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1. Executive Publishable Summary 

Health effects of particulate emissions from road transport have been of interest for many 
years. Historically, particulate emissions from road vehicles have been controlled and 
progressively reduced through legislation based on particulate mass measurement. More 
recently, interest has extended into more specific characteristics of particle emissions such as 
size, number, surface area and composition. It is now generally accepted that automotive 
particle emissions fall into two broad categories: 

• “Accumulation” mode particles, mainly carbonaceous in nature and greater than ca. 
30 nm in particle size 

• “Nucleation” mode particles, generally below 30 nm particle size, comprising 
predominantly condensed volatile material; mainly sulphate and heavy hydrocarbons  

The “PARTICULATES” Consortium was established to develop further knowledge on 
particulate emissions from motor vehicles, including characterisation of particulate size and 
number emissions, with current and future vehicles and fuels. It was set-up as part of the FP5 
ARTEMIS project cluster which aimed to update emissions factors for regulated pollutants 
from road transport. The main aims of “PARTICULATES” were: 

• to increase understanding of particulate emissions from road vehicles, 

• to provide a harmonised particulate sampling and measurement methodology, 

• to provide input on representative emissions factors for particulates to enhance air 
quality modelling tools, 

• to assess the effectiveness of technical measures for reducing particulate emissions. 

The first step in the “PARTICULATES” programme was the definition of the exhaust aerosol 
properties to be examined and the identification of suitable instruments and measurement 
techniques. It was decided that both “accumulation mode” and “nucleation mode” particles 
should be studied, under transient as well as steady-state conditions. The nucleation mode 
particles presented a major challenge as they were known to be highly sensitive to testing 
and sampling conditions. It was clear that a common test system and protocol was required if 
comparable results were to be achieved. 

Following extensive work, a harmonised sampling and testing methodology was developed. 
This was then deployed in several laboratories to assess the effects of different vehicle 
technologies, fuels and operating conditions. The work was completed by some vehicle chase 
studies, tunnel studies and non-exhaust emissions measurements. From the overall results a 
number of important messages emerge(*): 

General 

A novel particulate emission sampling and measurement system has been developed, for 
which the “PARTICULATES” Consortium has demonstrated capability to measure both solid 
(“accumulation mode”) and volatile (“nucleation mode”) particles.  

                                                      
(*) An overview of the PARTICULATES results can be found in the proceedings of 

 COST 346 Dissemination conference “New developments in emission estimation from transport - 
Workshop on the results of COST346 and associated FP5 projects ARTEMIS and 
PARTICULATES”. Astrid Park Plaza Hotel, Antwerp, Belgium May 24th, 2004 (Internet reference 
http://www.vito.be/cost346conf/programme.htm)  

 “8th International ETH-Conference on Combustion Generated Particles”, ETH Hönggerberg 
campus, Zurich, Switzerland, 16th –18th August, 2004 (Proceedings available on CDROM). 
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A comprehensive data-set on particulate mass, size surface and number emissions with a 
wide range of vehicles, engines and fuels has been developed which provides a solid 
foundation for future development of particulate emissions factors for current and future 
vehicles. 

Nucleation mode particles are highly dependent on sampling conditions and change rapidly in 
the atmosphere; nevertheless correlation with a vehicle chase study was achieved. 

Diesel 

Light-duty diesel vehicles and heavy-duty diesel engines equipped with particulate traps 
produced very low particulate emissions (mass and number) when operating on low sulphur 
fuels. This represents a significant step forward in particulate emissions control – a bigger 
step than the changes from Euro-1 to Euro-3. 

A heavy-duty prototype Euro-5 engine using SCR/urea NOx after-treatment without a particle 
trap, produced very low particulate mass emissions, within Euro-5 limits, but its particle 
number emissions were higher than the DPF-equipped option. 

The effect of diesel fuel sulphur was most evident under high temperature operation. Under 
these conditions, fuels with nominal 50ppm or less sulphur (year 2005 specification) gave 
significant reductions in particle mass and number emissions versus 300ppm sulphur fuels 
(year 2000 specification). 300ppm sulphur fuels with widely different fuel compositions gave 
similar particulate emissions. In the advanced engine technologies, fuel effects on particulate 
emissions (other than sulphur) were small in absolute terms.  

Gasoline 

Direct injection gasoline cars produced measurable amounts of particulate mass emissions, 
well below the Euro-4 diesel vehicle emissions limit, but higher than conventional gasoline 
cars and DPF-equipped diesel cars. This was reflected in the numbers of carbonaceous and 
total particles. 

Road-side measurements 

Roadside measurements were performed in order to document the size distribution of 
exhaust particles under real-world dilution conditions. These activities covered measurements 
at different roadside locations in tunnels, by road junctions and also chasing the exhaust 
plume of a diesel vehicle. Curbside measurements within a road tunnel demonstrated a 
bimodal distribution which contained both nucleation mode and accumulation mode particles. 
The latter mode occurred in the range of ~80 nm which coincides with the soot mode peak, 
emitted by diesel vehicles. Measurements at curbside next to intersections also showed a 
nucleation mode but the mean sizes of both the accumulation and nucleation modes 
appeared more variable than tunnel measurements. This suggests that atmospheric aerosol 
ageing is a complicated process which has not yet been fully understood. Finally, nucleation 
mode particles were measured when chasing a typical diesel vehicle at high speed (e.g. 120 
km/h) but not at lower speeds (below 100 km/h). 

These results confirmed that nucleation mode characterization should not be neglected when 
studying exhaust aerosol. Additionally, and in particular the chasing study, demonstrated that 
the sampling protocol developed in this project fairly well represents the potential for 
nucleation mode formation in the exhaust plume of a typical diesel passenger car. 

Non-exhaust particulates 

During the first phase of the research into non-exhaust PM, a literature review was conducted 
to summarise the existing knowledge and to provide recommendations for the experimental 
work programme. The experimental phase of the project involved a number of linked 
investigations. 
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Firstly, the wear rates (in g/km) of the tyre tread and brake lining of several in-service cars 
were determined by weighing components at regular time intervals. Following preliminary 
measurements of ambient PM at background and roadside locations, and the chemical 
characterisation of tyre and brake lining material in the laboratory, a main experimental study 
was conducted in the Hatfield Tunnel on the A1(M) motorway north of London. PM10 was 
collected at the entrance and exit of the tunnel using high-volume samplers. The traffic 
conditions and wind speed in the tunnel were also recorded. The concentrations of 21 metals 
and organic species (31 PAHs and benzothiazole) in the PM10 samples were determined 
using inductively coupled plasma atomic emission spectroscopy (ICP/AES), inductively 
coupled plasma mass spectrometry (ICP/MS) and gas chromatography-mass spectrometry 
(GC/MS). These chemical analyses produced a matrix of chemical species commonly found 
in non-exhaust PM. 

Principal component analysis and multiple linear regression analysis were used to determine 
PM10 emission factors for combined tyre and break wear, asphalt wear and resuspension for 
different vehicle classes. An approximate speed-dependence of the emission factors for tyre 
and brake wear was also derived. The results, despite statistical uncertainties, clearly showed 
that combined non-exhaust PM emissions are at least as important as exhaust PM emissions, 
and are therefore a significant contributor to ambient PM concentrations. 

Implications for Future Regulation and Research 

A major step forward in the control of automotive particulate emissions is in the process of 
being implemented through the application of diesel particulate filters and sulphur-free fuels 
(10 mg/kg max Sulphur content). 

Particle mass measurement is capable of distinguishing between engine technologies up to 
DPF-equipped systems. Its continued use in regulation has the advantage of providing 
continuity with previous data. Particle number measurements can offer greater measurement 
sensitivity and discrimination, and are especially valuable for further research into advanced 
vehicles and fuels. 

Further research continues to be needed on “nucleation mode” particles – to assess their 
atmospheric evolution, their chemical nature and whether there could be any remaining health 
concerns once the solid particulate, sulphate and HC emissions have been effectively 
controlled. 
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2. Objectives of the Project 

Health effects of particle emissions from road transport have been of interest for many years. 
Particle emissions from vehicles have generally been controlled via legislation based on 
particulate mass. Recent studies have however suggested that adverse health effects may 
not only be dependent on total particulate mass, but on other metrics including size, number 
and surface area. Smaller particles have been claimed by some to cause more adverse 
effects than large particles. This has led to revision of the particulate Air Quality Standard in 
the USA to include measurement of finer particles (PM10 → PM2.5) and to further evaluation of 
the best metric for air quality standards worldwide. Within the European Clean Air For Europe 
(CAFÉ) programme, the recommendation from the Particulate Working group is to adopt 
PM2.5 as the European Air Quality metric. In Europe, further tightening of controls on 
particulate emissions from vehicles is already enacted in the form of Euro-3 and Euro-4 
standards for light-duty vehicles and Euro-3, 4, and 5 standards for heavy-duty engines. 
Discussions on further steps, Euro-5 for light-duty vehicles and Euro-6 for heavy-duty engines 
are already underway. 

Alongside the reduction in particulate mass emissions from vehicles, measurement 
methodologies are being enhanced to improve the accuracy of the measurement at these 
very low emissions levels. Additionally, there has been a focus on the development of 
methodologies to measure the size and number of particle emissions as well as mass. It is 
now generally accepted that vehicle exhaust particle emissions fall into two distinct size 
modes:  

• “Accumulation” mode: This mainly consists of carbonaceous particles which form a 
lognormal distribution with a median above 30 nm. 

• “Nucleation” mode: This forms a separate lognormal distribution, usually 
superimposed over the accumulation mode one, with a median below 30 nm. 
Particles in this mode are predominantly formed by condensed volatile material and 
are customarily called as “nanoparticles”. 

A nucleation mode is not always present in the exhaust aerosol. Its occurrence has been 
related to the concentration of carbon and hydrocarbons in the exhaust. Where significant 
amounts of accumulation mode particles are emitted in the exhaust, volatile sulphates and 
hydrocarbons tend to condense onto these existing particles. Under conditions where carbon 
emission is reduced, there is a tendency for hydrocarbons and particularly sulphates to 
condense independently, forming large numbers of very small nucleation mode particles. The 
extent of this nucleation mode formation has been shown to be dependent on engine and fuel 
technology, the use of exhaust after-treatment devices, operating conditions and also strongly 
linked with sampling and measurement conditions [1, 2]. 

The Particulates Consortium was established to develop further knowledge on particle 
emissions from motor vehicles, especially in terms of characterisation of particle size and 
number emissions with current and future vehicles and fuels. It was set-up as part of the 
ARTEMIS project cluster [3] which aimed to update emissions factors for regulated pollutants 
from road transport. The main aims of Particulates were: 

• to increase knowledge and understanding of particle emissions from motor vehicles, 

• to provide a harmonised particle sampling and measurement methodology, 

• to provide input on representative emissions factors for exhaust particles to enhance 
air quality modelling tools and help explain health effects, 

• to assess the effectiveness of technical measures for reducing particle emissions. 
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A critical first step in the Particulates programme was the definition of the exhaust aerosol 
properties to be examined and the identification of suitable instruments and measurement 
techniques to be used. A major decision of the Consortium was to address and measure both 
accumulation mode and nucleation mode particles, under transient as well as steady-state 
conditions. The nucleation mode particles presented a major challenge as they were known to 
be highly sensitive to test and sampling conditions. Following a review of available 
instrumentation and an investigation of a range of sampling techniques, a harmonised 
sampling and testing methodology was developed (described in detail in Section 3) and used 
throughout the test work. 

In order to achieve the objectives of Particulates the following work-tasks were established, 
set-up as a series of work-packages: 

• Definition of the exhaust aerosol properties for both accumulation and nucleation 
mode particles and evaluation of the available measurement instruments and 
techniques. 

• Development of a harmonised protocol for the measurement of exhaust aerosol. 

• Examination of the particle emissions of current light duty vehicles and heavy duty 
engines in order to identify the current vehicle emission performance. 

• Investigation of the influence of engine technology, fuel quality and after-treatment on 
particle emissions. 

Table 2-1: List of workpackages in the Particulates project 

Work Package Objectives WP Leader 

WP 100 Project management, co-ordination and 
communication. 

LAT/AUTh  
Z. Samaras 

WP 200 Definition of key particulate properties, 
instrumentation and measurement techniques. 

TUT  
J. Keskinen 

WP 300 Definition of sampling conditions and measurement 
protocols. 

EMPA  
M. Mohr 

WP 400 
Definition of vehicle technologies, fuels and test 
procedures, including definition of roadside and 

non-exhaust particulate measurements. 

CONCAWE 
N. Thompson 

WP 500 Performance testing according to protocols defined 
in WP 200, 300 and 400 

LAT/AUTh 
Z. Samaras 

WP 600 Evaluation of results and report Volvo 
U. Wass 

 

The potential importance of non-exhaust particle emissions has been also recognised in the 
work-programme of the project. Several non-exhaust processes can result in PM being 
released directly to the atmosphere. The most important of these involve mechanical 
abrasion, such as tyre, brake and road surface wear, and the resuspension of dust deposited 
on the road surface. However, there are a number of major uncertainties relating to the 
emission rates, physical properties, chemical characteristics, and health impacts of non-
exhaust particles. More accurate emission factors are required for models and inventories. 
Comprehensive information would help to clarify the mechanisms by which particles affect 
human health and would foster the development of pollution abatement strategies. Therefore, 
a specific parallel activity was launched within the project, with the task to characterise 
particles from road vehicle non-exhaust sources, and to determine appropriate emission 
factors.  
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3. Development of the Particulates Sampling and 
Measurement Methodology 

A main focus in the Particulates project was to develop a database from which emission 
factors for a number of particle properties could be derived, on the basis of measurements 
conducted at various laboratories across Europe, covering a large range of vehicle/engine 
operating conditions. It is evident that in a project like this, selection of common sampling 
conditions was of high priority and importance, if one wished to obtain comparable results 
between different laboratories. A partial flow sampling system (PFSS) was developed which 
was used to provide the same sampling conditions in all measuring laboratories. Using such a 
PFSS, conditioning of the exhaust aerosol could be performed in the same manner 
regardless of the physical environment where the measurement was conducted (laboratory) 
and the type of exhaust aerosol source (diesel engine, spark ignition vehicle, etc.). 

3.1. Constraints of the CVS for exhaust particle characterisation 

Today's legislation in Europe and the US prescribe the CVS as the reference procedure for 
PM sampling for the certification of both heavy duty engines and light duty vehicles. 
Generally, there are no explicit specifications for the design of a full-flow CVS system apart 
from the need to maintain a constant flowrate and a temperature at PM collection location 
below 52°C., The proposed US 2007 regulation for heavy duty engine certification [4] will 
require a stricter control of the temperature at the particulate filter collection face in the range 
of 47±5°C. This will be  associated with additional implications for dilution practices, such as 
control of the dilution air temperature, and, as yet, no definite decisions on the practicalities of 
the new legislation have been taken There are clear advantages of the CVS procedure for 
certification tests. Dilution of the exhaust reduces the risk of water condensation in the 
sampling and transport lines. Stabilization of the exhaust reduces pressure and temperature 
fluctuations, thus simplifying the sampling procedure. The constant flowrate established is 
precisely controlled and measured. Therefore, samples of PM and gaseous pollutants can 
easily be calculated back to the vehicle exhaust, even over transient cycles, by correcting for 
the background dilution air concentration. 

However, several exhaust conditioning parameters are left uncontrolled in the CVS. Primarily, 
the dilution ratio (DR), that is the ratio of diluted over raw exhaust, has been left out of a direct 
regulation and is only implicitly controlled by the need to achieve sufficient exhaust cooling 
before PM sampling. Together with temperature, DR has a profound effect on the collected 
particulate quantity because it affects the behaviour of condensable species (organic material, 
sulphates and water). This has been already shown in several pioneering papers [5, 6] where 
an isothermal increase of the DR was found to reduce the collected PM due to the smaller 
relative contribution of the volatile fraction (VF). A more recent investigation [7] demonstrated 
that an increase of DR from 7:1 to 29:1 (with a subsequent filter face temperature shift from 
45°C to 33°C) increased PM by 25% over a moderate speed/load condition. However, both 
conditions are well within the limits of the regulations. In this respect, the level of PM 
determined with the CVS has come under consideration as a function of the DR selected [8]. 
Such effects are responsible for the up to 20% difference in PM found in inter-laboratory 
comparisons, even when gaseous pollutants agree and outliers are excluded [9, 10]. 

The sensitivity of PM sampling on CVS conditioning parameters is only mentioned here to 
show that different full-flow sampling systems may still lead to deviations in the recorded PM, 
even if they fully comply with regulatory requirements. Such an effect is significantly amplified 
when number concentration and size distribution of particles are of concern, given their 
sensitivity – in particular of nucleation mode particles – in sampling conditions (see previous 
section on nucleation/accumulation mode issues). Using specialized sampling equipment, 
Kittelson and co-workers [11, 12] showed that one can, in principle, obtain any distribution for 
the nucleation mode particles, by modifying the conditioning parameters within the range 
permitted by the reference method for PM sampling. They identified that DR, temperature and 
residence time (RT) of the exhaust gas (at diluted conditions) have an important effect on the 
size distributions obtained and thus the final measured distribution will be strongly related to 
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the test conditions under which it was measured These observations were achieved using 
dilutors specifically designed to provide a defined sampling environment and it should be 
expected that similar effects should be replicated in an unmodified CVS. Significant effects of 
the CVS sampling conditions might be expected especially when new exhaust systems 
equipped with diesel particle filters need to be studied. The lack of a solid accumulation mode 
in such cases may lead to unexpected growth of the nucleation mode even with moderate DR 
variance [13]. Finally, DR determination uncertainties may provide a secondary source of 
measurement variability, even in cases where no particular shift of the nucleation mode takes 
place [14]. 

The variability induced by the conditioning parameters in the aerosol characteristics has two 
significant implications when the emission performance of different engines in different labs is 
concerned. The same engine might produce significantly different results when tested in CVS 
systems operating at different flowrate (and subsequently at different DR, temperature and 
RT). This would significantly affect the reproducibility of the measurements. Even when 
testing a particular engine in a single laboratory, the conditioning of exhaust changes as 
operating modes vary. Whilst the RT in the dilution tunnel remains practically the same for 
different modes, both the DR and temperature change significantly. Hence, distinction 
between emission effects with primary (engine) and secondary (conditioning) ones would be 
extremely difficult. 

There are additional constraints in the application of the CVS procedure. In particular, the 
design and condition of the transfer line from the exhaust pipe to the dilution tunnel inlet may 
be a significant source of artefacts [15, 16] under certain conditions. Such artefacts originate 
from the transient thermal condition. Although not straightforward in perception, they are 
probably more prominent in steady-state tests rather than transient cycles. They mainly 
appear during step increase functions of exhaust temperature which may lead to subsequent 
release of volatile material from the transfer line walls. And while one may design a new CVS 
system to avoid such artefacts, this is not possible in existing dilution systems available in 
different labs. 

For these reasons, the CVS method was not considered appropriate to fulfil the aims of the 
project. The next section describes the design criteria for the sampling system developed to 
facilitate reproducible measurements in different laboratories. 

3.2. Sampling system design criteria 

The sampling system should enable the measurement of a broad range of particle properties 
over transient tests. In particular, size, number concentration and surface of particles are 
considered important. Additionally, the system should allow the separation of solid soot 
particles from volatile material. 

In order to address these concerns and to allow preferential conditioning of aerosol samples, 
a PFSS was designed which draws exhaust directly from the tailpipe. PFSSs have been 
under development for years as a means to reduce the cost and space required for a full CVS 
installation. Vouitsis et al. [17] provide a summary of the principles governing different 
sampling systems focusing on type-approval measurements. In such systems it is critical to 
maintain a constant split ratio with the exhaust gas flowrate, i.e. the fraction of exhaust gas 
drawn in the sampling system should always be proportional of the total exhaust gas flowrate, 
even during a transient cycle. This is required in order that the integral of the product of mass 
concentration and exhaust gas flowrate over a transient test is proportional to PM collected on 
a CVS. Such systems make use of electronic sensors and fast response pneumatic controls 
to maintain the proportionality [9]. 

Our intention was not to develop a system for use in certification tests. Hence, maintaining 
equivalence with the reference procedure for mass measurements and flow proportionality 
was not an issue. Rather, our target has been to achieve sampling of the exhaust gas using 
constant and repeatable conditioning parameters (DR, RT, temperature and humidity) even 
over a transient test. Furthermore, sampling conditions should be independent of engine size 
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and operation mode and should be identical in different environments (laboratories). This can 
be realized by drawing a portion of exhaust gas at a constant flowrate and diluting it with air at 
constant dilution ratio, air temperature and air humidity. Using such a "constant flowrate" 
PFSS, control of the conditioning parameters can be realized at relatively limited cost. 

Sampling conditions in such a system should in principle be selected to mimic atmospheric 
mixing and dilution. However, this process is practically impossible to precisely reproduce in 
the lab, because of its complexity and its dependence on the (variable) ambient conditions. 
Instead, the selection of conditions which should allow repeatable formation of the nucleation 
mode in the lab was set as a target. This would allow the identification of cases (engine 
operating modes, fuels, etc.) where there is a potential for nucleation mode formation. 
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Figure 3-1: A typical configuration of the sampling system and measurement configuration developed 

within the Particulates project. 

3.3. System description 

The typical setup of the Particulates sampling system can be seen in Figure 3-1. A small 
portion of the exhaust gas enters the primary dilutor (porous dilutor) and is diluted with 
dehumidified (humidity <5%) and filtered air at quasi-constant temperature, which dependent 
on the sampling conditions selected. The diluted exhaust gas stream is further divided into 2 
branches, called "wet" and "dry" ones by convention. In the heater of the dry branch the 
diluted sample is heated up to 250°C to evaporate all volatile material which is subsequently 
adsorbed in the denuder. The volatile-free sample is then fed to the Electrical Low Pressure 
Impactor (ELPI) to provide the solid particle number concentration and size distribution. 
Optionally, a secondary ejector dilutor can be used upstream of the thermodenuder (TD) to 
decrease the volatiles concentration and extent the TD lifetime. In the wet branch the sample 
passes through an ageing chamber which provides time for nucleation mode growth. The 
largest fraction of the diluted exhaust enters a cascade impactor (Dekati Gravimetric Impactor 
- DGI) which provides the mass-weighted size distribution of the exhaust aerosol. A small 
quantity is further diluted with ejector dilutors and is sampled with a diffusion charger (DC) 
which provides the active particle surface and a Condensation Particle Counter (CPC) which 
provides the number concentration. Over steady state tests a Scanning Mobility Particle Sizer 
(SMPS) replaces the CPC to additionally provide the number-weighted size distribution of the 
sample particles. 
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3.3.1. Primary dilutor 

The details of the primary porous dilutor were presented by Mikkanen et al. [18]. A small 
portion of the exhaust gas (5-10 l/min, i.e. less than 1% for a typical passenger car exhaust 
gas flowrate of 60 m³/h) is drawn by the porous dilutor, which is located directly in the exit of 
the tailpipe. With the porous dilutor no isokinetic sampling is achieved but this is not important 
for particles smaller than 1 µm. The theoretical aspiration efficiency of the porous dilutor is 
given in [18]. Additionally, it should be remembered that the system presented here is not 
intended for PM sampling, hence anisokinetic errors such as the ones presented by Silvis et 
al. [9] are even less relevant. 

In the porous dilutor the majority of dilution air is introduced at the tip of the sampling probe. A 
smaller fraction of dilution air is progressively added downstream in the diluted sample 
through the periphery of the perforated (porous) tube to minimize particle losses on the walls. 
The flowrate of the dilution air is controlled by a mass flow controller and is set to a constant 
value throughout the measurement, depending on the required DR. The RT in the porous 
dilutor is in the order of a couple of milliseconds, depending on the flowrate set. This fast 
primary dilution increases supersaturation ratios of semi volatile species and hence is 
expected to enhance the potential for nucleation. 

The flowrate of the diluted sample equals the sum of flowrates downstream of the primary 
dilutor. Hence the flowrate of exhaust sample could, in principle, be derived as the difference 
of two quantities (dilution air and diluted sample) and the DR could be calculated. In reality 
there are several problems in such an approach. Firstly, the sample flowrate would be 
calculated as the difference between two much larger quantities, which is problematic as 
such. Secondly and most importantly, pressure fluctuations in the tailpipe may force a fraction 
of the dilution air to be exhausted in the tailpipe rather than in the porous dilutor (backflow). 
Therefore, it was decided that raw and diluted CO2 concentrations should be used for 
determination of the DR, rather than flowrates. 

Further to DR and RT, dilution air temperature (DAT) is the third parameter to be controlled. 
The target is to achieve mixing with constant temperature dilution air (even during transients), 
to simulate ambient dilution process. The cooling of the primary dilutor is achieved with 
coolant flow in an external jacket. Water or air can be used for cooling and the flowrate is 
adjusted with a solenoid controlled by DAT. Due to the thermal inertia of the system and the 
dilution of the exhaust gas, flowrate control does not need to be too precise or responsive. As 
DAT can be externally adjusted to a large range, hot dilution tests can also be performed. 

Dilution air relative humidity (RH) may be an additional variable in the mixing process.  
Measurements conducted by Abdul-Khalek et al. [11] showed that an increase of the sample 
RH from 15% to 40% increased the concentration of nanoparticles by 30%. However, even 
when sample RH reaches values as low as 2%, the nucleation mode is still preserved. It was 
therefore decided that dry dilution air (RH<5%) should be used because this is a repeatable 
condition and technically easier to achieve. The dilution air is further purified by using an 
active charcoal filter for volatile material retention and a High Efficiency Particulate Air (HEPA) 
filter to remove background solid particles. Typically, Flame Ionization Detection (FID) 
measurements showed a HC content below 2 ppm (FID noise level) and CPCs measured 
background particle concentrations less than 5 particles/cm³ for this purified air.  

3.3.2. “Dry” branch 

As already mentioned above, this branch included a TD and an ELPI and optionally an ejector 
dilutor. A Dekati high volume TD removed volatile and semivolatile compounds from sample 
aerosol particles using a heater setting of 250°C (residence time ~0.3 s). This temperature is 
generally considered sufficient for nucleation mode elimination [19, 20]. After heating, the 
volatile compounds are adsorbed onto active charcoal in the cooled adsorber section 
(denuder). Aerosol particles have slower diffusion velocities than the vaporized compounds 
and this results in a preferential retention of gaseous species than particles. A significant loss 
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of particles also takes place mainly due to diffusion and thermodiffusion. Detailed data and 
discussion of the TD losses are provided in section 3.5.3. 

The ELPI is a widely known instrument in the area of exhaust aerosol measurements. In the 
present configuration it has been used to sample solid particles only, in order to avoid 
interference between the low pressure impaction stages and volatile nucleation mode 
particles. 

3.3.3. “Wet” branch 

Downstream of the primary dilutor, particles pass into the aging chamber where time is given 
for stabilization of the diluted sample. A large fraction then passes to a DGI (which consists of 
4 stages with d50% diameters at 2.5, 1, 0.5 and 0.2 µm at nominal flowrate 70 l/min). A 70 mm 
Teflon®-coated glass fibre filter is used downstream of the cascade impactor to collect 
smaller particles. The DGI is not a real-time instrument. It can be used to record PM emission 
rates only over the steady state tests, where the exhaust flowrate is constant. Over transients, 
it can only provide the cumulative mass size distribution, which is not expected to be 
particularly dependent on exhaust flowrate, given the low instrument resolution. DGI was 
used to cross-check CVS PM and to collect particle samples for subsequent chemical 
analysis. 

A smaller portion of the primarily diluted sample is further diluted with ejector dilutors to lower 
its concentration to levels appropriate for aerosol instrumentation. Several properties of the 
exhaust aerosol are monitored in the wet branch. The use of both the CPC and the SMPS are 
well established in this field and provide the number concentration in real time and the 
electrical mobility size distribution respectively. The SMPS requires at least 90 s for a full scan 
in the range roughly 0.01-0.4 µm (or 0.007-0.3 µm), hence it can only be used (in scan mode) 
over steady state conditions. 

The DC is a less known instrument but has received much attention lately. According to 
Siegmann and Siegmann [21], a DC records the particle "active" surface. The precise 
definition of active surface is rather equivocal and in strict terms it represents the surface area 
of particles in the free-molecular regime which is available for ion diffusion. In practical 
application, the "active" surface is a handy expression of particle surface area which can be 
obtained in real-time and is sensitive enough to be correlated with the CPC concentration to 
provide mean particle size in real-time [22].In the particular instrument used in this study 
(Dekati prototype), all particles with aerodynamic diameter >1 µm are separated by an 
impactor, to avoid interference with smaller particles. Particles <1 µm are collected on a filter 
stage and produce an electrical current, which is recorded in real time. This instrument was 
calibrated with diesel aerosol particles [23] and was then regularly used in the same protocol 
with all other aerosol instruments involved. 

3.4. Selection of the sampling conditions 

One of the main decisions of the Consortium was to develop sampling conditions which would 
enhance nucleation mode formation in the wet branch. This information would be compared 
with measurements of solid particles obtained in the dry branch to identify individual effects 
on solid and total particle populations. In order to maximize the potential for nucleation mode 
formation, one would preferably choose a low DR not to substantially decrease the 
concentration of volatile species plus a low Dilution Air Temperature (DAT) to increase the 
saturation ratios. However, practical difficulties (cooling, sampling) limit the DR-DAT range 
that can be reliably and repeatedly achieved in the laboratory. 
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Figure 3-2: Typical size distribution of a Skoda Octavia TDI (Euro-2) measured at 50 km/h, 7 kW load. 
A clear distinction between nucleation mode and accumulation mode is observed (Sampling conditions: 

DR: 17:1, DAT: 20°C, RT: 3.1 s). 

