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1 Zusammenfassung

Die vorliegende Arbeit ist im Zeitraum von 1996 bis 2012 an Institut für Agrartechnologie 

und Biosystemtechnik des Johann Heinrich von Thünen-Instituts, vTI (bis zum 31.12.2007

Institut für Technologie und Biosystemtechnik der Bundesforschungsanstalt für 

Landwirtschaft, FAL) entstanden. Sie befasst sich mit der Änderung der Emissionen 

limitierter und nicht limitierter Abgaskomponenten durch die Einführung biogener Kraftstoffe 

als Substitut für fossile Dieselkraftstoffe. 

Diese kumulative Dissertation umfasst 13 wissenschaftliche Arbeiten, die in Tabelle 1

aufgeführt sind. Im Folgenden wird mit der jeweiligen römischen Nummer auf die 

Publikation Bezug genommen, die sich im Anhang befinden. Zusätzlich wird auf 

Analysemethoden, die in den Publikationen nicht ausführlich beschrieben sind, genauer 

eingegangen und zusammenfassend wird die Entwicklung der Emissionen von Dieselmotoren 

im Betrieb mit Dieselkraftstoff und Biodiesel für die während des Berichtzeitraums genutzten 

Motorgenerationen aufgezeigt. 

Tabelle 1:  Publikationen der kumulativen Dissertation

Publikation Art der Publikation

I Schröder O, Krahl J, Munack A, Bünger J (1999) 
Environmental and health effects caused by the use of 
biodiesel. SAE Techn Pap 1999-01-3561: 1-11

Referierte wissenschaftliche 
Zeitschrift

II Krahl J, Munack A, Schröder O, Bünger J, Bahadir M
(2002) Environmental and health impacts due to 
biodiesel exhaust gas. Fresenius Envir Bull 11(10b):
823-828

Referierte wissenschaftliche 
Zeitschrift

III Krahl J, Bünger J, Munack A, Bahadir M, Schröder O,
Stein H, Dutz M (2003) Biodiesel and Swedish low 
sulfur Diesel fuel as ecologically compatible fuels in 
modern Diesel engines. Fresenius Envir Bull 12(6):
640-647

Referierte wissenschaftliche 
Zeitschrift

IV Krahl J, Munack A, Ruschel Y, Schröder O, Bünger J
(2007) Comparison of emissions and mutagenicity 
from biodiesel, vegetable oil, GTL and diesel fuel. SAE 
Pap 2007-01-4042: 1-7

Referierte wissenschaftliche 
Zeitschrift

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



18

V Krahl J, Munack A, Grope N, Ruschel Y, Schröder O, 
Bünger J (2007) Biodiesel, rapeseed oil, gas-to-liquid, 
and a premium diesel fuel in heavy duty diesel engines: 
endurance, emissions and health effects.
Clean 35(5): 417-426 

Referierte wissenschaftliche 
Zeitschrift 

VI Schröder O, Bünger J,  Munack A, Knothe G, Krahl J 
(2013) Schröder O et al. Exhaust emissions and 
mutagenic effects of diesel fuel, biodiesel and biodiesel 
blends. Fuel 103: 414-420 online: http://dx.doi.org/10.  
1016/j.fuel.2012.08.050

Referierte wissenschaftliche 
Zeitschrift 

VII Munack A, Krahl J, Wilharm T, Ruschel Y, Schaak J,
Schröder O, Schmidt L (2009) Emissionsprüfung 
synthetischer Dieselkraftstoffe. Landbauforsch 59(4): 
345-356

Referierte wissenschaftliche 
Zeitschrift 

VIII Krahl J, Knothe G, Munack A, Ruschel Y, Schröder 
O, Westphal GA, Bünger J (2009) Comparison of 
exhaust emissions and their mutagenicity from the 
combustion of biodiesel, vegetable oil, gas-to-liquid 
and petrodiesel fuels. Fuel 88: 1064-1069 

Referierte wissenschaftliche 
Zeitschrift 

IX Krahl J, Munack A, Schröder O, Ruschel Y (2010) 
500 hours endurance test on biodiesel running a Euro 
IV engine. SAE Int J Fuels Lubric 3(2): 982-994 

Referierte wissenschaftliche 
Zeitschrift 

X Munack A, Bittner P, Schönfeld H, Schröder O, 
Semmler J, Speckmann H, Stein H, Timrott C, Krahl J 
(2003) Erkennung des RME-Betriebes mittels eines 
Biodiesel-Kraftstoffsensors. Braunschweig: FAL, 
Landbauforsch Völkenrode SH 257: 1-76 

Forschungsbericht

XI Munack A, Capan E, Schröder O, Stein H, Krahl J 
(2003) Abschlussbericht zum Forschungsvorhaben 
"Untersuchung von Biodiesel und seinen Gemischen 
mit fossilem Dieselkraftstoff auf limitierte 
Emissionen". Braunschweig: FAL, 1-37 

Forschungsbericht

XII Munack A, Pabst C, Schaak J, Schmidt L, Schröder O,
Krahl J, Bünger J (2010) Fuel and technology 
alternatives for buses - measurements with NExBTL 
and Jatropha oil methyl ester in a Euro III heavy duty 
engine: research project report. Braunschweig, vTI: 1-
61

Forschungsbericht

XIII Schröder O, Munack A, Schaak J, Pabst C, Schmidt L, 
Bünger J, Krahl J (2012) Emissions from diesel engines 
using fatty acid methyl esters from different vegetable 
oils as blends and pure fuel. Journal of Physics: 
Conference Series 364: 012017. 

Referierte wissenschaftliche 
Zeitschrift 
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Insgesamt wurden am Institut für Agrartechnologie und Biosystemtechnik sechs verschiedene 

Motoren eingesetzt. Dabei wurden hauptsächlich Motoren untersucht, die im 

Nutzfahrzeugbereich bzw. bei landwirtschaftlichen Maschinen Verwendung fanden. Drei

Motoren waren nach keiner Abgasnorm klassifiziert. Dabei handelt es sich um zwei MWM-

Motoren (MWM D 226.4.2), die baugleich in zwei Fendt-Schleppern eingesetzt waren, und 

einen Einzylinder-Motor (Farymann 18 D), der sich durch geringen Kraftstoffverbrauch 

auszeichnete. Ab 2001 wurden jeweils Motoren für die Versuche genutzt, deren Emissions-

klasse einen Großteil der am Markt befindlichen Motoren abdeckte. Sie entsprachen den 

Emissionsklassen Euro II, Euro III und Euro IV (Daimler OM 904 LA, Daimler OM 906 LA, 

MAN D0836 LFL 51).

Entwicklung der Analytik

Gesetzlich limitiert sind die Emissionen von Kohlenmonoxid, Kohlenwasserstoffen, 

Stickoxiden und Partikelmasse. Ab der Emissionsklasse Euro VI, die 2013 in Kraft tritt, ist 

auch die Partikelanzahl limitiert (Europäische Kommission, 2011). Neben diesen limitierten 

Abgaskomponenten enthält das Abgas noch viele weitere Komponenten wie

Ozonvorläufersubstanzen und polyzyklische aromatische Kohlenwasserstoffe (PAK), die zu 

Umwelt- und Gesundheitsbelastung beitragen. Daneben kann auch die Bestimmung der 

Mutagenität sowie der Partikelanzahl und der Partikelgrößenverteilung Auswirkungen auf die 

Gesundheitsbelastung aufzeigen.

Für die Ermittlung der gasförmigen limitierten Abgasbestandteile standen handelsübliche 

Analysatoren zur Verfügung. Die Bestimmung der Partikelmasse erforderte jedoch die 

Probenahme aus verdünntem Abgas. Dazu wurden im Rahmen der vorliegenden Arbeit 

entsprechende Verdünnungssysteme entwickelt und an die jeweiligen Motoren und

Testzyklen angepasst (siehe Kapitel 4.1).

Die Ozonvorläufersubstanzen setzen sich aus den Substanzklassen der Carbonyle, der Alkene

und der Aromaten zusammen. Um die Carbonyle ohne Missweisungen bestimmen zu können, 

mussten etablierte Verfahren auf die jeweilige Probenmatrix angepasst werden (siehe Kapitel 

4.2). Für die Alkene und Aromaten wurde ein Verfahren entwickelt, das diese Substanzen für 

die GC/MS-Analyse mittels Thermosorption und -desorption mit anschließender 

Kryofokussierung anreichert (siehe Anhang I bis III).

Die Bestimmung der Mutagenität wurde in Zusammenarbeit mit Prof. Dr. med. Bünger 

(Institut für Prävention und Arbeitsmedizin der DGUV, Institut der Ruhr-Universität 

Bochum) mittels Ames-Test durchgeführt. Die Probenahme von Partikulat auf Filtern und 
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Kondensaten aus gekühltem Abgas fand an den Prüfständen in Braunschweig statt (siehe 

Kapitel 4.4). Die Aufarbeitung dieser Proben und der anschließende Ames-Test wurden von 

der Arbeitsgruppe um Prof. Dr. Bünger in Göttingen und Bochum durchgeführt. 

Die Bestimmung der Partikelgrößenverteilung und der im Abgas vorhandenen PAK wurden 

weitestgehend von Dr. Hendrik Stein, Dr. Yvonne Ruschel und Dr. Jens Schaak durchgeführt 

und sind in deren Dissertationen (Stein, 2008, Ruschel, 2010 und Schaak, 2012) beschrieben.

Entwicklung der Emissionen bei Nutzung von Dieselkraftstoff und Biodiesel über den 

Betrachtungszeitraum von 1996 bis 2012

Als biogener Kraftstoff im Dieselbereich wurde bisher hauptsächlich Biodiesel 

(Fettsäuremethylester, FAME) eingeführt. Daher ist dieser Kraftstoff bei allen Versuchsreihen 

einbezogen. Zuerst stand der direkte Vergleich von Biodiesel aus Raps zu fossilem 

Dieselkraftstoff (DK) im Mittelpunkt der Untersuchungen (Anhang I und II). Im Weiteren 

dienten Biodiesel aus Raps und Dieselkraftstoff dazu, ihre Emissionen mit anderen biogenen 

Kraftstoffen zu vergleichen. Daraus ergibt sich eine hohe Zahl an Versuchsreihen in 

unterschiedlichen Motorengenerationen, bei denen Biodiesel mit Dieselkraftstoff verglichen 

wurde. Die Ergebnisse sind in Kapitel 5.1 beschrieben. 

Grundsätzlich ist tendenziell festzustellen, dass die Emissionen mit der Entwicklung der 

Motoren deutlich abnehmen. Dabei ergibt sich aber bei allen Motorgenerationen ein Nachteil 

für Biodiesel für die Stickoxidemissionen. Sie sind im Schnitt um 10 % erhöht. Dagegen sind 

die Kohlenwasserstoffemissionen und die Kohlenmonoxidemissionen meist geringer. Eine 

Besonderheit ergibt sich bei der Mutagenität. Sie ist bei Vergleichsmessungen mit Motoren 

der Emissionsklasse Euro II und darunter bei Biodiesel deutlich geringer als bei 

Dieselkraftstoff. Mit Einführung des Euro III-Motors nimmt das mutagene Potenzial des 

Abgases weiter ab, aber gleichzeitig verschiebt sich die Mutagenität ab dem Euro III-Motor 

zu Ungunsten von Biodiesel. Diese Tendenz kann durch die Verbesserung des 

Dieselkraftstoffs (z.B. Entschwefelung) und die immer bessere Abstimmung der Motoren auf 

den Standard-Dieselkraftstoff bedingt sein.

Weitere biogene Kraftstoffe

Neben Biodiesel wurde in den Jahren von 2005 bis 2008 auch Pflanzenöl als Kraftstoff im 

Straßenverkehr in größeren Mengen eingesetzt. So erreichte der Verbrauch von 

Pflanzenölkraftstoff 2007 mit 756 kt in der Bundesrepublik Deutschland ein Maximum.

Daher wurde das Emissionsverhalten von Rapsölkraftstoff im Euro III-Testmotor untersucht. 
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Als herausragendes Ergebnis ist die bis zu zehnfach erhöhte Mutagenität bei der Verwendung 

von Rapsöl anzusehen. Aber auch die Stickoxidemissionen waren mehr als 20 % gegenüber 

Dieselkraftstoff erhöht (Anhang IV, V und VIII).

Der Anbau von Pflanzenöl steht in Flächenkonkurrenz zum Anbau von Nahrungsmitteln und 

anderen Energiepflanzen, wie z.B. Mais für die Biogasproduktion. Eine Möglichkeit, diese 

Konkurrenzsituation zu umgehen, ist die Nutzung von Biomasse aus Abfallstoffen (Restholz, 

Grünschnitt etc.). Dabei kann nicht nur das Pflanzenöl, sondern die gesamte Pflanze zur 

Kraftstofferzeugung genutzt werden. Ein Weg, an dem intensiv geforscht wird, ist die 

Umwandlung von Biomasse mittels Pyrolyse in Synthesegas und die Weiterverarbeitung zu 

Kraftstoffen mittels Fischer-Tropsch-Synthese. Um die Auswirkungen solcher zukünftigen 

Kraftstoffe auf das Abgasverhalten zu untersuchen, wurde als Prototyp für einen eventuellen 

Biomass-to-Liquid-Kraftstoff (BtL) ein Gas-to-Liquid-Kraftstoff (GtL) eingesetzt, da bisher 

keine Produktionsanlage für Fischer-Tropsch-Kraftsoffe aus Biomasse, die BtL hätte liefern 

können, existiert. Zusätzlich wurden Kraftstoffe aus verschiedenen Siedeschnitten eines GtL-

Kraftstoffs untersucht, um die Auswirkung von Kraftstoffvariationen zu ermitteln. Die 

untersuchten „Designer“-Kraftstoffe zeigten alle ein günstigeres Abgasverhalten im Vergleich  

zu Dieselkraftstoff (Anhang IV, V und VII, VIII).

Ein ähnlich gutes Emissionsverhalten wie die GTL-Kraftstoffe zeigte auch ein Kraftstoff, der 

durch die Hydrierung von Pflanzenölen (Hydrotreated Vegetable Oil, HVO) hergestellt wurde

(Anhang XII).

Mischkraftstoffe

Biogene Kraftstoffe können den fossilen Dieselkraftstoff bisher nur zu einem einstelligen 

Prozentbereich ersetzen. Nach Bickert (2007) können weltweit durch alle verfügbaren 

Pflanzenöle nur 140 Mt/a (21 %) des Dieselkraftstoffverbrauchs von 670 Mt/a ersetzt werden. 

Daher stellt sich die Frage, ob der biogene Kraftstoff als Reinkraftstoff angeboten und genutzt 

werden soll, oder ob Mischungen aus fossilen und biogenen Anteilen in Hinblick auf die 

Emissionen besser sind. Diese Frage stellte sich insbesondere für Biodiesel, da dieser 

Kraftstoff als erster biogener Kraftstoff auf dem Kraftstoffmarkt eingeführt wurde und dort 

2007 mit über 10 % den größten Markanteil erreichte. Mit der Einführung einer Quote von

5 vol% Biodiesel im Dieselkraftstoff ab 2008 (7 vol% ab 2010) und der ab 2006 

zunehmenden Besteuerung des Reinkraftstoffes hat diese Frage an Dringlichkeit verloren, da 

Biodiesel unter diesen Rahmenbedingungen ab 2009 zu über 90 % als Beimischung zum 

fossilen Dieselkraftstoff verkauft wird.
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Um zu klären, ob Blends oder Reinkraftstoffe hinsichtlich der Abgasemissionen günstiger 

sind, wurden drei Versuchsreihen mit unterschiedlichen Motoren durchgeführt (Anhang I, VI 

und XI). Zusätzlich wurden verschiedene Blends mit 20 % Biodiesel untersucht (Anhang V 

und VI). Dabei ergaben sich für die limitierten Abgaskomponenten lineare Veränderungen

mit dem Biodieselanteil. Im Gegensatz zu den limitierten Abgaskomponenten zeigte sich für 

das mutagene Potenzial ein Maximum bei 20 % Biodiesel im Kraftstoff (Anhang V, VI).

Sensorik und Dauerlauf

Dieselmotoren weisen bei dem Betrieb mit Biodiesel im Gegensatz zum

Dieselkraftstoffbetrieb eine im Mittel um 10 % erhöhte Stickoxidemission auf (Lapuerta et 

al., 2008, Bünger et al, 2012 und Anderson, 2012). Dadurch können viele Motoren die 

Grenzwerte für die Stickoxidemissionen mit Biodiesel nicht mehr einhalten. Es ist jedoch 

möglich, durch Änderung des Einspritzzeitpunkts die Stickoxidbildung innermotorisch zu 

verringern (Syassen et al., 2001, Hoepke und Breuer, 2008). Damit die erforderliche 

Verstellung im laufenden Betrieb durch das Motorsteuergerät eingestellt werden kann, muss 

die Information vorliegen, ob und in welchem Prozentsatz Biodiesel im  Kraftstoffsystem 

vorhanden ist. Dies kann durch einen Sensor erfolgen, der auf der Bestimmung der 

Dielektrizitätszahl beruht. Im Anhang X ist die Entwicklung eines solchen Biodieselsensors 

aufgezeigt. Dabei ist die Messung der Dielektrizitätszahl bei unterschiedlichen Frequenzen 

beschrieben, und der Einfluss von Störgrößen wie Temperatur, Verunreinigungen, Additiven 

wird untersucht.

Ab Abgasstufe Euro IV sind Abgasnachbehandlungssysteme notwendig, um die strengeren 

Abgasvorschriften einzuhalten. Hierzu wurde in einigen MAN-Motoren ein kontinuierlich 

arbeitender Partikelfilter (PM-Kat®) eingesetzt. Um den Motor auch mit Biodiesel betreiben 

zu können, musste sichergestellt sein, dass dieser Filter auch im Dauerbetrieb seine 

Wirksamkeit behält. Daher wurde ein solcher Partikelfilter in einem 500-Stunden Dauertest 

mit Biodieselabgas beladen. Im Testzeitraum wurden limitierte und nicht limitierte 

Emissionen bestimmt. In Ergebnis zeigte sich nur eine minimale Abnahme der Aktivität des 

Filters. (Anhang IX) 
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Fazit

Mit den hier beschriebenen Arbeiten konnte das Wissen über biogene Kraftstoffe –

insbesondere mit Hinblick auf ihre Emissionen – deutlich erweitert werden. 

