders of magnitude,

- lube oil “L” increases PN a little less (1 to 1.5 orders of magnitude),

the lube oil composition (HC-matrix and content of metals) influences slightly the particle size
distributions,

an efficient GPF eliminates the nanoparticles and lowers PN by 4 orders of magnitude.
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5. Conclusions

The detailed conclusions of the presented test topics are given in the respective sections (chap. 4.1.
p. 21; chap. 4.2. p. 26; chap. 4.3. p. 29; chap. 4.4. p. 32 and chap. 4.5. p. 36).

Let us recapitulate here the most important facts:

The GDI cars can emit high level of PN-emissions, such as the unfiltered Diesel exhaust, depending
on the: engine technology, engine technical state (wear, lube oil consumption) and operating profile.
There are also GDI cars, which at certain constant speeds emit no PN at all.

In the operation conditions with higher accelerations, with higher speeds and more energy needed for
accelerations, there is a highest level of PN-emissions.

The size-selective metal analysis of the exhaust aerosol from a representative modern car (vehicle 1,
Table 2, p. 22) showed that the majority of metals are deposited in the lower particle sizes: the most
important substances found after 10 NEDC’s in the 3 lowest stages (sizes: 0,03; 0,06; 0,108; um)
were: Na, Mg, Ca and Zn.

With GPF the PN-emission level can be significantly reduced, this below the actual (since 2017) limit
value of 6.0 x 10*#/km.

The filtration efficiency of GPF can attain 99% but it can also be optimized to lower values — in this
respect the requirement of “best available technology for health protection” should be considered.

With Ethanol blend fuels the particle counts emissions are generally significantly reduced at all
operating conditions.

At cold start there are emission peaks of nanoparticles, but also of the most gaseous emission
components. With lower cold start temperature these peaks are higher.

With increased lube oil consumption the PN-emissions increase significantly (approx. 2 orders of
magnitude). With an efficient GPF the PN can be impressively eliminated (by 4 orders of magnitude).

For the development and application of the GPF-technology there are still several interesting research
guestions, which can be addressed in the later common projects.

Emission level of newer vehicles, regarded as average of all SP’s, is mostly below 20 ppm NHa.
In certain acceleration events of WLTC high peaks of NHs emissions are observed; some of these

peaks are repetitive (originating from rich Lambda-excursions) and some of them are stochastic
(originating from store-release effects of NHs, or NHs-precursors).
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Reduction of gasoline vehicle emissions for organic,
metallic and particulate non-legislative pollutants

Starting from Euro 6 not only for diesel but also for gasoline vehicles, a solid particle number emissions limit of
6 x 10" #/km becomes effective. Recent investigations demonstrated that gasoline vehicles especially with direct
injection technology (GDI) require additional after-treatment technology to match these values. Nuclei of metals as
well as organics are suspected to significantly contribute especially to the ultrafine particle size fractions, and thus
to the ultrafine particle number concentration. Particle filter systems (PFs) are proposed as possible measure also
for gasoline vehicles and should be critically evaluated for their efficiency to reduce effectively emissions from
current and future gasoline vehicles. Moreover, gasoline driven cars have recently been found in an exemplary
study to contribute significantly to organic matter through the oxidation of volatile organic compounds and
subsequent condensation on existing particles or formation of new particles. The secondary aerosol production
potential (SAPP) was found to be much larger than for diesel vehicles including trucks.
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GASOMEP: Current Status and New Concepts of Gasoline Vehicle Emission
Control for Organic, Metallic and Particulate Non-Legislative Pollutants

The GASOMEP project is an interdisciplinary research project which investigates the emission characteristics of
current gasoline direct injection (GDI) vehicles and evaluates the potential of gasoline particle filter technology
(GPF) which is currently developed by our industrial partners. A wide spectrum of gaseous and particle-bound
pollutants are studied for several GDI vehicles which are operated both, without and with filter technology. A
detailed characterization of the particle emissions including their size, number and metal content are foreseen.
Emissions of genotoxic compounds like PAHs and their nitrated and oxygenated forms will be determined.
Furthermore, the secondary organic aerosol (SOA) forming potential of GDI exhausts is investigated with smog
chamber experiments and two independent flow reactor approaches.

