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SUMMARY 

AeroSolfd intends to reduce the negative health effects of in-use petrol engines by retrofitting gasoline 
particle filters (GPFs). To estimate this effect we need a baseline, the PN-emission of the fleet without 
GPF. To assess particle emissions from petrol vehicles, 1017 vehicles in Switzerland were tested for 
nanoparticle emissions as part of the new periodic technical inspection (NPTI). The aim was to analyse 
particle number (PN) emissions in relation to vehicle type, engine technology, injection system, and 
applicable emission legislation, while also identifying high-emitting vehicles within the fleet.  

The results confirm that a small fraction of vehicles contributes disproportionately to total fleet 
emissions. Vehicles with GPFs show significantly lower PN emissions, in some cases below ambient air 
levels.   

Older vehicles (EU4, EU5) dominate the fleet emissions and account for the majority of PN emissions. 
Emissions scale approximately with the share of each vehicle category. EU6b vehicles follow the same 
trend, while EU6c and EU6d vehicles, mostly equipped with GPFs, exhibit negligible emissions. 

Variability in emissions is unavoidable, but high emitters stand out due to large differences in 
magnitude. Future PN limits must consider measurement uncertainties, especially for borderline 
vehicles. The NPTI method must be robust, ensuring precise engine speed control and preventing 
unintended vehicle regulation processes. Standardized procedures are essential to reduce 
discrepancies and improve regulatory reliability. 
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1. INTRODUCTION  

The measurement of particle emissions is carried out on behalf of the BFH / VERT Association at the 
Touring Club Switzerland (TCS) Biel as part of the NPTI. Apart from the fact that the vehicles are 
equipped with petrol engines, there are no restrictions regarding vehicle type. Due to the Swiss 
regulation on periodic technical inspections (Art. 33 VTS), all vehicles are at least five years old, as 
passenger cars in Switzerland are first subject to mandatory PTI five years after initial registration. 
Vehicles of all ages beyond this threshold, various mileages, and all emission levels are included. 

The objective of this study is to gain a comprehensive overview of PN emissions from petrol engines 
across different vehicle types and emission standards. A key focus is to determine whether elevated 
PN emissions can be systematically linked to specific factors such as vehicle type, engine characteristics, 
mixture formation processes, or compliance with EU emission regulations. Additionally, the study aims 
to identify whether a small subset of vehicles contributes disproportionately to the overall fleet 
emissions, commonly referred to as heavy polluters. 

 

1.1.CONTRIBUTIONS OF PARTNERS 

PARTNER  
SHORT NAME 

CONTRIBUTIONS 

AFHB 
University of Applied Sciences Biel/Bienne. Responsible for conducting the evaluation of the 
delivered measurement data   

BFH Data analysis 

HJS Data supervision 

TCS Data collection 

VERT Work package leader and AeroSolfd reporting 
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2. DESCRIPTION OF TECHNICAL ACTIVITIES 

As part of the regular technical inspection in Switzerland, an additional particle number (PN) 
measurement was carried out in the exhaust tailpipe of one thousand vehicles with petrol engines. 
Additionally, the tests were conducted under the same time constraints defined by the NPTI, allowing 
for a maximum of additional two minutes of measurement time per vehicle during normal inspection. 
The measuring device is the PN-Counter from AVL DiTest. 

2.1.MEASUREMENT TECHNOLOGY USED 

The primary instrument employed for particle measurement is the AVL DiTest PN-counter. The device 
was selected for representativeness to reflect the real conditions of a new periodic inspection (NPTI). 
The AVL device exclusively measures particle concentrations through a manually inserted probe in 
tailpipe. 

The AVL DiTest PN measuring device works according to the diffusion charging measuring principle. 
The particles are electrically charged and counted (not actually counted one by one but the electric 
charge of deposited particles is measured and numerically converted into a number) in a constant 
pump volume flow. In the technical documentation, the device is specified with a measuring range of 
0 and 10,000,000 #/cm³. Particle concentrations greater than that are not considered and are 
acknowledged with an error message from the device. A metrological verification of this instrument 
type during the project, at METAS, shows for the measuring range 1000 to 10,000,000 #/cm³ assumed. 
The measuring line of the device is not heated, but a water separator is included. 

 

Figure 1: Used PN-measurement device DiTest from AVL 
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The AVL DiTest particle (Figure 1) counting device used in the NPTI - 1000 specifications for stationary 
use by testing organisations and in workshops is the central measuring instrument in these series of 
tests. 

The Device measures and operates as follows: 

 Particle concentration PN in [#/cm³] in a measuring range from 0 to 10,000,000 [#/cm³]. 
 Operated by the technical inspector, measurement is performed automatically  

Further details and description can be found in Appendix 1. 