Bekanntermaßen zeigte Biodiesel bei den Kohlenwasserstoff-, Kohlenmonoxid- und

Partikelmasseemissionen zumeist geringere Emissionen im Vergleich zu Dieselkraftstoff. 

Dagegen sind die Stickoxidemissionen im Schnitt um 10% erhöht.  Erstmals wurde das 

Ozonbildungspotenzial von Biodiesel untersucht. Für die geprüften Motoren ergaben sich 

höhere Emissionen von Alkenen und Aldehyden und damit ein höheres 

Ozonbildungspotenzial bei der Nutzung von Biodiesel.

Ebenfalls wurden die Emissionen von Kraftstoffblends aus Dieselkraftstoff und RME 

erstmalig ausführlich beschrieben. Dabei zeigte sich in fast allen Testreihen für die limitierten 

Komponenten ein linearer Zusammenhang zwischen dem Biodieselanteil im Kraftstoff und 

dem Emissionsniveau. Im Gegensatz dazu fanden sich aber in mehreren Messreihen bei einem 

Biodieselanteil von ca. 20 % jeweils die höchsten Mutationsraten in Ames-Test.  

Daneben wurden auch die Emissionen weiterer Kraftstoffe (Rapsöl, GTL, HVO) getestet. 

Während GTL und HVO insgesamt ein niedrigeres Emissionsniveau gegenüber 

Dieselkraftstoff zeigten, sind die Emissionen von Partikelmasse und Stickoxiden bei Rapsöl 

bis zu 20 % erhöht, und das mutagene Potenzial kann um den Faktor 10 ansteigen. Diese 

Aspekte wurden auf Grundlage der hier ermittelten Ergebnisse intensiv und mit Schwerpunkt 

auf die PAK-Analytik in der Dissertation von Schaak (2012) untersucht.

Für die Messung nicht limitierter Komponenten wurden  analytische Methoden  entwickelt, 

mit denen eine sichere Bestimmung von Carbonylen, Aromaten und Alkenen möglich ist. 

Zusätzlich wurde ein Probenahmeverfahren für Mutagenitätsuntersuchungen entworfen, mit 

dem es möglich ist, die Probenahme zu standardisieren. Ebenfalls wurde ein Abgasver-

dünnungstunnel zur normgerechten Probenahme aus verdünntem Abgas für transiente 

Motortests entwickelt.

Weiterhin wurden mit den Grundlagen zum Bau eines Biodieselsensors und mit Versuchen 

zur Dauerstabilität von Abgasnachbehandlungssystemen Voraussetzungen geschaffen, 

biogene Kraftstoffe für den Verkehrssektor weiterhin nutzbar zu machen. 
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2 Einleitung

Seit dem 2. Weltkrieg werden Dieselmotoren in vielen Industriezweigen sowie in den 

Bereichen Transport und Verkehr eingesetzt. Neben ihrer guten energetischen Effizienz 

wurde später auch auf die besondere Umweltverträglichkeit verwiesen, da die 

Kohlenmonoxid- und Kohlenwasserstoffemissionen vergleichsweise niedrig sind. 

Fortgeschrittene Erkenntnisse führten jedoch zu einer Neubewertung des Dieselmotors. Im 

Vordergrund dieser Diskussion stehen die deutlich höheren Stickoxid- und Partikelemissionen 

des Dieselmotors im Vergleich zum Ottomotor. So sind Dieselmotoremissionen ab 2012 als 

krebserregend eingestuft (IARC, 2012). Neben diesen Komponenten ist noch eine Vielzahl 

weiterer Substanzen im Abgas für die Schädlichkeit von Dieselmotorabgasen verantwortlich.

Dieselmotoremissionen und die damit verbundenen gesundheitlichen Auswirkungen sind 

natürlich auch für den Einsatz von biogenen Kraftstoffen, die einen Teil des fossilen 

Kraftstoff ersetzen sollen, von Bedeutung. 

Dieselkraftstoff

Fossiler Dieselkraftstoff ist ein Siedeschnitt der Erdölraffination. Je nach Zusammensetzung 

der Grundöle ergeben sich unterschiedliche Zusammensetzungen des Dieselkraftstoffs.

Zusätzlich wird ein Teil des Dieselkraftstoffs aus den Mitteldestillatfraktionen aus 

Crackanlagen hergestellt (Aral, 2012).

Dieselkraftstoff hat einen Siedebereich zwischen 160 °C und 380 °C. Der Siedeverlauf des 

Kraftstoffs ist in Anhang VII dargestellt. Der Dieselkraftstoff besteht hauptsächlich aus

Alkanen, Cycloalkanen und aromatischen Kohlenwasserstoffen mit etwa 10 bis 22 

Kohlenstoffatomen pro Molekül (Pitz und Mueller, 2011). Daneben können Additive zur 

Verbesserung der Zündwilligkeit und des Kälteverhaltens zugegeben sein.

Die Eigenschaften des Dieselkraftstoffs werden durch die DIN EN 590 (2010) festgelegt. 

Nach dieser Norm darf Dieselkraftstoff bis zu 7 % Biodiesel beigemischt werden. Neben 

Dieselkraftstoffen nach DIN EN 590 ist für die Zertifizierung der Abgasemissionen ein 

„European Emission Certification Fuel RF-06-03 (Euro IV)“ erhältlich (CEC, 2009). Dieser 

Kraftstoff enthält keinen Biodiesel und seine Spezifikationen sind wesentlich enger gesetzt

(Tabelle 2).
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Tabelle 2: Spezifikation von Dieselkraftstoff nach DIN EN 590 (2010) und Referenzkraftstoff RF-06-03 (CEC, 
2009)

Grenzwert
DIN EN 590

Grenzwert 
RF-06-03 (CEC)

Testmethode

Min. Max. Min. Max.

Dichte (15 °C) [kg/m³] 820 845 833 837 ISO 3675

kin. Viskosität (40 °C) [mm²/s] 2,0 4,5 2,3 3,3 ISO 3104

Flammpunkt [°C] 55 55 ISO 2719

C.F.P.P. [°C] 0 / -20*) -5 EN 116

Schwefelgehalt [mg/kg] 10 10 ISO 20884/
ISO 14596

Koksrückstand [% (m/m)] 0,3 0,2 ISO 10370

Aschegehalt [% (m/m)] 0,01 0,01 EN-ISO 6245

Cetanzahl [-] 51 52 54 EN ISO 5165

Cetanindex [-] 46 EN ISO 4264

Wassergehalt [mg/kg] 200 200 EN-ISO 12937

Gesamtverschmutzung [mg/kg] 24 EN ISO 12662

Kupfer Korrosion [Korr.Grad] 1 1 ISO 2160

Oxidationsstabilität [g/m³] 20 25 EN-ISO 12205

H.F.R.R. [ m] 460 400 EN ISO 12156-1/ 
CEC F-06-A-96

PAK [% (m/m)] 8,0 3,0 6,0 EN 12916

Destillationsverlauf 
Volumen bei 250 °C [% (V/V)]
Volumen bei 350 °C [% (V/V)] 85

65
EN ISO 3405

Destillationsverlauf 
50 %-Punkt [°C]
95 %-Punkt [°C]
Endpunkt [°C]

360
245
345 350

370

ISO 3405

FAME-Gehalt [% (V/V)] 7 0 EN 14078

Neutralisationszahl [mgKOH/g] 0,02 EN ISO 3405

In den letzten Jahrzehnten ist besonders die Absenkung des Schwefelgehalts zu erwähnen. Er 

ist durch den Einsatz von Entschwefelungsanlagen von über 0,25 % im Jahr 1985 auf unter 10 

ppm gesunken (Abbildung 1). Damit war eine Reduzierung der Partikelemissionen verbunden 

(Garing et al. 1997, Bello et al., 2000 und  Lapuerta et al., 2003). Zudem können bei den 

geringen Schwefelgehalten in Kraftfahrzeugen Katalysatoren eingesetzt werden, da sie nicht 

mehr durch Schwefel im Kraftstoff vergiftet werden.
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Abbildung 1: Entwicklung der Schwefelgehalts in (West-)Deutschland im Dieselkraftstoff (Daten nach IFEU, 
2011)

Zudem wurde durch die DIN EN 590 der maximale Gehalt an polyaromatischen 

Verbindungen im Jahr 2000 auf 11 % und im Jahr 2010 weiter auf 8 % begrenzt und die 

Cetanzahl im Jahr 2000 auf mindestens 51 festgelegt (Greim et al., 2003, DIN EN 590, 2010). 

Biogene Kraftstoffe

Bei den biogenen Kraftstoffen ist Pflanzenölmethylester (Biodiesel) als Ersatz für 

Dieselkraftstoff am verbreitetsten. Pflanzenölmethylester wurden zuerst in einem belgischen 

Patent 1937 erwähnt (Chavanne, 1937) und 1938 in einem Linienbus zwischen Leuwen und 

Brüssel eingesetzt (Chavanne, 1944). Als Folge des günstigen und leicht verfügbaren Erdöls 

wurde nach 1950 nur noch selten über Pflanzenöle und Pflanzenölmethyester als Kraftstoff 

berichtet. Die Auswirkungen der zweiten Ölkrise Ende 1978/1979 führten zu einer 

Wiederaufnahme der Forschung auf dem Gebiet der biogenen Kraftstoffe (Batel et al., 1980).

So wurde die Tauglichkeit von Rapsölmethylester als Dieselkraftstoffsubstitut erwiesen

(Vellguth, 1983) und 1985 wurde die erste Produktionsanlage für Biodiesel in Österreich in 

Betrieb genommen. Da Biodiesel die Abhängigkeit von Erdölimporten vermindern helfen 

sollte, wurde es in Deutschland, Österreich und vielen weiteren Ländern steuerlich begünstigt

(Bensmann, 2005). Aber erst mit steigendem Rohölpreis wurde ab 2000 auch die Nutzung 

von Biodiesel finanziell interessanter. Insbesondere auf dem Nutzfahrzeugsegment wurde auf 

Biodieseltauglichkeit geachtet. Bei den Personenkraftwagen war vor allem der Volkswagen-

Konzern Wegbereiter, der für die meisten seiner Dieselfahrzeuge der Produktionsjahre von 

1996 bis 2004 eine generelle Freigabe für Biodiesel erteilte. 
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2003 wurde die Norm für Biodiesel (EN 14214: Fettsäuremethylester FAME für 

Dieselmotoren) vom Europäischen Komitee für Normung festgelegt. Diese Norm ist aus der 

deutschen Norm DIN 51606 hervorgegangen und entspricht in etwa einem Biodiesel, der aus 

Rapsöl hergestellt wurde. Biodiesel, der aus Soja- oder Palmöl hergestellt wurde, kann die 

Norm EN 14214 hingegen nicht erfüllen, da Sojaölmethylester eine zu hohe Jodzahl aufweist 

und Palmölmethylester die Anforderungen an die Kältefestigkeit nicht erfüllt.

Unter diesen Rahmenbedingungen stiegen seit Ende der 1990iger Jahre die europäischen 

Produktionskapazitäten und insbesondere der deutsche Verbrauch von Biodiesel stark an

(Abbildung 2). Ab 2006 wurde in Deutschland auf Biodiesel eine Energiesteuer erhoben, die 

sich schrittweise von 9 Euro-Cent in 2006 auf 45 Euro-Cent ab 2013 erhöhen sollte (Ufop 

2009). 2009 wurde die stufenweise Erhöhung vom Gesetzgeber (Deutscher Bundestag, 2011) 

für die Jahre bis 2012 ausgesetzt, jedoch der Steuersatz ab 2013 gegenüber der Planung von 

2006 nicht verringert (Abbildung 3). Damit wurde reiner Biodiesel ab 2009 aus finanzieller 

Sicht für den Verbraucher unattraktiv. 

Gleichzeitig wurde jedoch mit dem Biokraftstoffquotengesetz (Deutscher Bundestag, 2006)

eine Zumischquote für Biodiesel zum normalen Dieselkraftstoff eingeführt. Demnach müssen 

bezogen auf den Energiegehalt ab 2007 4,4 %, ab 2009 5,25 % und ab 2010 6,25 % Biodiesel 

dem Dieselkraftstoff zugemischt werden. Durch diese Quote blieb der Absatz von Biodiesel 

in den Jahren 2008 bis 2011 stabil (Abbildung 2).

In  den 1990iger Jahren wurde der Kraftstoff zunächst nur an wenigen, insbesondere freien 

Tankstellen angeboten. Bis 2008 stieg die Zahl der Tankstellen, die Biodiesel anboten, auf 

über 1900 an. Durch die steigende Besteuerung von Biodiesel ging die Anzahl der 

Tankstellen im Folgejahr auf 250 zurück. Daneben wurde der Kraftstoff noch über nicht 

öffentliche Tankstellen zum Beispiel bei Speditionen und auf landwirtschaftlichen Betrieben 

verwendet. Biodiesel hat hier den Vorteil, dass aufgrund seiner geringeren 

Wassergefährdungsklasse die behördlichen Auflagen geringer sind. 

Insbesondere im Individualverkehr kann nicht sichergestellt werden, dass ein Fahrzeug mit 

Herstellerfreigabe für RME nur mit reinem Biodiesel betankt wird. Die Fahrzeugführer 

entscheiden sich je nach Preis und Verfügbarkeit für Biodiesel oder den konventionellen 

Dieselkraftstoff. Auch bei Fahrzeugflotten kann eine reine Betankung mit Biodiesel als 

Reinkraftstoff nicht zu 100 % sichergestellt werden. Bei großen Entfernungen von der 

zentralen Tankstelle muss meist konventioneller Dieselkraftstoff zwischengetankt werden. 
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Damit vermischen sich Biodiesel und Dieselkraftstoff im Tank und Blends mit 

unterschiedlichem Biodieselanteil entstehen. 
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Abbildung 2: Entwicklung des Kraftstoffverbrauchs von Biodiesel und Pflanzenöl in Deutschland (Bundesamt 
für Wirtschaft und Ausfuhrkontrolle, 2011a) 
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Abbildung 3: Entwicklung der Energiesteuer von Biodiesel und Pflanzenöl in Deutschland (Deutscher 
Bundestag, 2011)

Parallel zur Entwicklung des Biodiesels wurde auch reines Pflanzenöl als Kraftstoff erprobt

(Vellguth, 1988, Bouche et al., 1997 und Remmele et al., 2007). Insbesondere durch die hohe 

Viskosität – laut DIN-Norm bei 40 °C maximal 36 mm2/s gegenüber 5 mm2/s bei Biodiesel –

und den schlechten Kälteeigenschaften ist es jedoch notwendig, die jeweiligen Motoren auf 
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den Pflanzenölkraftstoff umzurüsten. Die Umrüstung beschränkte sich zum Großteil auf den 

Einsatz anderer Kraftstofffilter, um der höheren Viskosität Rechnung zu tragen, und einigen 

technischen Ansätzen, um das Kaltstartverhalten zu verbessern. Hier wurde entweder ein 

Zweitanksystem eingesetzt, das beim Start und Abschalten des Motors Dieselkraftstoff 

verwendet, oder eine Vorheizung des Kraftstoffs realisiert. Der Motor und seine Ansteuerung 

blieben jedoch bei vielen dieser Lösungen unverändert. Für einen wirtschaftlichen 

Motorbetrieb mit Pflanzenöl müssten die durch die Umrüstung entstehenden Kosten durch 

Einsparungen bei der Kraftstoffbeschaffung wieder kompensiert werden.

Ab 2005 wurde reines Rapsöl als Kraftstoff in Deutschland im größeren Umfang verkauft und 

der Absatz erreichte 2007 ein Maximum. Da aber auch hier wie schon beim Biodiesel eine 

Energiesteuer eingeführt wurde, nahm der Absatz in Folge deutlich ab und ist heute in 

Deutschland zu vernachlässigen. 

2011 wurden deutschlandweit 2426 kt Biodiesel verkauft. Damit ergibt sich bei einem 

Verbrauch an Dieselkraftstoffen (einschließlich Biodiesel und Pflanzenöl) von 32,128 Mt ein 

Anteil von 7,3 % des Dieselkraftstoffverbrauchs (Bundesamt für Wirtschaft und Ausfuhr-

kontrolle, 2011b).

Dieser Anteil kann nicht aus einheimischem Ölpflanzenanbau (vorrangig Winterraps) gedeckt 

werden. So wurden 2011 in Deutschland 5610 kt Pflanzenöle verbraucht (OVID, 2012).

Dagegen steht eine Erntemenge von ca. 3,9 Mt Rapssaat, die bei einem durchschnittlichen 

Ölgehalt von 40 % ca. 1560 kt Pflanzenöl entspricht (BMELV, 2012a). Dabei ist zu beachten, 

dass die durchschnittliche Erntemenge pro Hektar 2011 um ein Viertel niedriger lag als in den 

Vorjahren. 2010 waren 2711 kt der in Deutschland verbrauchten 6092 kt Pflanzenöl 

inländischer Herkunft. Dabei wurden 1358 kt als Nahrungsmittel, 432 kt als Tierfutter und 

4302 kt für technische Zwecke verbraucht (BMELV, 2012b). Zu den technischen 

Verwendungen zählen neben der Produktion von Biodiesel (2581 kt) die Verwendung der 

Pflanzenöle als Schmierstoffe und der Einsatz in der chemischen Industrie als Grundstoff für 

die Tensid- und Polymerherstellung.

Bei der Einführung von Biodiesel in den 1990iger Jahren konnte noch darauf verwiesen 

werden, dass der vermehrte Anbau von Raps in Deutschland vor allem auf Stilllegungsflächen 

erfolgte. Dadurch ergaben sich für die Volkswirtschaft durch die Einsparung von 

Stilllegungsprämien als auch durch die Sicherung von Arbeitsplätzen Vorteile. Mittlerweile 

stehen sowohl Biodiesel als auch reines Pflanzenöl weltweit in Konkurrenz zum Anbau von
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Nahrungsmitteln und anderen Energiepflanzen. 2011/2012 wurden weltweit 13,4 %  (24,5 

Mt) des Pflanzenölverbrauchs von 183 Mt für Biokraftstoffe eingesetzt (Mielke, 2012)

Aufgrund steigender Nahrungsmittelpreise ergibt sich in der Öffentlichkeit eine vermehrte 

Diskussion, ob Nahrungsmittel als Rohstoff eingesetzt werden dürfen (Unesco ,2008, Braig, 

2012, Schuh, 2012a, Schuh, 2012b). Auch wenn die Biokraftstoffherstellung nicht Auslöser 

starker Preissteigerungen auf dem Nahrungsmittelmarkt ist (Trechow, 2012), wird im Zuge

dieser „Teller-Tank-Diskussion“ gefordert, die Produktion von Biotreibstoffen zu begrenzen. 

