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Zusammenfassung 

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

 

Résumé 

Ce rapport présente les résultats d’études sur les émissions de nanoparticules et les émissions 
gazeuses de différents véhicules à injection directe d’essence. Les résultats obtenus par l’AFHB dans 
les projets EmGasCars et GasOMeP confirment les émissions élevées au niveau du nombre de  
particules (PN) de certains véhicules, ainsi que la possibilité d’une réduction très efficace des ces 
particules à 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.  
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Appendix *) 

Supplementary information from project partners about GasOMeP: 

 

A1 GasOMeP: Reduction of gasoline vehicle emissions for organic, metallic and particulate non-

legislative pollutants. Poster  Dr. A. Ulrich 2013 

 

A2 GasOMeP: Current Status an New Concepts of Gasoline Vehicle Emission Control for 

Organic, Metallic and Particulate Non-Legislative Pollutants. Poster Dr. N. Heeb 1014 

 

A3 GasOMeP, Status Report 2014. Dr. N. Heeb 

 

A4 GasOMeP, Status Report 2015. Dr. N. Heeb 

 

A5 Comparison of PAH Levels and Mutagenicity of GDI and Diesel Vehicle Exhausts and Impact 

of (Bio)Ethanol. Poster Dr. M. Muñoz, NPC ETHZ 2016. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
 
 
*) Appendices see at the end of the report  
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List of abbreviations 

AFHB Abgasprüfstelle FH Biel, CH 

ASET Aerosol Sampling & Evaporation Tube 

ASTRA Amt für Strassen (CH) 

BAFU Bundesamt für Umwelt, (see FOEN) 

BfE Bundesamt für Energie (FOE) 

CLA chemiluminescent analyzer 

CPC condensation particle counter 

CS cold start 

CVS constant volume sampling 

DF dilution factor 

DI Direct Injection 

DMA differential mobility analyzer 

DPF Diesel particle filter 

ECE Economic Commission for Europe 

ECU electronic control unit 

EGR exhaust gas recirculation 

EMPA Eidgenössische Material Prüf- und Forschungsanstalt 

EUDC Extra Urban Driving Cycle 

EV Erdöl Vereinigung 

FFV flex fuel vehicle 

FHNW Fachhochschule Nord-West Schweiz 

FID flame ionization detector 

FOE Federal Office of Energy 

FOEN Federal Office for Environment 

FTIR Fourier Transform Infrared analyzer 

GasOMeP Gasoline Organic & Metal Particles 

GDI gasoline direct injection 

GPF gasoline particle filter 

H high (ash/metal content) 

HC unburned hydrocarbons 
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HCN Hydrocyanic Acid 

HNCO Isocyanic Acid 

L low (ash/metal content) 

MD minidiluter 

MeCHO Acetaldehyde 

MFS mass flow sensor 

MS mass spectroscopy 

N2O nitrous oxide 

NEDC New European Driving Cycle 

NH3 Ammonia 

NO nitrogen monoxide 

NO2 nitrogen dioxide 
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NOx  nitric oxides 

NP nanoparticles < 999 nm 

nSMPS nano SMPS 

OAPC CH: Ordinance of Air Protection Control 

OBD on-board diagnostics 

PC particle counts (integrated) 

PCFE particle counts filtration efficiency 

PM particle mass 

PMP Particle Measuring Program of the GRPE 

PN particle numbers 

PSD particle size distribution 

PSI Paul Scherrer Institute 

SEM scanning electron microscopy 

SMPS scanning mobility particle sizer 

SP sampling position 

SSC steady state cycle 

TC thermoconditioner 

Texh Exhaust gas temperature at tailpipe 

THC total hydrocarbons 

TPN total particle number 

TTM Technik Thermische Maschinen 

TWC three way catalyst 

ULSD ultra low sulphur Diesel 

V vehicle 

VERT Verification of Emission Reduction Technologies 

VSS Verband der Schweizerischen Schmierstoffindustrie 

WLTC Worldwide Light Duty Test Cycle 

WLTP worldwide harmonized light duty test procedure 

3WC three way catalyst 
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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 SI-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 (CH3(CH2)3OH) 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 SI-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 & Bu100 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 Bu10 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 (NH3), nitrous oxide (N2O), 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 SI 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 (NH3), Nitrogen Dioxide (NO2), 
Nitrous Oxide (N2O), Formaldehyde (HCHO) and Acetaldehyde (MeCHO) – all of them quite easy to 
be measured and indicated with FTIR. 