2.2.TEST SETUP AND VEHICLE DATA 

The measurements are carried out at the test center from the TCS in Biel/Bienne as part of their regular 
PTI (MFK). All incoming gasoline vehicles registered have been measured. The vehicle data and 
conditioning status was tracked. The owner is not recorded, due to privacy protection, the vehicle´s 
identification number (VIN) is partly anonymised, it allows the type of vehicle to be identified, but not 
the individual vehicle. An exemplary protocol can is shown in Appendix 2.  

The following additional data is collected on the measured vehicles: 

 Date of measurement 
 Vehicle manufacturer and vehicle type 

Registration date (“first Immatriculation”) 
 Mileage 
 PN - Measurement result in the tailpipe 
 PN - measurement result of the ambient air 

 

 Emission standard 
 Engine displacement 
 Status of the engine indicator light 
 Perceived engine temperature 

(warm or cold) 
 

The correct function of the AVL DiTest PN-counter is first checked daily by the self-test integrated in 
the system and with the HEPA filter test. 

The measurements at the Touring Club Switzerland (TCS) are conducted using a standardized and field-
tested measurement procedure, which was developed and validated in advance through preliminary 
investigations by AVL in cooperation with HJS and is specified in section 2.3. This procedure has proven 
to be particularly stable and reproducible in practice and is therefore used as the default method for 
particle number (PN) measurements in this campaign.  

The applied method is aligned with the principles defined for diesel vehicles equipped with diesel 
particulate filters (DPF) in Switzerland [1]. Since January 2023, the Swiss regulation mandates PN 
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measurements for such vehicles as part of the official periodic technical inspection (PTI). The 
procedure is specified in the official guideline "Richtlinie über die Abgasmessung bei Dieselmotoren mit 
Partikelfilter im Rahmen der periodischen Fahrzeugprüfung" issued by the Swiss Federal Roads Office 
(ASTRA) [2]. According to this regulation, the measurement devices used must be certified by the Swiss 
Federal Institute of Metrology (METAS).  

These devices are subject to regular calibration and verification. Although the measurements at TCS 
have been conducted under research conditions, for the purposes of the AeroSolfd project, a 
metrological verification at METAS was issued. 

The vehicles are not conditioned or prepared, as this would only be possible with significantly 
increased effort as part of the MFK. However, data on the conditioning or condition of the vehicle is 
collected during the measurement and noted in the measurement log. 
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2.3.TEST PROCEDURE 

The measurement of the PN emissions is carried out at an increased idling speed of 2500 rpm. It is 
made up of two individual measurements. Measurement 1 takes place in an operating state without 
engine load, whereas measurement 2 takes place with an increased (internal) load and measurement 
#3 if for ambient air as reference.  

The load is increased when the vehicle is stationary by switching on the air conditioning and switching 
on additional electrical consumers such as lights or the rear window heating. The averaged PN 
concentration is then measured in [#/cm³] over a measurement period of 15 s after a steady-state time 
of at least 15 s in the resulting operating point. An exemplary emission test setup is shown in Figure 2. 

 

Figure 2: Vehicle in the test hall during the NPTI measurement 

Measurement 1: 

The measuring probe is then inserted approx. 15 cm into the exhaust tailpipe of the vehicle to be 
tested, if possible. 
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For the first measurement, the engine speed is increased to 2500 rpm and the automated 
measurement (described as “DPF quick test” on the display) is triggered on the device after an initially 
15-second stabilization phase. This is followed by a 15-second measurement phase, in which the PN 
counter continuously records the particle number concentration. The results of this phase are then 
averaged. The final result is then manually recorded by the technician in the test log. 

Measurement 2: 

The vehicle's air conditioning system and other auxiliaries are activated to provide additional load on 
the engine. The emission measurement is then repeated, as described under Measurement 1. 

Measurement 3: 

The measuring probe is then removed from the exhaust and the PN in the ambient air is measured in 
the same way as in the previous steps. The result of the ambient air is recorded as measurement 3. 
From about halfway through the measurement campaign, this test takes place before measurements 
1 and 2. 

Exemplary measurement data is presented in Figure 3 in the next section. 

3. EVALUATION 

An additional challenge is the limited comparability of the results, as the measured PN concentration 
in [#/cm³] could be used to estimate the functionality of a filtration device in future NPTI but does not 
directly indicate the total particle emissions per kilometer [#/km], which are essential for assessing the 
overall pollutant load of a vehicle in the Fleet. Therefore, an estimation of the absolute emissions is 
tried to be established. 

