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Abstract

Particulate matter (PM) has become perceived as one 
of the major harmful emissions from diesel engines. PM 
emissions are subject to diesel engine emission legislations 
worldwide. Epidemiological and toxicological studies have 
indicated that adverse health effects increase with decreas-
ing particle size and increasing particle number. Therefore, 
the determination of the particle number distribution is of 
same importance as the assessment of the total mass of 
PM. In the first part of this paper, measurement techniques 
of particulate matter and two instruments for determination 
of particle number concentration and particle size distribu-
tion in diesel exhaust gas are introduced. The second part 
gives an overview of particulate emissions of a heavy-duty 
diesel engine running on four different fuels.
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Introduction

Particulate Matter (PM) has become perceived as one 
of the major harmful emissions from diesel engines. PM 
emissions are subject to diesel engine emission legislations 
worldwide. According to the U.S. Environmental Protec-
tion Agency (EPA), particles are defined as all solid or 
liquid substances in diluted exhaust gas that can be col-
lected on a filter at a temperature of under 51.7 °C (which 
is 125 °F) (Code of Federal Regulations). The temperature 
reduction of the exhaust gas is achieved by diluting the ex-
haust gas with air. 

PM consists of a variety of organic and inorganic sub-
stances. The main constituents of the organic substances 
are unburned or partially burned fuel and lubrication oil 
compounds. The inorganic substances include soot (car-
bon), sulphates, water and metallic compounds. Metal and 
rust particles from the engine or the exhaust gas system as 
well as derivates of organo-metallic fuel and lubricant addi-
tives are included in the metallic compounds. The percent-
age of these substances in the total particle mass depends 
on a multitude of parameters. In addition to constructive 
parameters such as design of the combustion chamber and 
the injection system, the mode of operation, or rather the 
overall load configuration, the fuel and lubricant quality 
as well as the wear of the engine are also included here  
(Wachter F. and Cartellieri W. P. 1987).

Recently emissions of fine and ultrafine particles from 
diesel engines induced a broad discussion in Germany. 
Since January 2005 the limit for the emission of fine par-
ticles has been tightened in the context of a council direc-
tive of the European Union (99/30/EG).

According to this directive the limit of 50 µg/m³ particles 
in ambient air should not be exceeded. The compliance of 
the limit cannot be guaranteed yet all over in Germany.

In 2006, an exceedance of the limit on more than 35 days 
per year occurred at 100 of the 450 measuring stations. 

In detail, particles from diesel engines show a bimodal 
size distribution consisting of a nuclei mode and an accu-
mulation mode as can be seen in figure 1.
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Figure 1: 
Typical diesel engine exhaust particle distribution by mass, number and alveolar deposition (Kittelson D. B. 2000)

Nuclei mode particles, which can depose deep in the 
lungs, dominate the majority of particles but have only 
little effect on the total mass. Epidemiological and toxico-
logical studies indicated that adverse health effects from 
exposure to PM may increase with decreasing particle size 
even if the particles consist of toxicologically inert materi-
als (Seaton A. et al. 1995, Donaldson K. et al. 2000). Ul-
trafine particles can penetrate the alveolus region, resting 
there for months. Here the particles can cause allergic or 
inflammatory reactions leading to bronchitis and asthma 
(Mayer A. 2001). Therefore the determination of the par-
ticle number distribution is just of the same importance as 
the PM mass that is subject to regulation. Consequentially, 
the particle number is currently under discussion as future 
regulated value for Euro 6 legislation.

Beneath results on emissions this paper presents briefly 
two instruments for the determination of particle number 
concentration in diesel exhaust gas as well as the sam-
pling procedure for PM. A scanning mobility particle sizer 
(SMPS) detects particles based on their electrical mobil-
ity. SMPS enables the determination of particles in the 
size range between 10 to 300 nm. A low pressure impactor 
(ELPI) detects particles between 30 nm and 10 µm. Fur-

thermore, the overall particulate mass (PM) can be deter-
mined gravimetrically. 