The three-year project will result in a comprehensive characterization of current GDI vehicle emissions. It will also
evaluate the potential of new filter technology to abate these potentially harmful emissions. The project is of
general relevance for the public since we all will increasingly be exposed to exhausts of GDI vehicles which in the
future are possibly equipped with efficient catalytic filter technology. The project is a joint effort of the industry,
regulators, and the Swiss research institutions PSI, the Universities of Applied Sciences Northwestern Switzerland
(UASNW) and Biel (UASB) and Empa.

Fig. 1 displays the particle number size distribution of a Euro-5 GDI vehicle (VOLVO V60 T4F, 1.6 [) which was
chosen as the reference vehicle in the GASOMEP project. The most prominent particles have diameters around
80 nm like diesel soot particles. Fig. 2 displays particle number-based emission factors #/km) over a size range of
23 - 400 nm in the worldwide harmonized light vehicle test cycle (WLTC) for urban (cold and hot started), extra-
urban, highway and motorway conditions. Highest PN emissions of 8.6 x 10e12/km were observed under urban
cold start conditions. Particle emissions stabilized at 1.2-1.7 x 10e12/km under hot engine conditions. We conclude
that the gasoline-fueled Euro-5 vehicle exceeded the threshold limit for diesel passenger cars of 6 x 10e11 #/km.
Aliquots of the emitted exhausts are collected in a smog chamber (Fig. 3) and aged for 4-5h under conditions
similar to the atmosphere. In parallel, two flow reactors are used to determine the SOA potential of the exhausts
with accelerated aging. Fig. 4 gives an impression of the clustering of instruments at the chassis dynamometer of
the UASB in Nidau during the first sampling campaign held in spring 2014.

Fig. 1. Particle size distribution Fig. 2. Particle number emissions Fig. 3. PSI Smog chamber
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GasOMeP

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 gascline direct injection (GDI) vehicles with
yvet unknown consequences, But we have the choice to equip these 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 particle filters (GPF) currently developed by ocur
industrial partners. A wide spectrum of gaseous and particle-bound pollutants is studied for differ-
ent GDI vehicles which are operated without and with filter technology and fossil fuels or bicfuels.
Particle emissions including their size distribution, number and metal content will be characterized
in detail. Emissions of semi-volatile compounds including genotoxic constituents like polycyclic aro-
matic hydrocarbons (PAH), their alkylated, nitrated and oxygenated forms will be studied. These
compounds are important precursors of secondary organic aerosols (S0A) which form in the atmo-
sphere. Respective SOA forming potentials 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 vehicle
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 Sciences HNorthwestern
Switzerland (UASNW) and Biel
{UASB) as well as Empa.

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

WP1: regulated pollutants
(UASB),

WP2: nanoparticles (UASB,
UASNW),

WP 3: secondary arganic

aerosols (PSI, UASNW),
WP4: non-regulated  pollut-
ants (Empa),
WP5: metals (Empa).

All vehicles and wehicle con-
figurations are tested at the
chassis dynamometer of the
UASB in Nidau. A batch of
commercial gasoline is used
as reference fuel in the proj-
ect and blended with biofuel if
needed. The world harmonized
light wehicle test cycle (WLTC),

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

So far, 6 different vehicle con-
figurations including three dif-
ferent GDI vehicles (Volvo V60
T4F, 1.61, Euro-5; Opel Insig-
nia, 1.61, Eurc-5; Mitsubishi
Carisma, 1.8 1, Euro-3), a first
GPF contributed by our indus-
try partner, and two different
biofuel/gascline blends (E85
and E10) were investigated.

Main scientific results of workgroups

Current GDI technology

A first set of three different
GDI vehicles has been studied.
Substantial emission variations
were observed. With respect to
particle emissions the Euro-3
vehicle (Mitsubishi Carisma,
1.81) exceeded those of both
Euro-5 vehicles, the Volvo V60
(T4F, 1.61), which was cho-
sen as the reference wvehicle
throughout the project, and
the Opel Insignia (1.61). Par-
ticle emissions of these three
GDI vehicles were above the
threshold limit for diesel pas-
senger cars of 6101 par-
ticles/km indicating that par-
ticle emissions indeed are an

important issue for these GDI
vehicles.