In Folge der Diskussion um die Konkurrenz zu Nahrungsmitteln werden nicht essbare 

Pflanzenöle wie das Jatrophaöl erwogen. Die Jatrophapflanze wächst auch in ariden Gebieten 

auf wenig fruchtbaren Böden. Die anfängliche Euphorie über diese Pflanze hat sich jedoch 

gelegt. Bei mehreren staatlich geförderten Projekten zeigte sich, dass die Pflanze auf Böden, 

die nicht zur Nahrungsmittelproduktion verwendet werden, nur unzureichende Erträge 

erbringt (Kent und Wu, 2011).

Eine weitere Möglichkeit der Konkurrenz zu Nahrungsmittel auszuweichen ist die Produktion 

von Biomass-to-Liquid- (BtL-) Kraftstoffen. Dabei wird Biomasse – z.B. aus 

Durchforstungsholz, Grünschnitt oder Kurzumbruchplantagen – durch Pyrolyse zu 

Synthesegas und dieses mittels Fischer-Tropsch-Reaktion zu Kraftstoff umgewandelt. Dieser 

besteht wie bei den verwandten Gas-to-Liquid- und Coal-to-Liquid-Kraftstoffen aus Alkanen 

und kann als sehr reiner Kraftstoff angesehen werden.

Im deutschsprachigen Raum wurden Produktionsanlagen für BtL im Labor und bzw. 

Pilotmaßstab an der TU Wien, am Karlsruher Institut für Technologie (KIT), beim 

Clausthaler Umwelttechnik-Institut GmbH (CUTEC) und bei Choren Industries betrieben. 

Von Choren wurde auch eine Anlage im Industriemaßstab errichtet. Beim Anfahren und 

Betrieb der Anlage traten jedoch so viele technische Probleme auf, dass die Produktion nicht 

aufgenommen werden konnte und Choren Insolvenz anmelden musste (taz, 2011, Wikipedia, 

2012).

Ein weiterer biogener Kraftstoff ist Hydrotreated Vegetable Oil (HVO), das die Firma Neste 

Oil unter dem Namen NExBTL seit 2007 produziert. Dieser Kraftstoff ist ebenso wie die 

Fischer-Tropsch Kraftstoffe ein sehr reiner Kraftstoff, der aromaten- und schwefelfrei ist und 

vor allem aus Alkanen besteht (Neste Oil, 2012). Allerdings wird auch er aus Pflanzenölen 

gewonnen, wodurch er in Rohstoffkonkurrenz zur Biodiesel- und Nahrungsmittelproduktion 

steht.
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3 Versuchsmotoren

Im Rahmen dieser Arbeit wurden fünf verschiedene Motoren an den Prüfständen des vTI 

betrieben. Die Motoren und Prüfstände sind im Folgenden zusammenfassend beschrieben.

3.1 Motoren

Von 1996 bis 2011 wurden jeweils Motoren für die Versuche genutzt, deren Emissionsklasse 

den Schwerpunkt der am Markt befindlichen Motoren abdeckte. Dabei wurden vor allem

Motoren beprobt, die im Nutzfahrzeugbereich bzw. bei landwirtschaftlichen Maschinen 

Verwendung fanden. Tabelle 3 zeigt die technischen Daten der eingesetzten Motoren. Der 

MWM D 226.4.2 Motor war baugleich in zwei Fendt-Schleppern eingesetzt. Aufgrund seines 

geringen Kraftstoffverbrauchs wurde ebenfalls ein Farymann Einzylinder-Motor verwendet.

Tabelle 3: Technische Daten der eingesetzten Motoren

Motor Farymann  
18 D

MWM
D 226.4.2

OM 904 LA OM 906 LA MAN
D0836 LFL 

Zylinderhub 55 mm 120 mm 130 mm 130 mm 125 mm

Zylinderbohrung 82 mm 150 mm 102 mm 102 mm 108 mm

Anzahl Zylinder 1 4 4 6 6

Hubvolumen 290 cm3 4154 cm3 4250 cm3 6370 cm3 6871 cm3

Nenndrehzahl 3000 min-1 2200 min-1 2300 min-1 2300 min-1 2300 min-1

Nennleistung 4,2 kW 52 kW 125 kW 205 kW 206 kW

Maximales 
Drehmoment

15,2 Nm bei 
2500 min-1

266 Nm bei 
1500 min-1

635 Nm bei 
1380 min-1

1100 Nm 
bei 1300 

min-1

1100 Nm 
bei 1200-

1800 min-1

Verdichtung 16 16 17,4 18,0 18,0

Einspritzung PLD* PLD* Common-
Rail

Einspritzdruck 200 bar** 180 bar** 1600 bar 1600 bar 1600 bar

Arbeitsverfahren Turbolader/
Ladeluft-
kühlung

Turbolader/
Ladeluft-
kühlung

Turbolader/
Ladeluft-
kühlung

Abgasnachbehandlung Partikelfilter

Abgasstufe keine keine Euro II Euro III Euro IV
* Pumpe-Leitung-Düse,  ** Düsenöffnungsdruck
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3.2 Prüfstand

Für Einzylindermotoren steht im Institut eine Wirbelstrombremse Type MT12 von WEKA 

Anlagenbau zur Verfügung, die Motoren bis 5 kW bremsen kann. An diesem Prüfstand wurde 

der Einzylinder Farymann-Motor betrieben.

Die Nutzfahrzeugmotoren OM 904 und OM 906 wurden an eine wassergekühlte 

Wirbelstrombremse AG 250 von Froude Consine gekoppelt. Die Steuerung der Bremse 

erfolgt über das Modul Texel V4. Die Einstellungen für das Modul werden von einer 

speicherprogrammierbaren Steuerung (SPS) vorgegeben, die auch die Gaseinstellung der 

Motoren regelt. Mit ihr können stationäre Betriebspunkte eingestellt werden und automatisch 

Prüfprogramme abgefahren werden. 

Der MAN-Motor war an eine Asynchron-Vier-Quadrantenbremse DynoRoad 205/3,5 SL der 

Firma AVL gekoppelt. Mit ihr können die ab der Abgasstufe Euro IV vorgeschriebenen 

stationären und transienten Testverläufe realisiert werden. Die Steuerung der Bremse kann 

entweder durch Handeinstellung am EMCON 400 Steuergerät oder durch eine elektronische 

Vorgabe am FEM-CON erfolgen. Zum Fahren von reproduzierbaren ESC- und ETC-Läufen 

ist eine Vorgabe von Drehmoment und Drehzahl erforderlich. Dies geschieht durch eine 

speicherprogrammierbare Steuerung (SPS). 

3.3 Motortestverfahren

Um Emissionen aus Motorabgasen zu bestimmen, muss vor Testbeginn die Belastungsart des 

Motors festgelegt werden. Im Lauf dieser Untersuchungen wurden neben Messungen bei 

einzelnen definierten Lastpunkten fünf Lastkollektive ausgewählt. 

Als einfachster Test wurde der 5-Punkte-Test nach Welschof (1981) verwendet. Er soll das

Lastkollektiv eines landwirtschaftlichen Fahrzeugs nachbilden. Die anderen Lastkollektive 

waren die jeweils gültigen Testverfahren, die in den Rechtsvorschriften zur Bestimmung der 

Dieselmotoremissionen beschrieben sind. Der 8-Stufen-Test entspricht dem Test für Off-road-

Fahrzeuge nach ISO 8178 Prüfzyklus C1 (ISO, 1992) und der 13-Stufen-Test dem 

Prüfverfahren nach der Richtline R-49 für Nutzfahrzeuge der Europäischen Gemeinschaft 

(Europäische Gemeinschaft, 1992). Der 13-Stufen-Test wurde mit der Abgasnorm Euro III 

durch den ESC-Test abgelöst und mit der Abgasstufe Euro IV kam der ETC-Test hinzu
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(Europäische Union 1999, 2005). Dabei ist der ETC-Test der erste transiente Testzyklus, der 

für Nutzkraftfahrzeuge vorgeschrieben wurde. 

Die Betriebspunkte für die verwendeten stationären Tests und das Lastkollektiv des 

transienten Tests sind in Abbildung 4 und Abbildung 5 zusammengefasst. Ab der Abgasstufe 

Euro III gibt es zusätzlich zu den vorgeschriebenen Betriebspunkten noch weitere Prüfpunkte, 

die verhindern sollen, dass das Motorkennfeld nur in den Betriebspunkten, die im Test 

vorhanden sind, emissionsoptimiert eingestellt sind. Der zeitliche Verlauf des ESC-Tests und 

des ETC-Tests ist in Anhang VI (Fig. 1 und Fig. 2) abgebildet.
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Abbildung 4: Lasten und Drehzahlen im 8-Stufen-Test, 5-Punkte-Test sowie im 13-Stufen-Test mit 
Nummerierung und Zeitanteilen
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Abbildung 5: Lasten und Drehzahlen im ESC-Test mit Nummerierung und Zeitanteilen sowie das Lastkollektiv 
des ETC-Tests
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4 Entwicklung von Analysemethoden

Für limitierte Emissionen sind die Analyseverfahren durch die entsprechenden Gesetzestexte 

und Analyseverfahren vorgeschrieben. Sollen auch nicht limitierte Abgaskomponenten 

betrachtet werden, müssen entsprechende Analyseverfahren entwickelt werden. Dabei ist es 

wichtig, dass in der Literatur schon beschriebene analytische Verfahren auf die Probenmatrix 

abgestimmt und eine entsprechende Probenahme aufgebaut wird. Diese Verfahren sind mit 

jeder neuen Motorgeneration neu zu verifizieren, da sich die Konzentrationen der Schadstoffe 

im Abgas verringern können und sich auch die Abgasmatrix verändern kann. 

Im Folgenden sind die Analysemethoden für limitierte und nicht limitierte Emissionen 

aufgeführt. Dabei wird ausführlich auf die bisher unveröffentlichten Methoden eingegangen, 

die im Rahmen dieser Arbeit entwickelt wurden. Das betrifft insbesondere die Entwicklung 

eines Verdünnungstunnels für transiente Testzyklen sowie die genaue Ausführung der Probe-

nahme für Mutagenitätsuntersuchungen, die in einem laufenden Projekt zur Vereinheitlichung 

der Probenahme genutzt wird.

4.1 Limitierte Abgaskomponenten

Gesetzlich limitiert sind die Emissionen von Kohlenmonoxid, Kohlenwasserstoffen,

Stickoxiden und Partikelmasse. Ab der Emissionsklasse Euro VI, die 2013 in Kraft tritt, ist 

auch die Partikelanzahl limitiert (Europäische Union, 2005). Während die gasförmigen 

Schadstoffe relativ einfach mit Standardanalysatoren bestimmt werden können, besteht bei 

der Bestimmung der Partikelmasse ein höherer Entwicklungsaufwand.

Die Probenahme im Institut für Agrartechnologie und Biosystemtechnik des vTI zur 

Partikelmassebestimmung erfolgt an einem Abgasteilstromverdünnungstunnel, der das Abgas 

verdünnt und auf unter 51,7 °C abkühlt. Der 1995 von Neunert (1995) am Institut entwickelte 

Verdünnungstunnel war für die Probenahme einzelner stationärer Betriebspunkte ausgelegt. 

Die Einstellung des Verdünnungstunnels und die Probenahme erfolgten per Hand durch 

Einstellung verschiedener Drosselklappen und Ventile. 

Im Rahmen der vorliegenden Dissertation wurde der bestehende Verdünnungstunnel für den 

13-Stufen-Test und den ESC-Test vollständig automatisiert. Die Probenahme mit diesem 

Verdünnungstunnel ist in Anhang XII beschrieben.
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Mit Einführung von transienten Test ab Euro IV konnte der bereits automatisierte

Verdünnungstunnel nicht mehr genutzt werden, da mit ihm eine schnelle Regelung nicht 

möglich ist. Daher wurde im Rahmen der vorliegenden Dissertation ein neuer Verdünnungs-

tunnel entwickelt, der den gesetzlichen Regelungen zur Partikelprobenahme (Europäische 

Union 2005, ISO, 2002) entspricht und auf die räumlichen Anforderungen des Prüfstandes 

und auf das Abgasvolumen und die Abgastemperatur der verwendeten Motoren ausgelegt ist. 

Die konstruktive Ausführung wurde in einer im Rahmen dieser Dissertation betreuten 

Diplomarbeit von Schreiner (2007) entworfen. Die von Schreiner vorgeschlagene und im vTI 

von Speckmann weiter entwickelte Regelung konnte jedoch nicht genutzt werden, da die 

Realisierung zu langsam und zu ungenau war. Der Verdünnungstunnel besteht aus einer 

Probensonde, mit der ein Teilstrom des Abgases aus dem Auspuff entnommen wird, der 

eigentlichen Verdünnungsstrecke, in der das Abgas mit Luft verdünnt wird, den 

Komponenten zur Dosierung der Verdünnungsluft mit ihrer Regelungstechnik und der 

Filterstrecke sowie der Absaugung. Der Verdünnungstunnel ist für einen konstanten 

Massendurchsatz konzipiert, der den Versuchsbebedingungen angepasst werden kann. Dieser 

wird durch die Vakuumpumpe mit dem vorgeschalteten Massenflussregler (MFC 3)

eingestellt. Der Hauptteil der Verdünnungsluft wird mit dem MFC 2 eingestellt und bleibt 

über den Testlauf konstant. Der kleinere Volumenstrom der Verdünnungsluft wird mit dem 

MFC 1 derart geregelt, dass die Differenz der Ströme aus der Absaugung (MFC 3) und 

Zuführung von Verdünnungsluft (MFC 1 + MFC 2) dem geforderten Abgasteilstrom 

entspricht (Abbildung 6).

Abbildung 6: Schematischer Aufbau des transienten Abgasverdünnungstunnels und der Probenahmesonde
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Geregelt wird die Geschwindigkeit in der Sonde über den dynamischen Sondeninnendruck 

und den dynamischen Abgasdruck. Dabei gilt für die Geschwindigkeit nach Bernoullis 

Gleichung

p2v (1).

mit v: Geschwindigkeit des Gases
p Dynamischer Gasdruck
: Dichte des Gases

Da die Geschwindigkeit in der Sonde ein konstantes Vielfaches der Geschwindigkeit im 

Abgas sein muss, gilt:

SondeAbgas

x SondeAbgas p2p2
(2).

Da die Temperatur und Dichte an der Spitze der Sonde im Abgasrohr und in der Sonde als 

identisch angenommen werden kann, gilt: 

SondeAbgas pp x (3).

Da das Abgas eine pulsierende Geschwindigkeit aufweist, ist es wichtig, den dynamischen 

Druck schnell genug zu ermitteln und dies in die Mittelwertbildung einzubeziehen (Senda et 

al., 2005). Hier wurde eine Druckaufnahme mit einer Geschwindigkeit 1 kHz realisiert. 

Erfolgt eine Mittelwertbildung oder Dämpfung durch den experimentellen Aufbau schon 

bevor die Wurzeloperation durchgeführt wurde, ergeben sich besonders im Leerlauf 

erhebliche Missweisungen. Weiterhin ist darauf zu achten, dass die Leitungen zu den 

Sensoren so dimensioniert sind, dass keine Resonanzeffekte entstehen (Laurantzon, 2010).

Idealerweise ist der Faktor x in Gleichung 3 gleich 1,0 und die Sonde arbeitet isokinetisch;

aber auch andere nicht-isokinetische Einstellungen sind möglich. Ein entscheidender Vorteil 

dieses Aufbaus des Verdünnungstunnels besteht darin, dass die Sonde im Abgasstrom alle 

relevanten Prozessgrößen für die Regelung des Verdünnungstunnels ermitteln kann und somit 

keine Informationen über den Abgasstrom, z. B. aus dem Motorsteuergerät nötig sind. 
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4

4.2 Aldehyde und Ketone

Zur Bestimmung der Aldehyd- und Ketonkonzentrationen im Abgas wurde die DNPH-

Methode eingesetzt. Dabei reagiert 2,4-Dinitrophenylhydrazin mit den Aldehyden zu den 

entsprechenden Hydrazonen (4). Diese können dann mittels HPLC nachgewiesen und 

quantifiziert werden. 

R1
C

R2

O + N
N
H

H

H

NO2

NO2

N
N
H

NO2

NO2

C
R2

R1H+

+ H2O

(4)

R1 und R2 = H oder Kohlenwasserstoffrest

Zur Probenahme wurden zwei unterschiedliche Verfahren eingesetzt.

Das erste verwendet eine DNPH-Lösung, durch die das Abgas geleitet wird. Dieses Verfahren 

wurde für Motoren bis zur Emissionsklasse Euro II eingesetzt. Bei der Auswertung zeigte 

sich, dass das Acrolein bei DNPH-Überschuss ein Isomer bildet, das in der HPLC eine höhere 

Retentionszeit zeigt. Durch Einbeziehung des Isomers in die Auswertung konnten 

Missweisungen vermieden werden (Krahl et al. 1997). 

Ab der Motorgeneration Euro III kamen DNPH-Kartuschen mit vorgeschalteten Kaliumiodid-

Kartuschen zum Einsatz, da mit diesem Verfahren auch geringere Konzentrationen an 

Aldehyden und Ketonen in der Abgasmatrix nachgewiesen werden können. Dieses im

Rahmen der vorliegenden Dissertation entwickelte Probenahmevervahren ist in Anhang XIII 

beschrieben. 

4.3 Ozonvorläufer

Zu den Ozonvorläufersubstanzen zählen neben den Aldehyden vor allem die Alkene und die 

Aromaten. Sie besitzen hohe Ozonbildungspotenziale. 

Die Probenahme erfolgt über Probenahmebeutel, die bei der Beprobung von einzelnen 

stationären Punkten durch den Abgasdruck gefüllt werden oder mittels Unterdruck in einem 

Vakuumkoffer. Da die meisten der Ozonvorläufer nur im ppb-Bereich im Abgas vorhanden 
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sind, muss noch eine Anreicherung durchgeführt werden. Diese erfolgt durch Anreicherung in 

einem Absorptionsröhrchen und nachfolgende Thermodesorption. Da die Desorption über 

mehrere Minuten verläuft, ist nochmals eine Kryoanreicherungseinheit CP-4020 TCT 

(Thermal Desorption Cold Trap Injector) von der Firma Chrompack vor die Aufgabe auf die 

analytische Säule geschaltet. Eine genaue Beschreibung des eingesetzten Systems findet sich 

im Anhang I sowie in Krahl et al. (1997).