The presented particulate emissions data of a heavy-duty 
diesel engine running on four different fuels were obtained 
be applying all three measurement methods. 

Material and methods

Test Engine

Studies were carried out at the emission test stand of the 
Institute for Technology and Biosystems Engineering at 
the Federal Agricultural Research Centre (FAL) in Braun-
schweig, Germany. A Mercedes-Benz engine OM 906 LA 
(Euro 3) with turbocharger and intercooler was used. The 
engine was equipped with a pump-line injector system. It 
was operated without exhaust gas recirculation. Table 1 
presents some of the engine characteristics.
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Table 1:
Technical data of the test engine Mercedes-Benz OM 906 LA

Piston stroke 130 mm
Bore of cylinder 102 mm
Number of cylinders 6
Stroke volume 6370 cm3

Rated speed 2300 min-1

Rated power 205 kW
Maximum torque 1100 Nm at 1300 min-1

Compression ratio 17.4

Exact engine load during test cycles is guaranteed 
by crankshaft coupling to a Froude Consine eddy-cur-
rent brake. Engine test runs were in accordance with the  
13-mode European Stationary Cycle (ESC), for which the 
preset torque and revolution rates (related to maximum 
load at the actual speed or related to rated speed, respec-
tively) as well as the time courses of engine torque and 
speed are displayed in subsequent figures 2 and 3.
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Modes of the ESC test cycle
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Figure 3: 
Exemplary courses of engine speed and torque for an ESC test cycle
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In previous investigations higher emissions of particles in 
the nuclei mode were detected for RME compared to other 
fuels (Munack A. and Krahl J. 2005; Herbst L. et al. 2006; 
Ruschel Y. et al. 2006). Therefore, RME was compared to 
two common diesel fuels and one artificial blend. The fol-
lowing four fuels were used for engine operation:

DF:				   Reference diesel fuel
RME:			   Rapeseed oil methyl ester
B5Ult:			   5 % RME + 95 % Aral Ultimate Diesel®

V-Power:		  Shell V-Power Diesel® 

RME was provided by Carl Büttner Mineralöl-GmbH in 
Leer; DF from Haltermann Products BSL Olefinverbund 
GmbH in Hamburg. Aral Ultimate Diesel® and Shell V-
Power Diesel® were obtained from public filling stations 
in Braunschweig.

Particulate measurement

The emissions of particles were determined by three dif-
ferent ways: The total mass of particulate emissions was 
measured gravimetrically according to the EU regulation 
(EU, 2005). Particle number and particle size distributions 
were measured with ELPI and SMPS.

Particulate Matter 

PM measurements were accomplished after partial flow 
dilution of raw exhaust gas in a dilution tunnel (figure 4), 
which cools down the exhaust gas to under 51.7 °C. A dilu-
tion factor of about 10 is applied for determination. Dilu-
tion factors are calculated from separate recordings of CO2 
contents in exhaust gas, fresh air, and diluted exhaust gas.

Partial flow
dilution system

Diesel engine Exhaust gas

Air

Filter

Fractional sampling

Figure 4: 
Schematic diagram of the exhaust gas dilution tunnel

The particles are collected on a two stage filter. Particle 
mass was determined gravimetrically after deposition to 
teflon-coated glass fibre filters (T60A20, Pallflex, diam-
eter 70 mm).

The total volume (VSAM) that is led through the filter re-
sults from the requirement that the sampling time for each 
testing phase must be at least four seconds per 0.01 weight-
ing factor. This must also take place as late as possible and 
may not be concluded earlier than five seconds before the 
end of the phase. For sampling a mass flow controller is set 
in such a manner that it is in accordance with the individual 
weighting factors of each mode of the ESC test. Each sam-
pling takes 60 seconds and ends three seconds before the 
end of the mode. In this time the dilution level is constantly 
monitored and the exhaust gas sample volume can be cor-
rected through a lengthening or shortening of sample time 
if the dilution factor changes. At the end the weighting fac-
tor that results from the following equation must be kept at 
± 7 % to the weighting factor of the ESC-test.

 
i

iEDF,iSAM

i
iiEDF,iSAM,

WF
VqV

WFVV !






with	
VSAM:		  Total volume of samples
VSAM,i:		  Volume of sample in mode i

�EDF,V ′′ :	 Volume flow of exhaust gas in mode i
WFi:		  Weighting factor of mode i
qi:			   Exhaust gas dilution factor in mode i.