An additional constraint in the selection of sampling parameters is to reduce the sensitivity of 
nucleation mode formation to sampling conditions. Otherwise, small deviations of DR or DAT 
might induce a large variability to nucleation mode, affecting the measurement repeatability. 
In the absence of a sound theoretical approach, this tendency could only be experimentally 
investigated [1]. A Euro-2 Skoda Octavia TDI 1.9 l car was used to investigate this sensitivity. 
A few preliminary SMPS scans showed that a distinct nucleation mode can be formed at 
50 km/h under moderate load conditions (Figure 3-2) and this driving condition was therefore 
selected for the experimentations with different DR-DAT combinations. 

 
Figure 3-3: Sensitivity of number concentration of particles smaller than 0.026 µm (nucleation mode) to 

particles larger than 0.026 µm (accumulation mode) to DR changes in the order of ± 1 and DAT 
changes of ± 0.5°C. Sensitivity above DAT 40°C is cut off to see the minimum more clearly. 
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Figure 3 shows the sensitivity of nucleation mode particles to incremental differences of the 
DR (± 1 unit) and DAT (± 0.5°C). Figure 3-3 data are based on measurements performed with 
an SMPS over multiple tests with various sampling conditions. In each test nucleation mode 
particles were arbitrarily defined as those with sizes <0.026 µm and were thus discriminated 
from accumulation mode particles. The figure shows that, in principle, no nucleation mode 
was visible above 40°C for any DR examined. Therefore, such a temperature range should 
be avoided. In order to obtain both a small sensitivity to sampling conditions and positive 
nucleation mode formation, two ranges can be identified, one at DR ~12:1 and DAT~30°C 
and one at DR~20:1 and DAT~20°C. The lower DR and higher DAT sampling "window" was 
selected because it is easier to reach with cooling in ambient temperature and does not 
require high dilution, which is preferential in a porous dilutor to eliminate backflow effects. 
Obviously, results have been obtained only on one vehicle and one driving condition. 
Therefore, it cannot be excluded that a different picture would be seen for a different vehicle 
and/or driving condition. Although this is a valid assumption, results obtained in the course of 
the project on different occasions seem to confirm a repeatable reproduction of nucleation for 
the selected conditions. 

Nucleation mode characteristics also depend on the RT of the sample between sampling and 
analysis. Figure 3-4 shows the effect of residence time on the distribution obtained from a 
Euro-1 VW Golf TDI driven at high load at 50 km/h. As residence time increases from 0.7 to 
2.2 s, the nucleation mode becomes larger both in size and in concentration. Two competing 
phenomena take place as the exhaust aerosol is kept at diluted conditions: volatile material is 
added from the gaseous to the particulate phase and existing particles coagulate due to their 
high concentration. The net effect of the combination of these two phenomena cannot be 
predicted.  In all cases where residence time increase has been examined, nucleation mode 
increases in size due to coagulation and condensation of new material. But number 
concentration can either decrease (coagulation prevailing) or increase (nucleation prevailing). 

We have decided to impose a relatively high RT in our sampling system with use of the aging 
chamber (Figure 3-1). The decision has been taken for two main reasons. At first, a shift of 
nucleation mode to larger sizes facilitates sampling and analysis. As shown in Figure 3-4, the 
nucleation mode peak shifts to larger than 10 nm sizes for the longer residence time used In 
this size range, diffusion losses in the transport lines and instrumentation decrease while less 
sensitive and expensive CPCs (i.e. TSI 3010 instead of 3025) can be used. Secondly, it is 
expected that the sensitivity of the nucleation mode will decrease after a couple of seconds of 
formation because coagulation and nucleation may be extremely rapid after a few 
milliseconds of formation [11]. 
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Figure 3-4: Effect of residence time on particle size distribution of a Euro-1 VW Golf TDI.  Residence 
time has been increased by introducing additional transfer line length after the primary dilutor (Driving 

condition: 50 km/h, Load: 7.6 kW, DR: ~25:1, DAT: 22°C). 
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Based on the decisions on sampling conditions, and the geometry and flowrates in the 
sampling system, Table 3-1 summarizes the aging of the aerosol before it is analyzed by the 
different instruments. Conditioning is mainly translated to three parameters, total dilution ratio, 
temperature and residence time until instrument inlet. 

Table 3-1: Summary of sample conditioning for diesel aerosol before analysis with instrumentation. 

 Total Dilution Ratio [-] Temperature 
[°C] 

Residence 
Time [s] 

DGI 12.5 Tamb to Tamb+5°C 2.5 
ELPI 12.5 Tamb+~10°C 3.5 
DC 150 Tamb 3.0 

SMPS* 103 – 15×103 Tamb 3.5 
CPC* 103 – 15×103 Tamb 3.5 

* lower range when using CPC 3025 and higher range when using CPC 3010. 

3.5. Operational characteristics – performance 

3.5.1. Primary dilutor stability 

3.5.1.1. Testing in steady state conditions 

The performance of a constant flow PFSS over a steady state condition is generally expected 
to be adequate, as far as the dilution ratio stability is concerned. Indeed, Figure 3-5 shows a 
typical condition during steady state engine operation. There is no muffler or aftertreatment 
device installed on this engine and exhaust is sampled 1.5 m directly downstream of the 
exhaust manifold. All CO, CO2 and DC signals are stable during the measurement with CoVs 
of 1.0%, 1.3% and 2.9% respectively. DR follows the stability of raw CO2 and presents similar 
CoV value. 

However, setting of the dilution air and diluted sample flowrates may still lead to variable 
dilution ratios as the engine operation conditions change. The upper panel in Figure 3-6 
shows the variance of the primary DR over the map of the same engine as in Figure 3-5 for 
steady state tests. The primary DR was set to 12.95:1 at 1500 rpm and 25% load by adjusting 
the dilution air and the diluted sample flowrates. The engine was then scanned from 0% to 
75% load (from idle to rated speed) and the DR was recorded with CO2 measurements 
(without changing the flowrates of the dilution air or the diluted sample). It is seen that the DR 
decreases as the load increases and reaches values as low as 5.5:1 in the most extreme 
case. This can only be possible if part of the dilution air escapes back in the tailpipe 
(backflow). Despite the fact that DR is constant (although at a new value) at each engine 
operation point, dependence of the DR on engine operation should be avoided because 
sampling conditions may still change with engine mode. 

The condition in the upper panel of Figure 3-6 is an extreme case though and it is mainly 
produced because of the harsh exhaust conditions close to the engine outlet. In typical 
vehicle or engine exhaust measurements, a longer vehicle exhaust line precedes the 
sampling point and aftertreatment devices and silencers intervene between the engine outlet 
and the sampling position. These attenuate the pulsations of the exhaust flow and stabilize 
the dilution ratio achieved with a PFSS. To simulate this, the lower panel in Figure 3-6 shows 
the corresponding DR variation on the same engine after a DPF was installed in the exhaust 
line and sampling was performed 5 m downstream of the exhaust manifold. This is a typical 
tailpipe configuration for a diesel passenger car (assuming that DPF replaces the mufflers 
and catalyst). The DR was again set at 12.8:1 at the same operation condition as previously. 
In this case, the DR variance is in the range of 10:1 to 13:1 over the whole engine map which 
even extents beyond the range covered by the light duty vehicle cycles. The DR variation in 
this small range is not expected to significantly affect the nucleation mode formation potential. 
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However, we still need to monitor the DR in order to use it to calculate the total particle 
concentration recorded in our PFSS. 
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Figure 3-5: Stability of the DR, CO and DC signals over steady state operation of a VW TDI Euro-1 

engine. Engine condition 1500 rpm, 80 Nm. Variation of engine speed and load is negligible. 
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Figure 3-6: Effect of a VW Euro-1 TDI engine operating conditions on the DR of the primary porous 

dilutor. Upper panel: Sampling close to engine outlet (1.5 m downstream of exhaust manifold). Lower 
panel: Sampling at the end of a 5 m tailpipe with a DPF installed in the exhaust line in place of the 

exhaust muffler. 
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Quasi steady state conditions can be also established with vehicle testing on a chassis 
dynamometer. Figure 3-7 shows a typical steady state operation of the system, sampling 
exhaust from a VW Golf Euro-3 vehicle driven at 50  km/h, road-load. Although the vehicle 
speed varies only in the range 49-51 km/h (SD= 0.6 km/h), a significant variation of the raw 
CO2 is recorded, leading to a DR variation between 11-13:1. Similarly, the DC signal shows a 
large variance (SD= 98 cm²/s) which is much larger than the engine steady state testing of 
Figure 3-5. Such unstable behaviour should not be considered a sampling system defect but 
a representation of the fact that vehicle operation stabilization over a steady speed is usually 
not as robust as engine stabilization (on an engine dynamometer) and hence conclusions 
drawn from vehicle steady state testing should always be treated with caution. This variable 
pattern at constant speed may be more or less pronounced depending on engine technology 
characteristics (e.g. compare variability levels over constant speed tests in the work of ACEA 
[24]). 

3.5.1.2. Testing over transient conditions 

Results over transient tests need to be collected in order to derive vehicle emission 
performance in real-world driving conditions. In a constant flow PFSS, DR needs to be 
determined, in order to reduce the signals measured by the instruments to raw exhaust and 
then to calculate total vehicle emissions. However, tests such as the ones in Figure 3-6 show 
that the DR may change for different vehicle driving conditions and therefore the DR needs (in 
principle) to be provided in real time. The measurement of raw and diluted CO2 (or NOx) 
concentrations enables this calculation to be made. 
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Figure 3-7: Stability of the DR, CO and DC signals over steady state operation of a VW Golf Euro-3 

vehicle.  Variations for the four signals, expressed as CoVs are DR: 2.8%, DC: 10.8%, CO: 5.2%, CO2, 
raw: 5.9% over the period of two minutes recording. 

Figure 3-8 shows the DR variation for two similar vehicles (both VW Golf TDI equipped with 
oxidation catalyst – although one is Euro-2 and the other is Euro-3), determined using CO2 
measurements of raw exhaust and diluted sample in two different facilities. The DR setting at 
steady state is 12.5:1 in both cases, achieved with the same configuration and flowrates in 
the PFSS. In both cases there are some extreme peaks in the DR recorded which are 
associated with fuel cut-off periods during decelerations. These occur because CO2 
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concentration goes to zero during these events and the DR cannot be defined. Additionally, 
there are differences in the DR pattern. The lower panel shows a more busy pattern which 
can be averaged around the set value. The upper panel shows a smoothened behaviour 
where fluctuations of larger period occur. These differences can be clearly associated with 
gaseous analyzers response. Faster analyzers and shorter transfer lines are used in the latter 
case, which faster respond to CO2 changes. Analyzers of lower time response are used in the 
former case. Finally, raw and dilute sample signals are recorded in different locations and 
their synchronization is required before DR is calculated. All these uncertainties in estimating 
time lags, analyzer responses and time drifts during the measurement may significantly affect 
the DR calculation. 
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Figure 3-8: DR variation over an Urban Driving Cycle, using two similar vehicles (LAT: Euro-2 VW Golf, 

FFA: Euro-3 VW Golf) but different CO2 measurement setup. DR setup is at roughly 12.5:1 for both 
cases. Speed pattern over cycle shown in lower panel. 

In order to overcome the problems associated with the calculation of a real-time DR, it was 
decided to use a single value throughout the test cycle. We can estimate this single value 
from the short steady speed conditions of the UDC cycle (at 17, 35 and 50 km/h). This is 
examined in the upper panel of Figure 3-9. In this case solid particles of 60 nm were 
measured at the CVS and at the tailpipe using the PFSS. Also, the DR of the PFSS was 
calculated in real-time with CO2 concentrations. Since signal synchronization is critical for 
such comparisons, the signal from a fast-response oxygen sensor placed in the exhaust line 
was used as reference in this particular experiment. All measured signals (CO2, aerosol 
instruments, etc) were then synchronized against the oxygen sensor, with the objective to 
match as close as possible the timing of its response. On the other hand, the DR value 
calculated over the UDC steady speed periods corresponds to a value of 12.4:1 (bold 
horizontal line). The cumulative emissions as a function of UDC time are shown in the two 
lower panels of Figure 3-9 for two particle sizes. There is a satisfactory agreement between 
the CVS and the PFSS values when a mean DR is used, while use of the real-time DR results 
to significantly higher values (more than 50% difference). 

There is still a difference between the CVS and the PFSS for 60 nm and 400 nm particles 
when using a constant DR. This may occur due to usual experimental uncertainties or to 
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particle loss in the CVS. Another reason could be the possible different effective density of the 
soot particles in the CVS and the PFSS [25] which is a function of particle size. As the ELPI 
response depends on the effective density value, this may also explain the difference in the 
deviations for different particle sizes. 

This comparison demonstrates that a constant DR value should be used over a transient test. 
DR estimations in real-time with CO2 concentrations using conventional gaseous analyzers 
may lead to large uncertainties and subsequently a great overestimation of the correct total 
value. 
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Figure 3-9: PFSS vs. CVS comparison over a UDC test. Upper panel: Flux of 60 nm solid particles 

(downstream of TD) measured with the ELPI sampling from the PFSS dry branch and from the CVS. 
The real-time CO2-based DR is also shown on the top part of the panel. Middle panel: Cumulative flux 
of 60 nm particles measured in the CVS and assuming a constant DR of 12.4:1 or assuming the real-

time DR. Lower panel: Cumulative flow of 400 nm particles in the CVS and calculated with two DR 
estimations as before. 
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3.5.2. Secondary dilution effects 

Ejector dilutors were used downstream of the primary dilutor to reduce the particle 
concentration within the range measured by the different instruments involved. Ejector dilutors 
have been widely used for conditioning of the exhaust aerosol, even as primary dilutors 
sampling directly from raw exhaust [15]. In an ejector type dilutor, the sample flows through 
an inlet nozzle, due to the underpressure developed by dilution air flowing to a venturi formed 
in the periphery of the inlet nozzle. The DR provided by the ejector dilutors depends on the 
upstream (sample) pressure, the pressure of the dilution air and the pressure where the 
diluted sample is discharged. Also, the temperature and the composition of the exhaust 
sample may affect the dilution ratio provided. Giechaskiel et al. [26] developed an analytical 
model for the calibration and DR calculation of ejector dilutors. Cheng et al. [27] found 
negligible losses in ejector dilutors operating with turbulent sample flow. This section 
examines the general operation characteristics of ejector dilutors when used as secondary 
dilutors in diesel exhaust aerosol sampling. 

The upper panel in Figure 3-10 shows two distributions from diesel exhaust measured 
upstream and downstream of an ejector dilutor. In these measurements a Renault Laguna 
Euro-3 vehicle was driven at 50 km/h and 120 km/h at road load. Primary sampling conditions 
were set to DR 12.5:1 and DAT 32°C and an SMPS 3936L with a CPC 3010 was used to 
record distributions. Upstream sampling was conducted in the outlet of the first of the two 
cascaded ejector dilutors and downstream sampling in the outlet of the second cascaded 
ejector dilutor. The CPC was operating in count-mode in both cases (<104 cm 3). For both the 
mono-modal (50 km/h) and the bi-modal (120 km/h) distributions, the ejector dilutor seems 
not to affect their shape and especially the distinct nucleation mode is preserved. 
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Figure 3-10: Effect of secondary ejector dilutors on the distribution of particles. Upper panel: Effect of 
one ejector dilutor on SMPS distributions obtained at 50 km/h and 120 km/h using a Euro-3 Renault 

Laguna. Lower Panel: Normalized ratio of upstream and downstream distributions obtained with SMPS 
scans (7 scans at 50 km/h and 4 scans at 120 km/h) and CPC concentrations sampling monodisperse 

aerosol in the outlet of a DMA. 
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The lower panel in the same figure shows the normalized ratio of upstream over downstream 
ejector distributions as a function of particle size. The continuous line corresponds to the 
SMPS scans while the solid points correspond to measurements conducted with the CPC 
sampling monodisperse aerosol downstream of the DMA. Variations are in the order of ±5% 
and show little dependence on particle size. There is a more significant effect for particles in 
the two ends of the distribution. It cannot be concluded if this is a true ejector effect or an 
outcome of the combined uncertainty of small particle size and time lag between the SMPS 
measurements. The DMA + CPC measurements do not show a similar tendency. In any case, 
it is important to emphasize that both the nucleation and accumulation mode shapes are 
transferred intact through the ejector dilutor. 

Care has to be taken to either clean or calibrate the ejector dilutors in regular intervals when 
in use. In Figure 3-11, an example of calibration is given when the ejector dilutor has been 
just cleaned in an ultrasonic bath and after 25 h of operation. Over this period, it is estimated 
that about 20 mg of PM have been drawn through the ejector dilutor. Measurement of the DR 
was conducted with NO in N2 and different sample inlet pressures were used. The calibration 
shows that DR increased by almost three units (~20%) for ambient sample pressure. This is 
presumably due to soot accumulation on the dilutor nozzle which changes the nozzle 
geometry. In this respect, ejector dilutors were not used for prolonged time periods without 
cleaning (i.e. ultrasonic bath cleaning preceded any new vehicle measurement) and a 
calibration with gases was routinely performed during the measurement campaign. 

R2 = 0.96
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Figure 3-11: Effect of the ejector dilutor history on the DR provided as a function of sample inlet 

pressure. DR increases by several units as the ejector dilutor operates. After 25 h some 20 mg of 
airborne PM have been diluted in the ejector dilutor. 

3.5.3. Thermodenuder performance 

The operation of the TD was examined sampling both nucleation and accumulation mode 
diesel particles, with the VW Euro-1 TDI engine. Figure 3-12 shows the results of an 
experiment performed to examine the denuder performance at a DR of ~5:1. It should be 
stressed that it is expected that sampling at this low DR increases the volatile material 
concentration and imposes difficulties for the TD because it reduces its efficiency and 
shortens the lifetime of the active charcoal. In addition to the vehicle test data, the upper 
panel of Figure 3-12 shows solid particle losses determined with NaCl aerosol by the 
manufacturer [28]. Losses are higher for smaller particles due to thermophoresis and diffusion 
to the adsorber walls. Although such losses have been determined with particles other than 
soot, it is expected that soot particle losses will be similar when size is expressed as mobility 
diameter. 

The middle panel shows two measured distributions recorded upstream and downstream of 
the TD with the SMPS. There is a distinct nucleation mode formed in the upstream distribution 
which disappears downstream the TD. There is also a reduction in the peak concentration of 
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the accumulation mode which comes from solid particle losses. The downstream distribution 
is then corrected for solid particle losses, according to the manufacturer’s data.  In this case, 
the upstream and downstream accumulation modes match in concentration while the 
significant reduction of the nucleation mode is obvious and a rather log-normal distribution is 
formed. It is also interesting to note that the peak size of the accumulation mode decreases in 
the downstream distribution (69 instead of 76 nm).  This may be due to removal of adsorbed 
material from the agglomerated particles surface. 
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Figure 3-12: TD performance in nucleation mode suppression, operating at a sample flowrate of 10 

l/min. Upper panel shows solid particles losses in the denuder determined by the instrument's 
manufacturer.  Middle panel shows an upstream and downstream distribution also corrected for losses.  

Lower panel provides "penetration" and "efficiency" performances. 

The lower panel in Figure 3-12 shows different expressions of the TD performance. The term 
"penetration" is customarily used to express the ratio of measured downstream vs. upstream 
concentrations. Penetration is lower than 100% because of volatile particles removal and 
solid particle losses. However, penetration is not an appropriate expression for TD 
performance evaluation. A TD is used to primarily remove nucleation mode particles and its 
efficiency should be higher in these sizes. We may then express TD efficiency as the ratio of 
particles retained by the TD over the upstream concentration, after correction for solid particle 
losses. This is shown with the "efficiency" curve in the same figure. Efficiency is minimal for 
the accumulation mode where no individual volatile particles are present and substantially 
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increases for volatile nucleation-mode particles. This expression shows that as long as solid 
particles losses have been corrected for, the TD does not seem to affect the accumulation 
mode, while efficiently removing volatile nucleation particles. 

Similar TD devices were also evaluated in the framework of the UK PMP programme [29]. 
This project concluded that the TD performance was reproducible from day to day and that 
the two different devices tested behaved similarly. This agrees with experimental evidence 
from Particulates. Penetration curves presented in Figure 3-12 match the ones derived in 
PMP, although a light duty vehicle was used in this study and a heavy duty engine operating 
on different fuels was employed at PMP. However, the PMP raised concerns for the TD 
suitability for solid particles separation, especially when in cases of low solid particle 
concentrations (i.e. from DPF equipped vehicles). Our indicative results provide clear 
indication that the TD performance may be predicted at least for conventional diesel vehicles. 
When a DPF is used, solid particle concentrations reach background levels which do not 
allow a reliable evaluation of the TD performance. In such delicate measurements, evaluation 
of the TD performance would require back-to-back tests with alternative solid particle 
separation methods (e.g. hot dilution) to obtain absolute levels of solid particle concentrations. 
In any case, no nucleation mode penetration or low TD efficiency was encountered 
throughout the measurement campaign, even when measuring DPF equipped vehicles. 

3.5.4. Overall losses 

The losses in the sampling system need to be quantified in order to be able to compare 
particle properties obtained with different instruments. A model has been built which 
calculates losses in the different components of the sampling and transport lines. This model 
has been applied in the exact configuration of the system setup in all laboratories in the 
project. However, operation of the sampling system under similar flowrates in all laboratories 
simplifies corrections. 

Figure 3-13 shows the overall particle transport efficiencies (penetrations) calculated to the 
different instruments for a typical sampling set-up. The model takes into account diffusional 
and inertial losses in the tubes and inertial losses in bends. There are a few equations in the 
literature to calculate transport efficiencies in laminar and turbulent flows [30, 31]. In our case, 
a turbulent flow is established in the main line from the primary dilutor to the DGI and laminar 
flows in the secondary transfer lines, at least according to the calculated Reynolds numbers. 
Aerosol flows however may be turbulent even over the transitional region due to secondary 
flows and perturbations induced by bends, fittings, etc. However, the relatively high Red 
numbers established (Red>1000) decrease the contribution of diffusional losses in bends [32]. 
In order to correct for losses we have decided to use laminar flow corrections for Red<2000 
and turbulent flow corrections for Red>4000. A weighted average is used for the transitional 
region (Red between the two limits). Different transport efficiency formulae can be found in the 
literature. Although, there are no large deviations between the formulae proposed, an average 
of worst and best cases has been used. Additionally, a 99% penetration was considered for 
each ejector dilutor. 

The model calculates transport efficiencies above 90% for all particles in the range 0.01 µm to 
1 µm, which are of interest to this study. The only exception is the dry branch where the TD 
introduces significant particle losses and the transport efficiency to the ELPI does not exceed 
70%. This correction has been introduced to the ELPI results as a function of geometric mean 
diameter for each impactor size. However, size-dependent corrections for the DC and the 
CPC are not possible to introduce. The effect of these losses will be greater in the CPC, 
which is equally sensitive to small and larger particles. Figure 3-14 shows the effect of losses 
on two distributions, one with and one without nucleation mode. Maximum correction to the 
total concentration of the SMPS occurs when nucleation mode is present and is in the order 
of ~6%. Therefore, the maximum deviation of CPC measurement from the "true" value should 
be in this order of magnitude. DC deviation would be much lower than that. Such effects 
further justify the decision to use a long residence time in the sampling system. 
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Figure 3-13: Calculated penetration as a function of particle size for transfer lines to different 

instruments. The low penetration for the ELPI is due to TD losses. 
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Figure 3-14: Effect of losses on a distribution without nucleation mode (50 km/h) and with nucleation 

mode (120 km/h).  Measured number concentrations are 3.5% and 5.7% lower that the corrected 
values. 

3.5.5. Repeatability – reproducibility 

3.5.5.1. Round robin 

Generally, there is a larger uncertainty in the PM measurements, compared with that for  
gaseous pollutants [33, 34]. This is due to the complexity of the nature of the exhaust particle 
and its sensitivity to sampling conditions. A round robin carried out after the development of 
the sampling setup, provided the means for the quantification of the precision of the resulting 
methodology. The aim of this inter-laboratory study, further to obtaining the uncertainty range 
of the measurements, was to test the sampling system and the methodology developed in all 
participating labs, familiarising them with the measurement protocol and identifying areas of 
concern for the robustness of the protocol. 
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A 1996 VW Golf TDI 1.9 l was tested in 8 laboratories (AEA Technology, AVL MTC, EMPA, 
IFP, LAT, Shell, TUG and VTT) using the same lubricant and fuel taken from a common 
batch. The oxidation catalyst of the vehicle was removed in order to eliminate the catalyst 
conditioning effect on the exhaust aerosol variability [35]. Since there is no absolute 
calibration procedure established for the aerosol instruments used, it has been decided to use 
the same instruments and sampling devices in all laboratories. 

In order to quantify the precision of the methodology, a special statistical analysis [36] has 
been applied to the round robin results. The particular method provides the means for a 
separate assessment of the “repeatability” and the “reproducibility” of the measurements and 
the identification of outliers. With the term "repeatability", one refers to the precision by which 
measurements are conducted within one physical environment (laboratory) using the same 
methods and principles.  On the other hand, "reproducibility" is used to characterize the 
consistency in measurement results between different laboratories. Both repeatability and 
reproducibility are qualitative concepts expressed numerically only in terms of their opposites 
that are the ‘within laboratory’ and ‘between laboratories’ variances. 

The average within-laboratories CoV, excluding outliers, for the regulated pollutants and the 
particle properties over transient and steady state tests are summarised in Figure 3-15. The 
‘within laboratory’ variability of the aerosol properties was estimated to be in the range of 10-
30% of the mean value, excluding outliers, instead of ~10% for regulated PM. The fact that 
three different instruments (ELPI, DC, CPC), measuring different particle properties, 
demonstrate similar variability ranges is a good indicator that variability is induced by the 
sampling procedure, and – most importantly – approximations in the dilution ratio estimations 
and differences in vehicle conditioning. Some of the participants also owned an SMPS unit 
which has been used in some of the steady state tests (although using different settings) 
together with the reference CPC. As shown in Figure 3-15, there was a much higher 
variability in the number concentration and the mean mobility diameter at 120 km/h than at 
50 km/h tests. An investigation of the size distributions indicated a gradually decreasing nuclei 
mode in some of the 120 km/h tests. Since the 120 km/h test followed the 50 km/h one (low 
load condition), desorption phenomena in the tailpipe could have caused this temporary 
formation of nucleation mode particles [12]. 

The between-laboratories coefficient of variance (CoVT) was higher than the within-
laboratories one, this applying both to regulated pollutants and the aerosol properties 
examined. With regard to CO2, CO, NOx and PM, reproducibility appears at least twice the 
repeatability, even if the regulated procedure was followed in all cases. Dynamometer 
settings and driving practices in different labs may be partly responsible for the variability 
increase which may also explain a CoVT of 17% for the fuel consumption at 50 km/h – road 
load. As a result steady state results appear less consistent than transient ones. On the other 
hand, this may not explain the extreme HC variability (exceeding 50% over steady states). 
There is no justification for such poor performance of HC. One may only assume a 
combination of low HC emission levels for the particular diesel vehicle, uncertainty in the 
calibration of FID analyzers and differences in the realization of the heated lines in each lab. 

The consistency of the aerosol properties measurements is even less than regulated 
pollutants. CoVT values commonly range from 25 – 50% with some extreme values exceeding 
75%. Most of the problems occur over steady state tests and mainly concern the total solids 
concentration measured with the ELPI downstream of the TD and the measurements 
conducted with the different SMPS devices. There are several reasons that may be 
considered responsible of this poor reproducibility, even using an identical sampling system. 
A large effect originates from the non exact determination of the dilution ratio in the different 
environments. In particular, some laboratories did not monitor the PDR during the 
measurements and the setting value has been used for the calculations, while others did not 
measure the DR achieved with the ejector diluters and the nominal DR has been assumed. 
The higher variability of ELPI concentration downstream of the TD but the consistency of 
mean diameter also indicates that mishandling of the TD (temperature conditioning) may lead 
to variable losses in the device. Finally, the use of different SMPS units and settings might 
also contribute to the between labs inconsistency observed. 
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Figure 3-15: Within laboratories (upper panel) and between laboratories (lower panel) CoV for the 

regulated pollutants and the particle properties measured during the round robin. The between 
laboratories CoVT for the mean mobility diameter at 120 km/h could not be estimated (deficiency of the 

statistical method) due to its much lower value compared to the within laboratories one. 

3.5.5.2. Potential for consistent particle measurements 

As already mentioned, the round robin activity aimed mainly at the familiarisation of the 
participating laboratories with the sampling system use and the improvement of the protocol 
through the identification of vulnerabilities. In this respect, only 3 of the 8 in total laboratories 
were familiar with the sampling system before the initiation of the round robin. Therefore, it is 
possible that variables concerning the operation and conditioning of the sampling and 
measuring devices were left uncontrolled due to the complexity of the sampling method and 
lack of experience in the measurement facility, significantly hindering the accuracy of the 
results. 