Figure 1 displays the particle
number size distribution of
the reference wvehicle (Volvo
V60 T4F, 1.61) operated with
gasoline without particle filter.
A nano-SMPS instrument was
used to detect the particle size
distribution down to 9 nm. The
mast prominent particles have
diameters around 80nm like
diesel particles, but substantial
contributions are alse found in
the smallest size range below
23nm.

Figure 2 displays particle num-
ber-based emission factors
(#/km) over a size range of
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23-400nm (the legally bind-
ing size range) in the WLTC.
Highest particle number (PN)
emissions of 8.6-10%? parti-
cles/km were observed under
urban cold start conditions.
Particle emissions stabilized
at 1.2-1.7-10% #/km under
hot engine conditions. We con-
clude that this gasoline-fueled
Euro-5 vehicle exceeded the
threshold 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 aliquots of the exhausts
are delivered to a smog cham-
ber and aged therein for 4-5h
under conditions similar to the
atmosphere to study the ex-
tent of secondary aerosol 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 resolution.
Figure 3 displays the smog
chamber in operation and fig-
ure4 gives an impression of
the clustering of instruments
at the chassis dynamometer of
the UASB in Nidau during the
first sampling campaign held in
spring 2014.

Figure 1 (left):

Particle number size dis-
tribution of exhaust of
the reference GDI vehicle
(Volvo V60, 1.61, Euro-5)
obtained from an SMPS
measurement.

Figure 2 (right):

Particle number emis-
sions (#/km) of the refer-
ence GDI vehicle (Volvo
V60, 1.61, Euro-5) in dif-
ferent parts of the WLTC.
The threshold limit of 6 x
10e11l particles/km (red
line) valid for Euro-5 diesel
vehicles is exceeded in all
cycle parts.

Figure 3 (left):

Mobile Smog chamber of
the PSI to study SOA for-
mation of GDI vehicle ex-
hausts.

Figure 4 (right):

Clustering of instruments
at the chassis dynamom-
eter of the UASB in Nidau
during the spring 2014
campaign.
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Scope of project

Gasoline direct injection {(GDI) vehicles will quickly replace port-fuel injection vehicles in the next
vears. It is estimated that about 50 million GDI vehicles will be operated on Europe’s roads by 2020.
In the GASOMEP project, we comprehensively study exhaust composition of varicus GDI vehicles
including particle-bound, condensable and gaseous pollutants. Effects of fuel quality and converter
technology, especially the potential of gasoline particle filters (GPFs), which are currently devel-
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 polycyclic aromatic
hydrocarbons (PAHSs), their alkylated and nitrated forms are studied. These semi-volatile compounds
are expected to penetrate filters to some degree and are important precursors of secondary organic
aerosols (S0A) formed upon atmospheric oxidation. Respective SOA forming potentials are investi-
gated in smog chamber experiments and two different flow reactor approaches in the project.

Status of project

After two years we can now
look back to four intense
sampling campaigns of 3 to
4 weeks each at the chassis
dynamometer at the Univer-
sity of Applied Sciences Biel
(UASB). ©One from the PSIL
one from the University of Ap-
plied Sciences MNorthwestern
Switzerland (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 aerosols
(PSI, UASWN).

So far, five different GDI ve-
hicles from Euro-3 and Euro-
5 legislation were tested and
compared with a Euro-5 die-
sel vehicle with particle filter
as the bench mark vehicle. A
flex-fuel vehicle (Volve V60
T4I, 1.61, Euro-5) which was
operated with (bio)ethanol/
gascline blends is the refer-
ence GDI vehicle available in
the 3-year campaign. In addi-
tion, two of our industrial part-
ners contributed two coated
and two non-coated gasoline
particle filters (GPFs). These
filters were tested with the

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

ditions and in a steady state
cycle (SSC) with constant ve-
hicle operation at 94, &1, 45,
26 km/h and idle.