Production of Ammonia (NH3) 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 N2O 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 
(CPC). 

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 (texh) 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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Figure 1: SSC steady state cycle and tailpipe temperature of vehicle 1 

  

Figure 2: WLTC driving cycle 

 

Figure 3: NEDC driving cycle 
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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 
(SP0), tailpipe (SP1) and CVS at the end (SP5). 

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

 

 

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. 

 

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 μg / ELPI-stage and 0,0006 μg / 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]. 

  

 

     SEM/EDX ELPI Filter
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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 Citroën 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 

18 Break  

Audi  

A3 2.0 TFSI  

Volvo 

V60 T4F  

Citroën 

C5  

Engine code J7T-718 BWA B4164T2 EP6CDT (5F02) 

Number and 
arrangement of 
cylinders  

4 / in line 4 / In line 4 / in line 4 / In line 

Displacement cm3 2164 1984 1596 1598 

Power kW 
74 @ 

 5000 rpm 
147 @ 

6000 rpm 
132 @ 

 5700 rpm 
115 @ 

 6000 rpm 

Torque Nm 
162 @ 

2000 rpm 
280 @ 

1800 rpm 
240 @ 

1600 rpm 
240 @ 

1400 - 4000  rpm 

Injection type MPI DI DI DI 

Curb weight kg 1110 1530 1554 1515 

Gross vehicle 
weight kg 

1585 1920 2110 1951 

Drive wheel 
Front-wheel 

drive 
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 0 EURO 4 EURO 5a EURO 5a 

VIN 
VF1135B00 
F0000505 

WAUZZZ8P 
17A042987 

YV1FW075BC 
1043598 

VF7RD5FV 
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.  

 

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 nanoparticles 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 SP0, at tailpipe SP1 and at the end of CVS-tunnel (SP5).  

 

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 (SP0 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 SP0. 

 

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. 

 

      

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 µg/filter and for the other elements at 1 µg/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. 

 

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; µm) 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. 

 

Vehicle  

  

Volvo  

V60 T4F 

   

Opel Insignia 

1.6 EcoFlex 

 

 Mitsubishi  

Carisma 1.8 GDI 

Number and 
arrangement of 
cylinders  

4 / in line 4 / in line 4 / in line 

Displacement cm3 1596 1598 1834 

Power kW 
132 @ 

5700 rpm 
125 @ 

6000 rpm 

90 @ 

5500 rpm 

Torque Nm 
240 @ 

1600 rpm 

260 @ 

1650-3200 rpm 

174 @ 
3750 rpm 

Injection type DI DI DI 

Curb weight kg 1554 1701 1315 

Gross vehicle 
weight kg 

2110 2120 1750 

Drive wheel Front-wheel drive Front-wheel drive Front-wheel drive 

Gearbox a6 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 

Zafira Tourer 

 

VW 

Golf Plus 

 

Peugeot 

4008 1.6HDi STT 

Number and 
arrangement of 
cylinders  

4 / in line 4 / in line 4 / in line 

Displacement cm3 1598 1390 1560 

Power kW 
125 @ 

6000 rpm 

118 @ 

5800 rpm 

84 @ 

3600 rpm 

Torque Nm 
260 @ 

1650-3200 rpm 

240 @ 

1500 rpm 

270 @ 

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).  
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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.  

 

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 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 1011 #/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 
magnitude 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 
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• 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 E0/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 NH3 with E85 and an insignificant tendency of increasing NH3 
with E10. 

 

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 & NOx, 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-
concentrations at all driven vehicle speeds. 

 

Figure 14: Particles size distributions (PSD) and integrated particle counts during the driving cycle 
SSC Volvo V60 T4F; 3WC 
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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 NH3 with E85 and an insignificant tendency of increasing 
NH3 with E10, 

- with all fuels (E0, 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). 
 