Weights of fresh and sampled filters were determined to 
an accuracy of ± 1 µg by means of a microbalance M5P 
from Sartorius, always preceded by at least 24 hours of 
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conditioning in a climate chamber held at 25 °C and 45 % 
relative humidity. 

The particulate emission can then be calculated as

 
 







i
iiSAM

i
iiEDF,PF

WFPV

WFVM
PT

with	
PT:			   Specific particulate emission
MPF:			  Total mass on the particle filter
VSAM:		  Total volume of samples

�EDF,V ′′ :	 Volume flow of exhaust gas in mode i 
WFi:		  Weighting factor of mode i
Pi:			   Power in mode i.

Particle size and number distribution

Determination of the particle size distribution is carried 
out by sampling with a multi-hole probe at the end of the 
exhaust gas dilution tunnel using a scanning mobility par-
ticle sizer (SMPS) system from TSI company. Secondary 
dilution is required to avoid an overloading of the measure-
ment instrument.

The SMPS consists of a Kr-85 bipolar charger, an elec-
trostatic classifier, both placed in the differential mobil-
ity analyzer (DMA), and a condensation particle counter 
(CPC). Before the sample aerosol flows through the DMA, 
particles larger 300 nm are removed by an impactor which 
is located in front of the DMA. The polydisperse aerosol is 
first led to a Boltzmann charge distribution by beta emis-
sion from the 85Kr source (Liu B. Y. H. and Pui D. Y. H.  
1974; Wiedensohler A. 1988). After passing the charger the 
aerosol is conducted into the electrostatic classifier. Figure 
5 shows a general scheme of the DMA.

The electrostatic classifier consists of two concentric cyl-
inders. The outer cylinder is grounded. Between the cylin-
ders flows a sheath gas of filtered air. The charged sample 
aerosol is introduced along the inner wall of the outer elec-
trode. The positively charged particles are accelerated to-
ward the inner electrode by the electric field. As a result of 
the deflection the positively charged particles are dragged 
through the sheath air. Consequently, they quickly reach a 
terminal radial velocity that depends on the electrical mo-
bility of the particles, that is independent of mass and den-
sity (Willeke K. and Baron P. A. 1993, Maricq M. M. et al. 
2000, Hinds W. A. 1989). Depending on the voltage applied 
across the cylinders, only particles within a narrow range of 
electrical mobility, and therefore diameter, can pass through 
the exit aperture of the classifier (Knutson E. O. and Whitby 
K. T. 1975, Maricq M. et al. 2000). Afterwards the mono-
disperse aerosol is detected in the CPC (figure 6).

Sheath air intake

Kr-85
bipolar charger

Impactor
Aerosol
intake

High-voltage
power supply

Monodisperse
aerosol

Figure 5: 
Schematic of the differential mobility analyser (DMA)

Because particles of diesel exhaust gas are to small for 
direct optical detection methods they are first enlarged 
inside the CPC. This is achieved by surface condensation 
of supersaturated n-butyl alcohol, such that they increase 
quickly in size (up to about 10 µm). The enlarged particles 
are counted using laser diode light. The measurement sig-
nal used for counting is the scattered light of the single 
particle (Mayer A. 2001, ACEA 2002).

As alternative to the SMPS technique, the Finnish com-
pany Decati Ltd. offers an electrical low pressure impactor 
(ELPI). For the determination of the particle size distribu-
tion samples are taken with a multi-hole probe at the end of 
the exhaust gas dilution tunnel.