The measured PN emissions (measurement 1 / 2) are first corrected by the particle concentration of 
the ambient air (measurement 3) and converted into a corrected PN flow rate (DPN) in [#/min] 
according to 1.1,  

with 𝑃𝑁ଵ or 𝑃𝑁ଶ in #/𝑐𝑚ଷ as the corresponding particle number concentration of measurement 1 or 
2, 𝑉ு in 𝑐𝑚ଷ the engine displacement and 𝑛 in 𝑚𝑖𝑛ିଵ as the engine speed. 
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(1.1) 

 

The calculation of the corrected PN flow rate (DPN) must assume that all thermodynamic losses of the 
engine, any turbocharging or the amount of fuel introduced are negligible. For simplification, the 
delivery ratio of the engine is assumed to be 1. On the one hand, the PN flow rate can be used to 
compare engines with different displacements. On the other hand, DPN can be used to calculate the 
absolute number of particles emitted over a period, which is the basis for determining the contribution 
of each vehicle to the overall result. The degree of pollution vg [-] serves as an additional parameter 
for evaluation and comparability. It is calculated according to 1.2, with 𝑃𝑁ଵ or 𝑃𝑁ଶ in #/𝑐𝑚ଷ  the 
corresponding particle number concentration of measurement 1 or 2. 

     (1.2) 
 

As the measurements show, the particle concentration in the exhaust tailpipe may be lower than the 
concentration in the ambient air.  The pollution level vg indicates whether the vehicle was acting as an 
air polluter (vg > 1) or as a "particle filter" (vg < 1) when it was measured. 

The vehicles are sorted according to their EU emission level. The percentage share of the respective 
emission level in the total NPTI-1000 fleet is then determined as RFZ in [%], in 1.3, with 𝑛ி௭௚௘,ா௎ for 
the number of vehicles of the corresponding emission stage and with 𝑛ி௭௚௘,௚௘௦ the total number of 
measured vehicles. 

     (1.3) 

A similar procedure is used for the particle flow values. They are cumulated and the percentage shares 
in the overall result are determined depending on the EU emission stage as RPN in [%], in 1.4. The 
share is calculated with the sum of all corrected PN flow rates (𝐷𝑃𝑁௞௢௥,ா௨) of one emission standard 
and the total corrected PN flow rates (𝐷𝑃𝑁௞௢௥) of the fleets each in [#/min] 

     (1.4) 

The proportions RPN and RFZ can be used to form a ratio 𝑟௉ே,ா௨) that shows how many per cent of the 
vehicles in the individual Emission standard generate how many per cent of the total PN emissions. 



D1.6 – Tailpipe PN emission results from 1,000 gasoline  
in-use DI engines/vehicles 

 

15 

      (1.5) 

3.1.OBSERVED MEASUREMENT SCATTER 

The measurements of the individual vehicles are sometimes extremely scattered. The overview of the 
DPN in Figure 3 appears to confirm this, except for the EU2 group. However, an indirectly proportional 
behaviour of the measured values at different loads can be observed in many measurements (e.g. 
#997: measurement 1 with 7.391.000 #/cm³; measurement 2 with 2.400 #/cm³). In addition to 
regularly occurring different particle concentrations in the exhaust gas of the respective engine 
operating point, the causes can also be attributed to measurement signal scatter and/or engine 
operating points that are not stably adjusted during the 15-second measurement period. 

This scatter is not predictable for the tester, and therefore, a deeper insight into relevant vehicle data, 
such as that accessible through OBD data, would be necessary to assess the actual conditions of the 
engine and vehicle. All indicators available on the vehicle to the tester, such as the check engine light 
or displays, provide no suitable indication of these inconsistencies and cannot therefore offer a reliable 
basis for predicting or interpreting the measurement results. Figure 3 shows a continuous 
measurement with additional signal acquisition via OBD to show the better resolution of the 
vehicle/engine parameters. Data is taken from the NPTI - 1000 number # 894.  