E0, 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 E0 / 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 (E0 / E10 / E85). 
The peak values of HCHO and of ETOH nevertheless are with E85 the highest. 
 
NH3 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 NH3 has a stronger increase (up to 13 ppm). This is due to random conditions 
promoting NH3-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 NH3-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 

 

 

Figure 16: Comparison of the gaseous emissions during cold start at idling with different fuels, 
measured with FTIR at tailpipe. 
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E0, E10 / Bu15 

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 Bu15 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. Bu15 yields in this respect similar results as E10. 
 

 
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: 
 

• higher peaks of Formaldehyde (HCHO) and of Acetaldehyde (MeCHO) at start, 

• lower increase of NH3 after 600s at 0°C and higher increase of NH3 after 600s at 20°C 

• lower NP-value, both: average of CPC-and average of SMPS-signals. 
 
Comparing Bu15-results with E10 – both fuels with similar O2-content – it can be remarked that with 
E10 comparing to Bu15 there are: 

• higher peak values of CO and ETOH and  

• lower peak values of MeCHO, HCHO and nanoparticles (both CPC & SMPS). 
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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 N2O after start, 

• lower peaks of CPC and mostly lower SMPS PC-concentrations. 
 
With progressing warm-up generally the emission level is reduced. Only NH3 behaves inversely, 
increasing after 540s in some test series up to max. 6 ppm. 
 

4.5 Investigations of NH3 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 NH3 and N2O 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 NH3-values which were measured in diluted 

gas were at the detection limit of the FTIR and did not represent the real NH3-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 NH3 – 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 NH3, 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 NH3-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 NH3 and/or of NH3 precursor substances. 
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Figure 19: Influence of dilution on NH3-emissions at v=const 30 km/h vehicle 1; DF: 34.1 

 

 

Figure 20: Influence of dilution factors on NH3-emissions at v=const 50 km/h vehicle 1;  

 DF: 19.6 and 10.5 

 

Gasoline / Bu30 / E85 

Fig. 21 represents the comparisons of NH3-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 NH3 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. NH3 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 NH3 with E85. 
 

 
 

Figure 21: comparisons of NH3-emissins with gasoline, Bu30 and E85 at constant speeds and in 

 WLTC warm.  
 

Conclusions 

The most important experiences from the NH3-research with different vehicles can be summarized as 
follows: 
 

• The vehicle with older technology had an approximately 10x higher NH3-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 NH3 in the bag for high emitting case and a tendency of slight 
increasing NH3 in the bag for the low emitting cases. 

• 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. 



EmGasCars 

36/44 

• In certain acceleration events of WLTC high peaks of NH3 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 NH3, or NH3-precursors). 

• Emission level of newer vehicles, regarded as average of all SP’s, is mostly below 20 ppm NH3.  

• The NH3-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. 

• E85 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 

NH3-emissions,  

• the N2O-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 
cylinders  

4 / in line 

Displacement cm3 1395 

Power kW 
110 @ 

 6000 rpm 

Torque Nm 
250 @ 

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, λ-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”. 
 

 

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 NH3 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 NH3). 

 

 

Figure 23: Non-legislated gaseous emissions in WLTC warm. 

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

 

In previous research of NH3 emissions on gasoline vehicles, [51], was found that certain NH3-peaks in 

the repeated transient cycle (WLTC) appear randomly, while the NH3-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 NH3-emissions are irregular even in the repeating 

operating conditions. Additionally to the rich Lambda excursions and high exhaust temperatures 

further reasons for the NH3-fluctuations are the store/release effect of NH3 and NH3 precursor 

substances in the exhaust system and especially in the catalyst. 

Considering this together with the emission variability observed the authors presume, that the NH3 

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 NH3-values, 

• with all fuels: gasoline, gasoline +”H” and gasoline +”L” there are no emissions of nitric dioxide 
NO2, of nitrous oxide N2O 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; µm) 

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 1011#/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 
questions, 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 NH3.  

In certain acceleration events of WLTC high peaks of NH3 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 NH3, or NH3-precursors). 
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