In order to further support this argument, the consistency of results collected during the main 
experimental phase of the project is demonstrated in Figure 3-16. At least two repetitions of 
the NEDC and 50 km/h were performed in four individual labs, (except for SMPS, DGI and 
DC results which came from three labs only). Two of the labs measured the same Euro-3 VW 
Golf (Shell and FFA) while two more vehicles of the same model were tested in MTC and IFP 
respectively. All tests were conducted using the same fuel and lubricant as that used in the 
round robin, utilizing different units of the same instrument types. At this phase of the project, 
all labs were experienced with the sampling procedure, the dilution ratio was monitored during 
the measurement and additional effort was invested to correct the deficits of the sampling 
protocol that occurred in the round robin campaign regarding the devices and vehicle 
conditioning. 

As a result, Figure 3-16 shows that when the same procedure is strictly followed by 
experienced labs, the consistency of the measurements increases significantly. Over the 
NEDC, all particle properties exhibited the same or even less variability than PM with 
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maximum CoVT values of 22% for the sensitive CPC measurements. This range of variability 
is even lower than the one reported for HC, which, interestingly, remains at extremely high 
levels as in the case of the round-robin, even using a different diesel vehicle. On the other 
hand, despite the care taken to perform these measurements, the consistency remains low 
over steady state tests, especially where the different SMPS models are concerned. It is 
unclear  whether this variability originates from the difficulty to stabilize a vehicle at an exact 
speed/load condition, from the difference in the SMPS setups or from the difficulty to 
determine the exact value of the high dilution ratio required to operate the SMPS with exhaust 
aerosol (up to ~104:1). 
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Figure 3-16: Between laboratories CoV for the regulated pollutants and the particle properties 

measured over NEDC Cold and 50 km/h using road load. Numbers above each bar show the number of 
laboratories based on which the COV values were estimated. 

3.6. Applications and validation 

3.6.1. CVS and PFSS comparison in mass terms 

A useful comparison to check the overall performance of the PFSS is to compare the total 
mass collected in the DGI with the PM collected with the reference procedure. Figure 3-17 
shows such a comparison for a VW Golf TDI Euro-3 vehicle for a range of steady state and 
transient tests. Looking first at the steady states (50 to 120 km/h), a fairly good agreement 
between the DGI total mass and CVS PM can be seen. The range of variation is in the order 
of –15% to 10%. There is a consistent underestimation over the transient tests. As explained 
in a previous section, a constant sample flowrate sampling system should be expected to 
underestimate non steady-state measurements. This is a physical limitation of the sampling 
principle. On the other hand, the good comparability with the CVS shows that vehicle exhaust 
flowrate and DR of the PFSS can be correctly accounted for. 

3.6.2. Instrument consistency 

The ELPI in the dry branch is used to aerodynamically classify aerosol particles and measure 
their number concentration. In the wet branch, the SMPS provides the same information as a 
function of the particle mobility diameter, for steady state tests. Figure 3-18 compares the 
mean geometric diameter given by the two different distributions. A third mean diameter 
estimation is given by combining the number concentration provided by the CPC and the 
active surface of the DC. 

In steady state tests when no nucleation occurs (50 – 100 km/h) the mean aerodynamic 
diameter appears smaller than the mobility one. This has recently been explained with the 
concept of the effective density [37, 38]. In practice, the effective density is a combined 
measure of particle bulk density and voids included in an envelope volume. The effective 
density is a useful measure because it can be used to correlate particle inertial and diffusional 
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behaviour and may be important to determine for soot aerosol. This example shows that 
parallel comparisons of dry ELPI and SMPS can be used to determine such a property. 
Another interesting effect is that the ELPI mean diameter of dry soot mode is basically 
constant at different operating conditions, despite the variance of the mobility diameter of total 
(solid and volatile) particles. This can be explained by attributing a signature size distribution 
for dry soot particles.  
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Figure 3-17: Comparison of PM collected with the reference procedure (CVS) and the DGI in the PFSS.  

VW Golf TDI Euro-3 measured in different driving speeds and transient cycles.  

More impressively, there is a very good match between the SMPS derived mean diameter 
and the one derived by the DC and CPC. Further to being a very good cross check for the 
measurement, this finding also means that mean diameter can also be determined in real 
time. There are constraints though: when a nucleation mode occurs, as in the case of 
110 km/h and 120 km/h, the actual SMPS mean diameter decreases more than the one 
derived by the active surface. This is because a bi-modal distribution cannot be reconstructed 
by only active surface and number concentration values; hence the distinct contribution of the 
nucleation mode is not clearly represented. 
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Figure 3-18: Comparison between particle diameter expressions obtained with the ELPI in the dry 

branch (aerodynamic), the SMPS at the wet branch (mobility) and combination of DC and CPC 
measurement at the wet branch (mobility). 

Both the DC and the ELPI utilize a corona unipolar charger to charge airborne particles. The 
chargers are of similar concept and configuration. Hence, the current induced to particles can 
be compared in the two cases. This is attempted in the upper panel of Figure 3-19 where real-
time signal of the two instruments is shown over a cold-start UDC. As mentioned above, all 
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signals were recorded on the same computer and synchronized using the signal of a fast-
response oxygen sensor placed at the exhaust pipe as reference. Dedicated software takes 
into account the different transport delays from different instruments and performs all 
necessary calculations. The ELPI is located in the dry branch and the DC in the wet one. The 
total current from the DC corresponds to particles smaller than 1 µm, since an impactor 
located upstream of the corona charger removes any larger particles. To compare this signal 
we sum up the ELPI currents from filter stage up to stage 7 (d50%=1.04 µm). Both diffusion 
and space charge losses have been corrected for.  There is a fairly good agreement of the 
two currents. Looking the picture in detail, it is shown that DC produces higher values during 
the first ~100 s (cold-start) seconds of the cycle and over accelerations. These deviations 
from ELPI current are indications of volatile particle formation. 

The two lower panels of Figure 3-19 apply the concept of DC/CPC derived mean diameter on 
a real-time basis, following the same cold-start UDC. Similarly to the previous case, lower 
mean particle diameters are generally calculated for the first seconds of the cycle. This 
confirms the potential for nucleation mode formation. A peak has also been isolated in the 
region of 450 s. There is a larger deviation between the DC and ELPI signals which also 
corresponds to a decrease of particle mean diameter from ~80 nm to ~50 nm. This is again a 
good indication of nucleation mode formation during the acceleration, and confirmed by three 
instruments. 
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Figure 3-19: Comparison of different instruments in real-time. Upper panel: DC and ELPI signals in the 

wet and dry branch respectively over a UDC test. Middle and lower panels: Active surface (DC) and 
number concentration (CPC) are used to derive mean mobility diameter in real time. 
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3.6.3. Comparison with chasing experiments 

As pointed out above, the aim of the developed PFSS has not been to mimic atmospheric 
mixing and dilution, but to reproduce conditions which can realistically favour nucleation mode 
formation, should such a potential exist. In order to explore this potential comparative tests 
were performed with the Euro-3 VW Golf TDI. This vehicle has consistently shown the 
formation of a distinct nucleation mode under high speed conditions in the lab (see for 
example Figure 3-18). The tests involved measurements in the lab using the PFSS and 
measurements chasing the same vehicle using the Ford Mobile Laboratory (FML). The mobile 
laboratory was a Ford Transit van equipped with instrumentation for the measurement of 
gaseous and particle emissions [39]. 
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Figure 3-20: Comparison of particle size distributions obtained with the PFSS in the lab and with 

ambient diluted samples obtained chasing a VW Golf TDI Euro-3 vehicle. Upper panel obtained at 
50 km/h and lower panel at 120 km/h. At the lower panel, two different PFSS setups correspond to short 

RT (~0.5 s) and long RT (~3.5 s). 

In these tests, FML measured the size distribution of particles in the plume of the front vehicle 
(VW Golf) with an SMPS, keeping a distance of ~14 m (which corresponds to a RT in the 
atmosphere of 1 s at 50 km/h and 0.4 s at 120 km/h). The dilution factor was calculated by 
comparing the CO2 emission rate measured during chasing with the emission rate in the 
undiluted exhaust obtained at the same speed in the emission lab. The on-board fuel 
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consumption measurement showed a lower fuel consumption of 4% and 16% at 50 and 
120 km/h on the road than during the dynamometer tests. This meant that there is a slight 
deviation in the load setting between the two driving conditions. For the tests reported here, 
actual DR ranges were in the order of 2500:1 at 50 km/h and 7000:1 at 120 km/h while 
ambient temperature was about 5°C and ambient air RH in the order of 50%. 

Figure 3-20 shows the size distributions obtained in these experiments. In the upper panel, 
distributions obtained at 50 km/h are compared. Both the shape and the concentration of the 
distributions are remarkably similar. There is a slightly higher concentration of particles 
<30 nm in the "chasing" condition but the difference with the PFSS is too small to attempt any 
credible explanation. There is a more interesting comparison at 120 km/h. In this case, a 
nucleation mode forms both in the chasing and the laboratory experiments. In the former 
case, a distinct bimodal distribution is formed with two clear peaks at 12 nm and 64 nm. 
Distributions obtained in the lab also form a nucleation mode. Depending on the RT, the 
nucleation mode peak ranges from 21 nm to 39 nm. Moreover, when a short RT is 
established (~0.5 s), the accumulation modes between the PFSS and the chasing experiment 
are very similar. When the RT increases, the accumulation mode shifts to larger sizes. 

This behaviour is consistent with the differences in the sampling setup in each case. Under 
ambient mixing and dilution exhaust aerosol spends a short time under moderate dilution 
ratios while it spends almost 3 s at a DR of 12.5:1 at the laboratory experiments when a long 
RT is used. This period has a direct effect on the nucleation mode development and growth. 
Hence, increasing the RT moves the distribution to larger sizes, consistent with the previous 
data presented in Figure 3-4. 

However, it should be remembered that the aim of the PFSS is not to simulate ambient 
sampling, which would require control of DR, DAT, RT and RH for each particular ambient 
condition and vehicle operation. The target has been to produce repeatable sampling 
conditions with the potential to produce nucleation mode particles. In this respect, the results 
above show clearly that nucleation mode formation potential is accurately reproduced in the 
laboratory obtained distributions. 

3.7. Sampling system synopsis 
 The sampling system enables a broad characterization of particle properties over 

transient tests in real time. These include total particle number concentration, active 
surface, and particle number concentration and size distribution of solid particles.  
Additionally, average mass-weighted size distributions can be obtained over transient 
tests and number based size distributions over steady state tests. 

 The primary dilutor is capable of producing a distinct nucleation mode, depending on the 
sampling conditions selected.  Selection of 12.5:1 DR and 32°C of DAT has been shown 
to be favorable for a repeatable nucleation mode formation. 

 Control of the primary DR is critical for a PFSS operating with constant sample flow.  We 
have identified conditions where sampling can be problematic, especially for pulsating 
exhaust flow.  However, sampling at the tailpipe end downstream of a muffler and/or 
aftertreatment devices significantly reduces the DR variation. 

 Determination of DR over transient tests is problematic with conventional gaseous 
analyzers and long sampling lines. Fuel cut-off periods make DR determination 
impossible.  However, comparison of solid particles in the CVS and PFSS show that a 
constant DR can be used for the whole transient test. 

 Secondary dilution does not seem to significantly affect particle size distribution, neither 
to induce significant particle losses.  However, secondary DR determination needs to be 
routinely checked depending on ejector dilutor operating history. 

 The denuder is efficient in removing small nucleation mode particles and only log-normal 
accumulation mode particles are sampled downstream. It also induces significant solid 
particle losses which can be corrected.  This increases the uncertainty of the 
measurement. 
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 There is a satisfactory repeatability in several particle parameters examined.  CoVs were 
found in the range of 10 – 30 %. Vehicle conditioning may also influence nucleation mode 
behavior. 

 There is however, a higher between laboratories inconsistency. Small deviations from the 
sampling protocol hinder the comparability of the measurements and can result in 
between lab CoV of 50% or even higher, especially over steady states.  However, there is 
a potential for more consistent results (CoV below 20%), when laboratories get more 
experienced in the strict application of the protocol. 

 Mass collected in the gravimetric impactor agrees with the CVS PM over steady state 
tests.  This is a good indication of the overall system performance and aspiration 
efficiency.  Over transient tests, there is underestimation of the mass collected, as 
expected for a constant sample flowrate sampling system. 

 Combination of information provided by different instruments can provide the means to 
deduce particle properties in real-time.  Additionally, cross-checking of different properties 
can provide an overall quality control framework for the measurement. 

 Comparison of PFSS laboratory measurements with size distributions obtained by 
chasing experiments demonstrated that the sampling system developed is able to 
accurately reproduce the accumulation mode and the potential for nucleation mode 
formation. 

3.8. Measurement of polycyclic aromatic hydrocarbons 

Polycyclic Aromatic Hydrocarbons (PAHs) are a group of chemical compounds that are 
formed from the incomplete combustion of organic fuels. Gasoline and diesel engines used 
for automotive transportation constitute one source of ambient PAH, though by far the largest 
proportion in Europe is from wood burning. Presently there is no separate regulation for PAH 
emitted from vehicles; their PAH emissions being controlled via regulations on PM and total 
hydrocarbon emissions. Some PAH are carcinogenic and have been identified as indicator 
substances. For some of these, guideline values for their concentrations in ambient air have 
been establised1,2,3. The EU Directive 2004/107/EC sets a limit value for Benz(a)pyrene and 
requires monitoring of 6 other PAHs [40]. Table 3-2 gives the eighteen PAH which have been 
measured within the present project. 

3.8.1. Analytical method 

Only particulate-bound PAH were measured in Particulates. Analysis of these PAH was made 
from the same filter used to collect regulated PM mass. The handling of filter samples was 
made according to the procedures described in the regulation. After the filters had been 
weighed to determine the PM content in different laboratories, they were folded and wrapped 
in aluminium foil and stored in a freezer prior to transport to Stockholm University (SU) for 
chemical analysis. The filters (cooled with dry ice) were shipped to SU using courier 
transportation and stored in a freezer until the chemical analysis was performed. Blank filter 
samples were obtained by taking background levels of PAH in the air present in the dilution 
tunnel when the CVS system was running without the engine/vehicle running. Blank samples 
were treated and analysed in the same way as the PM-laden filter samples. 
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Table 3-2: PAH indicator substances in the air. 

Phenanthrene 1, 2 Anthracene 1 3-Methylphenanthrene 2 
2-Methylphenanthrene 2 2-Methylanthracene 2 9-Methylphenanthrene 2 
1-Methylphenanthrene 2 Fluoranthene 1,2,3 Pyrene 1,2 
Benz(a)anthracene 1,3 Chrysene 1 Benzo(b)fluoranthene 1,2,3 

Benzo(k)fluoranthene 1,2,3 Benzo(a)pyrene 1,2,3 Indeno(1,2,3-cd)pyrene 1,2,3 
Dibenzo(a,h)anthracene 

1,2,3 Benzo(g,h,i)perylene 1,2 Benzo(b)naphto(1,2-d)thiophene 2* 

*Polycyclic Aromatic Heterocyclic containing one sulphur atom and is not a PAH but used as a marker 
for combustion of sulphur containing fuels. 

 

A dedicated chemical analysis method was developed and applied in order to determine the 
PAH content of exhaust particle samples (Figure 3-21). The method was validated using 
standard reference material from both urban dust (SRM 1649a) and diesel exhaust particles 
(SRM 2975). It was developed within a PhD Thesis and is described in detail in a relevant 
scientific paper [41, 42]. In principle, PM is extracted by ultrasonic assisted extraction, a 
technique that is shown to be simple and fast for the extraction of PAH. An aliphatic/PAH-
enriched fraction is obtained by solid phase extraction, prior to isolation, separation and 
identification/quantification of PAH using an on-line hyphenated liquid chromatography - gas 
chromatography - mass spectrometry (LC-GC-MS) system. With this analytical method, single 
PAH components in the low pictogram-per-sample range can be determined in samples of 
PM of ambient air and diesel exhaust emission. Compared to similar methods for PAH 
analysis, this method is fast and simple, as well as being both repeatable and accurate. An 
effort was made to keep the total number of filters analysed to a manageable number, but still 
cover the large range of engines, fuels and operating conditions evaluated within the project. 
In total, more than 200 PM-laden and blank samples were analysed (focusing on the eighteen 
PAH previously tabulated), which originated from 8 laboratories (MTC, Volvo, EMPA, Shell, 
LAT, IFP, AVL and VTT) and corresponded to both gasoline and diesel exhaust particles. 

It should again be noted that this methodology only assessed the “particulate-bound” PAH 
emissions, in accordance with the interest of the Particulates project. This means that PAH 
which are emitted in the vapour phase (mainly 2-ring PAH) were not included in this analysis. 

3.8.2. Repeatability – reproducibility 

Prior to analysing filters from the different engine/vehicle/fuel tests, a comparability test was 
performed, following the round robin test conducted for particle emissions (section 3.5.5.1). 
PM samples were collected from seven laboratories where the Euro-1 vehicle was measured, 
using identical lubricating oil and diesel fuel. PAH analysis was conducted on the PM samples 
(filter papers) sampled over the UDC and the EUDC. The number of samples collected from 
each laboratory were: MTC #3, Shell #2, LAT #4, IFP #3, VTT #3, EMPA #4 and TUG #3 
(blank samples excluded). In total, a standard mixture of 48 individual PAH was used for the 
identification and quantification of PAH in the samples. However, the round robin PAH 
analysis results are limited only to those PAH species observed in all samples from each 
participating laboratory; i.e. individual PAH observed only in samples from some of the 
participating laboratories are excluded from the comparison. The detection limit for each PAH 
species was is in the range of less than 0.1 µg/km 

                                                      
1 Included in US Environmental Protection Agency (US EPA) 16 priority PAH 
2 Included among the “recommended by Swedish Environmental Protection Agency (SEPA) indicators 
of PAH in ambient air”, Environ. Health Perspect., 110 (suppl 3), 451-489. 
3 Included among PAH that should be determined according to “Ambient air pollution by polycyclic 
aromatic hydrocarbons (PAH). Position paper. European Commission, July 2001, ISBN 92-894-2057-x. 
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Figure 3-21: Schematic of the analysis method for determination of PAH in exhaust samples. 

Table 3-3: PAH species identified in all PM samples collected from the laboratories participating in the 
round robin. 

2-methylfluorene Phenanthrene 3-methylphenanthrene 
2-methylphenanthrene 9-methylphenanthrene 1-methylphenanthrene 
2-phenylnaphthalene 3,9-dimethylphenanthrene fluoranthene 

Pyrene Benzo(a)fluorene benzo(b)fluorene 
2-methylpyrene 4-methylpyrene 1-methylpyrene 

Benzo(ghi)fluoranthene Benzo(c)phenanthrene Benzo(a)anthracene 
Chrysene 3-methylchrysene Benzo(b)fluoranthene 

Benzo(e)pyrene Benzo(a)pyrene  

 

The PAH species eventually included in the sum of PAH are shown in Table 3-3. In total 
twenty-three individual PAH species are included in “Sum PAH” values reported. Blank 
sample PAH levels were subtracted from the results presented except for IFP and TUG (no 
blank samples supplied). In general though, the contribution from the dilution tunnel air 
background was very low. 

The “Sum PAH” emissions determined with this method from both the UDC and the EUDC 
are shown in Figure 3-22 for each laboratory. The figure shows the mean value and one 
standard deviation. While the filter samples originated from different laboratories, all 
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extraction, pre-cleaning and PAH analysis was made by the same laboratory (Department of 
Analytical Chemistry, Stockholm University). A difference of a factor of more than 3 can be 
seen when comparing the UDC “Sum PAH” originating from each laboratory. The 
corresponding value for the EUDC is a factor of approximately 2. Comparison of the “Sum 
PAH” values from the UDC and the EUDC shows that PAH emissions over the EUDC are 
generally larger (TUG excluded). The average PAH emission in the UDC is calculated at 
81 µg/km, using data from all participants, and the corresponding value for the EUDC tests is 
131 µg/km. Table 3-4 shows the difference of each participant, compared to the average PAH 
emission. The “sum PAH” emissions originating from Shell, LAT, IFP and VTT are generally 
lower. In EMPA, the UDC “Sum PAH” emission is close to the calculated mean PAH emission 
but it is larger for the EUDC. For MTC and TUG, the “Sum PAH” emissions are generally 
larger in both the UDC and the EUDC. 

Table 3-4: Percentage differences of the absolute PM-bound PAH quantities determined in each 
laboratory from the grand average (all laboratories). 

 MTC Shell LAT IFP VTT EMPA TUG 
UDC  +30 % -53 % -10 % -30 % -30 % -2 % +95 % 

EUDC +21 % -31 % -12 % -45 % -12 % +65 % +16 % 
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Figure 3-22: Total PM-bound PAH emissions (“Sum PAH”) in µg/km emitted over the UDC and the 

EUDC, from samples collected in different laboratories. 

Figure 3-23 shows the PM-bound PAH loadings, i.e. the ratio of “sum PAH” over PM mass 
collected over the UDC and the EUDC (in µg/g or ppm wt.). Comparing the particulate UDC 
PAH load originating from each laboratory, a difference of a factor more than 5 can be seen. 
The same value for the EUDC PAH is a factor of more than 2.5. This indicates that the 
particulate matter collected is “chemically different” and it is accentuated especially for 
particles obtained over the UDC from Shell compared to samples from TUG. Using data from 
all participants an average “sum PAH” loading in the UDC is calculated at 1250 ppm wt and 
the corresponding value is 1880 ppm wt. for the EUDC. Table 3-5 shows the percentage 
differences for each laboratory compared to the grand average “sum PAH” loading. The “sum 
PAH” loadings originating from Shell, LAT and IFP are generally lower. For EMPA and LAT 
the UDC average “Sum PAH” load is close to the calculated mean PAH emission and for 
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EUDC it is larger, with the exception of LAT. For MTC and TUG, the “Sum PAH” loadings are 
generally larger in both UDC and EUDC. 

Table 3-5: Percentage differences of the PM-bound PAH loading in each laboratory from the grand 
average (all laboratories). 

 MTC Shell LAT IFP VTT EMPA TUG 
UDC  +13 % -62 % -6.0 % -35 % -22 % -6 % +117 % 

EUDC +16 % -41 % -24 % -47 % +14 % +36 % +46 % 

 

Summarizing, the PAH round robin shows that there are relatively large differences in PM-
bound PAH emissions as well as particulate PAH loadings obtained from different test 
facilities. It is not possible to identify a single reason for these differences, but one may 
consider factors related to the measurement and sampling procedure as such (filter and 
vehicle conditioning, CVS details, etc.), errors during the transportation (different filter 
temperature, handling) and regular uncertainties in the analytical procedure, related to the 
small quantities of PAHs collected. As a consequence, it can be expected that PAH emissions 
reported in the scientific literature are associated with relative large variations which makes it 
hard to compare PAH data from different investigations (test facilities). This highlights a need 
for a future harmonisation of PAH emission measurements, which will also involve sampling 
and analysis of both particulate and semi-volatile associated PAH. Furthermore, PAH analysis 
of particle standard reference materials is also required. In section X.X the results from the 
main PAH measurement campaign are presented, which are collected from different 
laboratories. Hence, the level of variability presented in this section should be considered 
when looking at individual differences between technologies and fuels. 
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Figure 3-23: Total PM-bound PAH loadings (µg PAH/ g PM) collected over the UDC and the EUDC, in 

different laboratories. 
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3.9. Non-exhaust particle emission measurement 

The non-exhaust particle research was conducted by a UK research group comprising TRL 
Ltd., the Centre for Ecology and Hydrology, and the Atmospheric Science Research Group at 
the University of Hertfordshire. This work is summarised below, and more information can be 
obtained in Deliverable 8 of the project. 

The first phase of the project involved the compilation of a literature review to summarise 
existing knowledge and to provide recommendations for the experimental work programme. 
In order to identify sources of airborne particles, to apportion particles to these sources, and 
to estimate appropriate emission factors, a receptor modelling approach was selected, and a 
main measurement campaign was designed accordingly. A preliminary exploratory phase of 
work was undertaken in order to refine the receptor modelling methodology, both in terms of 
the need for appropriate source information and the selection of a suitable measurement 
method. The main stages of this preliminary work, which are not reported in detail here, were: 

• Gravimetric measurement of wear rates for tyres and brakes on in-service vehicles: 
This part of the work was designed to provide further information on the total amount 
of material being released into the environment as a result of tyre and brake wear, 
and to link material loss rates to vehicle operation. 

• Sampling and characterisation of source materials: Samples of various non-exhaust 
source materials - tyre tread, brake dust and road dust – were collected for 
characterisation in order to identify potential chemical tracers.  

• Sampling and characterisation of PM in ambient air: Airborne particles (PM10, PM2.5) 
were sampled at paired background and roadside sites. This part of the work served 
to optimise the sampling method and location for the main measurement campaign. 
Again, samples were analysed to identify potential chemical tracers. 

These preliminary measurements were followed by the main measurement campaign, which 
involved the sampling and characterisation of PM10 in the Hatfield road tunnel. Due to the 
limited dispersion and dilution conditions in the tunnel environment, PM concentrations tend 
to be higher than in normal ambient air. In addition, the influences from meteorology are 
reduced. Consequently, tunnel measurements have been used to derive the emission factors 
for particulate and gaseous pollutants in a number of studies (e.g. [43], [44], [45], [46], [47], 
[48]) .  

The Hatfield Tunnel is located on the A1(M) in Hertfordshire. The 1150 m-long tunnel is a 
rectangular cut-and-cover structure on level terrain. Each tube accommodates the full 
motorway formation of three traffic lanes plus a hard shoulder. The tunnel is longitudinally 
ventilated by the traffic, and there are no air extraction or inlet points other than the tunnel 
portals The speed limit in the tunnel is 70 mph (113 km/h), and the total weekday traffic flow 
through the tunnel is typically around 100,000 vehicles.  

The sampling campaign was carried out during October and November of 2002. PM10 
samples were collected at two locations in the southbound tube of the tunnel. The first 
location was at a distance of 25 m from the tunnel entrance, and the second location was at a 
distance of 580 m from the tunnel entrance, hereafter referred as tunnel exit. Figure 3-24 
shows schematic representations of the tunnel, with the sampling locations and tunnel 
dimensions indicated. 

Particles were collected on 203 mm x 254 mm (8''x10'') QM-AUltra quartz fibre filters using 
Staplex high-volume samplers with a PM10 size-selective inlet. Quartz fibre filters are known 
to have low background concentrations of metals, and are suitable for organic analysis. 
Paired samples were obtained for a total of 54 12-hour periods. 

Induction loops are permanently installed in the road surface of the Hatfield Tunnel for the 
purpose of characterising traffic. Vehicles were grouped into six categories based on length, 
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chassis height, and a signature profile. National data on fleet composition for motorways were 
used to apportion the traffic counts for cars and light-duty vehicles by fuel use (petrol and 
diesel). The air flow velocity in the tunnel was recorded continuously using a FLOWSIC 200 
device (SICK MAIHAK GmbH), with a typical accuracy of ± 0.1 m/s. A NOMAD portable 
weather station (Casella) was used to measure temperature (± 0.3oC), relative humidity (RH) 
(± 3%) and pressure (± 1 mbar). The NOMAD was co-located with the FLOWSIC 200 and 
PM10 sampler on the pathway at the exit of the tunnel.  
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Figure 3-24: Diagram illustrating the two sampling locations and the dimensions of Hatfield Tunnel. 

The concentrations of 21 metals in the PM10 samples from the Hatfield Tunnel were 
determined using ICP/AES and inductively ICP/MS. Standard reference materials (SRM) 
were also analysed to give an indication of typical extraction efficiencies. All PM10 and SRM 
samples were dissolved, along with procedural blank filters, using an acid microwave 
digestion method. The organic content (specifically 31 PAHs and benzothiazole) of each of 
the PM10 samples was determined using GC/MS. 
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4. Measurement Matrix 

4.1. Fuel matrix 

The core test fuels were selected based on the objectives of “PARTICULATES” to develop 
input on representative emission factors for current and future vehicle fleets as well as to 
enhance understanding of fuel effects. Existing knowledge indicated fuel sulphur as a key fuel 
effect on particle emissions, both in terms of enabling new exhaust after-treatment technology 
and as a direct effect on sulphate emissions. Consequently, the updated EU Fuels Directive 
requires the introduction of sulphur-free fuels (10 mg/kg max sulphur) starting in 2005 [49]. 

In view of the above, the test fuels were mainly designed around the sulphur effect, using a 
base fuel with other properties held as close as possible to average year 2000/05 levels 
(given the available blending components), but with sulphur content as low as possible. The 
sulphur levels of this diesel fuel were adjusted to historic, current, 2005 and 2009 levels by 
doping with di-tertiarybutyl-disulphide. The conventions D1, D2, D3, D4 and G1, G2 and G3 
are used for diesel and gasoline fuels of decreasing sulphur content, respectively. 