Between approx. 120 and 190 seconds, the vehicle tester attempts to set a stable high idle speed at 
approx. 2500 rpm (shown as identifier OBD_n_Eng) using a pedal tensioner. In the end, it is around 
3000 rpm for measurement 1 under normal load. The accelerator pedal is then at a constant 8% pedal 
travel (shown as identifier OBD_ThrAbs). During the persistence between seconds 195 and 210, the 
particle concentrations increase from approx. 30,000 #/cm³ to around 120,000 #/cm³ (shown as 
identifier AVL_PN_kor). During this time, the engine operating parameters, the coolant temperature 
(shown as identifier OBD_t_EngClt), the intake manifold pressure (shown as identifier OBD_p_SgrAbs) 
and the air flow rate (shown as identifier LFTDS_#) remain constant. In the measurement phase 
between seconds 210 and 225, the measurement signal oscillates with a bandwidth of approx. 40,000 
#/cm³, which corresponds to a measurement dispersion of 30%. The final values are averaged. For 
measurement 1, the result at the end is PN = 132,550 #/cm³ and DPN = 2.24⋅1011 /min.  
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Figure 3: Example NPTI - 1000: practical measurement procedure in detail 

In the second part, the increased load case is set by the tester from second 270. The operating point 
is found more quickly, but the engine speed is now 500 rpm lower at 2500 rpm compared to 
measurement 1. The accelerator pedal is at a constant 10%. The PN concentration during 
measurement 2, now with a higher load, is lower and scatters less strongly, but is still within a scatter 
band of 30,000 #/cm³ (30%) with an average measurement result of around 100,000/cm³. As a result 
of the lower speed and the lower PN concentration, the result of measurement 2 is: PN = 95.023 #/cm³ 
and DPN = 1.59⋅1011 /min. As a result of the different conditions during the measurements mentioned, 
a conscious distinction is always made in the following graphs between measurement 1 and 
measurement 2 
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3.2.FLEET RESULTS 

The raw PN results of the fleet are shown in Figure 4 and indicate a pronounced skewness in the 
distribution of PN emissions, with a small proportion of vehicles contributing disproportionately to the 
total measured emissions. 

 The top 20% of vehicles account for: 

approx. 93% of the total PN measured in Series #1 

 approx. 90% in Series #2The top 10% of vehicles account for: 

approx. 77% of the total PN in Series #:1 

approx. 72% in Series #2 

 The top 5% of vehicles are responsible for: 

approx. 55% of the PN emissions in Series #1 

approx. 50% in Series #2 
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Figure 4: Comparison of measurement series #1 and #2 -raw measured PN 

These results provide confirmation of the presence of the so-called "high-emitter" effect, where a 
small number of vehicles are found to be responsible for the total PN emissions. The effect persists 
across both idle and elevated load conditions. 

The Figure 5 is divided into 3 sections and shows an overview of the measurement results of the NPTI 
- 1000 for 1017 measured vehicles. Models from a total of 44 manufacturers of all EU levels up to 6d 
are represented in varying numbers. The engine displacement ranges from 600 cm³ to about 8000 
cm³.The top third shows the relative share of vehicles in the fleet RFZ (red bar) for each EU standard 
and their share of the total emissions RPN in the NPTI - 1000, broken down into measurement 1 (light 
blue) and measurement 2 (purple).  
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Figure 5: Overview NPTI-1000 results; PN Shares according to the EU emission standards 

The ratio rPN from the share of total emissions to the share of vehicles (RPN/RFZ) is shown in the centre 
area. This area shows whether the vehicles in an EU standard group make a lower contribution (rPN< 
1) or a higher contribution to PN emissions (rPN> 1). 

In the lower third of the graph, the absolute DPN for an EU standard are shown separately for 
measurement 1 and measurement 2 to develop a feeling for the absolute emissions occurring. 

The corrected PN flow rates for the individual EU emissions levels are evaluated in the following. 

EU6: 

The gradual tightening of particle emission limits across the various sub-standards of the EU6 has 
meant that most petrol engines in passenger cars have been fitted with particulate filters as standard 
since around 2018.  

Only in the group of EU6b registrations, which were still homologated according to the NEDC with a 
PN limit value of 6⋅1012, are these filters largely absent. Accordingly, the particle concentrations 
measured in the NPTI - 1000 are higher than in the engines according to EU6c and higher. Compared 
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to the vehicles of earlier EU standards, they are slightly better than the EU5 results with an rPN= ~0.75 
and slightly worse than the EU 2,3 and 4 test subjects. The fact that vehicles with direct injection, which 
dominate the fleet here, produce significantly higher PN emissions is not reflected in the results. 

The EU standards 6c (PNmax= 6⋅1012) and 6d (PNmax= 6⋅1011) homologated according to the WLTC are 
unfortunately only represented in the fleet of the vehicles tested with approx. 1% each. However, their 
particle emissions are almost insignificant with an rPN< 0.3. 

EU5: 

The results from the EU5 groups are slightly higher compared to the EU2, 3 and 4 and compared to the 
EU6 results. It is possible that a technology-related tendency can be assumed here. However, with an 
rPN= ~1 compared to ~0.75 for the other groups except EU0 and EU1, the results are not significantly 
different. 