Main scientific results of workgroups

GDI vehicles release up
to 2000x more particles
than current diesel wehicles
equipped with filters: The
five GDI vehicles studied so
far released substantial num-
bers of nanoparticles (PN) in
the range of 7 x10% to 2x10%

particles/km. Emissions were
about 2-10 times higher under
cold start conditions. In other
words, PN emissions of these
GDI vehicles are clearly above
the threshold limit for diesel
passenger cars of 6x10% par-
ticles/km.
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B V3 - Mitsubishi
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Figure 1 :

Ernissions of genotoxic PAHs and precursors for genotoxic nitro-PaHs in

GDT vehicle exhausts (ng/m?).
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Comparing these values with
those of the benchmark diesel
vehicle {Peugect 4008, 1.61,
Euro-5), which is equipped
with a particle filter, revealed
30-2000-fold higher particle
emissions of the GDI technol-
ogy. This clearly indicates that
filters must have a large po-
tential to detoxify GDI vehicles
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-,
6- and 7-ring PAHs, including
those PAHs relevant for the
genotoxic potential, of five GDI
vehicles and the bench mark
diesel vehicle equipped with
filter (Peugeot 4008, 1.61).
PAH emissions varied consid-
erably among the different
GDI vehicles. They were high-
est for the oldest vehicle (Mit-
subishi Carisma, 1.81, Euro-3)
but comparable for the Euro-4
and Euro-5 vehicles. In com-
parison with the diesel vehicle
one can state that PAH emis-
sions of the GDI vehicles are at
or slightly above those of the
diesel vehicle. In other words,
GDI vehicle 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 (ug/km) of varicous 2-,
3-, 4- and 5-ring PAHs of the
reference vehicle (VOLVO V60
T4F, 1.6 1) operated with gaso-
line (E0) and ethanol/gascline
blends (E10, EB5) in the cold
and hot started WLTC and the

S55C. 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 ethanol lowered
PAH emissions by more than
one order of magnitude. Ef-
fects tent to be larger with in-
creasing PAH ring number.

For comparison, figure2 also
includes particle number emis-
sions in the WTLC which were
1013 particles/km with EO but
only about 10 particles/km
with E10 and E85. This indi-
cates that blending of gasoline
with ethanol has beneficial ef-
fects on particle and PAH emis-
siohs including the genotoxic
PAHs. However, these prom-
ising effects will be werified
again in next year's campaign
on additional GDI vehicles.

Particle filters for GDI ve-
hicles successfully applied

So far, four different filters,
two with catalytic coatings,
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
vehicles

Time-resolved secondary
aerosol analysis of GDI vehi-
cles was conducted using the
micro smog chamber. A con-
tinuous-flow reactor-tube was
applied to study the formation
of secondary aerosols (SA)
by taking the gas-phase frac-
tion of exhausts and oxidize it
with ozone {up to 60 ppm) at
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residence times of about 10 Figure 2 :

seconds. Figure 3 displays an
example of secondary aerosol
emissions (g/lit-fuel) during
cold and hot WLTC. In conclu-
sion, the secondary aerosol
released per liter of fuel is sev-
eral orders of magnitude lower
than what has been observed
in wood burning experiments.

Effects of ethanol blending
on selected PAH (ugfkm)
and particle number (#/
k) emissions of the ref-
erence GDI vehicle (Yolvo
VYeO, 1.61, Eurc-5) in the
cold (blue) and hot (red)
started WLTC and the 55C
(pink). Commercial gaso-
lime (EOy and two (bio)
ethanol/gasoline blends
(E10 and E85) have been
applied.

Figure 3:

Secondary aerosols of a
GDI wehicle produced in
the micro-smog chamber
during cold and hot WLTC
driving. The mass concen-
tration was derived from
the observed number con-
centration, average mass
distributions ~ from  the
S5C and a particle density
p=2000 kg/m?.
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COMPARISON OF PAH LEVELS AND MUTAGENICITY OF GDI- AND DIESEL

VEHICLE EXHAUSTS AND IMPACT

M. Mufioz!*,

B, CH-2560 Nidau

BACKGROUND

GDI vehicles appear to be a promising technology for reducing
exhaust emissions and fuel consumption. However, several
sources reported high emissions of particles exceeding the Euro 6
limit of 6x10'* particles/km. In addition, increased emissions of|
genotoxic pollutants (e.g. Polycyclic aromatic hydrocarbons or
PAHs) are produced. PAHs are known to induce genotoxic
responses inside cells causing mutations, which may lead to
cancer. The WHO also classified several PAHs as carcinogenic, like
benzo(a)pyrene, a group 1 carcinogen.