The principal components of the ELPI include a corona 
discharge, a Berner low pressure impactor, and a series of 
electrometers. The general scheme of the ELPI is shown 
in figure 7.
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Figure 6: 
Schematic of the condensation particle counter (CPC)
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Figure 7: 
Schematic of the electrical low pressure impactor (ELPI)

The diode type corona discharge provides unipolar charg-
ing of the particles in the sample aerosol. It is coupled with 
a trap, which has the function to remove ions and small 
(< 20 nm) particles that can otherwise produce extraneous 
currents at the electrometers. The amount of charge accept-
ed by the particles increases with their mobility diameters. 

After being charged the aerosol passes through a thirteen-
stage cascade impactor, where the particles are separated in 
accordance to their aerodynamic diameter. The thirteenth 
stage removes particles larger than 10 µm. Each of the 
twelve lower stages is connected to an electrometer that 
measures the current deposited from particle impaction. 
The charge on each stage, resulting from particle impac-
tion, is proportional to the number of impacted particles. 
With a dynamic response of 1 second, the ELPI is able to 
follow a transient driving cycle (Mayer A. 2001, ACEA, 
2002).

Results 

PM

PM emissions of the tested fuels are presented in figure 8.
The EURO 3 limit of 0.1 g/kWh was met by all four fuels. 
The lowest emissions were obtained for RME. The highest 
emissions were determined for DF. The emissions of the 
two fuels B5Ult and V-Power lay between RME and DF. 
The value for B5Ult was lower than for V-Power. By use 
of RME it was possible to obtain reductions in the particle 
emissions versus DF.
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Figure 8: 
Specific PM emissions (OM 906 LA, ESC test)

ELPI

The ELPI results are presented in figure 9.
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Specific particle number distribution in the exhaust gas (ELPI, OM 906 LA, ESC test)
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RME showed the lowest emissions compared with the 
other fuels. The other three fuels exhibited a similar emis-
sion tendency among themselves over the entire size range. 
Up to impactor stage that classifies particles with diam-
eters from 156 to 264 nm hardly no differences between 
V-Power, B5Ult and DF where observed; with exception 
of the size range from 28 to 55 nm, in which B5Ult showed 
increasing emissions. As for larger particles the emissions 
of V-Power and B5Ult were slightly higher versus DF. 
Starting from the size class range from 156 to 264 nm the 
highest emissions were detected for V-Power compared 
with the remaining fuels. In detail, B5Ult showed similar 
emissions as DF. Advantages concerning the emissions of 
particles where observed for RME.

SMPS

Analogically to ELPI and PM results, RME led as well 
to the lowest particulate emissions, when SMPS is used, 
figure 10.
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Figure 10: 
Specific particle number distribution in exhaust gas (SMPS, OM 906 LA, ESC test)

Besides RME, all diesel fuels showed comparable emis-
sions. However, the particulate emission of reference die-
sel fuel was slightly increased in comparison with V-Power 
and B5Ult.

RME demonstrated great potential to obtain a reduction 
in particle emission.

The determination of the particle size distribution with 
SMPS shows a bimodal size distribution (figure 1 and 10). 
In detail, the particle size distribution determined by the 
SMPS was slightly shifted to smaller values, such that the 
maximum of the nuclei mode was below 10 nm.

However, in individual modes different distributions 
were detected. At idle a high emission of ultrafine particles 
was measured (figure 11). At rated power the accumula-
tion mode predominates. In the range of the accumulation 
mode the highest particle number emissions were found 
(figure 12). This leads to the result that – accumulated over 
the entire ESC test – a bimodal particle size distribution is 
observed.
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Specific particle number distribution at idle (SMPS�����������������    , OM 906 LA, RME)

10 100 1000

Electrical mobility diameter [nm]

Sp
ec

ifi
c 

pa
rti

cl
e 

nu
m

be
r [

1/
kW

h]

1016

1015

1014

1013

1012

Figure 12: 
Specific particle number distribution at rated power (SMPS, OM 906 LA, RME)
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Influence of the dilution conditions on the particle size 
distribution – Temperature effects

The influence of the dilution temperature on the par-
ticle size distribution was investigated at the example of 
RME. Each measurement was fourfold repeated in mode 9 
(1800 min-1; 265 Nm) of the ESC test. This test mode was 
selected, since in this mode both the nuclei mode and the 
accumulation mode are present and therefore the influence 
of the temperature on both ranges was expected to be ob-
servable quite well.