Table 4-1: Main diesel fuel properties 

Fuel Code D1 - D4 D5 D6 D7 D8 

Description Sulphur 
Matrix 

Swedish 
Class 1 

EN590: 
pre-2000 

5% RME  
in D4 

Fischer 
Tropsch 

Cetane Number 54.0 55.1 46.5 54.5 >75 
Cetane Index 51.1 51.7 46.7 50.6 * 

Density (kg/m3) 845 810 856 846 785 
T50 (°C) 282 226 279 284 298 
T95 (°C) 358 282 366 358 349 
FBP (°C) 368 294 373 367 355 

CFPP (°C) -33 -39 - 14 - 33 0 
KV @ 40°C (mm2/s) 3.04 1.79 3.15 3.08 3.61 
Poly-aromatics  (% 

m/m) 4.3 <0.1 7.3 5.0 0 

Mono-aromatics (% 
m/m) 14.1 1.7 31.0 12.9 0.1 

Carbon (% m/m) 86.8 85.7 87.1 86.3 85.0 
Hydrogen (% m/m) 13.2 14.3 12.9 13.1 15.0 

H:C ratio 1.82 : 1 2.00 : 1 1.78 : 1 1.82 : 1 2.12:1 
LHV (MJ/kg) 42.87 43.63 42.69 42.70 44.17 
HFRR (µm) 375 386 389 237 279 

FAME Nil Nil Nil 5% v/v Nil 
Sulphur (mg/kg)  <5 307 7 <5** 

D1 1550     
D2 280     
D3 38     
D4 8     

* Cetane index equation is not applicable to FT diesel fuel 
**: Below detection limit 
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An additional sulphur-free diesel fuel, Swedish Environmental Class 1 (D5), was also tested in 
order to assess any further potential benefits from extreme changes to other fuel properties. 
Fuel D1, with 1550 mg/kg sulphur, was only tested in one Euro-1 engine to provide an 
example of emissions levels that may have been expected from engines and fuels typical of 
that era. Some additional fuels were also tested by AVL and Shell: D6 representing typical 
pre-2000 diesel fuel, D7 containing 5% of rape seed methyl ester (RME) and a Fischer 
Tropsch diesel fuel (D8). The analytical data on the diesel and gasoline test fuels are shown 
in Table 4-1 and Table 4-2 respectively. 

Table 4-2: Main gasoline fuel properties. 

GASOLINE FUELS 
Property G1 G2 to G3 

RON 96.4 96.8 
MON 85.3 86.0 

Density (kg/m3) 753 749 
RVP (kPa) 58.7 57.7 
E70 % v/v) 29.4 32.5 
E100 % v/v) 50 51.2 
E150 (% v/v) 85.5 86.1 

FBP (°C) 195 193 
Residue (% v/v) 1.0 1.1 
Olefins (% v/v) 8.8 9.9 

Aromatics (% v/v) 35.4 33.4 
Benzene (% v/v) 0.8 0.6 

Lead (mg/l) <1 <1 
Phosphorus (mg/l) <1 <1 
Carbon (% m/m) 86.3 86.0 

Hydrogen (% m/m) 13.0 13.2 
Oxygen (% m/m) 0.7 0.8 

Sulphur mg/kg mg/kg 
G1 143  
G2  45 
G3  6 

4.2. Lubricant 

It was also expected that lubricating oil may have an effect on the characteristics of particles 
emitted from each vehicle. In order to minimize any lubricant effects, a common batch of 
lubricant was used for the program. A typical high volume, conventional mineral oil 
formulation was used for all vehicles, meeting the following specifications: 

• Viscosity type: SAE 15W-40 

• ACEA Class A3/B3 

• Sulphur content: 0.6 % m/m. 

The same oil was used in the light duty gasoline and diesel engines and in the heavy duty 
diesel engines tested. 
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4.3. Engines, vehicles and after-treatment technologies tested 

Selection of the engines, vehicles and exhaust after-treatment technologies to be tested was 
made in view of the objectives to develop representative emission factors for the current and 
future vehicle fleets and to identify the potential benefits available from the likely technologies 
to be used to meet the emissions control requirements of Euro-4 and beyond. 

To accomplish these targets, a range of vehicle technologies from Euro-1 to Euro-4, 5 were 
evaluated, including a range of engine and combustion system types and a range of exhaust 
after-treatment technologies. 

4.3.1. Light duty vehicles 

Light duty vehicle testing was performed in 6 individual laboratories: 

• AVL MTC, Sweden 

• Institut Français du Pétrole (IFP), France 

• Swiss Federal Laboratories for Materials Testing and Research (EMPA), Switzerland 

• Ford Forschungszentrum Aachen (FFA), Germany 

• Laboratory of Applied Thermodynamics (LAT), Greece 

• Shell Global Solutions (Shell), UK 

The test sample consisted of 22 individual vehicles, including conventional diesel vehicles, 
diesel vehicles fitted with particle filters (DPFs), conventional port injection spark ignition 
(PISI) and direct injection spark ignition (DISI). Table 4-3 presents these vehicles in some 
detail. 

The diesel vehicle matrix included 5 Euro-3 (Year 2000) vehicles, with the same VW Golf TDI 
measured by both Shell and Ford. There are also two Euro-2 vehicles. The Euro-2 vehicle 
measured at LAT was additionally tested with its catalyst removed in an attempt to simulate 
Euro-1 emission levels. 

The diesel vehicles equipped with OEM DPFs were also Euro-3 certified but their PM 
emission level already complied with Euro-4 emission standards (hence designated as Euro-
3+). The Renault Laguna measured at LAT was retrofitted with two different DPF systems, 
one with fuel borne catalyst and one with a catalyzed filter. For this particular vehicle, the 
results correspond to a freshly regenerated DPF. 

Six conventional (port fuel injection spark ignition) gasoline vehicles were tested, all equipped 
with three way catalytic converters. Of these, four were Euro-3, one was Euro-1 and one was 
certified to the Californian ULEV emission standards. 

Finally, five direct injection spark ignition (DISI) passenger cars were included in the sample.  
Two operated in stoichiometric mode with conventional three way catalysts (TWCs) and three 
operated in lean mode where a NOx adsorber catalyst complemented the TWC. All vehicles 
were Euro-3 compliant. 

With respect to the condition of vehicles, all were well maintained and most had mileage 
below 50 000 km. The only exceptions were the ULEV and Euro-1 gasoline cars which had 
been operated in excess of 100 000 km. 
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Table 4-3: Vehicle sample characteristics 

Concept Lab Vehicle Type Engine Size 
[l] 

Emission 
Standard After-Treatment

LAT VW Golf TDI 1.9 Euro-1 (simul.) None 
LAT VW Golf TDI 1.9 Euro-2 OxiCat 

AVL MTC Peugeot 406 HDI 2.0 Euro-2 OxiCat 
LAT Renault Laguna dCi 1.9 Euro-3 OxiCat 
IFP VW Golf TDI 1.9 Euro-3 OxiCat 
FFA VW Golf TDI 1.9 Euro-3 OxiCat 

EMPA Ford Galaxy TD 1.9 Euro-3 OxiCat 
AVL MTC VW Golf TDI 1.9 Euro-3 OxiCat 

Diesel 

Shell VW Golf TDI 1.9 Euro-3 OxiCat 
EMPA Peugeot 406 2.0 Euro-3+ OxiCat + DPF

IFP Peugeot 307 SW 2.0 Euro-3+ OxiCat + DPF 
LAT Renault Laguna dCi 1.9 Euro-3+ OxiCat + 2xDPF

AVL MTC Peugeot 607 HDI 2.2 Euro-3+ OxiCat + DPF 
Diesel + DPF 

Shell Peugeot 607 HDI 2.2 Euro-3+ OxiCat + DPF 
LAT BMW 318ti 1.8 Euro-1 TWC 
IFP Renault Mégane II 1.6 Euro-3 TWC 
LAT Toyota Corolla TS 1.8 Euro-3 TWC 

EMPA Alfa 146 TS 16V 2.0 Euro-3 TWC 
EMPA Renault Mégane 1.6 Euro-3 TWC 

Gasoline 
Port 
Fuel 

Injection 

AVL MTC Honda Accord 2.2 ULEV TWC 
EMPA Toyota Avensis 2.0 Euro-3 TWC Stoich. DISI 
Shell Renault Mégane 2.0 Euro-3 TWC 

AVL MTC Mitsubishi Carisma 1.8 Euro-3 TWC/NOx

IFP Peugeot 406 HPI 2.0 Euro-3 TWC/NOx Lean DISI 
Shell Citroen C5 HPI 2.0 Euro-3 TWC/NOx 

4.3.2. Heavy duty engines 

Heavy duty engine testing was performed in 3 individual laboratories: 

• AVL List GmbH, Graz, Austria 

• Volvo, Sweden 

• VTT, Finland 

The test sample consisted of a range of engines from Euro-1 to prototype Euro-4 and Euro-5 
systems, with advanced after-treatment such as SCR/urea and EGR plus particulate filters.   

Table 4-4 presents the details of the engines tested, also identifying the fuels on which they 
were tested.  
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Table 4-4: Heavy duty engine characteristics 

Engine / 
After-treatment 

Model 
year 

Capacity 
[l] 

Power @ 
engine speed 

[kW/rpm] 
FIE type Fuels 

AVL      

Euro-3 2002 12 300/1800 unit inj. D2, D3, D4, D5, 
D6, D7 

prototype + SCR 
(Euro-5) 2002 12 300/1800 unit inj. D3, D4, D5, D7, D8 

prototype + CRT 
(Euro-4) 2002 11 300/1900 unit inj. D3, D4, D5, D7, D8 

Volvo      
Euro-1 1992 12.0 247/1900 DI D1, D4, D5 
Euro-3 2000 12.1 380/1800 DI D1, D4, D5 

Euro-3 + CRT 2000 12.1 380/1800 DI D4, D5 
VTT      

Euro-2 1996 9.6 210/2000 DI D2, D4, D3, D5 
Euro-2 + CRT 1996 9.6 210/2000 DI D4, D3 

Euro-3 2000 10.6 250/1900 DI, EDC D2, D4, 
Euro-3 + SCR 2000 10.6 250/1900 DI, EDC D4 

4.4. Daily test procedure 

4.4.1. Light duty vehicles 

The standard NEDC emissions certification test for light duty vehicles was used as the core 
transient test for both gasoline and diesel light duty vehicle tests. The NEDC has been used 
in Europe for certification of light duty vehicles since 2000 [49] and originates from the former 
ECE15 + EUDC procedure by elimination of the initial 40 s of idling.  In addition, three real-
world driving cycles which were developed in the framework of the ARTEMIS project [50] 
were measured. These cycles (Figure 4-1) were developed by statistical analysis of speed 
profile databases consisting of 90 000 km monitored on board 80 passenger cars in France, 
Germany, Great Britain and Greece, supplemented by another 10 000 km obtained in 
Switzerland and Italy under controlled traffic conditions. These cycles, named Common 
ARTEMIS Driving Cycles (CADC) by convention, correspond to total of 40 minutes of urban, 
rural and motorway driving which describe a range of representative driving conditions 
encountered in Europe. 

Further to the transient tests, three steady state speeds – 50, 90 and 120 km/h – road load, 
were tested. This also enabled measurement of particle number/size distribution with 
instrumentation which requires steady-state conditions. 

The different driving cycles and steady state modes were executed following the protocol 
shown in Figure 4-2. The protocol also prescribes the procedure following a fuel change and 
the vehicle conditioning before each measurement. After conditioning with each new fuel, the 
vehicle is driven over a series of a cold-start NEDC, a hot-start NEDC and the three CADC 
cycles. At the end, the three steady state tests were performed. 
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Figure 4-1: Speed profile of the three ARTEMIS cycles representing real world driving conditions and 
used for vehicle testing. ARTEMIS Motorway has two options for high power and low power vehicles. 
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SAME TEST 
FUEL? 

COLD SOAK 
12-16 HOURS 

NEDC (COLD) 
TEST 

CADC TESTS 
(HOT) 

STEADY STATE TESTS
 

50, 90, 120 km/h 
road load 

NEDC (HOT) 
TEST  (*) 

PARTICLE 
SAMPLING 

FUEL MATRIX 
COMPLETE? 

STOP 

DRAIN FUEL 

10 LITRE 

5 MIN IDLE 

DRAIN FUEL 

25 LITRE 

CONDITIONING CYCLES 
Gasoline – 1 ECE + 2 EUDC 
Diesel - 3 EUDC 

 
Figure 4-2: Daily test sequence with optional fuel change (* this hot-start NEDC was replaced with its 

hot-start urban part only in some laboratories). 

4.4.2. Heavy duty engines 

The test conditions for the heavy-duty engines included the standard EU regulatory test 
cycles: European Steady-state Cycle (ESC) and European Transient Cycle (ETC), plus 
selected steady-state points. 

The ESC and ETC heavy-duty test cycles are described in the European legislation [51]. The 
ESC is comprised of 13 steady-state loads, and the final result is the average calculated with 
weighting factors (Figure 4-3). In addition to idle, the other 12 modes are set at a combination 
of the three speeds established above and at 25%, 50%, 75% and 100% load.  Weighting 
factors are assigned to each mode.  

The transient ETC is based on certain torque and speed values. Figure 4-4 shows how these 
values represent the vehicle speed to give a more realistic view on the test. The ETC is 
divided into three sub-parts (urban, rural and motorway). However, the limit values for 
regulated emissions apply to total cycle. 
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Six extended steady-state (SS) loads were selected for the heavy-duty engine 
measurements. Two loads were selected from the ESC (modes 5 and 12) and one load from 
the former European (ECE R49) test cycle (10% load, intermediate engine speed). In 
addition, three off-cycle loads were selected: road load at speed 50/50 between ESC A/C, 
25% load at speed ESC A-10% and 50% load at 50% speed. The road load was not available 
for all engines as it can be defined only with a known vehicle weight. 

Previous work had indicated that consistent engine/exhaust system conditioning is critical to 
producing repeatable results for particulate emissions. A standard daily test sequence was 
therefore followed in order to provide comparable information at the various measurement 
points. In summary, the sequence was: 

• Warm-up and condition on the test fuel 

• Dummy ESC 

• Test ESC 

• Test ETC 

• Steady state points 

Additional modes
determined by
certification personnel

Additional modes
determined by
certification personnel

 
Figure 4-3: Schematic Figure of the 13-mode ESC. 
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Figure 4-4: Schematic Figure of the ETC. 

4.5. Data handling and quality assurance 

The large number of data collected over a single day of measurement together with the 
multiple physical environments where measurements were conducted, made the data 
handling and processing a demanding task. In order to eliminate inconsistencies that might 
arise from using different instrument software versions, calculation parameters and post 
processing, a central software application was developed which was used to store data and 
make all necessary calculations for all instruments involved in the different labs. 

A flowchart of the data handling process is presented in Figure 4-5. The individual files with 
data from each instrument, the lab instrumentation and the vehicle and fuel specifications are 
stored in a coded database format. A central application performs all calculations to produce 
integrated values over a cycle, starting with primary instrument signals and taking into 
account dilution ratios, flowrates, the necessary synchronization between the instruments and 
the driving conditions, and particle losses in the sampling system. The processed information 
is stored in an indexed database structure which allows easy extraction of any information 
necessary. Finally, a post-processing application enables the creation of charts for 
visualization of the data and statistical processing of the information. 

Great care was taken to increase the comparability between the different laboratories 
involved by setting up similar sampling systems, utilizing an identical sampling protocol and 
developing a common application to process all data. 
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Figure 4-5: Data handling process flowchart. 
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5. Results and Discussion 

5.1. Particle emissions of light duty vehicles 

In this section we try to draw general conclusions concerning the effect of vehicle technology, 
fuel and driving cycle on the emissions, rather than focusing on the individual performance of 
each vehicle. In this respect we distinguish four different vehicle technologies, i.e. 
conventional diesel (D), diesel with particle filters (DPF), conventional gasoline (G) and direct 
injection gasoline (DISI). When necessary, a more detailed distinction according to the 
emission standards is done. 

In order to establish the absolute levels of different properties of particle emissions, the 
following sections include plots of the particulate measurements of all vehicles, as listed in 
Table 4-3, tested over the NEDC and ARTEMIS Motorway cycle. Each point in the plots 
corresponds to the mean emission of a single vehicle over a single test on the particular cycle 
using the corresponding fuel in the abscissa. The selection of these two cycles was made in 
order to highlight the influence of different driving regimes, since there is a limited overlap 
between them. The NEDC mainly corresponds to urban and suburban driving, including a 
very short section of motorway driving; it also includes a cold start. The ARTEMIS Motorway 
cycle (Figure 4-1) is a more severe cycle which includes a hot start and a long high speed 
section. Therefore its overlap with the NEDC is limited and these two cycles can be used as a 
proxy for a wide range of driving conditions. 

The following sections provide the results per particle property, distinguishing between: 

• The effect of vehicle technology over the regulated cycle in order to compare particle 
emissions of the different vehicles following the type-approval procedure. 

• The effect of fuel, over the regulated cycle, to demonstrate the potential of different 
fuels in reducing emissions on the type-approval test. 

• The effect of driving cycle on emissions in order to explore whether vehicle emission 
levels and fuel impacts are consistent for different driving conditions. 

5.1.1. Regulated PM emissions 

5.1.1.1. Effect of vehicle technology 

Figure 5-1a shows that there is a distinction between the regulated PM levels of the four 
groups of vehicle technologies. All D vehicles complied with a margin with the Euro-3 
emission standard (50 mg/km), including the two Euro-2 vehicles and the simulated Euro-1. 
This shows that the emission standards have been effective in regulating PM emissions from 
conventional diesel vehicles. It also shows however, that the Euro-2 vehicles and the 
simulated Euro-1 vehicle concerned may not be representative of their corresponding 
emission classes, because of their low emissions. This should be taken into account when 
considering emissions of other particle properties for these particular vehicles. 

DPF emission levels were generally very low, below 3 mg/km, consistent with emission levels 
reported for such vehicle technologies in other relevant studies. There is one measurement of 
a DPF vehicle reaching 7 mg/km. With the exception of this case, DPFs seem at least 90% 
effective in reducing the particulate mass of diesel passenger cars over the regulated cycle. 
This brings the emission levels at or below the detection limit of the current gravimetric 
procedure. This would also appear to be responsible for the relatively large scatter (on 
logarithmic scale) of the DPF emission values. 

DISI vehicles gave measurable PM emissions over the NEDC. Their emissions ranged from 
4-11 mg/km and with the majority of measurements found below 10 mg/km. These values are 
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slightly higher than the emission levels reported in the work of ACEA [24] but they are within 
the range found in other studies on DISI vehicles [52, 53]. 
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Figure 5-1: Regulated PM over (a) NEDC and (b) ARTEMIS Motorway cycles. 

G-vehicles are at the same level as DPF vehicles and also reach the sensitivity limit of the 
method. The two older gasoline cars (ULEV and Euro-1) seem to emit more than the newer 
vehicles but still below 2.5 mg/km. Such low levels raise questions whether the diesel-like 
regulated procedure is appropriate and sensitive enough to demonstrate the true PM 
emission level for such ultra low emitting vehicles [54]. This will be further discussed when 
different instruments are cross-compared. 

5.1.1.2. Effect of fuel 

Significant effect of fuels on PM emissions over the NEDC could only be measured for D-
vehicles, as a result of the low emissions levels of all the other vehicle technologies. In 
general, there was a strong overlap between D2, D3 and D4 fuels and there are no clear 
trends on fuel sulphur content over the NEDC. There was however an effect of the bulk fuel 
properties on PM emissions. Use of the D5 fuel reduced the average emission level of the 
D-vehicles by about 10-25%. This is not particularly clear in Figure 5-1 due to the difference in 
the emissions levels of each vehicle which lead to an overlap between D5 and the other fuels. 
The reduction in PM with use of D5 cannot be directly related to any single fuel property; it 
may originate from its lower density compared to D2-D4, its very low aromatics level and 
negligible poly-aromatics content but is generally consistent with the findings of EPEFE [55]. 

5.1.1.3. Effect of driving cycle 

There is a strong effect of the driving condition, in conjunction with the fuel used, on the PM 
emission level of the vehicles tested. Using D2 fuel, the ARTEMIS Motorway results in very 
high emissions from all diesel vehicles; as high as 300 mg/km for one Euro-2 vehicle. In the 
same manner, all Euro-3 vehicles exceed the nominal emission standard (50 mg/km for the 
legislated NEDC) by 20-250%. Furthermore, the emission level of all DPF vehicles increases 
significantly and in one particular case it reaches 260 mg/km (Peugeot 607 measured at 
AVL MTC). On the other hand, the simulated Euro-1 vehicle, where the oxidation catalyst is 
removed, remains at a moderate level (80 mg/km). 
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These observations are consistent with sulphate formation at these elevated exhaust 
temperatures and storage-release effects of volatile material in the exhaust/catalyst line of the 
diesel vehicles. It will be better demonstrated when looking different particle properties. 

The effect of cycle is not evident with fuels D3 and D4, indicating that 50 ppm S is about the 
level above which significant sulphate release becomes an issue. DPF equipped vehicles 
remain below 3-4 mg/km, consistent with their performance over the NEDC. In the same 
manner, Euro-3 D-vehicles over the ARTEMIS Motorway show only a slight (but consistent) 
increase of their emission level of 20-30% over the equivalent NEDC levels. This shows that 
there is a combined benefit of using lower sulphur fuels and advanced technology vehicles. 
On the other hand, the two Euro-2 vehicles show a higher increase in their emissions, which 
exceeds 100% when fuel D5 has been used, but this may also be a vehicle specific 
behaviour. 

Most of the DISI and G-vehicles remain at low emission levels (i.e. up to 7 mg/km) even for 
this demanding motorway cycle. One may observe both reductions and increases over the 
regulated NEDC, depending on the vehicle characteristics. Probably, this is the outcome of 
two competing effects: increase in emission levels during cold start (NEDC) versus increase 
during high power conditions (ARTEMIS Motorway). In any case, PM emissions from both G 
and DISI vehicles are found at similar levels for this high-power cycle, because all DISI 
vehicles then operate in stoichiometric mode. There are some isolated cases where 
emissions can reach up to 30 mg/km for both vehicle technologies. This may be due to 
enrichment of the fuel/air mixture or sulphate formation (when using G1). 

5.1.1.4. Regulated PM Summary 

Based on the observations in the previous sections, the following conclusions may be drawn 
for regulated PM emissions: 

• Conventional diesel vehicles give relatively high PM emissions, which are however 
within the emission limit, at least for the regulated cycle. 

• Trap equipped diesels operating on low sulphur (below 40 mg/kg) fuels give near 
zero PM (at the limit of measurement) under all operating conditions. 

• At the higher temperature conditions of the ARTEMIS motorway cycle, with current 
diesel fuel sulphur content (280 mg/kg), the trap-equipped diesels were found to emit 
similar PM quantities to conventional diesels. This PM was shown to be almost 
entirely sulphate, illustrating the total benefit from the combination of DPF and low 
sulphur diesel fuels. 

• Other fuel properties (Sw. Class 1) impact PM emissions in conventional vehicles, but 
in DPF vehicles the impact on PM mass emissions is negligible. 

• Conventional gasoline vehicles give very low PM emissions. 

• DISIs give measurable PM (though well below diesel Euro-4 limit, an issue to be 
considered with respect to Euro-5). 

It should also be remembered that additional benefits of fuel sulphur reduction are to enable a 
range of advanced after-treatment technologies, including various PM traps and to reduce 
sulphate impact on nanoparticles. The latter will be considered further in the following 
sections. 
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5.1.2. Active surface 

5.1.2.1. Effect of vehicle technology 

Similar conclusions to those relating to PM are obtained when examining the effect of vehicle 
technology on active surface emissions (Figure 5-2a). However, there is a higher sensitivity of 
the DC technique which is demonstrated by the emissions of the sample vehicles spreading 
over a range of 5 orders of magnitude. Furthermore, DC emissions appear both reproducible 
and robust with coefficients of variance (CoV) ranging between 19-28% for D-vehicles, 
depending on the fuel and vehicle (corresponding PM CoV levels: 14-22%). 

Active surface area for the D-vehicles is found at 105 cm²/km with the Euro-1 vehicle 
operating on D2 found at the highest level. As in the case of PM, no large difference between 
the levels of Euro-2 and Euro-3 vehicles can be established. DISI vehicles are found one 
order of magnitude lower than D-vehicles, at 104 cm²/km with a scatter of values between 
1×103 and 6×104 cm²/km. There are no consistent differences between stoichiometric and 
lean burn vehicles. 

Emission levels of G and DPF vehicles overlap and spread over three orders of magnitude 
(5×100-5×10³ cm²/km), with a clear distinction from both D and DISI vehicles. For G vehicles, 
older and much used vehicles (Euro-1 and ULEV) are found at the higher end of the range. 
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Figure 5-2: Integrated active surface area over (a) NEDC and (b) ARTEMIS Motorway cycles. Symbols 
as in legend of Figure 5-1. 

5.1.2.2. Effect of fuel 

In direct analogy to the fuel effect on PM emissions, only D-vehicles with use of D5 show a 
consistent reduction of active surface which, on a vehicle basis, reaches 15 – 20%. For all 
other fuels and vehicle technologies, no consistent effect of fuel can be derived in the NEDC 
cycle. However, the effect of 300 ppm S fuel becomes clear on the ARTEMIS Motorway cycle 
(see following). 

5.1.2.3. Effect of driving cycle 

The higher sensitivity of the DC measurement, compared to the gravimetric PM procedure is 
also demonstrated where the effect of driving cycle is concerned. Compared to the regulated 
NEDC, active surface area for D-vehicles over the ARTEMIS Motorway cycle increases by 
40-430% depending on the fuel. The corresponding increases for PM were 22-190%. This is 
achieved without any dramatic increase in the variability of the results. 
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The most significant increase of active surface over the ARTEMIS Motorway is observed 
when the 300 ppm S fuel (D2) is used. This is due to an increased formation of sulphate 
particles which are known to fall in the nucleation range and therefore will have a significant 
impact on the measured surface area. In particular, the highest emitting vehicle on D2 is a 
DPF equipped one while two more DPF vehicles reach the conventional Euro-3 levels, 
reflecting the variation in catalyst activity and the propensity to produce sulphate particles. 

Additionally, there is generally a high spread of the emissions levels for DPF vehicles, even 
when using low sulphur fuel. This is because during different repetitions of the same cycle, 
the same vehicles operate either at normal mode or trap regeneration mode. There is a 
characteristic example where a DPF vehicle (Peugeot 406 measured at EMPA) shows a 
variable behaviour, even using a low sulphur fuel (D4). Over four repetitions of the same 
cycle, the particular vehicle produced particles of surface area between 5.9 and 4170 cm²/km. 
In parallel, its CO2 emissions ranged between 150 and 207 g/km and its CO emissions 
between 0.017 and 0.47 g/km respectively. There are no PM measurements available for the 
particular condition. The vehicle obviously operates on regeneration mode over the cycle 
repetition which leads to high emissions of particles and conventional pollutants. The same 
occurs for a vehicle measured in Shell (Peugeot 607) which emits particles with a surface 
area of between 7.6 and 54 200 cm²/km, depending on the mode of operation. On the other 
hand, the retrofitted vehicle at LAT (Renault Laguna) always maintains a consistent emission 
level of particle surface area of 100-200 cm²/km since it includes no active regeneration 
management and a dedicated protocol was applied to preserve low DPF backpressure. In any 
case, the levels of particle surface area reached during regeneration remain below typical D-
like levels. 

5.1.2.4. Active surface summary 

Active surface recorded with a diffusion charger reproduces the conclusions reached for PM 
emissions where conventional D-vehicles are concerned, confirming the relative levels of 
different emission standards and the effect of fuel and driving condition on these emission 
levels.  Measurement of active surface is generally more sensitive than that for PM without 
introducing a significant increase in the variability of results. 

DPF vehicles produce low levels of particle active surface when operating over the regulated 
NEDC and their emissions are at least one order of magnitude lower than D-vehicles, even 
using fuel with sulphur level at 300 ppm. Their emissions however become much more 
variable when a high power cycle is driven because regeneration mode conditions may be 
reached resulting in higher sulphate formation and also releasing stored material from the 
catalyst surface. Also, the effect of fuel sulphur was most obvious under high temperature 
operation (i.e. ARTEMIS Motorway cycle). Under such conditions, DPF equipped vehicles on 
low sulphur fuels reduced active surface area by 3-4 orders of magnitude relative to the 
current case of Euro-3 vehicles and 300 ppm sulphur fuels. 

With regard to G and DISI vehicles, the conclusions from PM are also confirmed, in particular 
the individuality in vehicle behaviour, the absence of consistent fuel effects and the possibility 
for diesel-like exhaust emissions from particular vehicles during high-power driving. Active 
surface emission levels spread over four orders of magnitude (compared to less than two for 
PM), allowing for a more clear comparison of the results. 

5.1.3. Solid particle number 

Total concentration of "solid" particles is recorded with an ELPI which samples downstream of 
a thermodenuder (TD). "Solid" should be taken here as a convention for those particles not 
evaporated at TD temperatures up to 250°C and hence heavy semi-volatiles might also be 
included. We report here results collected over the first seven impactor stages, corresponding 
to aerodynamic diameters between 30 nm – 1 µm. Results have also been corrected for solid 
particles losses in the TD. The absolute number concentration of the ELPI should be 
considered as only indicative because it also depends on the particle effective density [38] 
and no corrections have been performed for this. Although correction for the effective density 
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may change the absolute concentration of solid particles reported in the following sections, it 
was decided not to apply this correction at this stage but to report emissions assuming unit 
(1 g/cm³) particle density, as is common in all relevant diesel exhaust characterization 
studies. 
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Figure 5-3: Integrated solid particle number emission rate over (a) NEDC and (b) ARTEMIS Motorway 
cycles. Symbols as in legend of Figure 5-1. 

