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Abstract

Part�culate matter (PM) has become perce�ved as one 
of the major harmful em�ss�ons from d�esel eng�nes. PM 
em�ss�ons are subject to d�esel eng�ne em�ss�on leg�slat�ons 
worldw�de. Ep�dem�olog�cal and tox�colog�cal stud�es have 
�nd�cated that adverse health effects �ncrease w�th decreas-
�ng part�cle s�ze and �ncreas�ng part�cle number. Therefore, 
the determ�nat�on of the part�cle number d�str�but�on �s of 
same �mportance as the assessment of the total mass of 
PM. In the f�rst part of th�s paper, measurement techn�ques 
of part�culate matter and two �nstruments for determ�nat�on 
of part�cle number concentrat�on and part�cle s�ze d�str�bu-
t�on �n d�esel exhaust gas are �ntroduced. The second part 
g�ves an overv�ew of part�culate em�ss�ons of a heavy-duty 
d�esel eng�ne runn�ng on four d�fferent fuels.

Keywords: Biodiesel, diesel fuel, particulate matter, ultra-
fine particles, health effects, ELPI, SMPS 
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Introduction

Part�culate Matter (PM) has become perce�ved as one 
of the major harmful em�ss�ons from d�esel eng�nes. PM 
em�ss�ons are subject to d�esel eng�ne em�ss�on leg�slat�ons 
worldw�de. Accord�ng to the U.S. Env�ronmental Protec-
t�on Agency (EPA), part�cles are def�ned as all sol�d or 
l�qu�d substances �n d�luted exhaust gas that can be col-
lected on a f�lter at a temperature of under 51.7 °C (wh�ch 
�s 125 °F) (Code of Federal Regulat�ons). The temperature 
reduct�on of the exhaust gas �s ach�eved by d�lut�ng the ex-
haust gas w�th a�r. 

PM cons�sts of a var�ety of organ�c and �norgan�c sub-
stances. The ma�n const�tuents of the organ�c substances 
are unburned or part�ally burned fuel and lubr�cat�on o�l 
compounds. The �norgan�c substances �nclude soot (car-
bon), sulphates, water and metall�c compounds. Metal and 
rust part�cles from the eng�ne or the exhaust gas system as 
well as der�vates of organo-metall�c fuel and lubr�cant add�-
t�ves are �ncluded �n the metall�c compounds. The percent-
age of these substances �n the total part�cle mass depends 
on a mult�tude of parameters. In add�t�on to construct�ve 
parameters such as des�gn of the combust�on chamber and 
the �nject�on system, the mode of operat�on, or rather the 
overall load conf�gurat�on, the fuel and lubr�cant qual�ty 
as well as the wear of the eng�ne are also �ncluded here  
(Wachter F. and Cartell�er� W. P. 1987).

Recently em�ss�ons of f�ne and ultraf�ne part�cles from 
d�esel eng�nes �nduced a broad d�scuss�on �n Germany. 
S�nce January 2005 the l�m�t for the em�ss�on of f�ne par-
t�cles has been t�ghtened �n the context of a counc�l d�rec-
t�ve of the European Un�on (99/30/EG).

Accord�ng to th�s d�rect�ve the l�m�t of 50 µg/m³ part�cles 
�n amb�ent a�r should not be exceeded. The compl�ance of 
the l�m�t cannot be guaranteed yet all over �n Germany.

In 2006, an exceedance of the l�m�t on more than 35 days 
per year occurred at 100 of the 450 measur�ng stat�ons. 