EU4: 

With over 30%, most measured vehicles are assigned to the EU4 emissions standard. With an rPN of 
approx. 0.75, this group produces a lower percentage of PN emissions (approx. 22% of total PN 
emissions). 

EU3:  

Just under 10% of the vehicles belong to the EU3 group. With an rPN of approx. 0.75, these vehicles are 
characterised like those in EU6b, 4 and 2. The result is somewhat surprising, as the vehicles are around 
20 years old at the time of measurement. 

EU2: 

The same result as for the EU3 group also applies to EU2, with the difference that the vehicles with an 
RFZ = 4% are significantly fewer and even older. 

EU1: 

Compared to the measurement results of EU2 and higher EU standards, this group shows significantly 
higher particle emissions. The almost 3% of vehicles (RFZ) emit around 12% of the total PN emissions 
(RPN) in the NPTI - 1000. The resulting rPN of 4 is significantly higher than later EU standards. The study 
cannot answer the question of whether this circumstance has technically justifiable causes or whether 
the total number of ~30 vehicles is too low. 
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EU0: 

The trend from the EU1 group can also be observed in the EU0 group. These 2% vehicles are 
responsible for around 14% of the total emissions in the NPTI - 1000. With an rPN= 7, the PN emissions 
in this group are by far the highest. In addition to the fact that there are even fewer vehicles in this 
group than in the EU1 group, the largest range of engine technologies can be found here, which makes 
the result difficult to interpret. This group includes vintage cars from 1938 alongside modern US 
vehicles imported from overseas. 

If the results determined in the measurement campaign for measurement 1 and 2 are sorted, it is 
noticeable that comparatively few measurement results have a disproportionately high share of the 
overall result, like shown in Figure 6. The graphs for measurements 1 and 2 are shown separately. Each 
graph shows the relative shares of the measurement results in the total emissions of the NPTI - 1000 
test series in per cent. 

 

Figure 6: Overall results measurement 1 and 2 - Overview of relative contribution to results 

Adjusted for the ambient particle concentrations, the first approx. 25% of the measurement results 
generate a positive balance. According to these measurement results, the ambient air is cleaned of 
particles by around -0.4% (dashed lines). The type and size of the particles are not considered here. 
The neutrality of the particle balance is achieved with approx. 50% of the measurement results (dot 
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lines). The top 5% of the measurement results have a contribution to the total PN emissions of 
approx. 60%. The remaining 40% account for about 45% of the measurement results. Additional graphs 
dedicated for each EU class can be found in the appendix 3. 

Figure 7 and Figure 8 show in detail the sorted measurement results for measurements 1 and 2 for the 
degree emission contribution and DPN particle emissions over the number of measurement results. It 
is important to note here that the results are not assigned to a vehicle but are only shown separately 
in ascending order. The 25% of measurements with a pollution level of less than 1 are clearly 
recognisable, as are the top 5% of measurement results, which represent the disproportionately high 
share of particle emissions. 

 

Figure 7: Measurement 1 - PN emissions sorted 
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Figure 8: Measurement 2 - PN emissions sorted 

4. CONCLUSIONS 
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significantly lower PN emissions. In some cases, the particle number concentration in the exhaust was 
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elevated emission levels. These findings underscore the importance of targeted emission control 
strategies to identify and mitigate the impact of high-emitting vehicles within the fleet. Additionally, 
the results highlight the effectiveness of particle filter technology in reducing emissions from modern 
gasoline-powered vehicles. 

When considering the potential introduction of legislation with particle number (PN) emission limits, 
the variability of emissions, particularly for vehicles near the threshold, becomes a critical factor. 
Measurement uncertainties and natural variations in PN emissions could lead to inconsistent 
classification of vehicles, affecting regulatory compliance and enforcement. Therefore, it is essential 
to ensure that the NPTI method is designed to be as robust as possible, both in terms of technical 
implementation and practical execution. 

To minimize systematic variability caused by inappropriate testing procedures, specific attention 
should be given to factors such as engine speed control and the prevention of unintended vehicle 
regulation processes during the measurement. Ensuring a standardized and controlled test 
environment will help to reduce measurement discrepancies and improve the reliability of the 
assessment. It is recommended that the NPTI procedure be strictly followed, especially for vehicles 
with PN emissions near potential regulatory thresholds. To improve the reliability of the 
measurements, integrating OBD-based vehicle state monitoring during the test is advisable in special 
cases, ensuring that operating conditions—such as engine speed and additional loads—are correctly 
applied and maintained. 
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Appendix 1: DiTest manufacturer description 
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Appendix 2: Example protocol from TCS 
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Appendix 3: relative contribution to results per EU class  
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