5.1.3.1. Effect of vehicle technology 

There are three individual ranges of particle number concentrations that can be distinguished 
in Figure 5-3. D-vehicles are generally found at over 1014 particles/km with only two 
measurements clearly found below this threshold. It needs to be stressed at that point that 
this emission level (1014 particles/km) is a quite characteristic number for conventional (i.e. 
non-DPF equipped) vehicles with total particle number concentration measured in the same 
range by several investigators (e.g. [52]). Therefore, although this is quite an unusual value 
for an emission level, it still is a well established figure. Hence, particle number concentrations 
at this size range can still be used to distinguish different technologies and emission 
performances. 

With respect to the variability of the measurements, there is a moderate variance of the 
emission levels, especially for fuels D2, D4 and D5 (for D4 the Ford Galaxy measured at 
EMPA was excluded as outlier) with CoV values ranging between 20-30%. Emissions with the 
D3 fuel appeared more variable mainly because of the measurements found below the 
threshold of 1014 particles/km. Additionally, there seems to be little influence of the vehicle 
emission standard with Euro-1 and 2 vehicles found within the range of the Euro-3 ones. 
Given the low PM levels of the particular vehicles though, it may not be deduced that this is a 
consistent effect of improving technology, as opposing evidence also exists [56]. 

DISIs still emit a significant number of solid particles, but about 10-20 times lower than D-
vehicles.  

There is an order of magnitude range for solid particle emissions from DPF vehicles. The real-
time recordings of ELPI reveal that solid particles are mainly produced over the cold start 
portion of the cycle (Urban Driving Cycle – UDC). The mean particle flux over the UDC is 
6.3×1011 compared to 5.6×1010 particles/km over the extra urban part (EUDC). It is not clear 
where such solid particles come from because it is not reasonable to assume that the DPF 
efficiency decreases during cold start. The desorption of semivolatile components which are 
not removed by the TD may be considered probable, as the DPF was at ambient temperature 
just before the cold-start. Also, these particles might be of lubrication oil origin. 
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5.1.3.2. Effect of fuel 

There are no consistent effects of the D2-D4 fuels on solid particle emissions of D-vehicles. 
However, there is a consistent reduction of the total particle number flux on a vehicle basis 
when using D5. The reduction in number ranges from 8% to 20%, depending on the vehicle. 

As one might expect, fuel effects on all other vehicle technologies are negligible, as a result of 
their lower emissions levels. 

5.1.3.3. Effect of driving cycle 

The effect of driving cycle on solid particle fluxes is insignificant and ARTEMIS Motorway 
levels are found within ±10% of the cold NEDC levels. Only in the case of D5 number flux 
seems to increase by 50% over cold NEDC. Therefore, if one wishes to obtain a reference 
solid number flux range of today's diesel cars over a cycle that would be 0.6-2×1014 solid 
particles/km. 

DPF-vehicles emit at or below the range of 1011 particles/km, over the ARTEMIS Motorway 
cycle, at a level much below the NEDC, most probably due to the elimination of the cold start.  
The only exception to the above is in the case of the vehicle undergoing trap regeneration, 
where the emissions reach up 5.5×1012 particles/km. This increase in particle number 
concentration is consistent with the one shown by Mohr et. al. [57]. 

The total solid particle number from the DISI vehicles decreases over the ARTEMIS 
Motorway by 3-4 times compared to the cold start NEDC. During the NEDC, the number 
emissions of solid particles was 5-7 times higher over the cold start part, than compared to 
the extra urban part and no cold start is included in the Motorway cycle. This may be 
attributed to over enrichment of the mixture during the cold start. 

There is also a variable behaviour from the G-vehicles. There is one particular vehicle (Alfa 
146 measured at EMPA) where solid particle emissions reach up to 3.7×1013 particles/km 
over the ARTEMIS Motorway. On the other hand, there are vehicles with moderate increases 
or even decreases over the NEDC (e.g. the Toyota Corolla at LAT emitted as low as 
1.6×1010 particles/km). These results demonstrate that there is no typical effect of the driving 
cycle on conventional gasoline vehicles but that their performance is specific to the engine 
management details. Their (mainly off-cycle) solid particle emissions may become significant 
in the future as DPF-vehicles become common and replace conventional diesel vehicles. 

5.1.3.4. Summary for solid particle number emissions 

Solid particle emission rates from D-vehicles are fairly constant with emissions less influenced 
by driving cycle and fuel use, as compared to PM.  For the limited sample of older vehicles 
studied, no consistent effect of emission standard could be shown.  Therefore, solid particle 
number concentration is rather vehicle specific and is found in the range of 0.6-2.0×1014 
particles/km. 

As with the DC, ELPI offers potential advantage in sensitivity and discrimination versus the 
PM mass method. Nevertheless, conclusions on vehicle technology effects are similar to 
those for PM mass.  

The emissions of solid particles from DPF-vehicle are at least two orders of magnitude lower 
than from conventional D-vehicles over the regulated cycle, with emissions mainly occurring 
during the cold start part of the cycle. There was no effect of fuel on these emissions. 
However, similar to active surface, emissions may increase over high-power driving, when 
regeneration is initiated. Under such conditions, the solid particles emission rate remains 40-
50 times below D-levels.  
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DISI vehicles emit 10-20 times lower rates of solid particle emissions than D-vehicles over all 
driving conditions and show little sensitivity to fuel properties. Their emission level over the 
high-power cycle is reduced in comparison with the regulated NEDC due to the absence of a 
cold-start part. 

G-vehicles show the most variable behaviour, mainly due to their vehicle specific 
performance. Their solid particle emission levels are comparable to DPF-vehicles over the 
regulated cycle and, generally, one to two orders of magnitude below DISI. However, during 
high power driving, there are cases which approach D-like levels. Such behaviour is clearly 
vehicle specific. 

5.1.4. Total particle number 

5.1.4.1. Effect of vehicle technology 

Total particle number emissions of D-vehicles over the regulated NEDC (as measured by the 
CPC) when low sulphur fuels are used, range from 0.6-2×1014 particles/km; the same range 
recorded with the ELPI for solid particles (not applying effective density corrections). In any 
case, establishing the same levels between solid and total particles suggests that despite 
using a sampling system that favours volatile particle formation, there is no particular 
nucleation mode formed over the regulated cycle for the Euro-3 vehicles examined.  
Additionally, total number concentration seems to be little varying for D-vehicles using low 
sulphur fuel. Coefficient of variance for the measurements in all labs and all vehicles is 30% 
with a decrease to 19% for the D5 fuel. The same figures for PM were 21% and 20% 
respectively. Therefore, (similar to solid particle number), the measurement of total particle 
number over a transient test, using a dedicated protocol and sampling setup does not seem 
exceptionally prone to artefacts or errors at these lower temperature operating conditions. 
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Figure 5-4: Integrated total particle number emission rate over (a) NEDC and (b) ARTEMIS Motorway 
cycles. Symbols as in legend of Figure 5-1. 

DISI vehicles are also found at the same levels with their solid particle distributions, in the 
range of 1013 particles/km.  However they are less differentiated with G-vehicles which emit 
5 – 10 times more volatile particles than solid ones. Comparing total particle number 
concentration of G-vehicles during transient performance with emission levels over steady 
states reveals that such particles are mainly formed during transients. 

The lowest emission level is recorded for DPF-vehicles, operating on low sulphur fuel which 
may emit more than one order of magnitude below even the cleanest of gasoline vehicles and 
some 3-4 orders of magnitude below conventional diesel vehicles on current 300 ppm S fuels. 
The highest emitting DPF-vehicle is found at the same level of the lowest emitting G-vehicle. 
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5.1.4.2. Effect of fuel 

There is an increase in particle number concentration when D2 fuel is used over the regulated 
cycle for Euro-3 D-vehicles (60-70% higher compared to D3-D5 fuels). This increase is 
consistent for all sample vehicles, reflecting increased sulphate production over the catalyst. 
In the same manner, there are two cases where DPF emissions exceed 1012 particles/km 
when using fuel of higher sulphur content (D2). As in the previous cases, the effect of fuel is 
overall negligible for G-vehicles and DISI. 

5.1.4.3. Effect of driving cycle 

Similar to the results for active surface, the effect of the driving cycle is also dependent on the 
fuel used. When low sulphur fuel is used (D3-D5), emissions of Euro-3 D-vehicles increase by 
3 times compared to NEDC levels. Also, a comparison of ELPI and CPC results over the 
ARTEMIS Motorway shows that average total particle emissions are 60% higher than solid 
particles. These are indications that there is some new formation of volatile particles over the 
demanding ARTEMIS cycle. 

The increase in particle emission rate is more significant when D2 fuel is used and particle 
emissions of Euro-3 D-vehicles may exceed 1015 particles/km. On the other hand, the Euro-1 
vehicle with its catalyst removed appears now as the lowest emitter with this fuel, remaining 
at a level of 4×1014 particles/km. These are obviously results of increased sulphate particle 
formation over the oxidation catalysts as a result of the higher operating temperatures of the 
ARTEMIS cycle.. 

The high operating temperatures and increased sulphate formation is demonstrated very 
clearly by the increase in nucleation mode formation for the DPF vehicles, when using the D2 
fuel. Trap-fitted vehicles reach and even exceed the total emission rate from conventional 
diesel vehicles. Such high levels are also encountered with the regenerating trap system of 
the Peugeot 406 vehicle operating on D4. However, DPF systems operating on low sulphur 
fuel and over a non-regeneration phase may still remain at or below 1011 particles/km levels. 
As a summary, driving cycle effects on total number emission rate of DPF vehicles are very 
important and result in variation of the average emission level of such vehicles within 6 orders 
of magnitudes.  

The performance of G and DISI vehicles over a high power cycle is vehicle specific with 
regard to their total particle emission rate.  However, one should point out that there are 
vehicles that may reach or even exceed diesel-like emission levels, by increasing their 
emission levels by more than two orders of magnitude compared to the cold NEDC. Possible 
mechanisms are obviously over-enrichment to increase drivability and power output in such 
off-cycle conditions (and high temperature operation). 

5.1.4.4. Summary for total particle number emissions 

Total particle number emission rates recorded for D-vehicles over the regulated cycle, using a 
dedicated sampling procedure are found within a narrow range and do not seem particularly 
prone to any artefacts, when sampling conditions are controlled. Additionally, total and solid 
number concentrations determined with different techniques seem to be at similar levels for 
the different vehicles. When high power cycles are involved, which result in elevated 
operating temperatures, the total particle emissions increase by 2-7 times, depending on the 
sulphur content of the fuel and the extent of the increased sulphate formation. In each case, 
the measurement of total number of particles over transient tests for passenger cars seems to 
be sufficiently robust, able to fully reproduce expected effects. 

Over the regulated cycle, trap equipped diesels on low sulphur fuels give massive emissions 
reductions versus the current non-DPF, current 300 ppm S fuel case. In fact, DPF vehicles 
correspond to the lowest particle number emitters from all vehicle technologies examined, 
especially for low sulphur fuels. The cleanest gasoline vehicle measured corresponds to the 
dirtiest of DPF-vehicles operating on low sulphur. It was also found that passenger cars of all 
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technologies (including DPF fitted cars), despite the usage of a sampling system favouring 
volatile particle formation, do not produce any dramatic concentration of nucleation mode over 
the regulated cycle. 

However, when DPF-vehicles operate on high sulphur fuel, there is a large formation of 
nucleation mode particles over high power (high temperature) cycles. In this particular case, it 
is observed that a DPF vehicle produced the highest and the older Euro-1 vehicle the lowest 
particle number respectively of all vehicles in the diesel sample. Additionally, filter 
regeneration mode may lead to high particle number concentration, even when using low 
sulphur fuels. 

Finally, it appears that high power driving conditions may lead to diesel-like particle number of 
G and DISI vehicles. This may require further control of particle emissions from such vehicles 
as DPF-vehicles become increasingly common. 

5.1.5. Particle size distributions 

5.1.5.1. SMPS distributions 

Information on the size of total particles emitted can be given with SMPS distributions 
obtained in steady states. Figure 5-5 and Figure 5-6 present particle size distributions from 
diesel and gasoline cars respectively, discriminated between D, DPF and G, DISI 
respectively. Two speeds are considered (50 km/h and 120 km/h) in order to demonstrate the 
effect of speed on emissions. 

With regard to diesel vehicles at 50 km/h, there is a lognormal distribution established for all 
conventional D vehicles. Geometric mean (dg) diameters are in the range of 65-70 nm and 
decrease slightly using D5 fuel (62 nm). DPF vehicles seem to form a cloud rather than actual 
distributions, an indication of the very low particle concentration downstream of a particle trap 
and low speed driving. 
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Figure 5-5: SMPS distributions of conventional diesel and DPF vehicles over (a) 50 km/h and (b) 120 
km/h. 

At 120 km/h there is a nucleation mode formed for some of the D and DPF vehicles, 
especially with fuels of higher sulphur content. There is one vehicle (VW Golf measured at 
IFP) which presents nucleation mode even using fuel D5. Peaks for the nucleation mode 
appear at the 20-50 nm range for conventional D-vehicles. DPF-vehicles produce a 
nucleation mode peak at 10-20 nm when using fuel with sulphur content down to 38 ppm. 
However, the nucleation mode becomes less significant as sulphur level decreases. 
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Figure 5-6: SMPS distributions of conventional gasoline and DISI Euro-3 vehicles over (a) 50 km/h and 
(b) 120 km/h. 

There is a less clear picture with regard to the total particle size distributions from gasoline 
fuelled vehicles, which confirm that the behaviour of such vehicles is type-specific and may 
change significantly depending on sampling conditions. For DISI vehicles at 50 km/h one may 
establish a rather diesel like accumulation mode, although at smaller particle sizes 
(dg=36-45 nm),. There are cases of DISI-vehicles with more than one order of magnitude 
difference in their emission levels. The G-vehicles distribution profile is also variable with 
some cases only forming a cloud of values and some other vehicles forming a low but 
measurable accumulation mode. 

At 120 km/h there are several patterns observed, depending on the vehicle examined. DISI 
vehicles continue to form an accumulation mode with mean diameters (dg) that can reach up 
to 68 nm. Again, the level of the distribution is variable. On the other hand, G-vehicles show a 
vehicle-dependent emission behaviour. Some of the vehicles remain at background 
concentration; one forms a distinct accumulation mode with a peak at ~70 nm and one 
produces a nucleation mode at sub-20 nm diameters. There are several parameters which 
may be responsible for this variable behaviour in G-vehicles, including mainly the lambda-
value control and the associated over-enrichment and the catalyst temperature and storage-
release properties. 

As a summary of SMPS distributions, one may observe that for diesel vehicles there is a 
significant effect of the driving condition and sulphur content on emissions, with a distinct 
nucleation mode appearing for the higher sulphur fuel at high speed driving. This picture 
seems typical for both conventional and DPF fitted vehicles. For gasoline vehicles it is not 
possible to draw any general conclusions. However, cases have been identified where 
gasoline vehicles may emit significant total numbers of particles both in the accumulation and 
in the nucleation mode. These are situations that one might need to better control in the 
future. 

5.1.5.2. ELPI distributions 

Figure 5-7 and Figure 5-8  show the ELPI distributions of solid particles collected for all 
vehicle categories and all fuels examined. We found out that there is no significant 
information that may be obtained by classifying distributions on a per fuel basis (further to a 
per vehicle reduction when using D5 fuel). Therefore all distributions are shown as areas that 
include all vehicles and fuels. Charts are plotted using the geometric mean sizes of the 
impactor stages cut-points in the abscissa. 

Distributions from D-vehicles are similar over both cycles examined showing a peak at 
60-65 nm over the cold NEDC and 72-78 nm over the ARTEMIS Motorway (63 nm with D5). 
DPF distributions are D-like over the cold NEDC (dg=58-65 nm) but at levels 2-3 orders of 
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magnitude lower than conventional D-vehicles. The distributions are flatter over the ARTEMIS 
Motorway due to the absence of a cold-start. There is one particular case though that 
corresponds to a? vehicle operating on DPF-regeneration mode over the cycle. This presents 
a significant accumulation mode shifted to small sizes (dg=47 nm). 
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Figure 5-7: Solid particle size distributions of conventional diesel Euro-3 and DPF vehicles recorded 
with the ELPI over (a) the NEDC and (b) ARTEMIS Motorway cycles. 
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Figure 5-8: Solid particle size distributions of conventional gasoline and DISI Euro-3 vehicles recorded 
with the ELPI over (a) the NEDC and (b) ARTEMIS Motorway cycles. 

The vehicle specific behaviour of the G and DISI vehicles is confirmed when looking at their 
solid particle distributions. There is discrimination between the two vehicle technologies over 
the regulated NEDC, with the DISI distribution significantly higher and with geometric mean 
diameters (dg) in the order of 72-77 nm. Distributions of G-vehicles are spread over almost 
three orders of magnitude for the same particle size while mean diameters are found in the 
52-66 nm range. When moving to the ARTEMIS Motorway, the picture is partly reversed with 
G-vehicles even exceeding the concentration of DISI ones for small particle sizes but still 
spreading over several orders of magnitude. 

Summarizing, solid particle distributions only confirm the findings discussed in the previous 
sections: Firstly, the small impact of fuel on the concentration is also extended to the size 
distribution. The effect of the DPF in filtering solid particles appears over the whole size range 
studied. During regeneration of one particular vehicle though, small solid or semi-volatile 
particle emissions increase significantly. Gasoline vehicles behaviour is largely dependent on 
driving condition but there is no solid nuclei peak as observed for total particles. However, still 
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significant numbers of small solid particles seem to be emitted under high speed (and high 
temperature) driving. 

5.1.6. Instrument correlations 

Figure 5-9 shows the correlation of four different particle properties (determined with the 
partial flow sampling system) with the regulated PM mass (determined with the CVS 
procedure). Results have been collected for the four groups of vehicles and correspond only 
to Euro-3 technology (including those diesel vehicles fitted with DPFs). Depending on the 
instrument, 250-420 individual measurements are plotted in each chart corresponding to five 
different cycles: the NEDC starting from cold and hot operation and the three hot start 
ARTEMIS cycles (Figure 4-1). In each chart the 5th and 95th percentile lines have been 
plotted to provide a broad correlation between the associated properties. 
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Figure 5-9: Correlation of different particle properties with the regulated PM procedure. Emissions 
collected over the NEDC cycles (cold and hot start) and the three ARTEMIS Cycles. (a) Total mass in 
gravimetric impactor, (b) Active surface from the diffusion charger, (c) Total solid particle number from 
the ELPI, (d) Total particle number from the CPC. "Nucleation" designates the side of the correlation 

where nucleation mode should become visible. 

5.1.6.1. Gravimetric impactor 

The first correlation corresponds to the total mass collected in the gravimetric impactor (DGI), 
sampling from the partial flow sampling system, with PM from the CVS. Since the impactor 
draws from a varying flowrate exhaust stream with a constant flowrate sampling system, the 
total integrated mass collected in the impactor cannot equal the mass collected with the CVS 
filter. This is not a problem for the DGI over steady states (constant exhaust flowrate) or for 
real-time instruments (where real-time exhaust flowrate is taken onto account). Also, there are 
different temperature and dilution conditions established in the CVS compared with the 
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gravimetric impactor position. However, this correlation is useful to provide a general check of 
the partial flow sampling system in comparison to the CVS regulated procedure. 

This comparison shows that there is a fairly good agreement between the two methods for 
conventional diesel vehicles, where emission levels are above 10 mg/km, with 95% of the 
DGI measurements found between ±50% of the CVS PM mass. Despite a range of ±50% 
deviation still looks pretty large for PM mass measurements, one needs to consider that 
different sampling principles (CVS vs. constant flow PFSS), devices (impactor vs. face 
velocity) and collection materials (substrates vs. Teflon®-coated filter) are used in the two 
locations and this naturally leads to differences in the total mass collected. The correlation 
below the 10 mg/km range becomes much worse either because the sensitivity of the 
measurements is limited or because there is a stronger potential for condensation at the DGI 
position, especially for DPF-vehicles. At 1 mg/km PM there is an order of magnitude range for 
95% of the DGI results. 

5.1.6.2. Active surface area 

Comparison of Figure 5-1 and Figure 5-2 shows that active surface and PM may provide 
similar conclusions but the DC was deemed as a more sensitive method. Indeed, this is also 
shown in Figure 5-9b, despite a poor correlation between the two methods over the whole 
range of vehicle technologies. There is a very narrow band of the 5th - 95th percentile lines for 
diesel vehicles and a good discrimination of the different vehicle technologies. The inset 
zooms in the D-vehicles region (on a linear scale) where it shows that active surface and PM 
are sufficiently correlated. However, at low PM concentrations (~1 mg/km), the corresponding 
active surface values range over more than three orders of magnitude and a lower limit of the 
method seems to be reached at 10 cm²/km. This clearly shows that the DC is much more 
sensitive than gravimetric PM at these low mass levels. 

5.1.6.3. Solid particle number 

There is a totally different picture seen for the correlation of total solid particle number (ELPI 
and TD) concentration with PM. Figure 5-9c shows that there is no correlation between solid 
particle counts and PM. This is mainly due to the DPF-vehicles showing high PM mass and 
negligible particle counts when nucleation occurs with high sulphur fuels. However, it appears 
that there are three distinct regions formed (D, DISI and G together with DPF) and a visible 
correlation is only established for DISI vehicles. All other vehicle technologies just form a 
cloud of values at different absolute levels. 

5.1.6.4. Total particle number 

There is also a weak correlation between total particle number (CPC) and PM which improves 
when trying to establish a correlation over all vehicle technologies rather than correlation 
within one technology. The inset shows that there is no correlation between CPC and PM 
values of conventional D-vehicles, in contrast to the active surface values. Additionally, the 
effect of nucleation mode formation is obvious with such cases exceeding the 95th percentile 
line by as much as an order of magnitude. Due to this, total particle number concentration 
cannot be used to discriminate the individual vehicle technologies as effectively as solid 
particle concentration. 

5.1.6.5. Summary for the instruments correlation 

The total mass collected in the gravimetric impactor at the partial flow sampling system is in 
satisfactory agreement to the CVS results, despite the different sampling procedure. This is a 
good indication of appropriate operation of the sampling system (aspiration efficiency) and a 
proper cross-check for the calculation procedure (measurement of exhaust flowrate, 
determination of dilution ratios, etc.). All measurements of airborne aerosol samples are 
significantly more sensitive than the reference gravimetric procedure with airborne emissions 
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spreading over five orders of magnitude compared to less than three for gravimetric 
measurements. 

Taking the gravimetric procedure as the reference for diesel vehicle particle emissions, where 
emissions levels are at least measurable, it is shown that active surface is satisfactorily 
correlated with PM while the numbers of solid and total particles are not at all correlated. It is 
not possible to draw any conclusions for correlation at lower than diesel emission levels, also 
due to the limited sensitivity of the gravimetric procedure. On the other hand, use of the solid 
particle number as an indication of particle emissions may provide a clear discrimination of 
vehicle technologies (D, DISI and G and DPF at the same levels). Finally, total particle 
number is largely dominated by the appearance of a nucleation mode and as such can give 
little information on the characteristics of different vehicle technologies. 

5.1.7. Particle emissions of light duty vehicles synopsis 

5.1.7.1.  Results over the legislative cycle 

 Conventional Euro 2 and Euro 3 diesel vehicles are associated with PM mass emissions 
complying with the Euro 3 emission limit, and show little effect of fuel sulfur content. 
Similarly, both their active surface area and solid particle number concentrations were 
found in a relatively narrow range, irrespective of fuel sulfur (105 cm2/km and 
0.6-2.0×1014 particles/km respectively). However, it needs to be stressed that both active 
surface and solid particles concentration were also found to be in general more sensitive 
than mass, without presenting a significant increase in the variability of results. 
Interestingly, total particle number emissions (i.e. including nucleation mode particles) 
over the regulated cycle were also found within a narrow range 
(0.6-2.0×1014 particles/km, i.e. identical to solid number emission) and did not seem 
particularly prone to artifacts, in contrast to what earlier experience may have shown. This 
suggests that the usage of a dedicated sampling procedure is in the position to yield 
sufficiently repeatable results for both solid and total particle populations. 

 Trap equipped diesels are associated with massive reductions of particle emissions with 
respect to their conventional diesel counterparts, irrespective of the property used to 
characterize them. These reductions ranged from one order of magnitude in terms of 
mass, to 1 to 3 orders of magnitude in terms of surface area, 3 orders of magnitude in 
terms of solid particles and 2 to 4 orders of magnitude in terms of total population. There 
is evidence of influence of higher fuel sulfur content (300 mg/kg) on nucleation mode 
particles (captured by active surface and total number concentration. Overall, it has to be 
noted that DPF vehicles are found to be the lowest total particle number emitters from all 
vehicle technologies examined, especially for low sulfur fuels. 

 Over the regulated cycle, DISI’s give measurable mass emissions, though well below 
diesel Euro 4 limit, an issue that needs to be addressed with respect to Euro 5. Active 
surface area, solid particle numbers and total particle numbers reveal a similar behavior 
of DISI vehicles, with higher sensitivity than the mass measurements. No consistent fuel 
effects were revealed. 

 The conventional (port injected) gasoline vehicles were found to be emitting at or below 
the levels of DPF equipped diesels, one or two orders of magnitude below the DISI 
counterparts, and this for all particle parameters tested. Their emissions performance was 
found to be variable, strongly depending on the characteristics of the engine management 
of the particular vehicle, and very little affected by fuel sulfur. 

5.1.7.2.  Results over high power driving cycles 

Driving over a high power, high temperature cycle unveiled some particular characteristics of 
the emissions behavior of the different vehicle technologies in conjunction with the fuel sulfur 
content. 
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 High power driving may lead to an up to one order of magnitude increase in particle 
emissions, and generally much more variable emissions behavior, irrespective of the 
property used to characterize them. Only exception to this general observation was the 
solid particle number emissions of conventional diesel cars, which were found insensitive 
to driving cycle.  

 The above mentioned particle emission increase was generally more pronounced in the 
case DPF equipped vehicles operated on the higher sulfur fuel (300 mg/kg). In this case 
these vehicles were found to reach the emission levels of conventional diesels, in terms 
of mass, active surface and total number emissions. This particular behavior of DPF cars 
is mainly related to sulphate production, which occurs during the high temperature 
operation over this cycle. One exception to this behavior was the concentration of solid 
particles which, despite their increase, were found below conventional diesel levels. On 
low sulphur fuels, the DPF equipped vehicles showed very low particulate mass, active 
surface and particle number emissions, even on the high power cycle. 

 Gasoline vehicles (both conventional and DISI) were found to be associated with a 
possibility for diesel-like exhaust emission levels during high-power driving, in terms of 
mass, active surface and total particle numbers. However, this possibility is related with 
particular vehicles, a fact which again reveals the individuality in vehicle behavior and the 
absence of consistent fuel effects. Sole exception is again the case of solid particles of 
DISI vehicles, which were found to emit less compared to the regulated NEDC due to the 
absence of a cold-start part. 

In summary, with respect to diesel cars a significant effect of the driving condition and sulfur 
content on emissions was found, with a distinct nucleation mode appearing with the higher 
sulfur fuel at high speed driving.  This picture seems typical for both conventional and DPF 
fitted vehicles. With gasoline vehicles it is not possible to draw any general conclusions.  
However, cases have been identified where gasoline vehicles may emit significant total 
numbers of particles both in the accumulation and in the nucleation mode. These are 
situations that one might need to better control in the future. 

5.2. Particle emissions of heavy duty engines 

In this section we try to draw general conclusions concerning the effect of engine technology, 
fuel and operating conditions on the emissions, rather than focusing on the individual 
performance of each engine. In this respect we identify the different engine technologies, 
according to their emissions certification level and after-treatment system, viz: Euro-1, Euro-2, 
Euro-3, Euro-2+CRT, Euro-3+CRT, Euro-4+CRT, Euro-3+SCR and Euro-5+SCR. The fuels 
are identified according to their coding as described earlier. 

In order to establish the absolute levels of different properties of particle emissions, the 
following sections include plots of the particulate measurements of all engines, as listed in   

Table 4-4, tested over the standard ESC and ETC tests. Each point on each plot corresponds 
to the emissions of a single engine over a single test on the particular cycle using the 
corresponding fuel in the abscissa. 

The following sections provide the results for each particle property measurement, and 
attempt to identify the effects of different engine and fuel technologies (over the regulated 
cycles) in order to compare particle emissions of the different technologies when following the 
type-approval procedure. 

5.2.1. Regulated PM emissions 

The standard regulated PM emissions are considered first. Figure 5-10 shows emissions over 
the ESC and ETC operation conditions.  
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5.2.1.1. Effect of engine technology 

Clear progress in the reduction of particulate mass emissions by implementation of 
technology to comply with increasingly tightening legislation is demonstrated in Figure 5-10. 
Over the ESC, the Euro-1 engine produced by far the highest mass emissions, followed by 
the Euro-2 and Euro-3 engines which performed similarly. Addition of a PM trap to Euro-2 and 
Euro-3 engines reduced PM emissions, especially when operated on 10 mg/kg sulphur fuel. 
However, the lowest PM emissions were achieved with the specifically designed Euro-4 
engine with EGR and CRT. A Euro-5 engine designed with an SCR/urea system, but without 
a particulate filter achieved almost as low PM emissions as the Euro-4 engine with CRT. A 
Euro-3 engine retro-fitted with an SCR/urea system for NOx after-treatment showed no 
change in its PM emissions level. 