In deta�l, part�cles from d�esel eng�nes show a b�modal 
s�ze d�str�but�on cons�st�ng of a nucle� mode and an accu-
mulat�on mode as can be seen �n f�gure 1.
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F�gure 1: 
Typ�cal d�esel eng�ne exhaust part�cle d�str�but�on by mass, number and alveolar depos�t�on (K�ttelson D. B. 2000)

Nucle� mode part�cles, wh�ch can depose deep �n the 
lungs, dom�nate the major�ty of part�cles but have only 
l�ttle effect on the total mass. Ep�dem�olog�cal and tox�co-
log�cal stud�es �nd�cated that adverse health effects from 
exposure to PM may �ncrease w�th decreas�ng part�cle s�ze 
even �f the part�cles cons�st of tox�colog�cally �nert mater�-
als (Seaton A. et al. 1995, Donaldson K. et al. 2000). Ul-
traf�ne part�cles can penetrate the alveolus reg�on, rest�ng 
there for months. Here the part�cles can cause allerg�c or 
�nflammatory react�ons lead�ng to bronch�t�s and asthma 
(Mayer A. 2001). Therefore the determ�nat�on of the par-
t�cle number d�str�but�on �s just of the same �mportance as 
the PM mass that �s subject to regulat�on. Consequent�ally, 
the part�cle number �s currently under d�scuss�on as future 
regulated value for Euro 6 leg�slat�on.

Beneath results on em�ss�ons th�s paper presents br�efly 
two �nstruments for the determ�nat�on of part�cle number 
concentrat�on �n d�esel exhaust gas as well as the sam-
pl�ng procedure for PM. A scann�ng mob�l�ty part�cle s�zer 
(SMPS) detects part�cles based on the�r electr�cal mob�l-
�ty. SMPS enables the determ�nat�on of part�cles �n the 
s�ze range between 10 to 300 nm. A low pressure �mpactor 
(ELPI) detects part�cles between 30 nm and 10 µm. Fur-

thermore, the overall part�culate mass (PM) can be deter-
m�ned grav�metr�cally. 

The presented part�culate em�ss�ons data of a heavy-duty 
d�esel eng�ne runn�ng on four d�fferent fuels were obta�ned 
be apply�ng all three measurement methods. 

Material and methods

Test Eng�ne

Stud�es were carr�ed out at the em�ss�on test stand of the 
Inst�tute for Technology and B�osystems Eng�neer�ng at 
the Federal Agr�cultural Research Centre (FAL) �n Braun-
schwe�g, Germany. A Mercedes-Benz eng�ne OM 906 LA 
(Euro 3) w�th turbocharger and �ntercooler was used. The 
eng�ne was equ�pped w�th a pump-l�ne �njector system. It 
was operated w�thout exhaust gas rec�rculat�on. Table 1 
presents some of the eng�ne character�st�cs.
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Table 1:
Techn�cal data of the test eng�ne Mercedes-Benz OM 906 LA

P�ston stroke 130 mm
Bore of cyl�nder 102 mm
Number of cyl�nders 6
Stroke volume 6370 cm3

Rated speed 2300 m�n-1

Rated power 205 kW
Max�mum torque 1100 Nm at 1300 m�n-1

Compress�on rat�o 17.4

Exact eng�ne load dur�ng test cycles �s guaranteed 
by crankshaft coupl�ng to a Froude Cons�ne eddy-cur-
rent brake. Eng�ne test runs were �n accordance w�th the  
13-mode European Stat�onary Cycle (ESC), for wh�ch the 
preset torque and revolut�on rates (related to max�mum 
load at the actual speed or related to rated speed, respec-
t�vely) as well as the t�me courses of eng�ne torque and 
speed are d�splayed �n subsequent f�gures 2 and 3.
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F�gure 2: 
Modes of the ESC test cycle
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F�gure 3: 
Exemplary courses of eng�ne speed and torque for an ESC test cycle
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In prev�ous �nvest�gat�ons h�gher em�ss�ons of part�cles �n 
the nucle� 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 d�esel fuels and one art�f�c�al blend. The fol-
low�ng four fuels were used for eng�ne operat�on:

DF:    Reference d�esel fuel
RME:   Rapeseed o�l methyl ester
B5Ult:   5 % RME + 95 % Aral Ult�mate D�esel®

V-Power:  Shell V-Power D�esel® 

RME was prov�ded by Carl Büttner M�neralöl-GmbH �n 
Leer; DF from Haltermann Products BSL Olef�nverbund 
GmbH �n Hamburg. Aral Ult�mate D�esel® and Shell V-
Power D�esel® were obta�ned from publ�c f�ll�ng stat�ons 
�n Braunschwe�g.