4.4 Probenahme zur Mutagenitätsbestimmung

In Zusammenarbeit mit Prof. Dr. med. Bünger (Institut für Prävention und Arbeitsmedizin der 

DGUV, Institut der Ruhr-Universität Bochum) wurde die Mutagenität des Abgases seit 1996

untersucht. Die Probenahmen für die dazu notwendigen Ames-Tests, die von der Arbeits-

gruppe um Prof. Dr. med. Bünger durchgeführt wurden, erfolgten am vTI in Rahmen der 

vorliegenden Dissertation.

In Anlehnung an die VDI-Norm 3872 wurde eine Probenahmeeinrichtung aus dem Rohabgas 

aufgebaut. Im Gegensatz zur dem in der VDI-Norm beschriebenen Aufbau wurden jedoch 

weitgehend standardisierte Komponenten verwendet, die im Laborhandel erhältlich sind. Der 

Aufbau zur Probenahme ist in Abbildung 7 schematisch abgebildet. 

Bei der Probenahme wird das Abgas über eine Sonde (3/8“-Edelstahlrohr) aus dem Abgas 

entnommen. An die Sonde ist mit einer Swagelok-Verschraubung ein Teflonschlauch 

angeschlossen, der das heiße Abgas in die Probenahmeapparatur leitet. Dieser Schlauch hat 

ein kontinuierliches Gefälle, so dass schon im Schlauch auftretendes Kondensat in den 

Kolben gespült wird. Zudem verhindert er, dass Schwingungen aus dem Abgassystem auf die 

Glasapparatur übertragen werden. Die eigentliche Probenahmeapparatur besteht aus einem 

Kolben, einem T-Stück und zwei Kühlern, auf dem ein Filterhalter aufgesetzt ist. Das T-Stück 

ist so gearbeitet, dass auch hier auftretendes Kondensat in den darunter liegenden Kolben 

abfließen kann. Über dem T-Stück ist zuerst ein Dimroth-Kühler und danach ein Intensiv-

kühler angebracht. Die Kühler werden mit einem auf -18 °C temperierten Kühlmedium 

(Wasser/Glycerin) durchströmt, wobei das Kühlmedium zuerst in den Intensivkühler

eingeleitet wird. Der Intensivkühler ist zudem mit einer Isolierung ausgestattet, damit das 

Kühlmedium nicht zusätzlich durch die Außenluft aufgewärmt wird. Der Dimroth-Kühler 

braucht diese Isolierung nicht, da hier die Außenluft nur mit dem an dieser Stelle noch heißen 

Abgas über die Glasaußenwand in Verbindung steht. Nach dem Intensivkühler wird das 

Abgas über zwei teflonbeschichtete Glasfaserfilter geleitet. Der Filterhalter besteht aus 
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Edelstahl und ist über einen ebenfalls aus Edelstahl bestehenden Adapter (Normschliff 27 / 

Kleinflasch KF40) auf den Intensivkühler aufgesetzt. Das Probevolumen, das von einer 

Vakuumpumpe durch Kühler und Filter gesogen wird, wird durch einen Massenflussregler 

bestimmt. 

Im ESC-Test wird kontinuierlich über 26 Minuten von Minute 3 bis zum Ende des Tests mit 

einer konstanten Geschwindigkeit von 25 L/min beprobt. Diese Art der Beprobung wurde 

gewählt, um ein möglichst großes Probevolumen zu erzielen. Dabei wurde in Kauf 

genommen, dass, entgegen der vorgeschriebenen Beprobung für die limitierten Komponenten, 

auch transiente Phasen beprobt wurden und dadurch die Wichtung der einzelnen Betriebs-

punkte zu Gunsten der Schwachlastpunkte verschoben ist.

Während der Beprobung kondensiert ein Teil des im Verbrennungsprozess entstehenden 

Wassers und wird im Rundkolben aufgefangen. Ein weiterer Teil friert jedoch in den Kühlern 

aus. Dieser Teil wird nach dem Testlauf zusammen mit den an Kühlern anhaftenden 

Rußpartikeln mit einem Lösungsmittel ausgewaschen. Dazu wurde zuerst nach dem Auftauen 

der Kühler Dichlormethan verwendet, da es aus dem Kondensat leicht zu entfernen war. Im 

Laufe der Arbeiten wurde das Dichlormethan durch Methanol ersetzt, da das Methanol direkt 

nach der Probenahme das noch gefrorene Kondensat auswäscht und den Ruß besser in das 

Kondensat spült. Ein Volumen von 100 mL Methanol erwies sich für einen Spülvorgang als 

ausreichend. 

Das Kondensat und die Filter, deren Belegung gravimetrisch bestimmt wird, werden bis zur 

weiteren Analyse bei -18 °C aufbewahrt. 

4.5 Partikelgrößenverteilung und PAK

Feinstaub und PAK gelten als physikalische und chemische Parameter zur Bewertung von 

Dieselmotoremissionen. Diese wurden bei Teilen der hier vorgestellten vergleichenden 

Messungen ebenfalls bestimmt. Messaufbau und Ergebnisse sind in den Arbeiten von Stein 

(2008), Ruschel (2010) und Schaak (2012) detailliert beschrieben. Die Probenahme für die 

PAK erfolgte bei diesen Arbeiten zusammen mit der Probenahme, die auch zur Bestimmung 

der Mutagenität (Kapitel 4.4.) eingesetzt wurde.  
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Abbildung 7: Schematischer Aufbau der Probenahme zur Mutagenitätsbestimmung

MFC

Intensivkühler

Dimroth-Kühler

250 mL Rundkolben

T-Stück NS27 (Oben und Unten) 
und NS 14,5 (Seite) >90°
Sonderanfertigung

Filterhalter für 2 Filter  =70mm

Normschliff 27

Glasolive NS 14,5

Teflonschlauch 10 mm a.D.

Übergangsstück NS 27 / KF 40

Vakuumpumpe

Abgasrohr

Sonde                    
(3/8“ Edelstahlrohr)
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5 Zusammenfassende Darstellung der Emissionsmessungen aus 

der Zeit von 1996 bis 2011

Um Umweltwirkungen durch die Nutzung von biogenen Kraftstoffen ermitteln zu können, 

wurden in einer Vielzahl an Messreihen die limitierten und nicht limitierten Emissionen 

bestimmt. Die Fragestellungen bei den einzelnen Messreihen unterschieden sich jedoch 

deutlich. So wurden Dieselkraftstoff und Biodiesel hinsichtlich des Ozonbildungspotenzials

verglichen, der Einfluss von Kraftstoffgemischen aus Dieselkraftstoff und Biodiesel an 

unterschiedlichen Motorgenerationen bestimmt und verschiedene neue Kraftstoffe auf fossiler 

und biogener Basis miteinander verglichen. 

Aus der Vielzahl der daraus resultierenden Ergebnisse wird vorliegend ein Überblick über den 

direkten Vergleich von Dieselkraftstoff und Biodiesel gegeben, der Vergleich mit weiteren 

biogenen Kraftstoffen aufgezeigt und der Einfluss von Kraftstoffgemischen beschrieben. 

5.1 Emissionsvergleich zwischen Dieselkraftstoff und Biodiesel 

Bei allen Messreihen am vTI zur Bestimmung der Emissionen wurden Dieselkraftstoff und 

Biodiesel als Reinkraftstoffe verwendet. Sie wurden entweder direkt miteinander verglichen 

oder dienten bei der jeweiligen Fragestellung als Referenz für andere Kraftstoffe. Aus den 

Messreihen wurden 16 ausgewählt, um die Entwicklung der limitierten und nicht limitierten 

Emissionen für den Zeitraum von 1996 bis 2011 aufzuzeigen. Dabei kamen sechs Motoren 

zum Einsatz, die sich in ihrer Emissionsklasse unterschieden. Diese Motoren wurden 

entsprechend ihrer Emissionsklasse in unterschiedlichen Prüfzyklen betrieben.

Diese Messreihen sind in Anhängen I, II, V, VII, XI, XI und XII sowie in den jeweiligen 

Projektberichten (Munack et al., 2003, Munack et al., 2005a, Munack et al., 2005b, Krahl et 

al., 2007) beschrieben.

In Abbildung 8 bis Abbildung 11 sind die limitierten Emissionen aufgetragen. Die 

Emissionen nahmen über den Emissionsklassen zum Teil um mehr als Faktor 1000 ab. Damit 

die Werte für alle Emissionsklassen anschaulich dargestellt werden können, musste fast 

immer ein logarithmischer Maßstab gewählt werden. Nur die Stickoxidemissionen sind in der 

gleichen Größenordnung geblieben, so dass hier der lineare Maßstab ausreicht.  
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Abbildung 8: Entwicklung der Kohlenwasserstoffemissionen bei unterschiedlichen Emissionsklassen
(Datengrundlage: Rohdaten aus Munack et al., 2003, Munack et al., 2005a, Munack et al.,
2005b, Krahl et al., 2007, Veröffentlichungen in Anhang I, II, V, VII, XI, XI und XII)
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Abbildung 9: Entwicklung der Kohlenmonoxidemissionen bei unterschiedlichen Emissionsklassen
(Datengrundlage: Rohdaten aus Munack et al., 2003, Munack et al., 2005a, Munack et al.,
2005b, Krahl et al., 2007, Veröffentlichungen in Anhang I, II, V, VII, XI, XI und XII)
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Abbildung 10: Entwicklung der Stickoxidemissionen bei unterschiedlichen Emissionsklassen
(Datengrundlage: Rohdaten aus Munack et al., 2003, Munack et al., 2005a, Munack et al.,
2005b, Krahl et al., 2007, Veröffentlichungen in Anhang I, II, V, VII, XI, XI und XII)
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Abbildung 11: Entwicklung der Partikelmassenemissionen bei unterschiedlichen Emissionsklassen
(Datengrundlage: Rohdaten aus Munack et al., 2003, Munack et al., 2005a, Munack et al.,
2005b, Krahl et al., 2007, Veröffentlichungen in Anhang I, II, V, VII, XI, XI und XII)

Die Kohlenwasserstoffemissionen zeigen bei allen Motoren einen Vorteil für Biodiesel. 

Insbesondere bei dem Euro IV-Motor fallen die Emissionen um bis zu 90 % geringer aus. 

Damit liegen die Konzentrationen der Kohlenwasserstoffe im Abgas im Bereich der 

Hintergrundkonzentration. Bei den Fendt-Schleppern ist hingegen der Unterschied zwischen 

den Kraftstoffen kaum zu erkennen. 
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Die Kohlenmonoxidemissionen zeigen ein nicht so einheitliches Bild. Bei dem Farymann-

Motor und bei den getesteten Fendt-Schleppern ergaben sich zumeist höhere Kohlenmonoxid-

emissionen beim Einsatz von Biodiesel. Ab der Abgasstufe Euro II zeigt sich jedoch eine 

Abnahme der Kohlenmonoxidemission von bis zu 50 %. Insgesamt liegen auch hier die

Konzentrationen von Kohlenmonoxid wie bei den Kohlenwasserstoffen auf einem sehr 

geringen Niveau.  

Im Gegensatz zu allen anderen Emissionen verringerten sich die Stickoxidemissionen im 

Verlauf der Zeit nur in einem geringeren Maße. Sie blieben sie mit Dieselkraftstoff jeweils 

knapp unter den jeweiligen Grenzwerten. Durch den Einsatz von Biodiesel stiegen diese 

Emissionen um bis zu 20 % an. Dadurch wurde zumeist auch der jeweilige Grenzwert 

überstiegen.

Die Partikelmasseemissionen nahmen ebenfalls mit der Verschärfung der Abgasgesetzgebung 

ab. Bei dem Farymann-Motor und den Fendt-Schleppern erhöhte sich der Ausstoß an 

Partikelmasse. Bei den Motoren ab Euro II ergeben sich hingegen Vorteile von bis zu 50 % 

für Biodiesel. 

Diese Ergebnisse gehen einher mit der Motorenentwicklung. Die Steuerung des 

Einspritzzeitpunkts und des Einspritzverlaufs konnten durch die Einführung elektronisch 

gesteuerter Einspritzdüsen und der kontinuierlichen Bereitstellung des Einspritzdrucks mittels 

der Common-Rail-Technologie von einer mechanischen Einspritzregelung auf eine Steuerung

durch Kennfelder der elektronischen Motorsteuerung umgestellt werden. Auch haben sich die 

Einspritzdrücke über die hier getesteten Motorgenerationen auf 1600 bar erhöht. Dadurch 

konnten Einspritzdüsen mit kleinerem Lochdurchmesser eingesetzt werden. Dies führt zu 

einem verbesserten Sprühbild und einer besseren Verteilung des Kraftstoff/Luft-Gemisches 

und hat eine direkte Auswirkung auf die Entstehung der Schadstoffe im Dieselabgas.

Zusätzlich kann eine Aufladung die Gemischbildung positiv beeinflussen.

Dieselruß entsteht vor allem in Zonen mit einem unterstöchiometrischen Verbrennungs-

luftverhältnis von 0,65 und Temperaturen zwischen 1500 K und 1900 K (Greis et al., 

2001). Kohlenmonoxid und Kohlenwasserstoffe entstehen ebenfalls in diesen fetten Zonen

(Flynn et al., 1999). Bei Temperaturen oberhalb von 1300 K und einem Luftüberschuss wird 

der Ruß wieder oxidiert (Kent und Wagner, 1984 und Schubiger, 2001).

Durch die bessere Verteilung des Kraftstoffgemischs, ergeben sich weniger Zonen mit 

unterstöchiometrischem Luftverhältnis und somit ergeben sich geringere Emissionen an 

Partikelmasse, Kohlenmonoxid und Kohlenwasserstoffen.
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Stickoxide werden im Dieselmotor zu 90 % nach der ZELDOVICH-Reaktion gebildet. Dabei 

wird bei Temperaturen oberhalb von 2000 K Stickstoff oxidiert (Fernando et al., 2006,

Warnatz et al., 2001). Durch eine Absenkung der Verbrennungstemperatur, insbesondere in 

der Vorverbrennungsphase ist eine Absenkung der Stickoxidemissionen möglich (Flynn et al, 

1999). Dies kann z.B. durch die Variation des Einspritzzeitpunktes erfolgen (Hoepke und 

Breuer, 2008).

Nach Garbe (2002), Cheng et al. (2002) und Matti Maricq (2011) wird durch den Einsatz von 

Biodiesel als Kraftstoff die Verbrennungstemperatur erhöht, so dass die Bildung von 

Stickoxiden zunimmt. Die in der Literatur diskutierten Gründe für die Zunahme der Sickoxide 

haben Hoeckman und Robbins (2012) zusammengefasst. So kann die geringere 

Kompressibilität des Biodiesels in PLD-Systemen zu einem früheren Einspritzzeitpunkt (Tat 

und van Gerpen, 2003) und damit verbunden zu einer höheren Verbrennungstemperatur 

führen (Bosch, 2004). Auch eine geringere Rußbildung bei Biodiesel gegenüber 

Dieselkraftstoff – bedingt durch den im Biodiesel vorhandenen Sauerstoff (Ullman et al., 

1994) – kann zu einem geringeren Strahlungsverlust im Brennraum führen (Sun et al., 2010).

Ebenfalls können mehr ungesättigte Kraftstoffkomponenten im Biodiesel den Brennverlauf 

und damit Verbrennungstemperatur erhöhen (Ban-Weiss et al., 2007). Eine höhere Cetanzahl 

bei Biodiesel verringert nach van Basshuysen und Schäfer (2004) die Verbrennungs-

temperatur. Hoeckman und Robbins (2012) kommen zu dem Schluss, dass nur eine 

Kombination der in der Literatur aufgeführten Theorien die Erhöhung der 

Sickoxidemissionen erklären kann. Im Gegensatz zur höheren lokalen Verbrennungstempera-

tur, die zu höheren Stickoxidbildung führt, nimmt die Abgastemperatur gleichzeitig ab 

(Schumacher et al., 1996, Usta, 2005, Hazar, 2009, Krahl et al., 2009). Schumacher et al. 

(1996) erklärten diesen Zusammenhang mit einem kürzeren Zündverzug, der den Zeitpunkt 

des maximalen Zylinderdrucks näher an den oberen Totpunkt rückt und damit einen besseren 

thermischen Wirkungsgrad erzielt.

Die geringeren Partikelmasseemissionen bei der Nutzung von Biodiesel können zu einem auf 

höhere lokale Verbrennungstemperaturen und damit eine vollständigere Verbrennung 

zurückgeführt werden. Zum anderen berichten Ullman et al. (1994) und Nylund et al. (2005), 

dass bei sauerstoffhaltigen Kraftstoffen weniger Ethen und Ethin gebildet werden. Die als 

Ausgangsstoffe zur PAK und Partikelbildung gelten. Im Gegensatz zu Ullman et al. (1994) 

und Nylund et al. (2005) wurde im Rahmen dieser Dissertation eine höhere Ethen- und 

Ethinemission bei Biodiesel gegenüber Dieselkraftstoff nachgewiesen (Anhang I und II).
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Die Emissionsdaten der Motoren ab Euro II zeigen die Zunahme der Stickoxidemissionen und 

die Abnahme der Partikelmasse-, Kohlenmonoxid- und Kohlenwasserstoffemissionen. Bei 

den älteren Motoren erhöht sich neben den Stickoxiden auch die Partikelmasse. Dieser 

Anstieg der Partikelmasse ist mit der Emission von unverbranntem Kraftstoff zu erklären. Da 

Biodiesel eine Siedelinie über 300 °C hat, kondensiert er im Gegensatz zum Dieselkraftstoff,

der nur zu etwa 10 % aus hochsiedenden Komponenten besteht, leichter auf den Partikeln.

Die Entwicklung nicht limitierter Abgaskomponenten ist in Abbildung 12 bis Abbildung 14

aufgezeigt. Aldehyde, Aromaten und Alkene gehören zu den nicht limitierten Abgaskompo-

nenten. Sie sind Ozonvorläufersubstanzen, die unter Sonneneinstrahlung mit Stickoxiden 

bodennahes Ozon bilden können. Darüber hinaus besitzen einige Vertreter dieser Substanz-

kassen, wie z.B. Formaldehyd, auch noch toxisches und mutagenes Potenzial und sind daher 

als von der Umweltbehörde der USA als sogenannte Airtoxics eingestuft. 