The influences of the temperature on the particle size dis-
tribution are shown in figure 13.
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Figure 13: 
Particle number distribution at mode 9 (SMPS, OM 906 LA, RME)

In the temperature range from 20 to 60 °C no differences 
could be observed. The distribution was dominated by par-
ticles within the range of 10 nm to 30 nm. With an increase 
of the temperature up to 80 °C a decrease in number of nu-
clei particles to one tenth was observed. In the temperature 
range from 80 to 250 °C the number of particles remained 
almost constant. At a temperature of 300 °C an increase 
of particles with a maximum at 17 nm was observed. The 
influence of the temperatures on the particle number within 
the size range from 10 to 20 nm has strong effects already 
at 80 °C. This suggests that particles in this size range may 
consist mainly of volatile substances. This result is sup-
ported by additional investigations of the particle compo-

sition. For RME a high quota of soluble organic fraction 
(SOF) and only a small amount of insoluble fraction (ISF) 
was found; data not shown. It can be assumed that particles 
within the range of 10 to 40 nm, which were measured af-
ter the hot dilution at temperatures greater than 80 °C, are 
mainly soot, metallic ash or heavy hydrocarbons (Montajir 
R. M. et al. 2006).

Summary

Three methods for particle measurement were introduced, 
such as the legal method for PM emissions and two tech-
niques to detect particle size (ELPI) and particle number 
distributions (SMPS).

Using these methods diesel engine emissions of a Euro 3 
heavy-duty engine were analysed and compared for rape-
seed oil methyl ester (RME), reference diesel fuel (DF) and 
the premium diesel fuels Shell V-Power Diesel® and Aral 
Ultimate Diesel®. The latter was blended with 5 % RME 
(B5Ult). 

Previous investigations showed higher numbers of par-
ticles in the nuclei mode for RME versus DF. Therefore 
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more detailed information had to be obtained to what 
extent RME induces the formation of ultrafine particles, 
which are considered as harmful to human health. 

In course of the actual investigations it could be demon-
strated that these nuclei particles did not mainly consist of 
soot, but most probably of unburned fuel. It was shown 
that the sampling conditions – especially the temperature 
in the dilution tunnel – had a significant effect on the de-
tected particle size and number distributions. Particularly 
ultrafine particles in the nuclei mode from 10 to 40 nm 
decreased when the temperature rose over 80 °C.

RME led to reductions of particle number emissions ver-
sus all other fuels, whereas the fossil based diesel fuels DF, 
B5Ult and V-Power did not vary significantly among each 
other.

Regarding particulate matter emissions (PM) a reduction 
by factor two was detected for RME versus DF.

In the result and at the example of the test engine it can 
be concluded that RME does not lead to higher ultrafine 
particle emissions than DF, B5Ult and V-Power.

Acknowledgments

This research was funded by the Agency for Renewable 
Ressources, Gülzow (Fachagentur Nachwachsende Roh-
stoffe e. V., FNR), the Association of German Biofuel In-
dustry, Berlin (Verband der Deutschen Biokraftstoffindus- 
trie e. V., VDB), and the Union for the Promotion of Oil 
and Protein Plants, Berlin (Union zur Förderung von Oel- 
und Proteinpflanzen e.V., UFOP). �����������������������    The authors want to ex-
press their appreciation for this support of their work.

References

Associastion des Constructeurs Européens d’Automobiles ��������(2002). 
ACEA programme on emissions of fine particles from passenger cars 
[2]. Report July 2002

Code of Federal Regulations Title 40: Protection of Environment; 
Chapter I: Environmental Protection Agency, Part 86: “Control of Air 
Pollution from New Motor Vehicles and New Motor Vehicle Engines: 
Certification and Test Procedures.” Federal Register, US Government 
Printing Office.