Part�culate measurement

The em�ss�ons of part�cles were determ�ned by three d�f-
ferent ways: The total mass of part�culate em�ss�ons was 
measured grav�metr�cally accord�ng to the EU regulat�on 
(EU, 2005). Part�cle number and part�cle s�ze d�str�but�ons 
were measured w�th ELPI and SMPS.

Part�culate Matter 

PM measurements were accompl�shed after part�al flow 
d�lut�on of raw exhaust gas �n a d�lut�on tunnel (f�gure 4), 
wh�ch cools down the exhaust gas to under 51.7 °C. A d�lu-
t�on factor of about 10 �s appl�ed for determ�nat�on. D�lu-
t�on factors are calculated from separate record�ngs of CO2 
contents �n exhaust gas, fresh a�r, and d�luted exhaust gas.

Partial flow
dilution system

Diesel engine Exhaust gas

Air

Filter

Fractional sampling

F�gure 4: 
Schemat�c d�agram of the exhaust gas d�lut�on tunnel

The part�cles are collected on a two stage f�lter. Part�cle 
mass was determ�ned grav�metr�cally after depos�t�on to 
teflon-coated glass f�bre f�lters (T60A20, Pallflex, d�am-
eter 70 mm).

The total volume (VSAM) that �s led through the f�lter re-
sults from the requ�rement that the sampl�ng t�me for each 
test�ng phase must be at least four seconds per 0.01 we�ght-
�ng factor. Th�s must also take place as late as poss�ble and 
may not be concluded earl�er than f�ve seconds before the 
end of the phase. For sampl�ng a mass flow controller �s set 
�n such a manner that �t �s �n accordance w�th the �nd�v�dual 
we�ght�ng factors of each mode of the ESC test. Each sam-
pl�ng takes 60 seconds and ends three seconds before the 
end of the mode. In th�s t�me the d�lut�on level �s constantly 
mon�tored and the exhaust gas sample volume can be cor-
rected through a lengthen�ng or shorten�ng of sample t�me 
�f the d�lut�on factor changes. At the end the we�ght�ng fac-
tor that results from the follow�ng equat�on must be kept at 
± 7 % to the we�ght�ng factor of the ESC-test.
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w�th 
VSAM:  Total volume of samples
VSAM,�:  Volume of sample �n mode �

�EDF,V ′′ : Volume flow of exhaust gas �n mode �
WF�:  We�ght�ng factor of mode �
q�:   Exhaust gas d�lut�on factor �n mode �.

We�ghts of fresh and sampled f�lters were determ�ned to 
an accuracy of ± 1 µg by means of a m�crobalance M5P 
from Sartor�us, always preceded by at least 24 hours of 



Y. Ruschel and J. Krahl et al. / Landbauforschung Völkenrode Special Issue 308 103

cond�t�on�ng �n a cl�mate chamber held at 25 °C and 45 % 
relat�ve hum�d�ty. 

The part�culate em�ss�on can then be calculated as
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w�th 
PT:   Spec�f�c part�culate em�ss�on
MPF:   Total mass on the part�cle f�lter
VSAM:  Total volume of samples

�EDF,V ′′ : Volume flow of exhaust gas �n mode � 
WF�:  We�ght�ng factor of mode �
P�:   Power �n mode �.

Part�cle s�ze and number d�str�but�on

Determ�nat�on of the part�cle s�ze d�str�but�on �s carr�ed 
out by sampl�ng w�th a mult�-hole probe at the end of the 
exhaust gas d�lut�on tunnel us�ng a scann�ng mob�l�ty par-
t�cle s�zer (SMPS) system from TSI company. Secondary 
d�lut�on �s requ�red to avo�d an overload�ng of the measure-
ment �nstrument.