In den Abbildung 12 bis Abbildung 14 sind die Emissionen an Aldehyden, Alkenen und 

Aromaten der verschiedenen Motoren dargestellt. Die Emissionen dieser Abgaskomponenten 

nehmen analog zu den Kohlenwasserstoffemissionen deutlich ab. So waren die Alken- und 

Aromatenkonzentrationen ab Motoren der Emissionsklasse Euro III nahe der Bestimmungs-

grenze und unterschieden sich nicht wesentlich von den Hintergrundkonzentrationen. 
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Abbildung 12: Entwicklung der Aldehydemissionen bei unterschiedlichen Emissionsklassen
(Datengrundlage: Rohdaten aus Munack et al., 2003, Munack et al., 2005a, Munack et al., 
2005b, Krahl et al., 2007, Veröffentlichungen in Anhang I, II, V, VII, XI, XI und XII)
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Abbildung 13: Entwicklung der Alkenemissionen bei unterschiedlichen Emissionsklassen (Datengrundlage:
Rohdaten aus Munack et al., 2003, Munack et al., 2005a, Munack et al., 2005b, Krahl et al., 
2007, Veröffentlichungen in Anhang I, II, V, VII, XI, XI und XII)

Die Verwendung von Biodiesel erhöhte die Emissionen nur leicht. Nur der Euro II-Motor 

zeigte ein abweichendes Bild. Hier waren bei Biodiesel die Emissionen der Aldehyde, Alkene 

und Aromaten geringer als bei Dieselkraftstoff. Eine verstärkte Emission von Aldehyden wird 

auch von Battin-Leclerc (2008) theoretisch beschrieben und ebenfalls von Fontaras et al. 

(2009) und Yuan et al. (2009) in verschiedenen Testzyklen ermittelt.
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Abbildung 14: Entwicklung der Aromatenemissionen bei unterschiedlichen Emissionsklassen
(Datengrundlage: Rohdaten aus Munack et al., 2003, Munack et al., 2005a, Munack et al.,
2005b, Krahl et al., 2007, Veröffentlichungen in Anhang I, II, V, VII, XI, XI und XII)
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Abbildung 15 zeigt die Veränderung der Mutagenität des Partikulats von Biodiesel relativ zu 

fossilem Dieselkraftstoff. Die Absolutwerte aus diesen Messungen können nicht direkt 

verglichen werden. Zum einen verfügen die eingesetzten Bakterien nicht immer über die 

gleichen Mutationsraten und zum anderen erfolgte die Sammlung des Materials sowohl aus 

verdünntem als auch aus unverdünntem Abgas nach unterschiedlichen Standards. Dadurch ist 

nur ein relativer Vergleich in einer Testreihe möglich. Als Trend kann jedoch eine eindeutige 

Absenkung des mutagenen Potenzials beobachtet werden. So erreichten die Mutationsraten 

bei Abgasproben des Euro IV-Motors nur noch das doppelte Niveau der spontanen 

Mutationsrate, wohingegen bei den Tests mit dem Farymann-Motor die Mutationsraten bei 

geringeren Beprobungszeiten um mehr als das Zehnfache höher waren.

Bei Vergleichsmessungen mit Motoren der Emissionsklasse Euro II und darunter war die 

Mutagenität des Partikulats bei Biodiesel deutlich geringer als bei Dieselkraftstoff. Mit 

Einführung des Euro III-Motors nimmt das mutagene Potenzial des Abgases weiter ab, aber 

gleichzeitig verschiebt sich die relative Höhe der Mutagenität im Verlauf der Arbeiten mit 

dem Euro III-Motor zu Ungunsten von Biodiesel. Diese Tendenz kann durch die immer 

bessere Abstimmung der Motoren auf den Standard-Dieselkraftstoff bedingt sein. Zudem hat 

der Schwefelgehalt im Dieselkraftstoff immer weiter abgenommen. So waren bei den 

Farymann- und Fendt-Versuchen noch etwas über 200 ppm Schwefel im Kraftstoff enthalten. 

Beim OM 904 und bei der ersten Testreihe mit dem OM 906-Motor sank der Wert auf 41 ppm 

bzw. 35 ppm Schwefel im Dieselkraftstoff. Bei den folgenden Versuchen wurde 

schwefelfreier Dieselkraftstoff verwendet. Die Cetanzahl blieb dagegen bei allen 

Versuchskraftstoffen über der Zeit mit etwa 53 weitgehend konstant. 

Da sich neben diesen Kraftstoffparametern auch die Kraftstoffzusammensetzung, die von den 

Grundölen und dem Raffinerieprozess abhängig ist, verändern kann, ist eine eindeutige 

Zuordnung dieser Tendenz nicht möglich.  
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Abbildung 15: Entwicklung des mutagenen Potenzials bezogen auf das jeweilige von fossilem 
Dieselkraftstoff (=100 %) bei unterschiedlichen Emissionsklassen (Datengrundlage: 
Rohdaten aus Munack et al., 2003, Munack et al., 2005a, Munack et al., 2005b, Krahl et 
al., 2007, Veröffentlichungen in Anhang I, II, V, VII, XI, XI und XII)

5.2 Mischkraftstoffe

Bei allen Kraftstoffmischungen ist zu hinterfragen, ob sich die Emissionen proportional zum 

Mischungsverhältnis ändern. Wenn dies nicht der Fall sein sollte, wäre bei günstigeren 

Emissionen die Entwicklung eines umweltfreundlicheren Kraftstoffs möglich, während bei 

erhöhten Emissionen bestimmte Mischungen zu vermeiden wären.

Zu diesem Thema wurden drei Projekte durchgeführt, in denen systematisch die Zusammen-

setzung des Kraftstoffs geändert wurde. Daneben wurden noch weitere Testreihen durchge-

führt, in denen die Reinkraftstoffe mit einem in den USA favorisierten 20%igen Biodiesel-

Blend (B20) verglichen wurden.

Zum Zeitpunkt des ersten Projekts lagen im Gegensatz zu den Schadstoffemissionen der 

reinen Kraftstoffe für RME-DK-Gemische kaum Daten vor.

Schumacher et al. (1993) berichten, dass sich bei einem Test mit fortschreitend 10%ig abge-

stuften Gemischen aus Sojaölmethylester (SME) und Dieselkraftstoff die Emissionen der 

limitierten Abgaskomponenten linear über dem Mischungsverhältnis veränderten.

Des Weiteren berichten Schumacher et al. (1995), dass die gasförmigen limitierten Schad-

stoffe beim Betrieb von Stadtbussen mit einem Gemisch aus SME und DK (20/80) um 10 %

abnahmen. Die emittierte Partikelmasse blieb bei diesem Test jedoch gleich.
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Über nicht limitierte Abgaskomponenten bei Betrieb mit Kraftstoffmischungen war zu 

Projektbeginn nichts bekannt.

Ziel war es daher, die Emissionen eines direkteinspritzenden Dieselmotors zu bestimmen, der 

mit Mischungen aus RME und Dieselkraftstoff betrieben wurde. Im Einzelnen waren die 

gasförmigen limitierten Abgaskomponenten sowie die Rußzahl und der Kraftstoffverbrauch in 

10%ig abgestuften RME-DK-Mischungen zu messen. Für Partikel, Aldehyde, Ketone, 

Lachgas und Benzol wurde eine 20%ige Abstufung der Mischung gewählt. Alle 

Untersuchungen wurden an einem Farymann-Versuchsmotor jeweils mit und ohne 

Oxidationskatalysator durchgeführt. Frühere Untersuchungen haben gezeigt, dass dieser 

Versuchsmotor die relativen Emissions- und Verbrauchsänderungen von direkteinspritzenden 

Dieselmotoren in Abhängigkeit vom verwendeten Kraftstoff hinreichend repräsentativ 

abbildet (Krahl, 1993). In Ergänzung der Untersuchungen wurde u. a. zur NOx-Bestimmung 

zusätzlich zur etablierten Messtechnik ein FTIR-Spektrometer erfolgreich erprobt.

Im Ergebnis der Abgasuntersuchungen ist festzustellen, dass sich die Emissionen der meisten 

Komponenten linear über dem Mischungsverhältnis änderten (Abbildung 16). Die für 

Reinkraftstoffe zuvor häufig festgestellten Trends wie z. B. der Anstieg der NOx- und der 

Abfall der Ruß- und HC-Emissionen bei Verwendung von RME wurden auch bei 

Zumischung von RME bestätigt. (Anhang I und II)

Nichtlineares Verhalten trat bei der Partikelmasse und bei den Aldehyden auf. Bei letzteren 

beeinflusste der Katalysator das Bild darüber hinaus erheblich: Während mit Katalysator sich 

Vorteile für die reinen Kraftstoffe andeuteten, ergab sich ohne Katalysator kein eindeutiger 

Trend. (Anhang I und II)

In einem zweiten Projekt sollten die an dem Einzylinder-Motor erzielten Ergebnisse an einem 

zu diesem Zeitpunkt aktuellen Motor überprüft werden.  

Die Versuche wurden mit einem direkteinspritzenden Motor des Typs Mercedes Benz 

(OM 904 LA) durchgeführt, der im 13-Stufen-Test (ECE-R 49) betrieben wurde. 

Ziel der Untersuchungen war es, Aussagen zum Emissionsverhalten verschiedener 

Mischungen von RME und DK zu gewinnen. Dazu wurden die Reinkraftstoffe und 

Mischungen von Dieselkraftstoff mit 25 %, 50 %, und 75 % RME untersucht.

Die Emissionen der Mischungen änderten sich weitgehend linear mit dem Anteil von RME im 

DK (Abbildung 17). Nur bei der Partikelmasse war dieser Trend – wohl aufgrund einer 
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geringeren Versuchsanzahl - nicht deutlich ausgeprägt. Diese Versuchsreihe ist in Anhang XI 

beschrieben. 
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Abbildung 16: Spezifische Emissionen limitierter Abgaskomponenten bei unterschiedlichen 
Biodiesel/Dieselkraftstoff-Mischungen (Farymann, 5-Punkte-Test, Datengrundlage: 
Rohdaten aus Veröffentlichungen in Anhang I und II)
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Abbildung 17: Spezifische Emissionen limitierter Abgaskomponenten bei unterschiedlichen Biodiesel-
/Dieselkraftstoff-Mischungen (OM 904, 13-Stufen-Test, Datengrundlage: Rohdaten aus 
Veröffentlichung in Anhang XI)

Aufgabenstellung der dritten Versuchsreihe war es, neben zwei verschiedenen Referenz-

Dieselkraftstoffen fünf Biodieselblends mit bis zu 40 Prozent Biodieselanteil hinsichtlich 
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ihres Abgasverhaltens beim Einsatz eines Euro IV-Nutzfahrzeugmotors mit Common-Rail-

Einspritzung zu testen. Dabei standen die Mutagenitätsuntersuchungen im Fokus. 

Im stationären ESC-Test wurden die limitierten Abgaskomponenten und die Partikelgrößen-

verteilung bestimmt. Die Partikelmasse wurde nicht in die endgültige Auswertung einbe-

zogen, da sie durch Verunreinigung der Verdünnungsluft sehr fehlerbehaftet war. Partikulat 

und Kondensat zur Mutagenitätsbestimmung wurde im transienten ETC-Test gewonnen. Die 

Aldehydemissionen wurden ebenfalls im ETC-Test gemessen.

Die Mischungen von Dieselkraftstoff und RME verhielten sich hinsichtlich ihrer limitierten

Emissionen tendenziell linear. Bei den Stickoxiden zeigte sich jedoch eine minimale 

Absenkung bei 10 % RME (Abbildung 18). Die Mutagenität des Abgases zeigt dagegen ein 

Maximum bei einem 20%igen Biodieselanteil (Anhang VI).
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Abbildung 18: Spezifische Emissionen limitierter gasförmiger Abgaskomponenten bei unterschiedlichen 
Biodiesel-/Dieselkraftstoff-Mischungen (MAN D08, ESC-Test, Datengrundlage: Rohdaten 
aus Veröffentlichung in Anhang VI)

Neben den drei Messreihen mit unterschiedlichen Blends wurden weitere Vergleiche mit B20-

Blends vorgenommen. Sie sind im Anhang V und VI beschrieben. Hier zeigten sich bei den 

limitierten Abgaskomponenten keine oder nur geringe Abweichungen von einem 

proportionalen Verhalten. Die Mutagenität dieser B20-Blends war jedoch bei allen Tests 

erhöht. 
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Anhang

Der folgende Anhang enthält die einzelnen Publikationen dieser kumulativen Dissertation. In 

Tabelle 3 sind diese Publikationen mit dem entsprechenden Anteil zu dieser Dissertation 

aufgeführt.

Tabelle 3: Publikationen der kumulativen Dissertation und Anteil an den Arbeiten

Anhang Publikation Anteil an den Arbeiten

I Schröder O, Krahl J, Munack A, 
Bünger J (1999) Environmental and 
health effects caused by the use of 
biodiesel. SAE Technical Paper 1999-
01-3561: 1-11

- Aufbau, Messung und Auswertung der 
Aldehydeemissionen

- Auswerten der Messdaten für Alken-
und Aromatenemissionen und Berech-
nung des Ozonbildungspotenzials

- Auswerten der Messdaten zur
Partikelgrößenverteilung 

- Aufbau, Messung und Auswertung der 
Messungen zu Kraftstoffgemischen

- Interpretation der Ergebnisse

II Krahl J, Munack A, Schröder O, 
Bünger J, Bahadir M (2003) 
Environmental and health impacts due 
to biodiesel exhaust gas. Fresenius Envir 
Bull 11(10b):823-828

- Aufbau, Messung und Auswertung der 
Aldehydeemissionen

- Auswerten der Messdaten für Alken-
und Aromatenemissionen und Berech-
nung des Ozonbildungspotenzials

- Auswerten der Messdaten zur
Partikelgrößenverteilung 

- Aufbau, Messung und Auswertung der 
Messungen zu Kraftstoffgemischen

- Interpretation der Ergebnisse

III Krahl J, Bünger J, Munack A, Bahadir 
M, Schröder O, Stein H, Dutz M
(2003) Biodiesel and Swedish low 
sulfur Diesel fuel as ecologically 
compatible fuels in modern Diesel 
engines. Fresenius Envir Bull 
12(6):640-647

- Aufbau, Messung und Auswertung der 
limitierten Abgaskomponenten sowie 
der Aldehyde, Alkene und Aromaten

- Auswerten der Messdaten für die 
Partikelgrößenverteilung 

- Probenahme zur Bestimmung der 
Mutagenität

IV Krahl J, Munack A, Ruschel Y,
Schröder O, Bünger J (2007) 
Comparison of emissions and 
mutagenicity from biodiesel, vegetable 
oil, GTL and diesel fuel. 7 p SAE 
Technical Paper 2007-01-4042

- Adaption des Prüfstandes auf den 
Versuchsmotor und Einrichtung des 
Testverfahrens

- Aufbau, Messung und Auswertung der 
limitierten Abgaskomponenten 

- Probenahme zur Bestimmung der 
Mutagenität

- Interpretation der Ergebnisse
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V Krahl J, Munack A, Grope N, Ruschel 
Y, Schröder O, Bünger J (2007) 
Biodiesel, rapeseed oil, gas-to-liquid, 
and a premium diesel fuel in heavy duty 
diesel engines: endurance, emissions 
and health effects. Clean 35(5):417-426 

- Adaption des Prüfstandes auf den 
Versuchsmotor OM 906 und 
Einrichtung des Testverfahrens 
(Kapitel 2.1) 

- Aufbau, Messung und Auswertung der 
limitierten Abgaskomponenten am 
OM 906 (Kapitel 3.1) 

- Probenahme zur Bestimmung der 
Mutagenität am OM 906 (Kapitel 3.1) 

-  Interpretation der Ergebnisse für den 
Versuchsmotor OM 906 

VI Schröder O, Bünger J,  Munack A, 
Knothe G, Krahl J (2013) Exhaust 
emissions and mutagenic effects of 
diesel fuel, biodiesel and biodiesel 
blends. Fuel 103: 414-420, online:
http://dx.doi.org/10.1016/j.fuel.2012.08.
050

-  Adaption der Prüfstände auf die 
Versuchsmotoren OM 906 und MAN 
D08 sowie Einrichtung des 
Testverfahrens

- Aufbau, Messung und Auswertung der 
limitierten Abgaskomponenten am 
OM 906 und MAN D08 

- Probenahme zur Bestimmung der Mu-
tagenität am OM 906 und MAN D08 

-  Interpretation der Ergebnisse 

VII Munack A, Krahl J, Wilharm T, Ruschel 
Y, Schaak J, Schröder O, Schmidt L 
(2009) Emissionsprüfung synthetischer 
Dieselkraftstoffe. Landbauforsch 
59(4):345-356

- Adaption des Prüfstandes auf den 
Versuchsmotor MAN D08 und 
Einrichtung des Testverfahrens 

- Aufbau, Messung und Auswertung der 
Aldehydemissionen 

VIII Krahl J, Knothe G, Munack A, Ruschel 
Y, Schröder O, Westphal GA, Bünger J 
(2009) Comparison of exhaust 
emissions and their mutagenicity from 
the combustion of biodiesel, vegetable 
oil, gas-to-liquid and petrodiesel fuels. 
Fuel 88:1064-1069 

- Adaption des Prüfstandes auf den 
Versuchsmotor OM 906 und 
Einrichtung des Testverfahrens 

- Aufbau, Messung und Auswertung der 
limitierten Abgaskomponenten  

- Probenahme zur Bestimmung der 
Mutagenität 

-  Interpretation der Ergebnisse 

IX Krahl J, Munack A, Ruschel Y,
Schröder O (2010) 500 hours 
endurance test on biodiesel running a 
Euro IV engine. SAE Int J Fuels Lubric 
3(2):982-994

- Adaption des Prüfstandes auf den 
Versuchsmotor MAN D08 und 
Einrichtung des Testverfahrens 

- Aufbau, Messung und Auswertung der 
limitierten Abgaskomponenten und 
der Aldehyde 

- Probenahme zur Bestimmung der 
Mutagenität am MAN D08 

-  Interpretation der Ergebnisse 
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Schröder O, Semmler J, Speckmann H, 
Stein H, Timrott C, Krahl J (2003) 
Erkennung des RME-Betriebes mittels 
eines Biodiesel-Kraftstoffsensors. 
Braunschweig: FAL, Landbauforsch 
Völkenrode SH 257, 76 Seiten