Donaldson K., Stone V., Gilmour P. S., Brown D. M., MacNee W. 
(2000). Ultrafine particles: mechanisms of lung injury. Phil. Trans. R. 
Soc. Lond. A 358, pp 2741-2749

Environmental Protection Agency (1998). Health assessment document 
for diesel emissions: SAB Review draft. EPA/8-90/057C. Office of Re-
search and Development, Washington, DC, USA

European Union (1999). Commission Directive 1999/30/EC of 22 April 
1999, Official Journal of the European Union

European Union (2005). Commission Directive 2005/78/EC of 14 No-
vember 2005, Official Journal of the European Union

Herbst L., Kaufmann A., Ruschel Y., Schröder O., Krahl J., Bünger 
J., Munack A. (2006). Comparison of Shell middle destillate, premi-
um diesel fuel and fossil Diesel fuel with rapeseed oil methyl ester. 

Final report
Hinds W. C. (1989). Aerosol technology - properties, behavior, and 

measurement of airborne particles. Wiley Interscience, New York, John 
Wiley & Sons

Kittelson D. B., Watts W. F., Johnson J. P. (2003). On-road particle 
measurements, International conference on Euro V, 10-11 Decem-
ber 2003, Milano, Italy [online] http://ies.jrc.cec.eu.int/Units/eh/
events/EURO5/ PROCEEDINGS/Session%20II%20Presentations/
On%20road%20particles-Kittelson.pdf [quoted at 11.07.2007]

Knutson E. O., Whitby K. T. (1975). Aerosol classification by electric 
mobility: apparatus, theory, and applications. J. Aerosol Sci. 6, pp 443-
451

Liu B. Y. H., Pui D. Y. H. (1974). Equilibrium bipolar charge distribution 
of aerosols. J. Colloid Interface Sci 49, pp 305-312

Mayer A. (2001). Particles. [online]. http://www.akpf.org/pub/particle_
glossary_2001_10.pdf [quoted at 18.05.2006]

Maricq M. M., Podsiadlik D. H., Chase R. E. (2000). Size distribution 
of motor vehicle exhaust PM: A comparison between ELPI and SMPS 
measurements. J. Aerosol Sci. 33, pp 239-260

Montajir R. M., Kawai T., Goto Y., Odaka M. (2006). Potential of ther-
mal conditioning of exhaust gas for stable diesel nano-particle meas-
urement. [outline] <http://www.ntsel.go.jp> [quoted at 22.03.2006]

Munack A., Krahl J. (2005). Beitrag von Biokraftstoffen zur Feins-
taubemission im Vergleich zu fossilem Dieselkraftstoff. BBE/UFOP 
Kongress „Kraftstoffe der Zukunft 2005“

Ruschel Y., Schwarz S., Bünger J., Krahl J., Munack A. (2006). Bes-
timmung der Emissionen und der Partikelgrößenverteilung (Feinstaub) 
im Abgas eines modernen Euro-4-Nutzfahrzeugmotors mit SCR-Ab-
gasreinigung im Betrieb mit Biodiesel. Final report

Seaton A., MacNee W., Donaldson K. Godden D. (1995). Particulate air 
pollution and acute health effects. Lancet 345 (8943), pp. 176 – 178

Wachter F., Cartellieri W. P. (1987). Wege zukünftiger Emissionsgren-
zwerte bei LKW-Dieselmotoren. 8. Int. Wiener Motorensymposium 
1987, VDI-Bericht Nr. 86, 206 - 239, VDI-Verlag Düsseldorf

Wiedensohler A. (1988). An approximation of the bipolar charge distri-
bution for particles in the submicron size range. J. Aerosol Sci. 19, pp 
387-389

Willeke K., Baron P. A. (1993). Aerosol Measurement - Principles, Tech-
niques, and Applications. Wiley Interscience, New York, John Wiley 
& Sons