The SMPS cons�sts of a Kr-85 b�polar charger, an elec-
trostat�c class�f�er, both placed �n the d�fferent�al mob�l-
�ty analyzer (DMA), and a condensat�on part�cle counter 
(CPC). Before the sample aerosol flows through the DMA, 
part�cles larger 300 nm are removed by an �mpactor wh�ch 
�s located �n front of the DMA. The polyd�sperse aerosol �s 
f�rst led to a Boltzmann charge d�str�but�on by beta em�s-
s�on from the 85Kr source (L�u B. Y. H. and Pu� D. Y. H.  
1974; W�edensohler A. 1988). After pass�ng the charger the 
aerosol �s conducted �nto the electrostat�c class�f�er. F�gure 
5 shows a general scheme of the DMA.

The electrostat�c class�f�er cons�sts of two concentr�c cyl-
�nders. The outer cyl�nder �s grounded. Between the cyl�n-
ders flows a sheath gas of f�ltered a�r. The charged sample 
aerosol �s �ntroduced along the �nner wall of the outer elec-
trode. The pos�t�vely charged part�cles are accelerated to-
ward the �nner electrode by the electr�c f�eld. As a result of 
the deflect�on the pos�t�vely charged part�cles are dragged 
through the sheath a�r. Consequently, they qu�ckly reach a 
term�nal rad�al veloc�ty that depends on the electr�cal mo-
b�l�ty of the part�cles, that �s �ndependent of mass and den-
s�ty (W�lleke K. and Baron P. A. 1993, Mar�cq M. M. et al. 
2000, H�nds W. A. 1989). Depend�ng on the voltage appl�ed 
across the cyl�nders, only part�cles w�th�n a narrow range of 
electr�cal mob�l�ty, and therefore d�ameter, can pass through 
the ex�t aperture of the class�f�er (Knutson E. O. and Wh�tby 
K. T. 1975, Mar�cq M. et al. 2000). Afterwards the mono-
d�sperse aerosol �s detected �n the CPC (f�gure 6).

Sheath air intake

Kr-85
bipolar charger

Impactor
Aerosol
intake

High-voltage
power supply

Monodisperse
aerosol

F�gure 5: 
Schemat�c of the d�fferent�al mob�l�ty analyser (DMA)

Because part�cles of d�esel exhaust gas are to small for 
d�rect opt�cal detect�on methods they are f�rst enlarged 
�ns�de the CPC. Th�s �s ach�eved by surface condensat�on 
of supersaturated n-butyl alcohol, such that they �ncrease 
qu�ckly �n s�ze (up to about 10 µm). The enlarged part�cles 
are counted us�ng laser d�ode l�ght. The measurement s�g-
nal used for count�ng �s the scattered l�ght of the s�ngle 
part�cle (Mayer A. 2001, ACEA 2002).

As alternat�ve to the SMPS techn�que, the F�nn�sh com-
pany Decat� Ltd. offers an electr�cal low pressure �mpactor 
(ELPI). For the determ�nat�on of the part�cle s�ze d�str�bu-
t�on samples are taken w�th a mult�-hole probe at the end of 
the exhaust gas d�lut�on tunnel.

The pr�nc�pal components of the ELPI �nclude a corona 
d�scharge, a Berner low pressure �mpactor, and a ser�es of 
electrometers. The general scheme of the ELPI �s shown 
�n f�gure 7.
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F�gure 6: 
Schemat�c of the condensat�on part�cle counter (CPC)
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F�gure 7: 
Schemat�c of the electr�cal low pressure �mpactor (ELPI)

The d�ode type corona d�scharge prov�des un�polar charg-
�ng of the part�cles �n the sample aerosol. It �s coupled w�th 
a trap, wh�ch has the funct�on to remove �ons and small 
(< 20 nm) part�cles that can otherw�se produce extraneous 
currents at the electrometers. The amount of charge accept-
ed by the part�cles �ncreases w�th the�r mob�l�ty d�ameters. 