Over the ETC, similar trends were observed, although one Euro-3 engine produced very high 
emissions on this cycle. It should however be noted that such Euro-3 engines were only 
certified on the ESC, not on the ETC. Those engines which were designed for the ETC 
achieved the regulatory limits. 
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Figure 5-10: Regulated PM over the ESC (left) and over the ETC (right). 

5.2.1.2. Effect of fuel 

Clear effect of fuel sulphur content (from 1550 mg/kg to 10 mg/kg) is evident in the Euro-1 
engine results. The effect of sulphur reduction from 300 mg/kg (D2) was also significant in the 
Euro-3 engines especially over the ESC where higher temperatures are reached. 

The Euro-2 engine which was post–fitted with a CRT, showed a difference between 50 and 
10 mg/kg sulphur fuels (D3 vs. D4) indicating that considerable sulphate formation occurred 
with this design. On the other hand, the Euro-4 engine with CRT and the Euro-5 engine with 
SCR/urea gave similar PM emissions with both 50 and 10 mg/kg sulphur fuels. 

Swedish Class 1 fuel (D5) showed an additional benefit over fuel D4 in the Euro-1 to Euro-3 
engine technologies, of the order of 10%. The reduction in PM with fuel D5 cannot be directly 
related to any single fuel property; compared to fuels D2-D4, D5 has lower density, lighter 
distillation characteristics, very low aromatics and negligible poly-aromatics content. However, 
the effect is generally consistent with the findings of EPEFE [55]. In the more advanced Euro-
4 and Euro-5 prototypes, no additional benefit for Swedish Class 1 over conventional 
10 mg/kg sulphur fuel was observed. 

The addition of 5% RME made no significant difference to the PM emissions. 
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5.2.1.3. Effect of test cycle 

There is a clear influence of test cycle on the PM emission level, depending on the engine 
technology and fuel sulphur content. Fuel sulphur effects are more evident over the ESC due 
to the higher temperatures experienced on some operating modes. Engine technology effects 
are also evident; in particular one Euro-3 engine produced very high PM emissions on the 
ETC, although as noted earlier, this engine was not designed for this cycle. 

5.2.1.4. Summary of PM mass emissions 

It is evident that Euro-4 and Euro-5 engine technologies with advanced after-treatment 
systems operating on sulphur-free (10 mg/kg sulphur max) fuels should bring dramatic 
improvements in PM emissions. This represents a much larger step than the steps taken so 
far from Euro-1 to Euro-3. The introduction of a transient test cycle into the certification 
process also brings an additional level of control versus the former steady state only testing. 

5.2.2. Solid particle number 

Changes in regulated particulate mass might be expected to be reflected in changes in solid 
“accumulation” mode (carbonaceous) particles. The ELPI, used with a thermodenuder (TD), 
on the “dry” branch, provides a direct measure of these carbonaceous particles, so these data 
are considered next. Results are shown for the ESC and ETC tests in Figure 5-11. As a result 
of the wide spread of data, particle number graphs are shown on a logarithmic scale. 
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Figure 5-11: Integrated solid particle number emission rate over the ESC cycle 

5.2.2.1. Effect of vehicle technology 

Conventional Euro-1 to Euro-3 engine technologies generally produced total solid particle 
number emissions of the order of 1014 particles/kWh. One of the Euro-3 engines showed total 
solid particle number emissions almost an order of magnitude lower over the ESC and this 
still requires further explanation. 

The best trap-equipped systems can be seen to offer the potential to reduce total solid 
particle numbers by some 3-4 orders of magnitude when operated on sulphur-free fuels. This 
is consistent with the results found for light duty vehicles. 

The Euro-5 system with SCR/urea (but without a particle trap), produced around 
1013 particles/kWh, ca. 90% less than the typical Euro-3 cases. However, this remains some 2 
orders of magnitude higher than the best trap-equipped Euro-4 engine, despite approaching 
the trap results for regulated particulate mass. 
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The Euro-3 system with a retro-fitted SCR/urea system gave, as expected, total solid particle 
emissions close to its Euro-3 base case. 

5.2.2.2. Effect of fuel 

No consistent fuel effects were seen in the data for the solid particles. Fuel effects seen on 
the particulate mass were not reflected in numbers of solid particles as measured by the 
ELPI. 

5.2.2.3. Effect of test cycle 

Total solid particle number emissions were at about the same order of magnitude for both the 
ESC and ETC tests. Similar trends between engine technologies were apparent. 

5.2.2.4. Summary of solid particle number measurement 

Solid particle emission rates from Euro-1 to Euro-3 engines are in order of 1014 particles/kWh. 
Particulate trap-equipped engines operating on sulphur-free fuels offer the potential to reduce 
this by ca. 3 orders of magnitude. 

Conclusions on vehicle technology effects were generally similar to those for particulate 
mass, with the exception that the number count showed the capability to discriminate 
between the Euro-4 trap system and the Euro-5 non-trap system. In this regard, ELPI 
measurement of dry particle number potentially offers additional information over and above 
the particulate mass method. 

5.2.3. Size segregated particulate mass 

Size segregated particulate mass was collected by two of the labs using a gravimetric 
impactor (DGI) as described earlier. These data were only obtained over the ETC and 
selected extended steady states, but not over the ESC, due to complexities of switching 
between the short duration ESC steady state points. Typical examples of the ETC data are 
shown in Figure 5-12. 

0

10

20
30

40

50

60
70

80

90

DGI Stage 1
<0.2 µm

DGI Stage 2
0.2 - 0.5 µm

DGI Stage 3
0.5 - 1 µm

DGI Stage 4
1 - 2.5 µm

DGI Stage 5
>2.5 µm

%
 m

as
s 

co
lle

ct
ed

 in
 e

ac
h 

st
ag

e Lab c EURO-II
Lab c EURO-III
Lab b EURO-III

ETC overall

 
Figure 5-12: DGI Data. Size segregated particulate mass over the ETC 

The main message from this chart regards the general mass / size distribution. The largest 
portion of the total mass collected is in the range below 0.2 µm; 90% of the mass is of a size 
below 0.5 µm. The particulate size distribution profile will be further examined later based on 
SMPS data, although it should be acknowledged that the two techniques measure size 
distribution based on different physical principles of separation. 
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5.2.4. Active surface area 

In engineering terms, active surface is a surrogate for the specific particle surface area which 
is available for interaction with the environment, i.e. for gas-to-particle and particle-to-particle 
interactions.  Active surface is recorded with diffusion chargers and in this case it corresponds 
to particles in the range 7 nm – 1 µm. Only two partners were able to conduct the active 
surface area measurements with comparable equipment so a smaller data-base than that 
collected for LD is available. Nevertheless, several conclusions can still be drawn from the 
data illustrated in Figure 5-13. As described earlier, active surface was measured from the 
“wet” branch. 
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Figure 5-13: Integrated active surface area over the ESC (left) and ETC (right) 

5.2.4.1. Effect of vehicle technology 

Euro-1 to Euro-3 engines produced values for active surface in the range 105 to 106 cm²/kWh. 
The Euro-3 engine with CRT gave 1-2 orders of magnitude reduction, broadly in-line with its 
performance on ELPI. The Euro-2 engine with CRT produced active surface values in the 
same range as the Euro-1 to Euro-3 conventional engines, indicating that the reduction in 
solid particle number was counter-balanced by formation of significant numbers of nucleation 
mode particles. This will be explored further in the following sections.  

5.2.4.2. Effect of fuel 

The impact of fuel sulphur reduction could be observed as well as some effect from Swedish 
Class 1. Fuel sulphur effect was particularly evident from the high sulphur Euro-1 engine fuel 
(D1) and on the Euro-2 + CRT engine case over the ETC reflecting, as with LD, the increase 
in sulphate formation arising from the combination of the higher sulphur fuel and the catalyst. 

5.2.4.3. Effect of test cycle 

Similar levels of active surface area were generally produced over the ESC and ETC tests, 
although for the Euro-2 engine with CRT, higher emissions were seen over the ESC, 
indicating a greater tendency to form nucleation mode (sulphate) particles at the higher 
temperature conditions which occur on certain modes of the ESC test. 

5.2.5. Total particle number 

Total particle number count, including the “volatile” particles, is considered next. For all the 
measurements reported in this section, samples were taken from the “wet” branch or directly 
from the CVS. Different measurement techniques were used depending on engine operation: 
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within the Particulates measurement system - SMPS for steady state and CPC for transient. 
AVL also made measurements with DDMPS at steady state and TrDMPS over transient 
operation. Particle number counts may be expected to differ slightly between instruments due 
to the different size ranges measured. 

5.2.5.1. CPC DATA 

Figure 5-14 shows data generated using the CPC over the ESC and ETC operation 
conditions. 
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Figure 5-14: Integrated total particle number emission rate over the ESC (left) and ETC (right) 

5.2.5.2. Effect of vehicle technology 

Total particle number emissions (as measured by the CPC) of conventional Euro-1 to Euro-3 
heavy duty diesel engines are in the range 1014 to 1016 particles/kWh; somewhat higher than 
the ELPI data due to the contribution from the volatile, nucleation mode particles. The Euro-2 
engine showed higher total particle emissions than the Euro-3 engines. Since this higher 
emission rate of the Euro-2 engine was not monitored by the ELPI, it can be attributed to 
higher nucleation mode particle formation from the particular engine. 

Particulate trap-equipped engines operating on low sulphur fuels are shown to have the 
capability to reduce the total number count by 2-3 orders of magnitude. However, the Euro-2 
+ CRT case showed total CPC emissions similar to the Euro-2 engine over the ETC and 
higher than the Euro-2 engine over the ESC. Again, since this behaviour was not reflected in 
the ELPI measurements, it indicates a high level of nucleation mode particle production, 
particularly at the higher temperatures which occur on certain modes of the ESC test.  

5.2.5.3. Effect of fuel 

The influence of fuel sulphur content can be seen in several of the data-sets. It is particularly 
striking for engines equipped with CRTs where nucleation mode particle production on higher 
sulphur fuels can bring total number emissions up to levels equal or above those of non-trap 
engines. This is consistent with the active surface data described earlier. 

5.2.5.4. Effect of test cycle 

The main effect of test cycle observed here is the higher tendency for nucleation mode 
particle production at higher temperature conditions, which occur on certain modes of the 
ESC.  
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5.2.5.5. Summary of total particle number measurements 

Given the known variability in the formation of the nucleation mode particles, fairly good 
repeatability is demonstrated in the CPC data, at least for the conventional engines. The 
spread in the data with the trap-equipped engines is a concern but is not completely 
unexpected given the knowledge of the variability of the nucleation mode. Nevertheless, the 
CPC data does offer potential for deeper research into fuel and vehicle effects than simple 
mass measurements. 

The comments on the total particle number count and the impact of nucleation mode particles 
can be examined further by examining the particle size distributions, described in the 
following sections. 

5.2.6. Particle size distributions 

The SMPS can provide information on the number/size distribution of the total particles 
emitted during steady state operation. Figure 5-15 shows the composite SMPS data for the 
ESC, obtained by AVL, for Euro-3, 4 and 5 engines. These data are split to show the total 
particle counts below 30 nm and above 30 nm separately. All fuel/engine combinations were 
tested 3 times in a randomized block test design and statistically analysed. AVL also carried 
out additional measurements with a DDMPS, essentially a twin SMPS with an alternative 
dilution system (same DR with direct dilution of raw exhaust with ambient air) for comparison. 
These data are shown in Figure 5-16. The error bars shown on Figure 5-15 and Figure 5-16 
have been constructed so that non-overlapping error bars would indicate a difference 
between those fuel/engine combinations at 95% significance. Mean data were calculated on a 
geometric basis. 
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Figure 5-15: SMPS distributions of Euro-3 to Euro-5 engines from AVL over the ESC cycle, split into 

particles <30 nm and particles ≥30 nm 

In general, trends in engine and fuel effects between the two measurement systems were 
similar, although the DDMPS system measured a somewhat higher particle count. In part this 
can be attributed to its ability to measure to a slightly lower particle size. 

Fuel effects on particles <30 nm were greater than those on particles >30 nm suggesting that 
most of the fuel influence is on the nucleation mode. Fuel sulphur was the dominant effect, 
consistent with the formation of sulphate particles. 

The observed trends in the total particle counts are dominated by the trends in small particles 
(<30 nm). Particles >30 nm (as with the ELPI) showed little sensitivity to fuel. 
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In the Euro-3 engine, the high sulphur fuels, D2 and D6, gave the highest number of particles 
below 30 nm, showing the benefit of sulphur reduction for nucleation mode particles. 

The Euro-4 engine, equipped with the CRT produced the lowest number of accumulation 
mode particles. However, the use of after-treatment did not reduce the number of particles 
below 30 nm (nucleation mode). 

Overall, the combination of advanced engines/after-treatment systems and lower sulphur 
fuels demonstrated clear benefits over the current European regulatory situation of Euro-3 
engines and 350 mg/kg max sulphur fuels.  
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Figure 5-16: DDMPS distributions of Euro-3 to Euro-5 engines from AVL over the ESC cycle, split into 

particles <30 nm and particles ≥30 nm 

AVL also carried out measurements over the ETC with a TrDMPS. These data are shown in 
Figure 5-17. In contrast with the results from the ESC tests, the Euro-4 engine equipped with 
a CRT reduced the numbers of particles both above and below 30 nm. The lower number of 
smaller particles probably reflects the lower operating temperature of the ETC, as well as 
perhaps the difference in the dilution system from the standard “PARTICULATES” set-up, 
which has been optimized to maximize the potential to see nucleation mode particles. Under 
these conditions, even the 300 mg/kg sulphur fuels were not differentiated. 
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Figure 5-17: TrDMPS distributions of Euro-3 to Euro-5 engines from AVL over the ETC cycle, split into 

particles <30 nm and particles ≥30 nm 
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Figure 5-18: SMPS distributions of selected engines/fuels at steady speed, 50% load. Fuel used: D4 

The SMPS distribution data from other partners showed generally similar trends in technology 
effects. Two examples of SMPS distribution profiles for all engines (for fuel D4) on two 
extended steady state points are shown in Figure 5-18 and Figure 5-19. These show a fairly 
consistent size distribution profile for the accumulation mode for the conventional diesel 
engines. At high load conditions the appearance of a nucleation mode is also evident (even 
on the low sulphur fuel D4), especially on the trap-equipped Euro-2 engine. The overall level 
of SMPS particle number emissions for the accumulation mode measured by AVL was about 
an order of magnitude lower that that measured by the other two labs. This has not been fully 
explained, but is likely to lie in calibration/calculation issues rather than being a real engine 
difference. Clearly inter-laboratory calibration issues would have to be further addressed if 
such methodologies were to be used for other than research purposes. 
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Figure 5-19: SMPS distributions of selected engines/fuels at steady speed, 75% load. Fuel used: D4 
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5.2.7. Particle emissions of heavy duty engines synopsis 
The heavy duty engine sample tested consisted of 10 engines, from Euro 1 to advanced 
prototype Euro 4 and Euro 5 systems. A wide range of diesel fuels were evaluated, with 
particular emphasis on sulphur content in view of the current progress in legislation and 
relevance for emission factors. 

 Heavy duty diesel engines equipped with particulate traps produced very low particulate 
mass emissions, low numbers of carbonaceous particles and low total numbers of 
particles when operating on low sulphur fuels.  

 The effect of fuel sulphur was greatest under high speed/temperature operation. Under 
these conditions, lower sulphur fuels reduced both particle mass and number emissions. 

 A heavy duty prototype Euro 5 engine equipped with SCR/urea, but without a particle 
trap, produced very low particulate mass, within the Euro 5 limits, but its particle number 
emissions remained considerably higher than the trap-equipped option. 

 In Euro 3 engine technology, two 300 mg/kg sulphur fuels with widely different fuel 
compositions gave similar particulate emissions. In the more advanced engine 
technologies, fuel effects (other than sulphur) on particulate emissions were small in 
absolute terms. The addition of 5% RME to a 10 mg/kg sulphur diesel fuel made little 
difference to particulate emissions levels. 

5.3. Particle emissions of powered two-wheelers 

Although not initially considered within the original vehicle selection matrix of the project, a 
small sample of powered two wheelers (PTWs) was also measured in LAT/AUTh using the 
measurement setup developed within Particulates. Since there is very scarce information in 
the literature with regard to the particle emission characteristics of such vehicles, these 
measurements enabled to put such emissions into perspective. In order to better reflect the 
emission levels of PTWs in relation with current passenger cars, this section compares 
particle emissions of vehicles in different categories. These are presented in more detail by 
Ntziachristos et al. [58]. The PTWs tested were a non catalyst moped (Mnc) and an oxidation 
catalyst equipped motorcycle (Mcat). The former represents an average moped before any 
European emission standards became applicable for this vehicle category, while Mcat 
complied with the EU Directive 97/24/EC which set the first emission standards in Europe 
since 1999. The PTWs and the G vehicle were tested with a conventional Year 2000 
specification type of fuel. It had a RON number of 95, a sulphur content of 125±25 ppm wt., 
trace lead (max 5 mgl-1) and no oxygenates. The diesel fuel used had a sulphur content of 
31 ppm wt. and 2.4 % wt. PAH content. The lubricant oils used were synthetic (mineral in the 
case of D) and fulfilled manufacturer recommendations. In order to determine particle 
emissions, all vehicles were driven over their type-approval cycles (ECE-40 for the Mc vehicle 
and ECE47 for the Mnc one). Additionally, steady speed tests were conducted at 50 km/h. 
Table 5-1 The PTWs tested were a non catalyst moped (Mnc) and an oxidation catalyst 
equipped motorcycle (Mcat). The former represents an average moped before any European 
emission standards became applicable for this vehicle category, while Mcat complied with the 
EU Directive 97/24/EC which set the first emission standards in Europe since 1999. The 
PTWs and the G vehicle were tested with a conventional Year 2000 specification type of fuel. 
It had a RON number of 95, a sulphur content of 125±25 ppm wt., trace lead (max 5 mgl-1) 
and no oxygenates. The diesel fuel used had a sulphur content of 31 ppm wt. and 2.4 % wt. 
PAH content. The lubricant oils used were synthetic (mineral in the case of D) and fulfilled 
manufacturer recommendations. In order to determine particle emissions, all vehicles were 
driven over their type-approval cycles (ECE-40 for the Mc vehicle and ECE47 for the Mnc 
one). Additionally, steady speed tests were conducted at 50 km/h.  

Table 5-1provides a list of the main specifications of PTWs and cars, 

The PTWs tested were a non catalyst moped (Mnc) and an oxidation catalyst equipped 
motorcycle (Mcat). The former represents an average moped before any European emission 
standards became applicable for this vehicle category, while Mcat complied with the EU 
Directive 97/24/EC which set the first emission standards in Europe since 1999. The PTWs 
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and the G vehicle were tested with a conventional Year 2000 specification type of fuel. It had 
a RON number of 95, a sulphur content of 125±25 ppm wt., trace lead (max 5 mgl-1) and no 
oxygenates. The diesel fuel used had a sulphur content of 31 ppm wt. and 2.4 % wt. PAH 
content. The lubricant oils used were synthetic (mineral in the case of D) and fulfilled 
manufacturer recommendations. In order to determine particle emissions, all vehicles were 
driven over their type-approval cycles (ECE-40 for the Mc vehicle and ECE47 for the Mnc 
one). Additionally, steady speed tests were conducted at 50 km/h.  

Table 5-1: Specifications of the tested cars and PTWs 

Make and 
model 

Piaggio 
Typhoon Yamaha BWS Renault Laguna Toyota Corolla 

Vehicle Coding Mnc Mcat D G 
Category Moped Motorcycle Pass. Car Pass. Car 
Emission 
standard - 97/24/EC 98/69/EC 

Euro-3 
98/69/EC 

Euro-3 
Model Year 1999 2001 2001 2002 

Model / Engine 
type XR 50 BWS 100 1.9 dCi 

(F9Q718) 
1.8 VVTL-i 
(2ZZ-GE) 

Capacity [cm³] 49 100 1870 1796 
Cylinders / 
valves per 

cylinder 
1 1 4 / 2 4 / 4 

Max.power 
(kW/rpm) 

2.2 / 
6750 

5.8 / 
7000 

79 / 
4000 141 / 7800 

Max.torque 
(Nm/rpm) n/a 9.2 / 6000 250 / 1750 180 / 6400 

Oil delivery 
system Metered Metered - - 

Combustion 
system 

2-stroke 
carburettor 

2-stroke 
carburettor 

Common rail 
direct injection 
(max 1350 bar) 

Port fuel-
injection, 

variable valve 
timing and lift 

Mileage (km) 15714 12170 23000 11300 
Transmission CVT CVT Manual Manual 
Weight empty 

(kg) 83 88 1315 1285 

Aftertreatment - Oxidation 
catalyst 

Oxidation pre-
cat and main 

catalysts 

Three-way 
catalyst, dual 

lambda sensor 
Type-approval 

cycle ECE-47 ECE-40 NEDC NEDC 

5.3.1. Particle mass emissions 

Figure 5-20 shows PM emissions obtained by the CVS procedure used for diesel passenger 
cars. PM emissions determined in this way result in higher values for both PTWs compared 
even to the diesel car. More specifically, Mnc emits three times and Mcat twice as high as the 
diesel car. This is a striking finding, given the fact that PM emissions are only regulated for 
cars and trucks and not for PTWs. The values reported here are similar to what is found in the 
literature [59]. However, diesel particulates consist of a significant fraction of soot, while 
PTWs particulate emissions are expected to consist up to 95% of volatiles [59, 60]. The 
reasons for high PM emissions from two-stroke engines are primarily the high scavenging 
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losses, which can amount to 15 – 40% of the unburned fresh charge [61], and the addition of 
the lubricant in the combustion chamber. Such effects result in high HC emissions, white 
smoke emission which is particularly obvious for such vehicles and in the collection of large 
amounts of volatile PM. In our case, heating of the filter papers in an inert atmosphere 
revealed that 62 – 86% of the total PM mass from PTWs should be attributed to volatile 
species. On the low extent, PM emissions from the gasoline car are in the order of 2 mg km1 
for both hot and cold-start driving and reach the sensitivity limit of the CVS procedure.  
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Figure 5-20: PM emissions over hot and cold start urban driving (mg km-1). For the D and G cars, the 
cold start emissions cannot be discriminated from the hot ones. Error bars correspond to three and two 

repetitions for PTWs and cars respectively. 

5.3.2. Particle number and surface emission levels 

Figure 5-21 shows different particle characteristics for three different driving conditions (two 
urban driving cycles with cold and hot start and 50 km/h). The steady speed corresponds to 
low load for the cars, a moderate load/speed condition for the motorcycle and an almost full 
load/speed for the moped. Hence, interpretation of the results needs to take into account the 
significantly different engine loading in each case. In addition to the legislation where PTWs 
regulated emissions are recorded only after hot-start, we applied the particle protocol also for 
cold-start driving. 
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Figure 5-21: Particle characteristics over transient tests and at steady 50 km h1 testing. The three 
panels correspond to active surface, solid particle number and mean solid aerodynamic diameter 

(starting from top, anticlockwise).  

Figure 5-21 shows that there are differences of several orders of magnitude in the particle 
active surface between the different vehicles. Similarly to the PM levels, active surface from 
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PTWs is at the same or higher level than the diesel car and in the order of 5-15 m² km1. In the 
case of the full load/speed condition encountered for the Mnc vehicle at 50 km h 1, active 
surface exceeds 100 m² km1. This is expected given the dense white smoke plume observed 
for the specific vehicle at this driving condition. On the other edge, the gasoline car has two to 
four orders of magnitude lower emissions than the diesel, with respect to active surface. 

Two wheelers are not insignificant producers of solid particles either. Mnc is found at the 
same levels with the diesel car which indicates that the engine operates at fuel-rich condition 
(CO emissions were found at over 10 g/km for this vehicle). Similarly to active surface, the 
highest emissions of all cases occur at full load of the Mnc (50 km h1). The Mcat emissions 
are at lower levels with the exception of cold start. Since the catalyst is not effective in 
reducing the concentration of solid particles, increased emissions over cold start probably 
occur due to the fuel-enrichment. 

The last panel in Figure 5-21 shows the mean aerodynamic particle diameter in the range 
7 nm – 1 µm. PTWs emissions are associated with smaller aerodynamic diameters than 
those of the two cars. In general, there is no particular effect of the driving condition on the 
size of the particles, which are rather vehicle specific.  

5.3.3. Particle size distributions 

Figure 5-22 shows particle mobility distributions at 50 km/h for the different vehicles 
compared, and an equivalent distribution assuming ambient air concentration at a flowrate 
equal to that of the average of the two passenger cars. Mnc is the highest emitter (full load for 
this vehicle) and forms a bi-modal distribution, which is obvious despite the significant 
variability at low sizes. Mnc is a higher emitter that the D car over all particle sizes. The D-car 
forms a lognormal distribution which is very stable (low variability) and presents a peak at 
70 nm. The catalyst two-wheeler is found overall below the D-car and it is difficult to obtain 
the exact shape of the distribution because of the nucleation mode sensitivity. Finally, the 
gasoline passenger car is the overall lower emitter. 
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Figure 5-22: Number-weighted particle mobility size distributions recorded with the SMPS. Error bars 
correspond to the standard deviation of 7 and 10 repetitions in case of the Mnc and Mcat respectively 

and 4 repetitions in case of the passenger cars. 
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5.3.4. Comparison with passenger car particle emissions 

The comparison of the emission performance of power two wheelers with current passenger 
cars revealed that two wheelers are significant emitters of particles. Their emissions consist of 
a large volatile fraction which results to a formation of a nucleation mode (especially when no 
catalyst is used to reduce the concentration of volatile species) but also significant volatile 
mass is allocated to the accumulation mode. However, and more importantly, such vehicles 
are also significant emitters of solid particles in the accumulation mode which should be most 
probably attributed to the rich operation of their engines. The fraction of total urban mileage 
driven by PTWs is small in most European cities. However, cities in the South tend to operate 
large fleets of such vehicles and, as a result, particle emissions from such small vehicles 
should not be excluded by local inventories. However, the information collected in this limited 
study was not sufficient to conclude whether a PM-specific regulation needs to be established 
from such vehicles. The suggestion would therefore be to continue to monitor how the 
technology development (direct fuel injection, after-treatment) is reflected to PM emissions 
from such vehicles and then decide whether particular regulatory steps need to be taken. 

5.3.5. Particle emissions of powered two wheelers synopsis 

The “Particulates” system has also been applied for the characterisation of the particulate 
emissions from two small 2-stroke PTWs. Both PTWs were found to be significant PM 
emitters under urban driving conditions when following the regulated procedure. The emission 
levels of a conventional moped exceeded those of a Euro 3 diesel car by three orders of 
magnitude. Apart from reducing CO and HC emissions by 75-80 %, the oxidation catalyst 
resulted in a considerable reduction of PM emissions too. Still, the catalyst motorcycle emitted 
twice as much as the diesel car in mass terms. It needs to be stressed though, that the 
majority of PTWs particles (62-86%) were found to be volatiles originating from unburned fuel 
and lubrication oil. 

The picture obtained for PM mass is repeated in the case of particle active surface area, 
which reproduces the relative emission levels of PTWs and passenger cars. The same more 
or less applies in the case of solid particle number. The small 2-stroke two-wheelers can 
reach the levels of the conventional Diesel vehicles, with emissions ranging from 5 to 
83 x 1012 km-1, depending on vehicle and driving condition. This suggests that for the vehicles 
examined, significant fuel enrichment takes place. The catalyst vehicle was a lower solid 
particle emitter but this is probably due to the different fuel-air adjustment ratio rather than a 
catalyst effect. The mean sizes of those particles are smaller than the diesel case, with a 
mean value found in the 40-70 nm range. 

PTWs are also associated with high total particle number emissions, exceeding the levels of a 
conventional Euro 3 diesel car, at full load operation. There was a significant volatile fraction 
in these particles, reaching 95% in the case of the non-catalyst vehicles. These emissions 
appear in a rather bi-modal distribution which picks at 30-40 nm and at 100 nm. Given the 
volatile nature, the two-stroke combustion principles and information in the literature, one may 
conclude that a large particle fraction appears due to the fuel and lubricating oil which are 
scavenged unburned fro the cylinder. 

In general, small two stroke vehicles emit particle counts, CO and HC concentrations 
disproportional to their size. Although, the highest fraction of these particles is volatile due to 
unburned fuel and lubricant oil emission, there is also a significant solid fraction of particles 
produced by the fuel-rich operation. A more recent technology vehicle, employing an 
oxidation catalyst, emits much less compared to an older vehicle. This is an indication that 
technology measures considered for CO and HC emission control in the future may also be 
effective in reducing particle emissions. This includes combustible lubrication oils, more 
effective aftertreatment and the possibility of direct injection to reduce scavenging losses. 
However, until such measures become widespread, small two-stroke engines need to be 
considered as a significant source of particles. 
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5.4. Regulated pollutants and CO2 emissions 

In this section the effect of fuel properties and vehicle technology on regulated pollutants, CO2 
emissions and fuel efficiency is examined. Only few of the vehicles and engines presented in 
section 4.3 are considered here, because the focus is not on a detailed characterisation of 
gaseous emissions from each vehicle but to explore some particular technology and fuel 
related effects. Hence, gaseous pollutants from two light duty diesel vehicles tested at Shell 
(Euro-3 VW Golf and DPF-equipped Euro-3+ Peugeot 607) and the three heavy duty engines 
tested at AVL (covering a range of technologies from Euro 3 to Euro 5) are presented. In this 
work, an additional fuel, a Fischer-Tropsch diesel (D8) was also tested. The detailed results 
and analysis methodology can be found in a CONCAWE report 2/05 [62]. A summary of the 
main findings on regulated pollutants, CO2 and fuel efficiency is given here. 