- Beschreibung des Messverfahrens, 
sowie Aufbau und Anpassung der 
Laborsensoren (Kapitel 3 und 4)

- Auswertung der Labormessungen
(Kapitel 5)

- Auswertung der Praxisdaten und 
Durchführung der Überprüfung der 
Praxisdaten mittels IR-Messungen
(Kapitel 6.3 und 6.4)

- Interpretation der Ergebnisse

XI Munack A, Capan E, Schröder O, Stein 
H, Krahl J (2003) Abschlussbericht zum 
Forschungsvorhaben "Untersuchung 
von Biodiesel und seinen Gemischen 
mit fossilem Dieselkraftstoff auf 
limitierte Emissionen". Braunschweig: 
FAL, 37 Seiten

- Adaption des Prüfstandes auf den 
Versuchsmotor und Einrichtung des 
Testverfahrens

- Aufbau und Auswertung der 
limitierten Abgaskomponenten 

- Interpretation der Ergebnisse

XII Munack A, Pabst C, Schaak J, Schmidt 
L, Schröder O, Krahl J, Bünger J
(2010) Fuel and technology alternatives 
for buses - measurements with NExBTL 
and Jatropha oil methyl ester in a Euro 
III heavy duty engine: research project 
report. Braunschweig: vTI, 61 Seiten

- Adaption des Prüfstandes auf die 
Versuchsmotoren OM 906 und
Einrichtung des Testverfahrens

- Aufbau und Messung der limitierten 
Abgaskomponenten 

- Probenahme zur Bestimmung der 
Mutagenität

- Aufbau, Messung und Auswertung der 
Aldehydemissionen

XIII Schröder O, Munack A, Schaak J, 
Pabst C, Schmidt L, Bünger J, Krahl J
(2012) Emissions from diesel engines 
using fatty acid methyl esters from 
different vegetable oils as blends and 
pure fuel. Journal of Physics: 
Conference Series 364: 012017

- Adaption des Prüfstandes auf die 
Versuchsmotoren OM 906 und 
Einrichtung des Testverfahrens

- Aufbau und Messung der limitierten 
Abgaskomponenten 

- Probenahme zur Bestimmung der 
Mutagenität

- Erstellung der analytischen Methode 
zur Messung der Aldeydemissionen

- Aufbau, Messung und Auswertung der 
Aldehydemissionen
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ABSTRACT

In Germany 100.000 tons of biodiesel (rape seed oil
methylester, RME) were produced in 1998. 200.000 tons
are expected in 2000. Therefore, it is necessary to judge
the environmental and health effects deriving from the
use of RME in combustion engines. The analysis of parti-
cle size and particle number distributions of diesel soot
and the determination of its mutagenic effect were inves-
tigated. Additionally, emissions of ozone precursors were
analyzed for both fuels. Finally, regulated and some
important non-regulated emissions from different blends
of RME and fossil diesel fuel were determined.

INTRODUCTION

The German Federal Agricultural Research Centre in
Braunschweig-Völkenrode has been investigating the
use of vegetable oils as fuels since the late 1970s [1,2].
Since 1982 an unmodified four-stroke diesel engine pow-
ered agricultural tractor has been running in practice
exclusively on biodiesel at the FAL´s experimental farm
without the occurrence of any technical problem due to
this fuel.

However, the decision for or against an alternative fuel is
not only a question of technical practicability. The exhaust
gas emissions and their effects on the environment and
human health have also to be taken into consideration.

Diesel engine exhaust (DEE) has been classified carci-
nogenic to experimental animals and as a probable carci-
nogenic agent to humans by the International Agency for
Research on Cancer [3]. Several studies reported a rela-
tive risk of approximately 1.5 for lung cancer by DEE after
a long-term exposure [4]. The carcinogenic effect of die-
sel exhaust exposure is mainly ascribed to the inhalation
of soot particles [5]. Many known or suspected mutagens

and carcinogens, e. g. polycyclic aromatic hydrocarbons
(PAH) are adsorbed onto the surfaces of carbon cores of
DEE particulate matter as organic phase [6,7]. 

For particulate matter the mass is the regulated value.
However, in recent years it became evident that the parti-
cle number and size distribution may be more important
than the mass. One 1 m diameter particle has the same
mass as 1000 particles of 0.1 m. Furthermore, small
particles reach pulmonary alveoli and deposit, while
larger particles are deposited in the upper airways and
eliminated by its ciliated epithelium. Thus, small particles,
especially those ultrafine particles under 100 nm, are
considered critical to human health [8].

Therefore, the particulate matter emissions from diesel
fuel (DF) and from biodiesel were compared not only
regarding emitted masses, but also their particle sizes
and number distributions. In order to estimate the physio-
logical effects of DF and RME particulate matter, the
determination of their mutagenic potencies was carried
out at the University of Göttingen, Germany.

Additionally, the ozone formation potential of both fuels
were calculated. Therefore, several substantial ozone
precursors (e.g. ethene, formaldehyde) were determined
comparatively.

RME can substitute only a small amount of diesel fuel, so
it was of interest whether RME should be used as neat
fuel, or rather be blended with fossil diesel fuel. This
would be relevant in case any disproportionately positive
or negative emission changes were to be observed,
depending on the blend. Therefore, the regulated and
some important non-regulated exhaust gas compounds
(e.g. benzene and nitrous oxide) were determined using
different blends of both fuels.
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EXPERIMENTAL

ENGINES – The investigations were carried out at three
engines. One was a one-cylinder Farymann engine, the
others were four-cylinder Fendt tractors.

The Farymann type 18 D was an air cooled 4.2 kW one-
cylinder four-stroke diesel engine with direct injection.
Technical data is listed in table 1. The experiments were
carried out with as well as  without an oxidation catalytic
converter.

This engine was easy to handle, and had a low fuel con-
sumption. Although it showed high specific emissions,
the relative influence on emission changes depending on
its fuels was comparable to other direct injection diesel
engines.

Additionally, two agricultural Fendt tractors type 306 LSA
with direct injecting diesel engines (type MWM D
226.4.2) were used. These tractors are abbreviated as
Fendt 1 and Fendt 2. The technical differences between
them were new injection nozzles for Fendt 2. For Fendt 1
a special catalytic converter (Oberland Mangold, Ger-
many), usable only for RME, was tested. Technical data
of the tractor engines are listed in table 2. 

FUELS – RME was delivered by Connemann Company,
Leer, Germany, and low sulfur DF by German Shell,
Hamburg, Germany. Both fuels had been analyzed
beforehand.

ENGINE TEST CYCLES – As engine test cycles, the 13-
mode and the 5-mode cycle were chosen. The latter test
cycle simulates the typical load of agricultural tractors in
Germany [9], figure 1.

Figure 1. Modes of the agricultural 5-mode cycle in 
comparison with the heavy duty 13-mode 
cycle 
(ECE R 49)

ANALYTICAL EQUIPMENT – A schematic overview of
measured exhaust gas compounds and analytical equip-
ment is given in figure 2.

Regulated compounds – All regulated gaseous com-
pounds were taken directly out of the undiluted exhaust
gas stream. The particulate matter was sampled by using
a dilution tunnel. 

Gaseous regulated emissions were measured with cus-
tomary analyzers. 

Particulate matter was collected on PTFE coated glass
fiber filters (T60A20, Pallflex Products Corp., Putnam,
CT, U.S.A.). The filters were conditioned (20°C, rel.
humidity 50%) and weighed before and after the sam-
pling procedure. 

Organic soluble matter was determined by heating the fil-
ters for 24 h at 220°C. Previous tests resulted in a good
comparability of this method to soxhlet extraction with
dichloromethane.

Table 1. Technical data of the test engine Farymann 
type 18 D

Stroke of cylinder 55 mm
Bore of cylinder 82 mm
Number of cylinders 1
Stroke volume 290 cm³
Normal rate of revolutions 3000 rev./min
Rated power 4.2 kW 
Maximum torque 15.2 Nm at 2200 rev./min
Compression ratio 1:20

Table 2. Technical data of the test engines MWM type D 
226.4.2

Stroke of cylinder 120 mm
Bore of cylinder 105 mm
Number of cylinders 4
Stroke volume 4154 cm³
Normal rate of revolutions 2200 rev./min
Rated power 52 kW 
Maximum torque 266 Nm at 1500 rev./min
Compression ratio 1:16
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Figure 2.   Schematic overview of determined exhaust gas compounds and of the analytical equipment

Particle size distribution – The particle size distributions
were measured from diluted exhaust gas using two differ-
ent devices.

The particle number distributions were determined by
use of a Scanning Mobility Particle Sizer (SMPS) model
3934 with a Condensation Particle Counter (CPC) Model
3010 from TSI Company [10]. The SMPS-system sepa-
rates particles in a range from 7 to 300 nm. Within this
range, particles were divided in more than 100 different
sizes by electrostatic mobility. In particular, inside the
SMPS device exhaust gas particles were neutralized by a
radioactive source (Kr-85). After this neutralization, the
particles had a defined charge distribution, such that they
can be divided by charge and size in an electrostatic
field. The particles of different sizes were counted by the
CPC, being able to count up to 10.000 particles per sec-
ond. To enable the measurement, the diluted exhaust gas
had to be diluted a second time before entering the
SMPS/CPC-system. The second dilution was calculated
by gravimetric comparison of the total PM with the cumu-
lated mass of all particle size fractions. An average parti-
cle density of 1g/cm3 was assumed.

The particle mass distributions were measured using a
Berner-impactor. This impactor classifies the exhaust gas
particles by their aerodynamic diameters. The particles
were successively precipitated on plates of different

stages within the impactor. The masses of the isolated
particle size fractions were determined by balance. The
impactor from the GIV Company (Germany) has 10
stages ranging from 15 nm to 16 m. The determination
of the insoluble fraction was performed by heating as
described above.

Mutagenicity assay – Samples of particulate matter were
taken as described above, and extracted with 150 ml
dichloromethane (Merck, Darmstadt, Germany) in a
soxhlet apparatus (Brand, Wertheim, Germany) for 12 h
in the dark (cycle time 20 min). The extracts were
reduced by rotary evaporation and dried under a stream
of nitrogen. For the Ames test the extracts were redis-
solved in 4 ml dimethyl sulfoxide (DMSO). Each mode
was tested three times. The filters were stored at 5°C
before extraction.

The Salmonella typhimurium/mammalian microsome
assay [11] detects mutagenic properties of a wide spec-
trum of chemicals by reverse mutations of a series of Sal-
monella typhimurium tester strains, bearing mutations in
the histidine operon. This results in a histidine require-
ment of the tester strains in contrast to wild-type
Salmonella typhimurium. The Ames test is the most fre-
quently used test system worldwide in order to investi-
gate mutagenicity of complex mixtures like combustion
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products. This study employed the revised standard test
protocol [12] with the tester strains TA98 and TA100. 

Tests were performed with as well as without metabolic
activation by microsomal mixed-function oxidase systems
(S9 fraction). Preparation of the liver S9 fraction from
male Sprague-Dawley rats was carried out as described
by Maron and Ames [12]. For induction of liver enzymes,
phenobarbital and β-naphthoflavone (5,6-benzoflavone)
were used instead of Arochlor-1254, which is a polychlo-
rinated biphenyl mixture (PCB) and a carcinogen of great
stability [13]. The mutagens methyl methanesulfonate
(MMS) and 2-aminofluorene (2-AF) were used as posi-
tive controls.

Immediately before use, the extracts were dissolved in 4
ml DMSO, and the following relative concentrations (dilu-
tions) were tested: 1.0, 0.5, 0.25, 0.125, 0.06, 0.03. The
2-AF was also dissolved in DMSO (100 g/ml), and MMS
was dissolved in distilled water (10 g/ml). Every concen-
tration was tested both with as well as without 4 % S9
mix. Each extract was tested in duplicate. The tests were
repeated during the following two weeks. The number of
revertant colonies on the plates was recorded after 48 h
of incubation in the dark at 37°C. The background bacte-
rial lawn was regularly checked by microscopy, as high
doses of the extracts proved toxic to the tester strains,
resulting in a thinning out of the background. Counting
was performed by the use of an electronically supported
colony counting system (Cardinal, Perceptive Instru-
ments, Haverhill, Great Britain). According to the criteria
given by Ames et al. [11], results were considered to be
positive in case the number of revertants on the plates
containing the test concentrations was double the spon-
taneous reversion rate and a reproducible dose response
relationship was observed. 

Non-regulated gaseous compounds – Methane and
nitrous oxide were measured in the undiluted exhaust
gas by high resolution FTIR with a long path gas cell.
Analysis of spectra was performed by fitting sets of cali-
bration spectra. Besides methane and nitrous oxide,
nitrogen oxide and nitrogen dioxide were determined.
The results of the NOX measurement coincided with
those from the commonly used chemiluminescence
detector. Benzene was determined by GC with flame ion-
ization detector (FID) in the undiluted exhaust gas.

Aldehydes were quantified by DNPH-method. Therefore,
a part of the undiluted resp. diluted exhaust stream was
led through a solution of DNPH in acetonitrile, and the
resulting hydrazones were quantified by HPLC/UV-
detection.

Alkenes, alkynes and aromatics were determined with a
GC/MS-system. Both, GC- and MS-device were from
Shimadzu company, Germany (Type GC 17A and QP
5000). An automatically working system for the sample
preparation was optimized and adapted to the GC. The
main component of this system was a Chrompack CP
4020 cryo trap (TCT), wherein all tubes and connections

needed to be replaced by stainless steel parts. The func-
tion of the system is illustrated in figure 3.

Figure 3. Schematic arrangement of automatic sample 
preparation 

Exhaust gas samples were taken in a sample bag (Type
Teco, Tesseraux, Germany) from diluted exhaust gas.
Except for butadiene no significant loss of alkenes and
aromatics was found over several days in these bags.
From the air bag, the exhaust gas was injected in the
TCT. A mass flow controller (MFC) controlled the sample
stream. Then the sample was led through a water sepa-
rator into an adsorbing tube. Inside this cooled tube (-25
°C) adsorbing material (mainly activated carbon of
different adsorbing strength) was offered in increasing
strength. In this adsorber the nitrogen was removed,
which disturbs the detection of ethene. The compounds
of interest were desorbed by a stream of helium at 200
°C for 9 minutes. Before entering the chromatographic
column, the samples were cryofocused with liquid nitro-
gen in a stainless steel capillary filled with glass globes.

RESULTS

PARTICLE SIZE ANALYSIS 

Particle number distribution – Figure 4 shows the particle
number distribution of RME, DF and RME with catalytic
converter in the result of the 13-mode test. The maximum
of the particle distribution is at 34 nm for diesel fuel. A
shift to slightly lower particle sizes is observed for RME
(maximum at 26 nm). Especially in the range under 100
nm the particle number for RME is up to 10 times higher
than for DF. However, the catalytic converter reduces the
particle number. 
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Figure 4. Particle number distributions of RME, DF, and 
RME with catalytic converter (13-mode cycle, 
Fendt 1)

The example of two partial load modes (5 and 11) dem-
onstrates the differences between the fuels more
detailed.

In mode 5, DF has a maximum of particle number at 60
nm. Using RME approximately 100 times more particles
are emitted. The particle number maximum is at 23 nm,
but a second local maximum at 60 nm is recognizable.
The catalytic converter eliminates these additional parti-
cles (figure 5). This indicates the existence of two differ-
ent kinds of particles.

In mode 11, both RME and DF have a maximum at 27
nm and a shoulder at 80 nm, but the total number of the
maximum differs about one magnitude. The catalytic con-
verter reduces the particles larger than 15 nm. Below 15
nm, an increasing particle number is observed (figure 6).
In this mode the catalytic converter does not eliminate
the particles at about 25 nm as completely as in mode 5,
but it reduces the size of the particles.

Particle mass distribution – Figure 7 shows the particle
mass distributions measured by the impactor. Most of the
masses have an average aerodynamic diameter of 87
nm. The distribution of the different fuels is quite similar.
Only a little shift to smaller diameters can be noticed for
RME. Over all sizes, the mass for RME is higher, except
for those of 0,71 m diameter. The catalytic converter
reduced the masses by more than a half in all fractions.

The soluble percentage for RME is much higher than for
DF. Therefore, the mass of insoluble matter is at all sizes
lower for RME, except for those of a diameter of 42 nm
(figure 8).

Figure 5. Particle number distributions of RME, DF, and 
RME with catalytic converter at mode 5 of the 
13-mode cycle (Fendt 1)

Figure 6. Particle number distributions of RME, DF, and 
RME with catalytic converter at mode 11 of 
the 13-mode cycle (Fendt 1)
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Figure 7. Particle mass distributions of RME, DF, and 
RME with catalytic converter (13-mode cycle, 
Fendt 1)

Figure 8. Particle mass distributions of insoluble 
particle fractions for RME, DF, and RME with 
catalytic converter (13-mode cycle, Fendt 1)

The higher soluble percentage of RME is a further indica-
tion of two different particle types. The smaller ones with
a diameter of approximately 20 - 30 nm may consist
mainly of unburned fuel, while the bigger ones possess a
solid core.

MUTAGENIC EFFECTS OF PARTICULATE MATTER –
The collected masses of particulate matter differed
widely depending on the engine loads and the fuels. In
most tests the collected masses from RME exhaust of
the Farymann test engine were higher than from DF.
Higher percentages of the sampled masses were extract-
able from the filters for the biodiesel fuel than from those
used for petroleum diesel fuel (table 3). It seems likely
that this observation is due to a smaller content of soot in
biodiesel exhausts, as proven before [14,15].

In the tester strain TA98 a significant increase of sponta-
neous mutations was obtained for both fuels. However,
for DF the revertant frequencies were 2- to 8-fold higher
compared to RME (figure 9). Revertant frequency was
also significantly elevated in the tester strain TA100 and
the mutations using DF were 2- to 3-fold higher than for
the biodiesel. Testing with activated liver S9-fraction
slightly decreased the number of revertants in most
experiments. 

Figure 9. Number of mutations from extracts of RME 
exhaust particles on tester strain TA98 
compared to DF in the 5-mode test, 
Farymann (number of spontaneous mutations 
= 32 per plate).