After be�ng charged the aerosol passes through a th�rteen-
stage cascade �mpactor, where the part�cles are separated �n 
accordance to the�r aerodynam�c d�ameter. The th�rteenth 
stage removes part�cles larger than 10 µm. Each of the 
twelve lower stages �s connected to an electrometer that 
measures the current depos�ted from part�cle �mpact�on. 
The charge on each stage, result�ng from part�cle �mpac-
t�on, �s proport�onal to the number of �mpacted part�cles. 
W�th a dynam�c response of 1 second, the ELPI �s able to 
follow a trans�ent dr�v�ng cycle (Mayer A. 2001, ACEA, 
2002).

Results 

PM

PM em�ss�ons of the tested fuels are presented �n f�gure 8.
The EURO 3 l�m�t of 0.1 g/kWh was met by all four fuels. 
The lowest em�ss�ons were obta�ned for RME. The h�ghest 
em�ss�ons were determ�ned for DF. The em�ss�ons 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 �t was poss�ble to obta�n reduct�ons �n the part�cle 
em�ss�ons versus DF.
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F�gure 8: 
Spec�f�c PM em�ss�ons (OM 906 LA, ESC test)

ELPI

The ELPI results are presented �n f�gure 9.
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Spec�f�c part�cle number d�str�but�on �n the exhaust gas (ELPI, OM 906 LA, ESC test)
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RME showed the lowest em�ss�ons compared w�th the 
other fuels. The other three fuels exh�b�ted a s�m�lar em�s-
s�on tendency among themselves over the ent�re s�ze range. 
Up to �mpactor stage that class�f�es part�cles w�th d�am-
eters from 156 to 264 nm hardly no d�fferences between 
V-Power, B5Ult and DF where observed; w�th except�on 
of the s�ze range from 28 to 55 nm, �n wh�ch B5Ult showed 
�ncreas�ng em�ss�ons. As for larger part�cles the em�ss�ons 
of V-Power and B5Ult were sl�ghtly h�gher versus DF. 
Start�ng from the s�ze class range from 156 to 264 nm the 
h�ghest em�ss�ons were detected for V-Power compared 
w�th the rema�n�ng fuels. In deta�l, B5Ult showed s�m�lar 
em�ss�ons as DF. Advantages concern�ng the em�ss�ons of 
part�cles where observed for RME.

SMPS

Analog�cally to ELPI and PM results, RME led as well 
to the lowest part�culate em�ss�ons, when SMPS �s used, 
f�gure 10.
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F�gure 10: 
Spec�f�c part�cle number d�str�but�on �n exhaust gas (SMPS, OM 906 LA, ESC test)

Bes�des RME, all d�esel fuels showed comparable em�s-
s�ons. However, the part�culate em�ss�on of reference d�e-
sel fuel was sl�ghtly �ncreased �n compar�son w�th V-Power 
and B5Ult.

RME demonstrated great potent�al to obta�n a reduct�on 
�n part�cle em�ss�on.

The determ�nat�on of the part�cle s�ze d�str�but�on w�th 
SMPS shows a b�modal s�ze d�str�but�on (f�gure 1 and 10). 
In deta�l, the part�cle s�ze d�str�but�on determ�ned by the 
SMPS was sl�ghtly sh�fted to smaller values, such that the 
max�mum of the nucle� mode was below 10 nm.

However, �n �nd�v�dual modes d�fferent d�str�but�ons 
were detected. At �dle a h�gh em�ss�on of ultraf�ne part�cles 
was measured (f�gure 11). At rated power the accumula-
t�on mode predom�nates. In the range of the accumulat�on 
mode the h�ghest part�cle number em�ss�ons were found 
(f�gure 12). Th�s leads to the result that – accumulated over 
the ent�re ESC test – a b�modal part�cle s�ze d�str�but�on �s 
observed.
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F�gure 11: 
Spec�f�c part�cle number d�str�but�on at �dle (SMPS, OM 906 LA, RME), OM 906 LA, RME)
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Spec�f�c part�cle number d�str�but�on at rated power (SMPS, OM 906 LA, RME)
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Influence of the d�lut�on cond�t�ons on the part�cle s�ze 
d�str�but�on – Temperature effects

The �nfluence of the d�lut�on temperature on the par-
t�cle s�ze d�str�but�on was �nvest�gated at the example of 
RME. Each measurement was fourfold repeated �n mode 9 
(1800 m�n-1; 265 Nm) of the ESC test. Th�s test mode was 
selected, s�nce �n th�s mode both the nucle� mode and the 
accumulat�on mode are present and therefore the �nfluence 
of the temperature on both ranges was expected to be ob-
servable qu�te well.