The results are discussed first for heavy duty and then for light duty. The diagrams are based 
on the average emissions measurements for the regulated cycles: ESC / ETC for HD engines 
and NEDC for LD cars. Results for other operating conditions are only discussed where 
additional effects of operating conditions were apparent. The average emissions results from 
different engines/cars are grouped for each fuel, from D2 to D8. 

5.4.1. Heavy duty engines 

CO emissions (Figure 5-23), even for the Euro-3 engine, were well below the Euro-5 limits 
and fuel effects were small relative to the regulatory limits. The CO emission values during 
the transient cycle were higher than during the ESC, but still far below the emission limits. 
The Euro-4 and Euro-5 engines which both include oxidation catalysts gave extremely low 
CO emissions. 
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Figure 5-23: CO emissions – ESC. 

HC emissions results (Figure 5-24) showed the same pattern in the ETC and ESC tests. HC 
emissions from the Euro-3 engine were around half of the Euro-3 limits. HC emissions from 
the Euro-4 engine were very low and those from the Euro-5 engine were not detectable. 
Swedish Class 1 fuel (D5) gave the highest HC emissions in the Euro-3 engine. There were 
no other substantial fuel effects. 
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Figure 5-24: HC emissions – ESC (Euro-5 engine gave zero HC emissions on all fuels tested). 

NOx is a more critical emission (Figure 5-25). Trends in NOx emissions were similar in the 
ESC and ETC tests, although the emission limits were more often exceeded in the ETC test. 
The Euro-4 engine operated well within its NOx limits in both ESC and ETC tests on all fuels. 
NOx emissions from the Euro-3 and Euro-5 engines were very close to their respective ESC 
test limits. Considerable progress in control of NOx emissions from Euro-3 to Euro-5 engines 
is evident. However, even the Euro-5 NOx emissions levels are still relatively high compared 
to the US heavy-duty limits for 2007 and 2010. Further progress can therefore be expected as 
control of engine-out emissions improves and NOx after-treatment technology matures. 
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Figure 5-25: NOx emissions – ESC. 

Fuel sulphur content, decreasing from D2 to D4, did not significantly influence NOx emissions. 
D6 gave the highest NOx emissions in the Euro -3 engine, although the difference from fuels 
D2-D4 was small and in-line with previous studies [63]. Effects from addition of 5% RME (D7 
vs. D4) were small. Larger fuel effects on NOx emissions were seen with Swedish Class 1 
(D5) and Fischer Tropsch diesel fuel (D8), consistent with the extreme changes in fuel 
properties. 

In the prototype Euro-5 engine, NOx after-treatment was by SCR/urea. Urea injection rate 
data were recorded by AVL for the complete ESC and ETC cycles. In this prototype engine 
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system, there was some variability in the test-to-test urea injection rate that allowed the effect 
of different urea quantities to be examined (Figure 5-26). 

In the ESC test, the effect of urea injection rate on NOx emissions was weak. The lower 
emissions from fuels D5 and D8 can be clearly seen. In the ETC test the effect of urea 
injection rate on NOx was much more marked. Lower emissions from D5 and D8 can again be 
clearly seen. However, the performance with other fuels could also be improved by use of a 
higher urea injection rate. 
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Figure 5-26: NOx emissions versus urea usage, Euro-5 engine, ESC and ETC cycles. (Note: For the 
ESC test, the urea figures (kg/test cycle) relate to the whole cycle, not only the measurement stages.) 

PM emissions from HD engines have already been discussed in depth in Section 5.2.1. The 
additional data shown here (Figure 5-27) illustrate that the performance of FT Diesel (D8) is 
similar to Swedish Class 1 (D5). In the ESC and ETC tests, all 3 engines performed well 
within their respective PM emissions limits. The Euro-4 engine with particulate trap gave the 
lowest PM emissions, although PM emissions from the Euro-5 engine were also very low.  

In the Euro-3 engine, lower sulphur content reduced PM emissions (compare fuels D2 to D4). 
Fuels D2 and D6, with comparable sulphur contents, but differing in other properties, gave 
similar PM emissions. The addition of 5% RME to fuel D4 (fuel D7) did not change PM 
emissions.  

Fuels D5 (Swedish Class 1) and D8 (Fischer-Tropsch) performed similarly and gave lower 
PM emissions than the other fuels. In the advanced Euro-4 and Euro-5 engines, the effects 
versus conventional 10ppm sulphur fuels were very small in absolute terms. 
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Figure 5-27: PM emissions – ESC. 
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Over the ESC, the Euro-4 DPF-equipped engine gave higher CO2 emissions than the Euro-3 
engine, and the Euro-5 engine using SCR/urea technology gave lowest CO2 emissions 
(Figure 5-28). 

Fuel differences were small. Fuel D6 showed the highest CO2 emissions and fuel D5 the 
lowest in the Euro-3 engine. Generally, fuels D5 and D8 gave lower CO2 emissions than the 
other fuels, consistent with their lower carbon content. However, since the impact of CO2 
emissions is global and not local, engine emissions represent only part of the story. A full 
well-to-wheels analysis would be needed to draw meaningful conclusions on this aspect. 

The use of SCR/urea to control NOx in the Euro-5 prototype engine, with the engine tuned for 
better efficiency, improved fuel consumption by about 5% versus the Euro-3 base case 
engine. Conversely, the use of EGR plus CRT to achieve Euro-4 heavy-duty emissions limits 
resulted in an increase in fuel consumption versus the Euro-3 engine (5-8% dependent on 
test cycle). 

The different fuels gave similar overall engine efficiencies but as a result of their different 
densities and mass energy contents (LHVs), fuels D5 and D8 gave better fuel economy on a 
gravimetric basis (g/KWh) but poorer fuel economy on a volumetric basis (l/kWh). 
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Figure 5-28: CO2 emissions – ESC. 

5.4.2. Light duty vehicles 

Both cars performed well within the Euro-4 CO emission limit. The DPF vehicle (Car B) gave 
higher CO emissions than the conventional diesel car (Car A). 

Fuel sulphur content (compare D2-D4) did not rank the fuels in a consistent way. Fuel D6 
gave the highest CO emissions, though only significant in Car A. Addition of 5% RME to D4 
did not significantly change CO emissions. Fischer-Tropsch diesel (D8) gave the lowest CO 
emissions. 
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Figure 5-29: CO emissions – NEDC. 

 

For LD vehicles, there are no separate Euro limits for HC emissions; HC emissions being 
limited through the sum of HC+NOx emissions. As with CO emissions, HC emissions from 
both cars were very low (Figure 5-30). Car B gave higher HC emissions than Car A. Trends in 
fuel effects were similar to those for CO emissions. 
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Figure 5-30: HC emissions – NEDC. 

As with the HD Diesel engines, NOx remains a critical emission for the LD diesel vehicles. 
Car A almost satisfied the Euro-4 limit, while Car B gave NOx emissions within its Euro-3 
certification limit. In contrast to the HD engine results, fuel effects on NOx emissions were 
generally not significant on the NEDC. Directionally fuels D5 and D8 gave lowest NOx 
emissions in Car B. 

Under the higher speed/load/temperature conditions of the ARTEMIS motorway cycle, NOx 
emissions roughly doubled for both cars. The lighter fuels, D5 and D8, now gave small but 
significant reductions in NOx emissions in Car B, though not in Car A. 
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Figure 5-31: NOx emissions – NEDC. 

PM emissions from LD vehicles have already been discussed in depth in Section 5.1.1. 
Additional data is included here for FT Diesel (D8). Car A, although certified to Euro-3, 
produced PM emissions close to the Euro-4 limits. In this car, fuel D6 gave the highest PM 
emissions, Swedish Class 1 (D5) and FT diesel (D8) gave the lowest PM emissions. The 
addition of 5% RME to D4 did not significantly affect PM emissions.  

The more significant effect was that of the diesel particulate filter (DPF). Car B produced 
extremely low PM emissions, below 10% of the Euro-4 limit on all fuels, due to the DPF. In 
this car, the differences between fuels on PM emissions over the NEDC were not significant. 

Under the higher speed/load/temperature conditions of the ARTEMIS Motorway cycle, the 
effect of fuel sulphur content was evident. With both cars the 300ppm sulphur fuels, D2 and 
D6, showed significantly higher PM emissions than the other fuels. Fuels D5 and D8 showed 
further benefits over the other fuels in car A, but not in car B, as the PM emissions with this 
DPF-equipped car were already so low on all fuels with below nominal 50ppm sulphur 
content. Similar trends were seen at 120 km/h steady-state. In both cases, filter paper 
analysis confirmed that the particulate composition was essentially sulphate. 
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Figure 5-32: PM emissions – NEDC 



 85

Figure 5-33 illustrates the challenge to achieve the fleet average CO2 emissions targets for 
the new car population of 140 g/km by 2008 and 120 g/km in 2012. Car A, a medium sized, 
latest technology DI diesel car, achieves 140 g/km, giving about 20% lower CO2 emissions 
than Car B, consistent with its lower weight. 

With regard to fuel effects, the highest CO2 emissions were measured with fuel D6  and 
lowest CO2 emissions were observed with fuels D5 and D8, (higher H/C ratio and higher 
LHV). However, a full well-to-wheels analysis would be needed to draw meaningful 
conclusions on this aspect.  

In the light-duty tests, mass fuel consumption was calculated from the CO2, CO and HC 
emissions data. Volumetric fuel consumption was calculated with a simple density conversion. 
Fuel consumption on an energy basis was calculated taking into account the energy content 
(LHV) of the test fuels. As a result of their lower densities, fuels D5 and D8 gave poorer fuel 
economy than conventional fuels when measured on a volumetric basis (l/100 km). However, 
when considered on an energy basis there were no significant differences between the fuels 
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Figure 5-33: CO2 emissions – NEDC. 

5.4.3. Regulated pollutants and CO2 emissions synopsis 

Large improvements in exhaust emissions control were demonstrated with advanced engine / 
after-treatment technologies in combination with low sulphur fuels. 

HC and CO emissions from the advanced diesel engines and vehicles were very low, well 
below the prescribed emissions limits. 

PM emissions were dramatically reduced in engines/vehicles equipped with diesel particulate 
filters. 

• In such cases, PM emissions were so low that the impact of fuel properties other than 
sulphur became negligible. 

• Fuel sulphur content influenced PM emissions under high speed/load (high 
temperature) conditions. 

• In the Euro-3 systems without DPFs, effects of both fuel sulphur and other properties 
on PM emissions were observed; the size of these effects varied with operating 
conditions. 
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Clear progress in control of NOx emissions was demonstrated with the advanced diesel 
engine technologies.   

• Fuel sulphur content had no direct effect on NOx emissions in the engine/vehicle 
technologies tested here, though sulphur reduction should enable a wider range of 
NOx after-treatment systems to be employed.  

• Other extreme fuel property changes influenced NOx emissions in the heavy-duty 
engines, and in the light-duty vehicles in the ARTEMIS motorway cycle, but not in the 
NEDC. Fuel effects on NOx emissions were smaller in light-duty vehicles than in 
heavy-duty engines. 

• Optimisation of the exhaust after-treatment was also important, with increasing urea 
rate reducing NOx emissions.  

• Further progress on NOx emissions can be expected as control of engine-out 
emissions improves and NOx after-treatment technology matures, with the availability 
of sulphur-free fuels. 

Application of SCR/urea to control NOx in a Euro-5 prototype engine, with the engine tuned 
for better efficiency, improved fuel efficiency by about 5% versus a Euro-3 base case engine. 
Conversely, the use of EGR plus CRT to achieve Euro-4 heavy-duty emissions limits resulted 
in a loss in engine efficiency versus the Euro-3 engine.  

Diesel fuels with higher H:C ratios gave lower engine/vehicle CO2 emissions, though this 
would need to be considered on a well-to-wheels basis. These fuels also gave higher 
volumetric fuel consumption and lower maximum power due to their lower density.  

Despite the wide range of fuels tested, the engine/vehicle energy efficiency was insensitive to 
fuel changes, and no statistically significant differences between fuels were seen. 

The data-base on gaseous pollutants developed in Particulates should also provide useful 
additional input to the Artemis programme for updating emissions factors. 
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5.5. Effect of sub-zero ambient temperature on particle emissions 

This section describes the investigations on PM emissions at subzero ambient temperatures 
and the cold-start effect at such low temperature range. The experimental studies were 
carried out at EMPA and MTC. The vehicle sample (see Table 4-3 – the Peugeot 607 was not 
tested under subzero ambient temperatures) is representative of current engine and 
aftertreatment technologies. We especially investigated two direct injection spark ignition 
vehicles and a DPF-equipped diesel car. It is supposed that these technologies will achieve 
significant market breakthrough in the next years. In has to be mentioned that the ULEV 
gasoline vehicle (Honda Accord) is known from previous studies to show considerably lower 
emissions, compared to other “conventional” port-fuel injection vehicles, for both gaseous and 
particulate pollutants. 

5.5.1. Test programme 

The test programme conducted is listed in Table 5-2 and Table 5-3. All tests were usually run 
twice. If the results of these two test did not coincide a third or eventually a fourth test were 
carried out. The ACU cycle, developed in the ARTEMIS project, composes of a sequence of 
190 s with a speed up 45 km/h that is repeated 15 times. For the ACU and NEDC the tests 
were started with the same lube oil temperature as the room temperature, i.e. so-called cold 
starts were run. For the steady state tests and the CADC the lube oil temperature was 
increased to at least 80°C by preconditioning, i.e. warm starts. 

Table 5-2: Test programme at EMPA 

 

Table 5-3: Test programme at MTC AVL 

 

 

In order to investigate any potential fuel effect, two diesel (D2, D5) and two gasoline (G1, G3) 
fuels were tested at MTC AVL. An additional CPC (TSI model 3022) located in the dry branch 
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at EMPA provided the means for the direct identification of volatile particle formation. At MTC 
the instrumentation was placed inside an insulated and heated box in order to keep the 
temperature constant at +20 °C during the cold test cell tests. At EMPA the instrumentation 
was placed outside of the climate chamber at ambient temperature of about 20 °C. 

5.5.2. Results over steady states 

Table 5-4: Effect of decreasing chamber temperature on the particle emissions at steady state. 

 
* Due to change of the EGR rate 

An overview of the effect of the chamber temperature on the particle emission is given in 
Table 5-4. A temperature effect was seen for the conventional gasoline cars at 50 km/h and 
120 km/h. A decrease of particle emissions could be identified for the conventional diesel 
vehicle at both speeds. This observation was less affected by the temperature than by the 
change of the EGR rate. The DISI vehicle showed a strong particle increase at 50 km/h. 
However, no temperature influence was found at 120 km/h. Due to the low particle emissions 
of the particle trap equipped vehicle, no clear trend could be identified as a function of 
temperature. No nucleation mode produced by volatile nanoparticles was found in the number 
size distribution for any vehicles in the steady state tests. 

5.5.3. Warm start at transient test cycles (CADC) 

Only for the diesel vehicle with trap a temperature dependence of particle emissions was 
found (see Table 5-5). Because the increase of particle number was led back to volatile 
nanoparticles at subzero temperature, no increase of the particle mass was found. Volatile 
nanoparticles were found after strong acceleration during the road and highway part for all 
vehicles and temperatures tested (Figure 5-34). However, the volatile nanoparticle emissions 
were not repeatable and thus, high variations of the volatile nanoparticles occurred from test 
to test. 
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Table 5-5: Effect of decreasing chamber temperature on the particle emissions for the CADC. 

 

 

 
Figure 5-34: Occurrence of volatile nanoparticles within the CADC cycle for vehicle 1 and 2 at chamber 

temperature +23 °C. 
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5.5.4. Cold start at transient test cycles 

5.5.4.1. CADC 

 
Figure 5-35: Normalised integrated particle emissions over the ACU test cycle measured by CPC in the 

wet branch. 
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Figure 5-35 illustrates the integrated particle emission over the ACU cycle. The particle 
number emissions as measured by a CPC in the wet branch is shown for all investigated 
temperatures. 

Pronounced particle emissions during the cold start phase were found in the first part of the 
cycle for the two conventional gasoline vehicles (#1 and #2) and the diesel with particle trap 
(#4). The number particle emissions measured by a CPC in the first part of the cycle were 
higher than 90 % of the total particle emissions at subzero chamber temperatures. No 
relevant increase of the particle emissions was observed for the conventional diesel vehicle 
(#3) in function of chamber temperature or cycle part. The DISI vehicle (#5) ranged between 
the conventional diesel and conventional gasoline vehicles. 

An overview of the particle emissions depending on the chamber temperature is given in 
Table 5-6. A clear temperature dependence was seen for the three gasoline vehicles with 
their particle emissions increasing as the chamber temperature decreased from +23 °C to –
7 °C and –20 °C. No dependence of the chamber temperature was detected for the two diesel 
vehicles. No indication of volatile nanoparticles was found for any vehicle in any of the ACU 
tests. 

Table 5-6: Effect of decreasing chamber temperature on the particle emissions for the ACU. 

 

5.5.4.2. NEDC 

Table 5-7: Effect of decreasing chamber temperature on the particle emissions for the NEDC. 

 

An overview of the effect of chamber temperature on the particle emission is given in Table 
5-7. In line with the results obtained from ACU no or minor effect of the chamber temperature 
on the particle number emissions was found for the two diesel vehicles. The DISI vehicle 
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showed a clear increase of the particle number with decreasing temperature. The biggest 
effect with an increase of more than one order of magnitude on the particle number emissions 
was observed for the conventional gasoline. 

5.6. PM-bound PAH emissions 

This section presents the main results of the PM-bound PAH analysis conducted by the 
Stockholm University on samples collected in seven individual laboratories. All PAH values for 
the 18 species indicators in the air (Table 3-2) and the “Sum PAH” values, corresponding to 
the 23 individual species identified in all labs (Table 3-3) are included in the measurement 
database of the Particulates project. 

5.6.1. Results on light duty diesel vehicles 

The PAH emissions from the light duty diesel vehicles tested were highly dependent on the 
vehicle/engine, the exhaust aftertreatment concept, the operating cycle and the cycle 
temperature. The “sum PAH” emission varied from less than 0.2 µg/km to more than 7 mg/km 
in the samples collected. The lowest PAH emission was obtained from a Peugeot 607 HDI, 
equipped with a DPF and an oxidation catalyst and the highest was obtained from a Ford 
Galaxy 1.9 TD operated in IUFC15 Phase 1. This was also associated with the PM emission 
level of the two vehicles. The former had a PM emission of 3.4 mg/km and the latter emitted 
410 mg/km, which was the highest PM rate measured. Calculating the PAH loading, PM 
emitted from the Peugeot had approximately 6 ppm wt. PAH and the corresponding value for 
the Ford was approximately 17000 ppm wt., i.e. a factor of 2500 higher. 

Table 5-8 shows the “Sum PAH” and PM emissions of a typical Euro-3 VW Golf TDI over the 
cold-start NEDC, discriminated  in the UDC and the EUDC parts of the cycle. Emissions are 
reported for three different diesel fuels (D4, D5, D6). Generally, the emission rate of both PM 
and “Sum PAH” over the UDC are larger compared to the EUDC. There is also a fuel 
dependence of “Sum PAH” emissions over the UDC (D5 lowest) which covariates with PM 
emissions. The “Sum PAH” emission rate is not much dependent on fuel over the EUDC, 
even though PM emissions are fuel dependent. 

Table 5-8: PM and “Sum PAH” emissions of a typical Euro-3 diesel passenger car over a cold-start 
NEDC (discriminated in UDC and EUDC). 

UDC EUDC  
Fuel 

Sum PAH (µg/km) PM (mg/km) Sum PAH (µg/km) PM (mg/km) 
D4 9.3 33.2 4.0 22.4 
D5 8.2 23.6 4.6 16.6 
D6 25.7 45.5 4.2 24.6 

 

The same vehicle was also tested over the ARTEMIS driving cycles (Urban, Road and 
Motorway). As shown in Table 5-9 the highest “Sum PAH” emission was obtained over the 
Urban driving cycle, intermediate emissions over the Road driving cycle and the lowest over 
the Motorway part with respect to fuel D4. This tracks with the engine and aftertreatment 
system warming up and is consistent with the order of emissions in the two parts of the 
NEDC. It contrasts with the results found for the older VW Golf (without oxidation catalyst), 
which was tested in the round robin, where the EUDC PAH emissions were higher than the 
cold start phase. This indicates that the oxidation catalyst, once it is warm and active is 
effective in controlling PAH emissions. On the other hand, the “Sum PAH” emissions were 
independent of fuel tested, over the Motorway driving cycle. No conclusions can be drawn 
over the Urban and Road driving cycles, due to lack of data. 
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Table 5-9: Total PM-bound PAH emissions of a typical Euro-3 diesel passenger car over a cold-start 
NEDC (discriminated in UDC and EUDC). 

Fuel Urban (µg/km) Road (µg/km) Motorway (µg/km) 
D4 43 3.6 1.3 
D5 No data No data 2.2* 
D6 No data No data 1.8* 

*Mean value of two tests. 

A comparison of the PAH results collected from the Euro-3 VW Golf and the Euro-3+ PSA 
607 (DPF-equipped) cars is graphically shown in Figure 5-36 and Figure 5-37. Data from the 
cold portion (UDC) of the NEDC (Figure 5-36) showed that the results from the VW Golf were 
quite variable. This may be a real vehicle/sampling system effect, but could also relate either 
to the filter transport process, since despite the care taken, there was a long time between 
emissions testing and filter analysis and hence some risk of loss of PAH from the filters or to 
the fact that only the particle bound PAH were analysed. However, the VW Golf data also 
shows some evidence of fuel effects under these conditions (D6 higher than D5 and D4, 
though the outlier result on D4 is excluded from the mean data in Table 5-6). In the PSA 607 
DPF equipped car, the PAH emissions were very low on all fuels tested, including the pre-
2000 specification diesel fuel D6. 

0

5

10

15

20

25

30

35

40

45

Shell
Peugeot 607
Cold NEDC

UDC
D4

Shell
Peugeot 607
Cold NEDC

UDC
D5

Shell
Peugeot 607
Cold NEDC

UDC
D5

Shell
Peugeot 607
Cold NEDC

UDC
D6

Shell
Peugeot 607
Cold NEDC

UDC
D6

Shell
VW Golf TDi
Cold NEDC

UDC
D4

Shell
VW Golf TDi
Cold NEDC

UDC
D4

Shell
VW Golf TDi
Cold NEDC

UDC
D5

Shell
VW Golf TDi
Cold NEDC

UDC
D5

Shell
VW Golf TDi
Cold NEDC

UDC
D6

Shell
VW Golf TDi
Cold NEDC

UDC
D6

Shell
Peugeot 607
Cold NEDC

UDC
D4

 
Figure 5-36: Total PM-bound PAH emissions for a DPF-equipped and a conventional Euro-3 passenger 

car over the cold-start UDC part of the NEDC. Three different fuels considered (D4, D5, D6). 

On the ARTEMIS Motorway cycle (Figure 5-37), the data show a similar difference between 
the vehicles. However, under these operating conditions, the levels of emissions were much 
lower than during the cold-start UDC fraction of the NEDC. This is clearly due to the vehicles 
being fully warmed up on the ARTEMIS motorway cycle, with the oxidation catalysts fully 
active, hence most of the hydrocarbons are oxidised. The fuel differences which were 
apparent in the Golf NEDC data in Figure 5-36 are no longer seen on the ARTEMIS cycle, 
since the high temperature operation and active catalysts provide effective conversion of the 
hydrocarbons. 
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Figure 5-37: Total PM-bound PAH emissions for a DPF-equipped and a conventional Euro-3 passenger 

car over the Artemis Motorway cycle. Three different fuels considered (D4, D5, D6). 

5.6.2. Results on light duty gasoline vehicles 

PAH emissions from the light duty gasoline vehicles tested were also dependent on the 
vehicle technology, operating cycle and temperature, with the “sum PAH” varying from less 
than 0.25 µg/km to more than 1.5 mg/km. The lowest PAH emission was obtained from a 
Toyota Corolla 1.8 operated in the ARTEMIS Motorway driving cycle and the highest was 
obtained from a Renault Mégane 1.6 16V operated in IUFC15 Phase 1 at ambient 
temperature of –20 ºC (both vehicles Euro-3 equivalent). The corresponding particulate 
emissions were 1 mg/km and 124 mg/km (the highest particle emission measured), 
respectively. The PAH particle loading for the Toyota Corolla was approximately 250 wt. and 
the corresponding for the Renault was approximately 120 000 ppm wt., a factor of more than 
450 times higher. This highlights cold start emissions at low ambient temperatures as a 
specific issue to be considered with respect to PAH emissions and particle PAH loading. 
Significantly increased PAH emissions from gasoline fuelled vehicles with TWC tested at low 
ambient temperatures (–20 ºC) has been also previously reported (64). 

5.6.3. Results on heavy duty engines 
Total PAH emissions from diesel heavy duty engines ranged from 0.35 µg/kWh to more than 
100 µg/kWh. Table 5-10 compares the PM and PAH emissions of a Euro-3 engine with and 
without a CRT particulate filter running on fuel D5. An approximately 85 % reduction of the 
total PAHs was achieved by the use of the CRT filter, together with an equally impressive 
93% reduction of total PM mass. 

Table 5-10: Comparison of the PM and Sum PAH emissions of Euro-3 engine with and without CRT 
particulate filter. 

Engine Fuel Mode “Sum PAH” 
(µg/kWh) 

PM 
(mg/kWh) 

Euro-3 D5 ETC 46.2 88 
Euro-3 D5 ETC 45.8 86 

Euro-3+ (CRT) D5 ETC 6.5 6 
Euro-3+ (CRT) D5 ETC 7.8 6 

 

Table 5-11 shows the PM and PAH emissions of a Euro-3 engine without exhaust after-
treatment, a prototype Euro-4 system (with EGR/CRT) and a prototype Euro-5 system with 
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SCR/urea but without a particle trap. The Euro-4 engine emitted approximately 95 % lower 
total PAH emissions than the Euro-3 engine over the ESC mode 5 when D4 fuel was used. A 
similar difference was observed over the ESC mode 12. Fuels D4 and D5 (both with sulphur 
contents below 10 mg/kg) gave similar PAH emissions in the Euro-4 engine. Very low PAH 
emissions were obtained from both the Euro-4 and Euro-5 engines, though the Euro-5 engine 
emitted slightly higher sum PAH emissions versus the Euro-4 engine (comparison based on 
ESC modes 5 and 12, fuel D5). Overall, it can be concluded that the prototype Euro-4 system 
with EGR and CRT and the prototype Euro-5 system with SCR/urea, both gave very low PAH 
emissions, consistent with their very low PM and total HC emissions, a step-change versus 
Euro-3 HD engines. Similar results for other advanced heavy duty engines can be found in 
the literature [65]. 

5.6.4. Summary of PM-bound PAH emissions 

• There is a need for a harmonization of PAH emission measurements, which will also 
involve sampling and analysis of both particulate and semi-volatile associated PAH.  

• PAH emissions from the advanced engine/vehicle technologies tested were very low. 
It can be concluded that PAH emissions are effectively controlled by the same 
technologies which are being applied to control PM and hydrocarbon emissions. 

• Measurements under subzero ambient temperatures yielded significantly higher PAH 
emissions and particle PAH load.  

• PAH emissions were found to be test cycle dependent, with highest emissions under 
cold start operation and lowest emissions when the engines are warm and exhaust 
after-treatment systems are active. 

Table 5-11: Comparison of the PM and the PAH emissions of a Euro-3, a Euro-4 and a Euro-5 engines. 

Engine Fuel Mode “Sum PAH” 
(µg/kWh) 

PM 
(mg/kWh) 

Euro-3 D4 5 12.7 60 
Euro-4 D4 5 0.58 9 
Euro-3 D4 12 11.5 50 
Euro-4 D4 12 0.35 4 
Euro-4 D5 5 0.57 21 
Euro-5 D5 5 1.84 9 
Euro-4 D5 12 0.87 6 
Euro-5 D5 12 1.57 16 

 

5.7. Road side and tunnel measurements 

Roadside measurements were performed by TUG in order to document the size distribution of 
particles under dilution conditions similar to the real world. These activities covered 
measurements at different roadside locations in tunnels as well as at locations in an urban 
environment. In order to get a clear picture of the PM evolution in different size classes, 
measurements in a road tunnel were performed at different locations inside the exhaust air 
stream. These locations ranged from the curbside inside the tunnel to different locations along 
the exhaust air system of the tunnel. Additional measurements were performed in the ambient 
environment at curbside locations by street crossings as well as in the urban background. 
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The ambient PM size distribution measurements were undertaken by using SMPS 
instruments. Four SMPS systems (TSI with a DMA 3071A, CPC 3022A; DMA 3080 
CPC 3010) were used for the tunnel measurements. The flow rate was set to 0.3 l/min, the up 
scan time was 220 s, and the size range 10 nm to 700 nm. Calibration of all SMPS was done 
before and after the field measurements. All spectra were corrected by taking one SMPS as 
the reference and applying correction factors for the other SMPS based on this calibration. No 
correction for diffusion losses in the sampling line and the DMA was applied. The 
measurements in the urban atmosphere were performed with one single SMPS (TSI with a 
DMA 3071A and a CPC 3022A), the size range was set to 7 nm to 300 nm. 