METHODOLOGY

Complete exhaust samples sampled from a CVS tunnel (Fig. 1.A),
including solid, condensed and gaseous fractions were collected
from 5 GDI vehicles. Vehicles were driven following the WLTC
(World Harmonized Light Vehicles Test Cycle) under hot (WLTC-
H) and cold (WLTC-C) start conditions. Vehicle 1 was also tested
with two ethanol blends (E10 and E85). In addition, an Euro-5
diesel vehicle equipped with a filter was tested. Samples went
through extraction and cleanup procedures and were analyzed by
HRGC-HRMS. Concentrations of the genotoxic PAHs were
determined (Fig. 2).

To evaluate the mutagenicity, aliquots of the exhaust extracts
(5%) of vehicle 1 in WLTC-H, with E0, E10, E85 and the diesel
vehicle were tested for mutagenicity using the bacterial Ames
test (Xenometrix, S. typhimurium, strains TA98 and TA100).
Different concentrations (C1-C6, two fold dilutions, C1 low to Cé
high) of the extracts were directly exposed to the bacteria for 1.5
h, then dispersed in histidine-free medium and incubated for a
48-h period at 37 °C. Exhaust extracts collected in the WLTC-C,
for all vehicles were also tested with the mutagenicity Ames test
in order to compare the whole GDI fleet with the diesel vehicle.
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Fig.1. Sampling setup (1.A), driving cycles (1.B)
and scheme of Ames test with an example of a
icity test plate (1.C and 1.D)

Fig. 2. The 7 genotoxic PAH. According to the WHO, these PAHs are
genotoxic, with benzo(a)pyrene being a class 1 carcinogen.

|
RESULTS

Fig. 3. shows the effect of the ethanol blends on PAH
concentrations (ng/Nm?) and respective patterns for the WLTC-C
and WLTC-H. There is a significant decrease on the emissions
when ethanol is used. WLTC-H is also decreasing compared to
WLTC-C, when ethanol is used. Except for E10, patterns are
similar but differ with respect to absolute values. Fig. 4 shows the
concentrations in ng/Nm?® and patterns of genotoxic PAHs for all
GDI-vehicles and diesel vehicle with filter. Patterns and PAH
emission levels differ from vehicle to vehicle. Fig. 5 displays the
fold-increase of revertants over the negative control for the
samples EO, E10, E85 and diesel in WLTC-H, with the strain TA
98. There were no signs of mutagenicity in the TA100 strain. A
three-fold or higher increase in the number of revertants relative
to the negative control or a clear dose response suggests
mutagenicity. This is the case for EQ at the concentration Cé.
Regarding the fleet, no significant differences were found in the
Ames test,

L ______________________________________________________|
CONCLUSIONS

Ethanol effect. The concentrations of genotoxic PAHs decrease
with increased ethanol contents. This decrease is in accordance
with the particle number, which is also reduced.

GDI fleet emissions. All GDI vehicles tested emit more genotoxic
PAHs than the diesel vehicle (which included a particle filter),
some emitted even 1 order of magnitude higher concentrations.
Ames_test results. From all dose-tests performed, only the

gasoline sample (E0, WLTC-H) at C6 showed a significant
response with TA 98 strain, meaning “probably mutagenic” and
being in accordance with the PAH concentration (the highest also
in WLTC-H with EQ). No significant results were found for other
samples. However, these experiments should be reconfirmed with
higher doses.
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Fig. 3. Ethanol effect on PAH emissions. Concentration of
genotoxic PAHs in ng/Nm? (top, WLTC-C in blue, WLTC-H in
red) and respective patterns (bottom, color code in Fig.2).

Fig. 4. Emissions of PAHs of the GDI fleet and comparison
‘with the diesel vehicle. Concentration of genotoxic PAHs in
ng/Nm? (top) and respective patterns (bottom).

GASOLINE (E0) E10 E85 DIESEL

R i

c1

0,0

€z oo

Fig. 5. Exhaust mutagenicity (Ames test, strain TA98, WLTC-H). Fold revertant is obtained by dividing the number of
revertants in the sample by the number in the negative control (untreated sample) indicating mutagenicity if higher or
equal to 3. C1-C6 correspond to the different concentrations tested, C6 being the highest.