The �nfluences of the temperature on the part�cle s�ze d�s-
tr�but�on are shown �n f�gure 13.
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F�gure 13: 
Part�cle number d�str�but�on at mode 9 (SMPS, OM 906 LA, RME)

In the temperature range from 20 to 60 °C no d�fferences 
could be observed. The d�str�but�on was dom�nated by par-
t�cles w�th�n the range of 10 nm to 30 nm. W�th an �ncrease 
of the temperature up to 80 °C a decrease �n number of nu-
cle� part�cles to one tenth was observed. In the temperature 
range from 80 to 250 °C the number of part�cles rema�ned 
almost constant. At a temperature of 300 °C an �ncrease 
of part�cles w�th a max�mum at 17 nm was observed. The 
�nfluence of the temperatures on the part�cle number w�th�n 
the s�ze range from 10 to 20 nm has strong effects already 
at 80 °C. Th�s suggests that part�cles �n th�s s�ze range may 
cons�st ma�nly of volat�le substances. Th�s result �s sup-
ported by add�t�onal �nvest�gat�ons of the part�cle compo-

s�t�on. For RME a h�gh quota of soluble organ�c fract�on 
(SOF) and only a small amount of �nsoluble fract�on (ISF) 
was found; data not shown. It can be assumed that part�cles 
w�th�n the range of 10 to 40 nm, wh�ch were measured af-
ter the hot d�lut�on at temperatures greater than 80 °C, are 
ma�nly soot, metall�c ash or heavy hydrocarbons (Montaj�r 
R. M. et al. 2006).

Summary

Three methods for part�cle measurement were �ntroduced, 
such as the legal method for PM em�ss�ons and two tech-
n�ques to detect part�cle s�ze (ELPI) and part�cle number 
d�str�but�ons (SMPS).

Us�ng these methods d�esel eng�ne em�ss�ons of a Euro 3 
heavy-duty eng�ne were analysed and compared for rape-
seed o�l methyl ester (RME), reference d�esel fuel (DF) and 
the prem�um d�esel fuels Shell V-Power D�esel® and Aral 
Ult�mate D�esel®. The latter was blended w�th 5 % RME 
(B5Ult). 

Prev�ous �nvest�gat�ons showed h�gher numbers of par-
t�cles �n the nucle� mode for RME versus DF. Therefore 
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more deta�led �nformat�on had to be obta�ned to what 
extent RME �nduces the format�on of ultraf�ne part�cles, 
wh�ch are cons�dered as harmful to human health. 

In course of the actual �nvest�gat�ons �t could be demon-
strated that these nucle� part�cles d�d not ma�nly cons�st of 
soot, but most probably of unburned fuel. It was shown 
that the sampl�ng cond�t�ons – espec�ally the temperature 
�n the d�lut�on tunnel – had a s�gn�f�cant effect on the de-
tected part�cle s�ze and number d�str�but�ons. Part�cularly 
ultraf�ne part�cles �n the nucle� mode from 10 to 40 nm 
decreased when the temperature rose over 80 °C.

RME led to reduct�ons of part�cle number em�ss�ons ver-
sus all other fuels, whereas the foss�l based d�esel fuels DF, 
B5Ult and V-Power d�d not vary s�gn�f�cantly among each 
other.

Regard�ng part�culate matter em�ss�ons (PM) a reduct�on 
by factor two was detected for RME versus DF.

In the result and at the example of the test eng�ne �t can 
be concluded that RME does not lead to h�gher ultraf�ne 
part�cle em�ss�ons than DF, B5Ult and V-Power.
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