5.7.1. Road tunnel measurements 

Tunnel measurements have the big advantage, in the sense that the road tunnel can act as a 
big dilution tunnel with well known boundary conditions, as air flow and traffic volume is well 
known. In addition a broad variety of emission sources contribute to the pollution, which 
enables us to have a real world mixture of different vehicle sources. The disadvantage is that 
a clear allocation to a certain source is not possible and the tailpipe emission is not the only 
PM source in the tunnel atmosphere. Moreover, in contrast to gaseous pollutants, the PM size 
concentration due to emissions is influenced by the size distribution that is already present in 
the tunnel. Thus, particle number size distribution profiles recorded in street tunnels do not 
necessarily represent situations occurring in ambient air. 

5.7.1.1. Measurement locations 

Measurements of the particle size distribution in the range between 7-700 nm were performed 
in one road tunnel in Austria (Plabutsch tunnel) for a period of 10 days. The tunnel has a 
length of 10 km and is operated in counter flow in a single bore. A transverse ventilation 
system is installed to provide the necessary fresh air supply in the tunnel. The ventilation 
sections have a length of 2 km each. Two vertical stacks are used for discharging the exhaust 
air into the atmosphere and providing fresh air. The stacks have a height of 90 m and 240 m. 
This complex ventilation system allows an investigation of the evolution of the particle size 
distribution over a certain time period between emission event and when particles leave the 
stack. Therefore a measurement program was set up which was based on measurements at 
the following locations: 

• Site 1: Particle size distribution of the fresh (intake) air (Figure 5-38) 

• Site 2: Curbside inside the tunnel (Figure 5-39) 

• Site 3: Inside of the ventilation duct, at the foot of the 240 m high stack (Figure 5-38) 

• Site 4: Measurement at the top of the 240 m high stack (Figure 5-38) 

With regard to site 1 measurements, the fresh air inlet is at an altitude of 640 m above sea 
level in a forest on top of a hill. The intake air exhibits typical background concentration levels. 
However, the shape of the size distribution might be influenced by the PM from the exhaust 
air stack which is some 50 m above the inlet. In other words, the particle size distribution of 
the fresh air is similar to that of the exhaust air, but the number concentrations are much 
smaller by a factor of approximately 50. 

Site 2 is located directly at curb side inside the tunnel. As the tunnel ventilation is fully 
transverse, fresh air enters the traffic area at the top left top corner through the false ceiling. 
In the traffic area it is well mixed with the exhaust due to the traffic-induced turbulence. 
Eventually it leaves the traffic area through openings in the false ceiling and the exhaust air 
duct. Hence, the measurement covers almost only “fresh” PM emission from traffic as a 
longitudinal air velocity in the tunnel is relatively small (especially in that case where the 
counter flow restricts air flow in the direction of the tunnel). 
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Site 3 is quite different as it is located inside the exhaust air duct. Here, all the air from a 2 km 
long ventilation section comes together before it enters the vertical stack. At that location the 
individual particles have already different travelling times. Those coming from the far end of 
the exhaust air duct have been travelling for almost 2 km while those from the near end have 
just entered the duct from the traffic area below. The travel times (and thus the residence 
times) of the various particles vary between 200 s (far end) and a few seconds (near end) in 
case of full ventilation power. During times with little traffic and hence reduced ventilation rate 
(e.g. during night) the travel times are much longer. This has a clear influence on the size 
distribution. 

Site 4 is at the top of the exhaust air stack. Compared with site 3, no further dilution or mixing 
with other air takes place. The travel time between site 3 and 4 is some 38 seconds at full 
ventilation during peak hours and longer during off-peak hours. 

 
Figure 5-38: Measurement locations (sites 1 to 4), Plabutsch tunnel. 

 
Figure 5-39: Detail of measurement site 2 (curbside) inside the Plabutsch tunnel. 
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5.7.1.2. Traffic variability 

As the tunnel serves a bypass for the city of Graz it has a very distinct traffic variation during 
the course of the day. On an average working day within the field campaign some 
24070 vehicles passed through the tunnel, during the weekend the traffic volume went down 
to 16930 vehicles/day. The heavy duty vehicle (HDV) share was 23% on a working day and 
7.7% on a weekend day. Passenger car (PC) traffic has a clear morning and evening peak, 
whereas HDV traffic has a strong increase during the morning, a flat distribution during the 
day and a decrease in the afternoon and evening hours. 

5.7.1.3. Average and percentiles of distributions 

Averaging the measurement information over a longer period result in general in data with 
high confidence levels, as all the information is considered. On the other hand the time 
dependency of the collected information is lost. 

Figure 5-40 shows the mean value and the upper and lower quartile of the size distribution for 
the four sites, averaged over the whole sampling period. The curve for site 1 (inlet) peaks at 
100 nm, the number concentration (#/cm³) is relatively low, as it is a rural background 
location. This distribution is most possibly influenced by the air from the ventilation exhaust air 
outlet which shows a similar size distribution but obviously much higher number 
concentrations (see results for site 4). At site 2 (roadside) a bimodal distribution having one 
peak in the very small fraction (<30 nm) and a second peak in the soot mode (~80 nm) is 
found. This indicates that there is a clear dependency of the size distribution on the traffic and 
emission situation, as the diesel emissions show the same bimodality. 

 
Figure 5-40: Comparison of the mean  particle size spectra at the different locations (sites 1-4). 25th and 

75th percentiles are shown with fine lines and mean values with bold lines. 

The averaged PM size-distribution at site 3 (foot of one of the exhaust stacks) shows again a 
bimodality with a major peak in the 80 to 100 nm range and a second much smaller one in the 
30 nm range. A similar situation appears at the top of the ventilation shaft (site 4), some 
240 m or at least 38 seconds later, although some coagulation of the ultrafine aerosol can be 
expected. 

The third measurement location was at the foot of one of the exhaust stacks (site 3 see 
Figure 5-38), which corresponds to a mixture of particles collected at different locations along 
the tunnel. In the specific ventilation section fresh air is injected constantly over a length of 
2 km and the polluted air is sucked of – also constantly over the full section length. At 
measurement location 3 (stack foot) the air contains now PM which has either travelled 
already up to 2 km in the exhaust air duct (very far end of the section) or just entered the 
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ventilation duct (very near end of the ventilation section). So a mixture of “old” PM and “fresh” 
PM occurs at the measurement location 3. 

As Figure 5-40 shows there is a variation of the size distribution between the different 
locations. The bimodal form is most pronounced at the roadside location. No bimodal form is 
given for the ambient air (i.e. fresh air inlet). An interesting feature is also the correlation 
between PM10 (measured with a Tapered Element Oscillating Microbalance - TEOM) and the 
different size classes inside the tunnel. Such a correlation is shown in Figure 5-41. There is a 
clear correlation between PM10 mass concentration and the larger size classes (from 40 nm 
on) and a very weak one for the small classes. 

5.7.1.4. Daytime distributions 

The size distributions at all sites vary as a function of time, as the variation of traffic volume 
has a significant influence on the concentration of aerosols and the size distribution. As an 
example, the situation concerning the time dependency of the size distributions at the 
curbside location (site 2) and at the top of the exhaust stack (site 4) is shown in Figure 5-42. 
At the curb the large particle size classes dominate during the day (7:00, 13:00, 19:00) while 
these classes are much lower during night (lower traffic), but still remarkably higher than the 
inlet concentrations. Bimodality is present at each time, but with a dominant soot mode during 
high emission situations (daytime) and a dominant condensation particle mode in the 30 nm 
range during night time. This can be explained by lower production of ultra-fine particles 
during daytime, because the semi-volatile gases condense on the existing surfaces rather 
than forming new particles. 

 
Figure 5-41: Correlation between PM10 and SMPS classified size classes. 

This clear time dependency is also shown for the stack top (site 4). Working hour traffic 
produces a dominant peak in the soot mode range (80 nm), while during the night a bimodal 
distribution with a peak in the small range and one in the soot mode appears. Thus, 
coagulation of particles is fast enough to decrease the concentrations of ultra-fine particles 
significantly between site 2 and 4. It has to be mentioned that during night (for working days 
approximately from 19:00 to 6:00) the ventilation rate is smaller as the ventilation is off and 
only natural convection takes place. Therefore the pollutants may stay much longer in the 
tunnel compared to daytime hours. 
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Figure 5-42 depicts also the 25 and 75 percentile values for each of the curves. The curbside 
measurements show in all cases a big spread in the region of the small size classes, while 
this is not the case in the regions above 40 to 50 nm. The spread in the small size class is 
biggest during night time where only a few emission events occur. The outlet site (site 4) does 
not show this behaviour anymore. The 25 and 75 percentile values follow much more the 
average line. 

5.7.2. Measurements in urban atmosphere 

In addition to the tunnel tests, measurements in urban atmosphere were undertaken at 
different locations and distances from road traffic emission sources. When moving to an 
urban atmosphere, the direct connection between road traffic emission source and 
concentration measurement is lost as dispersion takes place with an unknown dilution ratio. In 
addition, one has to consider that the background concentrations (from other sources) cannot 
be neglected and these may have an influence on chemical processes. Nevertheless, for 
curbside measurements the background influences may not be too high, assuming the wind 
direction is appropriate. A different situation appears as soon as the distance from the road 
increases. In such cases dispersion, chemical reactions, etc. may play a dominant role. 

 
Figure 5-42: (a) Size distribution at curb-side (site 2) and (b) ventilation stack outlet (site 4) as a 

function of time of day; concentrations in [#/cm³], diameter Dp in [nm], median, 25 and 75 percentile 
values. 

The curbside measurements were performed at a street crossing (Don Bosco) in Graz, 
Austria. The measurements were performed in August 2001 (22.08-27.08) and some 1500 
particle size spectra were recorded. The traffic volume was some 30 000 vehicles per day 
with a pronounced morning and evening rush hour peak. Although this is a typical roadside 
site, urban background air has to be considered too. During windward situations, where the 
crossing is in lee of the monitoring station, there is a relatively high PM10 load remaining. 

Urban background measurements were undertaken at a residential location where no major 
roads exist. The nearest larger roads are some 600 m – 800 m away. As the wind speeds 
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were generally very low (mostly below 1 m/s) the direct influence of traffic sources was only 
relatively slight. The measurements were performed in September 2001 (27.8-5.9) and some 
2600 spectra were recorded. 

The time dependent size distributions (0:00, 7:00, 19:00) for the road side (A) and the urban 
background (B) measurements are shown in Figure 5-43. Much smaller concentrations in the 
80 to 100 nm range were measured in both these locations, compared to the tunnel 
measurements. The mode of the distributions was at around 25 nm for the road side location 
while the dominating part in the urban background was in the 30 to 40 nm range.  

Figure 5-43 reveals also the dependency on the traffic volume and the dispersion conditions. 
The maximum concentration in the street crossing, is during the early morning peak where 
high emission levels meet unfavourable dispersion conditions. On the other hand, the 
concentration levels in the urban background are higher during night time compared to the 
daytime. The reason is to be seen in the dispersion conditions. Inverse stable conditions 
hinder the vertical exchange of air and result in higher night time concentrations. 

A special case occurs for 0:00 where the mean size is above the 75% percentile. This can be 
explained by extraordinary high maximum values in the range between 20 and 50 nm on the 
24th and 25th. Aug. which are up to the order of 2×105 particles/cm3. The median in 
comparison, also shown for 0:00, is much less sensitive. 

 
Figure 5-43: Time dependent mean size distribution bold at curb-side location (A) and in urban 

background (B) for workdays only and three times (0:00m,7:00,19:00); Thin lines surrounding bold lines 
indicate the 25 and 75 percentiles. For 0:00 also the median is depicted. 
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5.7.3. Road side and tunnel measurements synopsis 
 In street tunnels a nucleation mode was observed at the curb-side, but it is less 

pronounced than for urban measurements because nucleation is partly suppressed by 
the high existing surface area concentration. This also results in a much higher 
coagulation loss rate of the small particles compared to processes in urban atmosphere. 

 It seems that in street tunnels nucleation mode PM can be observed at curbside, however 
the evolution of the PM size distribution does not follow the processes which go on in 
urban atmosphere. 

 The curb-side measurements in the tunnel show an aerosol size distribution strongly 
varying with the traffic volume. Depending on the traffic and ventilation situation 
nucleation mode particles or soot mode particles dominate. 

 The roadside measurements at an intersection show a distribution having a peak at 
25 nm, along with smaller nucleation particles around 10 nm. The pure soot mode (80 nm 
range) which is present in the engine and the tunnel measurements is hardly visible in 
this case. This is consistent with findings in other cities [66]. 

 Measurements in the urban background show that less particles of the nucleation mode 
are present in the urban background compared to the roadside, and the mode of the size 
distribution is shifted towards larger particles, due to coagulation and growth processes. 

 

5.8. Non-exhaust particle emissions 

This last section presents the results from the measurements conducted by TRL for the 
calculation of non-exhaust particle specific emission factors. 

The ‘multiple linear regression on absolute principal component scores’ (APC/MLR) technique 
was used to identify sources and quantify their contributions to PM10. Principal component 
analysis was applied to identify the source categories, and the application of the Equamax 
rotation of the initial component matrix resulted in the determination of absolute principal 
component scores (APCSs) that could be physically interpreted. The PM10 mass was then 
regressed as a dependent variable against the APCSs. For each sample and source category 
the coefficients in the multiple linear regression equation and the APCSs were used to obtain 
its contribution to the total PM10 concentration. The PM10 emission factor (mass emitted per 
vehicle-km) for the entire fleet passing the tunnel during a given interval was obtained from 
the following equation: 

NL
AtCCEF airentranceexit

PM .
...)(

10

ν−
=    (Equation 1) 

where: 

EFPM10    Total emission factor for PM10 (g/vkm) 
Cexit    PM10 concentration at tunnel exit (g/m3) 
Centrance    PM10 concentration at tunnel entrance (g/m3) 

vair    Velocity of the air (m/s) 

 

t    Time duration of sampling (s) 
A   Tunnel cross section (m2) 
L    Tunnel length (km) 
N   Number of vehicles which passed 
      the tunnel in the time interval t 

 

The emission factors for non-exhaust sources were then obtained by using the PM10 emission 
factors obtained from equation 1, and the fractional contributions of the sources from 
APC/MLR. The procedures followed are described in more detail below. 
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5.8.1. Principal component analysis (PCA) 

The concentrations of PM and the component chemical species measured at the tunnel 
entrance were subtracted from those measured at the tunnel exit, yielding ‘tunnel increment’ 
values, thus minimising the influence of non-traffic sources. PCA was then performed on the 
tunnel increment data to identify the most important particle sources. PCA reduces the 
number of input variables to a smaller number of ‘components’, which can be interpreted as 
the underlying cause or source. In this case, five components were retained: 

• Principal Component 1: This component had the highest loading for PM10. It also had 
loadings for the phenanthrenes, which are constituents of diesel exhaust and have 
been used as tracers to identify this source in other studies [67]. Other PAHs present 
in diesel exhaust also had high loadings (around 0.8) on this component. The 
component was therefore interpreted as the diesel exhaust source. 

• Principal Component 2: This component had very high loadings for PAHs relating to 
petrol exhaust, such as benzo[a]pyrene, indeno[1,2,3-cd]pyrene and coronene. The 
component was therefore interpreted as the petrol exhaust source. 

• Principal Component 3: This component had loadings of more than 0.9 for Ca, Al and 
Ba. These elements, particularly Ca and Al, are reasonably reliable tracers for crustal 
material. This component also has minor loadings for many other metals. The 
component was therefore interpreted as resuspended soil.  

• Principal Component 4: This component had the highest loading for benzothizole, 
which was been identified as an organic tracer for tyre wear particles, and also had a 
significant loading for Zn the metal that has been used as inorganic tracer for this 
source. However, this component also had significant loadings for Sb and Cu, which 
are constituent elements of brake linings, and loadings of 0.3 or more for PAHs that 
are present in tyre and brake wear particles. The component was therefore 
interpreted as mixed tyre and brake wear source, and it was not possible to resolve 
separate tyre and brake wear contributions. 

• Principal Component 5: This component had the highest loadings for two metals, Ni 
and V. Both these metals have been considered as relevant tracers of refuse oil 
burning. However, there were clearly no major sources of refuse oil burning in the 
tunnel. Asphalts, on the other hand, are composed of a mixture of mineral 
aggregates, sands, fillers and bitumen binder, and bitumen is the crude residue of 
fossil fuel. It has therefore been assumed that V and Ni appearing together in this 
way points to road surface wear as the source relating to this component. There were 
also minor loadings for a number of PAHs, which are associated with fossil fuel, of 
which coal tar is a crude end product. Therefore, the component was interpreted as a 
road surface wear source.  

5.8.2. Multiple linear regression analysis on principal component scores 

MLRA was performed using PM10 as the dependent variable and the APCSs as independent 
variables. The resulting regression model was: 

PM10 = 2.2 + 7(de) + 3.1(pe) + 4.4(rs) + 9(tb) + 2.5 (rsu)  (Equation 2) 

where: 

de    diesel exhaust 
pe    petrol exhaust 
 

tb  tyres and brakes (combined) 
rsu  road surface 
rs  = resuspended soil. 
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5.8.3. Derivation of emission factors 

The total PM10 emission factor for each source was obtained by applying Equation 1 to each 
of the 54 paired PM samples collected inside the tunnel. Given that the traffic composition 
had been recorded in the tunnel at the time of the measurements, it was also possible to 
estimate separate emission factors for LDVs and HDVs for each source using further multiple 
regression analyses. For each source the regression equation is: 

Etot   =   constant +  (eLDV· NLDV) +  (eHDV ·NHDV)         (Equation 3) 

where: 

Etot   Total emissions from the traffic contributing to
     the PM10 sample (mg/km) 
NLDV    Number of LDVs 

NHDV   Number of HDVs 

eLDV Emission factor for LDVs 
             (mg/vkm) 

eHDV  Emission factor for HDVs 
             (mg/vkm) 

The LDV component was divided into petrol and diesel fractions using national fleet 
composition data for the motorways. This analysis therefore included three independent 
variables: HDV, LDVpetrol and LDVdiesel. However, the LDVpetrol component was not found to be 
significant.  

The combined tyre and brake wear emission factors of 6.9 mg/vkm for LDVs and 49.7 
mg/vkm for HDVs obtained in the Hatfield Tunnel study appear to be at the lower ends of the 
ranges of values reported elsewhere4. For LDVs, typical PM10 emission values for tyre wear 
reported in the literature are between around 5 and 13 mg/vkm, and for HDVs the range is 
between around 7 and 200 mg/vkm. Emission values for brake wear are typically between 1 
and 8 mg/vkm for LDVs and between 4 and 40 mg/vkm for HDVs.  

The PM10 resuspension emission factors from the Hatfield Tunnel study were 0.8 mg/vkm for 
LDVs and 14.4 mg/vkm for HDVs.  Several values may be found in the literature, ranging from 
0.3-0.8 mg/vkm for LDVs and 7 mg/vkm for HDVs  to up to 40 mg/vkm. Also values several 
orders of magnitude higher than these were obtained in some US studies. 

The PM10 road surface wear emission factors from the Hatfield Tunnel study were 3.1 mg/vkm 
for LDVs and 29.0 mg/vkm for HDVs. Literature values range between 7 and 9 mg/vkm for 
LDVs, and 38 mg/vkm for HDVs while Muschack [68] gives a total PM emission factor of 3.8 
mg/vkm.  

It is important to note that some of the emission factor estimates from the Hatfield tunnel, 
particularly those for the non-exhaust sources, are less robust than those for total PM10 as 
they are not significant at the 95% confidence level. However, even the non-significant results 
should provide a reasonable estimate of the magnitude of the emission factors, albeit under a 
fairly limited range of vehicle operation conditions, and generally agree reasonably well with 
the literature. 

There component wear tests showed that was a weak negative correlation between tyre wear 
and average trip speed between tests for the four front-wheel drive cars. This may have been 
due to the nature of low-speed driving, which involves more stopping, starting and turning 
than high-speed driving. There was also weak negative relationship between brake wear and 
average trip speed between tests for the cars, probably for similar reasons. 

                                                      
4 References for the literature values in this section can be found in Deliverable 8 of the Particulates 
report. 
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6. Conclusions 

General 

• The novel particulate emission sampling and measurement system, developed under 
the EU DG TREN Particulates project, has been successfully employed to generate a 
comprehensive data-set on particulate mass, size and number emissions with a wide 
range of engines and fuels. 

• This provides a solid foundation for future development of emissions factors for 
current and future vehicles 

• Particle mass measurement is capable of distinguishing between engine technologies 
up to DPF-equipped systems.  

• Particle number measurement techniques offer the potential for greater measurement 
sensitivity and discrimination, and are especially valuable for further research into 
advanced vehicles and fuels. 

• Both solid (accumulation mode) and volatile (nucleation mode) particles have been 
successfully measured under laboratory operation. However, nucleation mode 
particles are highly dependent on sampling conditions.  

Diesel 

• LD vehicles and HD engines equipped with particulate traps produced very low 
particulate mass emissions, low numbers of carbonaceous particles and low total 
numbers of particles when operating on low sulphur fuels.  

• This represents a bigger step than the changes from Euro-1 to Euro-3.  

• A heavy-duty prototype Euro-5 engine equipped with SCR/urea, but without a particle 
trap, produced very low particulate mass, within the Euro-5 limits, but its particle 
number emissions were considerably higher than the trap-equipped option. 

• The effect of diesel fuel sulphur was greatest under high temperature operation. 
Under these conditions, fuels with nominal 50ppm or lower sulphur gave significant 
reductions in particle mass and number emissions versus current nominal 300ppm 
sulphur fuels. 

• 300ppm sulphur fuels with widely different fuel compositions gave similar emissions. 

• In the advanced engine technologies, fuel effects other than sulphur on particulate 
emissions were small in absolute terms.  

• A 5% RME diesel blend made little difference to particulate emissions levels. 

Gasoline 

• Direct injection gasoline cars produced measurable amounts of particulate mass 
emissions over the NEDC, well below the Euro-4 diesel emissions limit, but higher 
than trap-equipped diesel cars. 

• This was reflected in the numbers of carbonaceous and total particles. 

• There was no clear short-term effect of gasoline sulphur content on the particulate 
emissions from direct injection gasoline vehicles. 
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Non-Exhaust 

• According to the literature PM10 appears to be released from tyres at a rate of 
between 5 and 13 mg/vkm for light-duty vehicles. This suggests that up to around 
30% by mass of LDV tyre wear material is emitted as PM10, but much higher 
proportions have been reported in some studies.  

• For brake wear, PM10 emission factors of up to 79 mg/vkm have been reported for 
light-duty vehicles, and up to 610 mg/vkm for heavy-duty vehicles, the latter value 
being considerably higher than the highest total brake wear rate reported in the 
literature. 

• In the Hatfield Tunnel study, it was found that the combined use of metal and organic 
tracers and receptor modelling techniques provides a reasonably robust means of 
identifying non-exhaust sources and determining appropriate PM10 emission factors. 

• Five main sources were identified as contributing to the PM10 tunnel increment 
concentration: diesel exhaust, petrol exhaust, resuspended dust, combined brake/tyre 
wear and road surface wear. With the exception of petrol exhaust, it was possible to 
derive separate LDV and HDV emission factors for each source. 

• The PM10 emission factors for combined tyre and brake wear emissions from LDVs 
and HDVs in the Hatfield Tunnel were found to be 6.9 mg/vkm and 49.7 mg/vkm 
respectively. Both these values are towards the lower ends of the ranges values 
reported in the literature. One reason for this may be that vehicles tend to be 
operated in a ‘steady-state’ mode inside tunnels. 

Implications for Future Regulation and Research 

• A major step in particulate emission control will be taken through the combination of 
diesel particulate filters and sulphur-free (10 mg/kg max S) fuels. 

• Particle mass measurement is capable of distinguishing between engine technology 
levels up to DPF-equipped systems. Its continued use in regulation has the 
advantage of providing continuity with previous data.  

• Particle number measurement techniques offer the potential for greater measurement 
sensitivity and discrimination, and are especially valuable for further research into 
cleaner vehicles and fuels. 

• There is some evidence that the number of “solid” particles does not always correlate 
with mass. However, further methodology development, including definition of 
suitable instrument calibration procedures and multi-lab validation, would be required 
prior to use of “solid” particle number measurements in regulation.  

• Developments in particle emissions performance of direct injection gasoline cars 
should be closely monitored.  

• The relevance of the NEDC emission test cycle to real world operation should be 
reviewed. 

• Further research continues to be needed on the health relevance of measurements of 
“nucleation” mode particles, their chemical composition and their fate in the 
atmosphere. 
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7. List of the Deliverables 

Table 7-1: Overview of the deliverables 

Deliverable Responsible 
Partner  Output from WP Nature of Deliverable and brief description  

D1 LAT/AUTh 100 REPORT: Inception report 

D2 TUT 200 
REPORT: Vehicle exhaust particulates 

characterisation - properties,  instrumentation 
and sampling requirements 

D3 EMPA 300 REPORT: Sampling conditions and relevant 
protocol for particulate characterisation 

D4 DEKATI 300 PROTOTYPE: Dilution sampling system 

D5 Concawe 400 
REPORT: Detailed test matrix and overall test 
conditions, incl. definition of roadside and non 

exhaust particulate measurements 
Non-exhaust particles (TRL contribution to D5)

D6 
DEKATI, 

LAT/AUTh & 
LAT/AUTh 

300 & 500 
REPORT: Round robin evaluation 

REPORT: Repeatability and reproducibility 
analysis of the round robin results 

D7 TUG 500 REPORT: Roadside measurements results 

D8 TRL 500 REPORT: Non-exhaust particulate 
measurements results 

D9 LAT/AUTh 600 REPORT: Database of the “Particulates” 
project (Report and database) 

D10 LAT/AUTh 600 REPORT: Particulate characterisation from 
current vehicles 

D11 FFA, 
LAT/AUTh 600 

REPORT: Comparison of PM exhaust 
emissions measured at a chassis 

dynamometer and on-road chasing on a test 
track 

D12 EMPA 600 
REPORT: Particulate and PM characterisation 
in non-legislative conditions (sub-zero ambient 

temperatures) 

D13 Volvo 600 

REPORT: Effects on particulate emissions of 
anticipated future engine and exhaust 

aftertreatment technologies complying with 
future emission standards  

VKA contribution to deliverable 13 

D14 Concawe 600 REPORT: Effects on particulate emissions and 
relevance of fuel quality for emission factors 

D15 Concawe, 
Volvo 600 

REPORT: Relevance of current PM emission 
standards and further aspects of particulate 

properties to be taken into account 

D16 LAT/AUTh, 
Concawe 600 REPORT: Final summary report of the project
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9. Glossary 

Acronym Description  Acronym Description 
ACU ARTEMIS Cold Urban Cycle  ICP Inductively Coupled Plasma 
ACEA European Association of 

Automotive Manufacturers 
 LC Liquid Chromatography  

ARTEMIS Assessment and Reliability of 
Transport Emission Models and 
Inventory Systems 

 LDV Light Duty Vehicle 

CAFÉ Clean Air For Europe  LHV Lower Heating Value 
CADC Common ARTEMIS Driving Cycle  MS Mass Spectroscopy 
CRT Continuously Regenerating Trap  NEDC New European Drive Cycle 
CPC Condensation Particle Counter  PAH Polycyclic Aromatic Hydrocarbon 
CoV Coefficient of Variance  PM Particulate Matter 
CVS Constant Volume Sampling  PFSS Partial Flow Sampling System 
DAT Dilution Air Temperature  PTW Power Two Wheeler 
DR Dilution ratio  RT Residence Time 
DC Diffusion Charger  RH Relative Humidity 
DPF Diesel Particulate Filter  RME Rapeseed Methyl Ester 
DGI Dekati Gravimetric Impactor  SCR Selective Catalytic Reduction 
DMA Differential Mobility Analyser  SRM Standard Reference Material 
DISI Direct Injection Spark Ignition  SMPS Scanning Mobility Particle Sizer 
DDMPS Dual Differential Mobility Particle 

Sizer 
 TD Thermo Denuder 

DG TREN Directorate General Energy and 
Transport 

 TDI Turbocharged Direct Injection 

EGR Exhaust Gas Recirculation  TEOM Tapered Element Oscillating 
Microbalance 

ELPI Electrical Low Pressure Impactor  Tr DMPS Transient Differential Mobility 
Particle Sizer 

EPEFE European Programme on 
Emissions from Fuels and Engines

 TWC Three Way Catalyst 

ESC European Steady-state Cycle  UDC Urban Drive Cycle 
ETC European Transient Cycle  ULEV Ultra Low Emission Vehicle 
EUDC Extra Urban Drive Cycle  UK PMP United Kingdom Particulate 

Measurement Programme 
FT Fischer-Tropsch  WMTC World Motor Cycle Test Cycle 
FID Flame Ionisation Detector    
GC Gas Chromatography    
HDE Heavy Duty Engine    
HDV Heavy Duty Vehicle    
HEPA High Efficiency Particulate Air 

(Filter) 
   

HC Hydrocarbon    
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