These mutagenic results correlate with the content of
PAH in the PM. In the 5-mode test a comparable Fary-
mann K 54 test engine emits only 13 % of PAH using
biodiesel instead of DF [16,17].
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OZONE PRECURSORS – The GC/MS-system is able to
detect hydrocarbons in concentrations of several magni-
tudes. The limit of detection is in the ppt-range.

The total emissions of different hydrocarbons are shown
in figure 10 for the 13-mode cycle and in figure 11 for the
5-mode cycle. Due to the large number of compounds,
the groups of aldehydes, aromatics, and alkenes includ-
ing ethyne are mapped in the same shade. The com-
pounds are listed in table 4 in the order of their
appearance.

Figures 10 and 11 indicate that the compounds with few
C-atoms dominate the emissions of ozone precursors. It
is noticeable that DF exhaust always contains less
ethene and ethyne than biodiesel exhaust. On the other
hand, DF leads to higher propene emissions.

Figure 10. Emissions of ozone precursors; 13-mode test 

Table 3. Sample weights of particulate matter and results of soxhlet extractions (Farymann)

Load in the 
5-mode test

A
(rated power)

B
(partial load)

C
(partial load)

D
(partial load)

E
(idle motion)

Fuel DF RME DF RME DF RME DF RME DF RME
Filter

Weight of 
samples

in mg

1
2
3

11.5
10.8
10.8

11.3
11.1
11.3

4.2
5.0
5.2

17.3
16.6
16.3

7.5
8.3
9.8

35.4
35.7
30.6

9.0
10.0
10.5

36.2
34.3
32.9

6.1
7.7
8.2

13.3
16.6
14.0

Mean 11.0 11.2 4.8 16.7 8.5 33.9 9.8 34.5 7.3 14.6
Filter

Extractable 
matter
in mg

1
2
3

3.9
3.3
3.0

8.2
8.2
8.0

3.4
3.7
3.9

16.4
16.3
15.8

7.1
7.5
9.0

35.2
35.7
30.5

8.6
9.5
10.2

36.0
33.9
32.6

5.6
7.0
7.9

13.3
16.4
14.0

Mean 3.4 8.1 3.7 16.2 7.9 33.8 9.4 34.2 6.8 14,6
Filter

Extractable 
matter
in %

1
2
3

34
31
28

73
74
71

80
74
75

95
98
97

95
90
92

99
100
100

96
95
97

99
99
99

92
91
96

100
99

100
Mean 31 73 76 97 92 100 96 99 93 99

Table 4. Determined compounds in order of illustration

aldehydes aromatics alkenes

hexanale
benzaldehyde
isobutyraldehyde
butanone
propionaldehyde
acrolein
acetone
acetaldehyde
formaldehyde

1,2,4-trimethyl-   
benzene
1,3,5-trimethyl-   
benzene
o/p-xylene
m-xylene
ethylbenzene
toluene
benzene

isoprene
1-pentene
2-cis-pentene
2-trans-pentene
2-cis-butene
iso-butene
2-trans-butene
1,3-butadiene
1-butene
propene
ethyne
ethene
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Figure 11. Emissions of ozone precursors; 5-mode test

In general, emissions of ozone precursors are higher
when RME is used instead of diesel fuel. Depending on
engine and test cycle, there are about 10 to 33 % more
ozone precursors in the exhaust gas. The catalytic con-
verter had almost no effect at idle motion and at low
modes (data not shown). Most probably this was caused
by too low temperatures of the exhaust gas in these
modes. Therefore, the catalytic converter reduces the
emissions of ozone precursors only by about 80 %. At
rated power the reduction of alkenes emissions by the
catalytic converter is almost 99 %.

To estimate the effect of emissions to their ozone forming
potential the concept of the specific maximal incremental
reactivity (MIR) of single compounds is useful. The MIR
values used in this study were obtained from Carter [18]. 

A comparison between the emissions and their ozone
forming potentials makes it clear that alkenes and alde-
hydes have the biggest impact on ozone formation, while
the aromatics have a lower one (figure 12). The MIR
value of carbon monoxide (0.07) is over 100 times
smaller than the MIR value of ethene (9.97) or formalde-
hyde (9.12). But due to high emission mass, the ozone
forming potential is not negligible. 

Figures 13 and 14 show the calculated ozone forming
potentials for different test cycles. Based on these data
the use of biodiesel indicates a slightly negative tendency
against fossil diesel fuel for both engines and both tests.
It has to be mentioned that Fendt 1 expresses this trend
more clearly than Fendt 2, although both engines are
nearly comparable. However, this tendency to a higher
ozone forming ratio using biodiesel is based on the result
of extensive exhaust gas analyses of two engines only.

Generalization is currently not admissible, but the trend
has to be noted.

Figure 12. Comparison of relative emissions distribution 
and calculated ozone forming distribution of 
RME exhaust gas

Figure 13. Calculated ozone forming potentials of diesel 
fuel and biodiesel exhaust gases; the 13-
mode test
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Figure 14. Calculated ozone forming potentials of diesel 
fuel and biodiesel exhaust gases; 5-mode test

BLENDS OF DIESEL FUEL AND RME – The emissions
of CO, HC, NOX, particulate matter, benzene, methane,
nitrous oxide, and aldehydes were determined at the
example of the Farymann test engine.

Most of the exhaust gas compounds change linearly to
the blend (e.g. CO and HC, figure 15). Only particulate
matter (figure 16) and aldehydes do not show a clear lin-
ear trend. For particulate matter a non-linear trend was
only obtained at mode C. Therefore, the weighted result
shows a non-linear trend [19].

CONCLUSION

In a set of extensive investigations comparing fossil die-
sel fuel to rape seed oil methylester (RME), it was the
goal to determine exhaust gas components with special
regard to their effects on human health and the environ-
ment. The tests were carried out using two agricultural
tractors and at one test engine. Thereby several aspects
were of special interest:

Particle number and particle mass distribution

Preliminary experiments were carried out using a Scan-
ning Mobility Particle Sizer and a Berner-impactor. At the
example of one Fendt tractor it was shown that the parti-
cle numbers vary heavily according to the load mode and
to the fuel. In the 13-mode test RME leads to higher par-
ticle numbers than diesel fuel. Yet the maxima of particle
sizes are similar. However, it was demonstrated that this
higher particle number is not due to a higher soot emis-
sion. Most probably unburned fuel particles are partially
responsible for this effect. These results indicate the
necessity of future research on this subject.

Figure 15. Emissions of carbon monoxide and 
hydrocarbons with as well as without catalytic 
converter for different blends (Farymann, 5-
mode test)

Figure 16. Emissions of particulate matter and organic 
insoluble matter with as well as without 
catalytic converter for different blends 
(Farymann, 5-mode test)

Mutagenic effect of particulate matter

Using the Farymann test engine (5-mode test), it was
found that particulate matter from RME obtains a signifi-
cantly reduced mutagenic potency compared to diesel
fuel, although the emitted PM mass is found reproducibly
higher for RME compared to diesel fuel. 
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Ozone precursors

The result of a first study on two tractors (13-mode and
the 5-mode test), it was found that the use of RME leads
to an increase of ozone precursors in a range of 10 to  30
% compared to fossil diesel fuel. The emissions of alde-
hydes and alkenes are mainly responsible for this effect.

The use of blends

In principle, the blending of diesel fuel and RME is possi-
ble in every ratio. In nearly every case, the examined
compounds change linearly with the blend (Farymann, 5-
mode test). So the well known positive and negative
effects of RME occur accordingly to the blend.

Final conclusion

RME leads to both negative and positive effects that can-
not be avoided or promoted by blends. On the one hand,
there seems to be a slight disadvantage due to ozone for-
mation. On the other hand, a significant soot reduction
and a lower mutagenic potency of the particulate matter
is obvious.

Future research on particle size distribution and particle
number may reveal additional effects of RME on human
health and on the environment that will help to use
biodiesel more and more efficiently.
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Environmental and health impacts due to biodiesel exhaust gas
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Anteil an der Veröffentlichung

- Aufbau, Messung und Auswertung der Aldehydeemissionen
- Auswerten der Messdaten für Alken- und Aromatenemissionen und Berechnung des 

Ozonbildungspotenzials
- Auswerten der Messdaten zur Partikelgrößenverteilung 
- Aufbau, Messung und Auswertung der Messungen zu Kraftstoffgemischen
- Interpretation der Ergebnisse

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



© by PSP Volume 11 – No 10b. 2002   Fresenius Environmental Bulletin    

823

 

ENVIRONMENTAL AND HEALTH IMPACTS  
DUE TO BIODIESEL EXHAUST GAS 

 
J. Krahl * A. Munack**, O. Schröder**,  J. Bünger***, M. Bahadir**** 

* University of Applied Sciences Coburg, Department of Physical Engineering, Friedrich-Streib-Strasse 2, 96450 Coburg, Germany 

** Federal Agricultural Research Centre, Institute of Technology and  
Biosystems Engineering, Bundesallee 50, 38116 Braunschweig, Germany 

*** University of Göttingen, Centre of Occupational Health, Waldweg 37, 37073 Göttingen, Germany 

**** University of Braunschweig, Institute of Ecological Chemistry and  
Waste Analysis, Hagenring 30,  38106 Braunschweig, Germany 

 
 
 
 
SUMMARY 

Fossil diesel fuel and biodiesel (mainly rape seed oil 
methylester) are compared with regard to exhaust gas 
emissions and their effects on human health and the envi-
ronment. Tests were carried out using an agricultural 
tractor and a test engine. The aspects treated are: use of 
blends, particle sizes, mutagenic potency of the particu-
late matter, and ozone precursors. 

 
 
 
 

KEYWORDS: Diesel fuel (DF), biodiesel, blends, rape seed oil 
methylester (RME), emissions, particle size distribution, 
mutagenicity, ozone precursors. 

 
 
 
 
INTRODUCTION 

Biodiesel, in Germany mainly rape seed oil methyles-
ter (RME), has been considered as alternative fuel that 
can be used in many conventional diesel engines. How-
ever, even the combustion of green fuels leads to the 
emission of gaseous hazardous compounds and particulate 
matter that may effect human health. 

 
In particular, diesel engine exhaust (DEE) has been 

classified carcinogenic to experimental animals and as a 
probable carcinogenic agent to humans by the Interna-
tional Agency for Research on Cancer [1]. Several studies 
reported a relative risk of approximately by a factor of 1.5 
for lung cancer by DEE after a long-term exposure [2]. 
The carcinogenic effect of diesel exhaust exposure is mainly 
ascribed to the inhalation of soot particles [3]. Many known 
or suspected mutagens and carcinogens, e. g. polycyclic 
aromatic compounds (PAC) are adsorbed onto the surfaces 

of carbon cores of DEE particulate matter as organic 
phase [4]. Due to their median dynamic diameter of 0.1 to 
0.3 m the particles are readily inhaled and about 10% are 
deposited in the alveolar region of the lung [3]. 

Therefore, one focus of interest was the comparison of 
the particulate matter emissions from fossil diesel fuel (DF) 
to those from biodiesel not only with regard to the overall 
emitted masses, but also to particle masses and particle 
numbers in different size fractions. In order to estimate the 
physiological effects of DF and RME particulate matters, 
their mutagenic potencies were determined. 

Moreover, it was studied in which degree biodiesel 
exhaust gases influence the tropospheric ozone formation 
relative to DF. 

 
 
EXPERIMENTAL 

All investigations were carried out using an agricul-
tural tractor and a test engine. 

 
Analytical equipment 

All gaseous regulated compounds were taken directly 
from the undiluted exhaust gas stream and were measured 
using customary analyzers. The particulate matter was 
sampled from a doubly isokinetic dilution tunnel and 
collected on PTFE coated glass fiber filters. Organically 
soluble matter was determined by heating the filters for 
24 hours at 220°C. Tests revealed that this method gives 
comparable results to six hours Soxhlet extraction with 
dichloromethane. Aldehydes were quantified by the 2,4-
dinitrophenyle (DNPH) derivatisation method with HPLC 
detection. For this an exhaust gas sample was led through 
a set of impingers filled with acetonitrile/DNPH solution. 
Alkenes and alkynes were determined by GC/MS with 
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deep temperature enrichment. Methane and nitrous oxide 
were measured by high resolution FTIR with a long path 
gas cell. Analyses of spectra were performed by fitting 
sets of calibration spectra. Besides methane and nitrous 
oxide, nitrogen oxide and nitrogen dioxide were deter-
mined, too. The results of NOx determination by FTIR 
agree with those of the chemiluminescence detector. Ben-
zene was determined by GC with a flame ionization de-
tector (FID). For the particulate matter analyses a Scan-
ning Mobility Particle Sizer (SMPS) model 3934 with a 
Condensation Particle Counter (CPC) Model 3010 from 
TSI Company was used [5]. The SMPS system separates 
particles in a range from 7 to 300 nm. Over this range 
particles were divided in more than 100 different sizes by 
electrostatic mobility. 

 
Engines

As test engine a Farymann engine type 18 D, an air 
cooled 4.2 kW one cylinder four-stroke diesel engine with 
direct injection, was chosen. This engine can be handled 
and controlled easily. All tests were carried out with and 
without oxidation catalytic converter. Because of the 
advantages of the convenient Farymann engine, it was 
chosen for the extended serial investigations with differ-
ent blends. Additionally, a Fendt tractor type 306 LSA 
with direct injection 52 kW, four cylinder diesel engine 
(type MWM D 226.4.2) was tested. It was equipped with 
a special oxidation catalytic converter for biodiesel (Ober-
land Mangold, Germany). The tractor was used for the 
investigation of ozone precursors and particulate matter 
emissions. 

 
Engine test procedures 

As engine test procedure, the German agricultural 5-
mode test was chosen. This cycle has no legislative foun-
dation, but simulates the typical load of agricultural trac-
tors in Germany (see Fig. 1) [6]. 
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FIGURE 1 - Modes of the agricultural 5-mode test. 

Fuels

RME was delivered by Oelmühle Leer Connemann 
Company, Leer, Germany, and 370 ppm sulfur DF by 
German Shell, Hamburg, Germany. In Germany biodiesel 
has to meet the standard DIN E 51606. 

 
 
RESULTS AND DISCUSSION 

Blends from RME and DF

Since non-fleet vehicles are often alternately fueled 
with RME or DF, the regulated and some important non-
regulated exhaust gas compounds (e.g. benzene and alde-
hydes) were determined using different blends from both 
fuels. It was the goal to detect any positive or negative 
disproportionate effects depending on special blends. 

 
Concerning the gaseous regulated compounds, the fol-

lowing results were obtained: Without a catalytic converter 
a decline in HC is observed with increasing RME percent-
age. In contrast CO emissions increase. The catalytic con-
verter reduces the emissions of hydrocarbons as well as the 
emissions of carbon monoxide. The efficiency of the cata-
lytic converter depends on the blend; in contrast to the 
above-mentioned increase of CO with increasing content of 
RME, by use of the catalytic converter a slight decrease is 
observed. The results are shown in Fig. 2a. 
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FIGURE 2a 

Regulated compounds HC and CO; Farymann test engine  
with and without catalytic converter, 5-mode test. 

 
With and without catalytic converter the particulate 

matter (PM) increases nonlinearly with the RME percentage. 
However, this nonlinearity appears only in mode C, whereas 
all other modes show a linear dependency [7]. As expected, 
due to the well-known reduction of soot by RME [8], the 
organically insoluble matter decreases with higher per-
centage of RME. This effect is linear with the blend. 

 
Concerning the emissions of NOx, there is almost no 

influence of the catalytic converter. The emissions slightly 
increase with increasing RME content. There is no differ-

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



© by PSP Volume 11 – No 10b. 2002   Fresenius Environmental Bulletin    

825

ence in nitrous oxide emissions relative to the fuel. How-
ever, the catalytic converter leads, summed up over the 
whole test cycle, to a duplication of the emissions. 

 
This Farymann engine shows a nonlinear dependency 

of aldehydes emissions on the blend. A maximum can be 
observed at 40% of RME. In case of this test engine RME 
leads to less emissions than DF. This does not correlate 
with usually found results. The published investigations, 
on the average, report that RME leads to an increase of 
the aldehydes emissions, compared to DF, to approxi-
mately 120 % [8]. Also the Fendt tractor emits more alde-
hydes running on RME than on DF (Fig. 5a). More re-
search is needed to explain why this Farymann engine 
exhibits such a positive tendency for RME. Without the 
catalytic converter the emissions are 2- to 4-fold higher, 
whereby a nonlinear trend is observed with a slight mini-
mum at 50% (not shown). 

Benzene emissions increase with the percentage of 
RME, although, in contrast to diesel fuel, RME does not 
contain any benzene. This indicates that the benzene con-
tent of fuels is not necessarily the main source for ben-
zene in exhaust gas emissions. The catalytic converter 
reduces the emission by one third. 

 
The above results concerning non-regulated com-

pounds after catalytic conversion of the exhaust gas are 
shown in detail in Fig. 2b (observe the different scales for 
aldehydes and benzene!). Summing up, no optimal blend 
was found for the measured compounds. The well-known 
advantages and disadvantages of RME change mainly 
linearly with the blend. Only particulate matter and alde-
hydes show nonlinear trends. The dependency of the 
catalytic conversion ratio on blends indicates that the 
adaptation of fuels (blends) to the exhaust gas treatment 
may be a useful way to reduce emissions. In all, no spe-
cific blend can be recommended to minimize emissions. 
On the other hand, there exists no blend with distinct 
negative effects on the exhaust gas composition. 
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FIGURE 2b 
NOx, PM, aldehydes, and benzene; Farymann test  
engine with catalytic converter, 5-mode test. 

Particle size distributions 

Up to the present time particulate matter (PM) mass 
has been the regulated value. Recently, particle size dis- 
tributions, showing particle masses or particle numbers in 
different size fractions have been recognized as more 
important than the overall mass. These distributions will 
be referred to as particle mass distribution (PMD) and 
particle number distribution (PND), respectively. Small 
particles reach pulmonary alveoli and are deposited there, 
while larger particles are deposited in the upper airtract 
and eliminated by the ciliated epithelium of the airtracts. 
Especially ultrafine particles (< 100 nm) are considered as 
critical to human health [9]. Therefore, an SMPS system 
was used to measure the PND. Experiments were carried 
out on the Fendt tractor. 
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FIGURE 3 - Particle number distribution (PND) of RME, DF, 
and RME with catalytic converter; Fendt tractor, 5-mode test. 

 
In Fig. 3 the particle number distribution in depend- 

ence on the particle size for RME, DF and RME with 
catalytic converter is presented as weighted result of the 
5-mode test. The maximum of the PND is at 30 nm for 
diesel fuel. A shift to slightly smaller particle sizes is 
observed for RME (maximum at 27 nm). Moreover, the 
particle number for RME is higher in the whole range. 
The catalytic converter reduces the particle number and 
the maximum of the PND (maximum at 16 nm). 

 
Besides the weighted result of the 5-mode test, also 

each single mode was considered separately. In modes A 
and E (not shown) the shapes of the particle number distri- 
butions are comparable; however, in mode E much more 
particles are emitted. The absolute particle numbers of 
RME and DF are similar in mode A, whereas RME emits 
more particles than DF in mode E. The catalytic converter 
reduces the particle numbers in both modes. The maxima 
are at 100 nm (mode A, DF and RME), 65 nm (mode A, 
RME with catalytic converter), and 40 nm (mode E). The 
catalytic converter leads to a shift to smaller particles, 
which is more distinct in modes B, C, and D. This indi- 
cates that the small to medium size particles may be liq- 
uid, most probably unburned fuel that is easily eliminated 
or – at least – reduced in size by the catalytic converter. In 
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contrast, the larger particles may have a solid core that can-
not be oxidized. These theoretical considerations match 
with results of measurements with an impactor, were the 
smaller particles were eliminated well by the catalytic con-
verter [10]. Impactors measure the PMD; a reliable corre-
lation between PMD and PND has not been obtained yet. 

 
 

Mutagenic effects of particulate matter 

For evaluation of pollutants, biological effects are the 
basic value. Therefore, diesel engine exhausts from RME 
and DF were tested on mutagenic activity. Organic ex-
tracts of filter collected particulate from DEE act as 
mutagens in bacterial and mammalian in vitro assays. 
Most investigations were performed using the Salmonella 
typhimurium/ mammalian microsome assay [11]. 

 
This test detects mutagenic properties of a wide spec-

trum of chemicals by reverse mutations of a series of 
Salmonella typhimurium tester strains, bearing mutations 
in the histidine operon. This results in a histidine require-
ment of the tester strains in contrast to wild-type Salmo-
nella typhimurium. The Ames test is worldwide the most 
frequently used test system to investigate mutagenicity of 
complex mixtures like combustion products. According to 
the criteria given by Ames et al. [11], results were consid-
ered positive if the number of revertants on the plates 
containing the test concentrations was double the sponta-
neous reversion rate and a reproducible dose/response 
relationship was observed. The analytical procedure was 
investigated more extensively by Krahl et al. [12]. For the 
investigations the Farymann test engine was chosen. 

 
The collected masses of particulate matter differed 

widely depending on the engine loads and the fuels. In 
most tests the collected masses from RME exhaust were 
higher than from DF. Higher percentages of the sampled 
masses were organically extractable from the filters for 
RME than from those used for DF. It seems likely that 
this observation is due to a smaller content of soot in 
biodiesel exhausts, as proven before [8, 13]. 

 

 
FIGURE 4 - Number of mutations per plate from extracts of 
RME exhaust particles on tester strain TA98 compared to DF 
in the (number of spontaneous mutations = 32 per plate); 
Farymann test engine, 5-mode test.

In the tester strain TA98 a significant increase of 
spontaneous mutations was obtained for both fuels. How-
ever, for DF the revertant frequencies were 2- to 8-fold 
higher compared to RME (Fig. 4). Revertant frequency 
was also significantly elevated in the tester strain TA100, 
and the mutations using DF were 2- to 3-fold higher than 
for RME. Testing with activated liver S9-fraction slightly 
decreased the number of revertants in most experiments.  

 
These results indicate a lower mutagenic potency of 

PM from RME compared to DF. This is probably due to 
the lower content of PAH and soot in the exhaust, al-
though the emitted masses from RME are higher at most 
load modes. Testing with activated rat liver enzymes led 
to a slight detoxification of the extracts.  

 
 

Ozone precursors 

In summer ozone becomes one of the most important 
air pollutants. Especially in urban areas traffic contributes 
to ozone formation, because the photochemical reaction 
of exhaust gas compounds like volatile organic com-
pounds (VOC) leads in presence of nitrogen oxides and 
sunlight to ozone. 

 
As seen above, hydrocarbons are reduced by the use 

of RME, whereas nitrogen oxides and, in the majority of 
cases, aldehydes increase. These contrary tendencies do 
not allow a theoretical comparison of the ozone forming 
potencies of RME and DF [14]. Therefore, it was an im-
portant task to compare the emissions of ozone precursors 
in the exhaust gases of both fuels. 

 
The GC/MS system used is able to detect the hydro-

carbons in concentrations of several magnitudes. The 
limit of detection is in the ppt range. A detailed descrip-
tion of the sampling procedures is given by Schröder et al. 
[10]. The total emissions of individual hydrocarbons are 
shown in Fig. 5a. Due to the large number of compounds, 
aldehydes, aromatics, and alkenes including ethyne are 
shown as groups. 

 
It was found that the compounds with few carbon at-

oms dominate the emissions and that DF exhaust contains 
less ethene and ethyne than RME exhaust. On the other 
hand, DF leads to higher propene emissions. Currently no 
explanation is available for these observations. In the 5-
mode test RME raises the emissions of ozone precursors 
by approximately 20 %. The catalytic converter reduces 
the emissions as expected. To estimate the ozone forming 
potential of the emissions the concept of the specific 
maximal incremental reactivity (MIR) of single compounds 
is useful. The MIR values were taken from Carter [15]. A 
comparison between emissions and their ozone forming 
potentials makes obvious that alkenes and aldehydes have 
the most relevant impact to ozone formation, while the 
aromatics have a lower percentage (Fig. 5b). The MIR 
value of carbon monoxide (0.07 grams ozone per gram 
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component) is over 100 times smaller than the MIR value 
of ethene (9.97 g ozone per g component) or formalde-
hyde (9.12 grams ozone per gram component). But due to 
the high emitted mass of CO, its ozone forming potential 
has to be taken into account, too. 
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FIGURE 5a 

Emissions of ozone precursors; Fendt tractor; 5-mode test
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FIGURE 5b 
Calculated ozone forming potentials; Fendt tractor; 5-mode test. 

 
 
 
CONCLUSIONS

It was the goal to compare the fossil diesel fuel with 
the rape seed oil methylester (RME) with regard to ex-
haust gas emissions and the effects of these emissions on 
human health and the environment. Tests were carried out 
using an agricultural tractor and a test engine. Several 
aspects were of special interest; these were: use of blends, 
particle numbers in dependence on size, mutagenic po-
tency of the particulate matter, and ozone precursors. 

 
Overall, RME leads to negative and positive effects 

that cannot be avoided or promoted by blends. On the one 
hand there seems to be a slight disadvantage due to NOX 
and ozone precursors. On the other hand, a significant 
soot reduction is obvious that is connected with a lower 
mutagenic potency of the particulate matter. 

Future research on particle size distributions (where 
both particle masses and particle numbers in different size 
fractions are considered) may reveal additional effects of 
RME on human health and the environment that will help 
to use biodiesel more efficiently. 
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SUMMARY 

Biodiesel from rapeseed oil methyl ester is a well 
known substitute for fossil diesel fuel and sold at more 
than 1,500 filling stations in Germany. In Germany 
550,000 tons biodiesel were sold in 2002. Therefore, it is 
necessary to observe the exhaust emissions of this alterna- 
tive fuel. The objective of the research reported here was to 
detect and to compare regulated and non- regulated emis- 
sions together with their mutagenic effects from three dif-
ferent fuels. Besides biodiesel, a common diesel fuel (DIN 
EN 590) and Swedish low sulfur diesel fuel (SS 155435) 
were tested. The experiments were carried out on a state-
of-the-art light duty diesel engine. 

 
 
 

KEYWORDS: Biodiesel, low sulfur diesel fuel, diesel engine emis- 
sions, ozone precursors, particle size distribution, mutagenicity. 

 
 
INTRODUCTION 

Since the fuel prices have increased during the last five 
years many car owners look for cheaper alternatives. For 
diesel engines biodiesel from rape seed oil is a common, 
well known and cheap option at more than 1,500 filling 
stations in Germany. In 2002 more than 550,000 tons 
biodiesel were sold and for the next years an increase to 
approximately 800,000 tons is expected. 

 
However, even the combustion of biodiesel leads to 

emissions of hazardous gaseous compounds and particu- 
late matter that may effect human health. Therefore, the 
Federal Agricultural Research Centre (FAL) investigates 
regulated and non-regulated emissions from diesel engines 
running on different fuels. Additionally the University of 

Göttingen examines the mutagenic and cytotoxic effects 
of the extractable particulate matter fraction of both, bio- 
diesel and fossil diesel fuels. 

In early 2001 an extended discussion about health rele- 
vant emissions from biodiesel engaged researchers from 
Europe and the U.S. A publication from the Swedish 
Chalmers University of Gothenborg on fuel pyrolysis indi- 
cated benzene emissions and ozone precursors from bio- 
diesel as 10-fold higher than from Swedish lower sulfur 
diesel fuel MK I [1]. It was not really possible to argue, 
because a comparison of biodiesel versus Swedish MK I 
had not been carried out elsewhere. Thereupon, the FAL 
investigated the exhaust emissions from biodiesel (RME), 
MK I and conventional diesel fuel (DF) for four different 
load modes of the European 13-mode test (ECE-R 49). 
 
 

EXPERIMENTAL 

Engine and Engine Test Procedures 

The test engine chosen was a state of the art four cyl- 
inder Daimler-Chrysler engine OM 904 LA. Technical 
data are given in Table 1. 

 
TABLE 1 

Technical data of the Daimler-Chrysler engine OM 904 LA. 

Stroke of cylinder 130 mm
Bore of cylinder 102 mm
Number of cylinder 4
Stroke volume 4250 cm³
Normal rate of revolutions 2300 min-1 

Rated power 125 kW
Maximum torque 635 Nm at 1380 min-1

Compression ratio 17,4
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FIGURE 1 - 13-mode test (ECE-R 49) and chosen test modes. 

 
 
 
 

TABLE 2 - Fuel properties. 

Biodiesel according 
to E DIN 51606 

Conne- 
diesel� 
CD 99 

Diesel fuel according to DIN EN 590 Used 
diesel fuel 

Diesel fuel MK I according to 
 SS 15 54 35 

Statoil�
MK 1 

density (15°C) [g/ml] 0.875 - 0.900 0.883 density (15 °C) 
[kg/m³] 820 - 845 836.6 density (15 °C) 

[kg/m³] 805 - 820 813.6 

kin. viscosity (40°C) 
[mm²/s] 3.5 - 5.0 4.5 kin. viscosity 

(40 °C) [mm²/s] 2.00 – 4.50 2.807 kin. viscosity 
(40°C) [mm²/s] min. 1.7 1.892 

flashpoint [°C] min. 110 > 150 flashpoint [°C] > 55 72.0 flashpoint [°C] min. 60 60 
C.F.P.P. [°C] max. -20 -13 C.F.P.P. [°C] max. 0 -8 C.F.P.P. [°C] max. –32 < -35 

total sulfur [mg/kg] max. 100 < 10 total sulphur  
[wt-%] max. 0.035 0.032 total sulfur [mg/kg] 10 2 

carbon residue 
[wt-%] max. 0.05 < 0.05 carbon residue  

[wt-%] max. 0.30 < 0.05    

cetane number min. 49 > 55 cetane number min. 51 52.4    

ash [wt-%] max. 0.03 < 0.01 ash 
[wt-%] max. 0.01 < 0.001    

water content [mg/kg] max. 300 252 water content 
[mg/kg] max. 200 66    

particulate content 
[mg/kg] max. 20 < 20 particulate content 

[mg/kg] max. 24 < 20    

copper corrosion max. 1 1 copper corrosion 1 1    

oxidation stability [h]  8.05 oxidation stability 
[mg/100 mL] max. 2.5 < 2.0    

acid number 
[mg KOH/g] max. 0.5 0.089 acid number [mg 

KOH/g] max. 0.5 0.05 aromatic content 
[vol-%] max. 5 4.2 

methanol [wt-%] max. 0.3 < 0.3 polycyclic aromatic 
content [vol-%] max. 11 6.2 polycyclic aromatic 

content [vol-%] max. 0.02 < 0.02 

mono-glyceride 
[wt-%] max. 0.8 < 0.8 distillation at 

250 °C [Vol.-%] < 65 38.0 initial boiling point 
[°C] min. 180 180.6 

di-glyceride 
[wt-%] max. 0.4 < 0.4 distillation at 

350 °C [Vol.-%] min. 85 93.0 distillation (10%) 
[°C]  197.7 

tri-glyceride 
[wt-%] max. 0.4 < 0.4 

distillation at 
360 °C 

[Vol.-%] 
min. 95 95.0 distillation (50%) 

[°C]  229.9 

free glycerine 
[wt-%] max. 0.02 < 0.02 cloudpoint [°C] max. 5 -6 distillation (90%) 

[°C]  272.8 

total glycerine 
[wt-%] max. 0.25 0.15 cetan index min. 46.0 52.0 distillation (95%) 

[°C] max. 285 283.9 

iodine number max. 115 112 lubricity (60 °C) 
[ m] max. 460 450 cloudpoint [°C]  < -35 

phosphorus content 
[mg/kg] max. 10 5 colour  L 1.0 cetan 

index min. 50 51.6 

alkali content [mg/kg] max. 5 < 5 odour  normal    
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Four modes from the ECE-R 49 were chosen and 
they are shown in Figure 1. The four load modes do not 
allow the extrapolation to the whole test, but they are 
suited to assess tendencies. 

 
Fuels

The used RME was delivered from Connemann 
Company, Leer, Germany, according to E DIN 51606. 
Diesel fuel according to the specification DIN EN 590 
was purchased from Dreyfuss Mineralöl Company, 
Hanover, Germany, and MK I according to SS 155435 
was bought from Agrol Company, Stockholm, Sweden. 
The results of the fuel analyses are shown in Table 2. 

 
Analytical Equipment 

Figure 2 shows a scheme of the emission test stand 
and the analytical equipment that is available at the FAL. 

All regulated gaseous compounds were taken directly 
from the undiluted exhaust gas stream and were measured 
with customary analyzers. PM was sampled from a dilution 
tunnel and collected on Teflon™-coated glass-fibre filters 
(TA60A20, Pallflex). For particulate number analyses, a 
Scanning Mobility Particle Sizer system (SMPS) obtained 

from TSI company (Aachen, Germany) was used. The 
SMPS separates particles in the range from 10 to 300 nm 
and in this range particles were divided into more than 
100 different size classes by their electrical mobility. 

Alkanes, alkenes, ethine and aromatics were deter- 
mined with a GC/MS system (Shimadzu Type GC 17A and 
QP 5000) which was equipped with a thermal desorption 
cold trap (TCT) type Chrompack CP 2040 [2]. Aldehydes 
were detected via HPLC (type Hewlett-Packard 1090 with 
DAD-detector) using the 2,4-dinitrophenylhydrazine 
(DNPH) method [3].  

 
Mutagenicity Analyses 

The Salmonella typhimurium/mammalian microsome 
test, published by Ames et al. in 1975 [4], detects 
mutagenic properties of a wide spectrum of chemicals by 
reverse mutations of a series of Salmonella typhimurium 
tester strains. The Ames test is the most frequently used 
test system worldwide to investigate mutagenicity of 
complex mixtures like combustion products. This study 
employed the revised standard test protocol [5] with the 
tester strains TA98 and TA100. A detailed description of 
some modifications has been published previously [6]. 
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FIGURE 2 - Scheme of the emission test stand. 
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The filters were conditioned (22 °C, rel. humidity 
45%) and weighed before and after sampling to determine 
the total particulate matter. Filters were stored at 5 °C and 
the five filters using the same fuel were pooled and ex- 
tracted with 150 ml dichloromethane (Merck, Darmstadt, 
Germany) in a Soxhlet apparatus (Brand, Wertheim, 
Germany) for 12 hours in the dark to extract the soluble 
organic fractions. The extracts were reduced by rotary 
evaporation (Heidolph, Kehlheim, Germany) and dried 
under a stream of nitrogen. 

 
Each dried extract was redissolved in 4 ml dimethyl 

sulfoxide (DMSO) immediately before use and the fol- 
lowing dilutions (with DMSO) were tested: 1.0, 0.5, 0.25, 
0.1. To 2 ml of molten top agar 100 l of the test concen- 
trations and another 100 l of a fresh overnight culture 
containing 1-2 x 108 microorganisms were added, mixed 
gently, and poured onto minimal agar plates. The mutagens 
methyl methanesulfonate (1 l per plate) and 2-amino- 
fluorene (10 g per plate) were used as positive controls. 
Each extract was tested in duplicate. The assays were 
repeated within two weeks. 

 
Tests were performed with and without metabolic ac- 

tivation by microsomal mixed-function oxidase systems 
(S9 fraction). For test series with exogenous metabolic 
activation, 500 l of 4% S9 was additionally pipetted to 
the mixture. Preparation of the liver S9 fraction from 
young male Sprague-Dawley rats was carried out as de- 
scribed by Maron and Ames [5]. For induction of liver 
enzymes, phenobarbital and β-naphthoflavone (5,6-ben- 
zoflavone) were used instead of Arochlor-1254 [7]. 

 
The number of revertant colonies on the plates was 

recorded after 48 h of incubation in the dark at 37 °C. The 
background bacterial lawn was checked regularly by 
microscopy, as high doses of the extracts proved to be 
toxic to the tester strains, resulting in a thinning out of the 
background. Counting was performed using an electroni- 
cally supported colony counting system (Cardinal, Per- 
ceptive Instruments, Haverhill, UK), and 10% of the 
plates were checked routinely by hand counting. Accord- 
ing to the criteria given by Maron and Ames [5], results 
were considered positive if the number of revertants on 
the plates containing the test concentrations was more 
than double of the number of spontaneous revertants and 
a reproducible dose-response relationship was observed. 
The number of revertants was calculated from the slope of 
the initial linear portion of the dose-response curve [8]. 

 
 
 
RESULTS 

Regulated Gaseous Compounds 

Figures 3 to 5 show the regulated gaseous compounds 
for the four chosen load modes. 

It is abundantly clear that there are no significant dif- 
ferences between diesel fuel and Swedish low sulfur fuel. 
In contrast, RME shows for all four load modes lower CO 
and significantly lower HC emissions than the fossil fuels, 
whereas the NOx emissions of RME are slightly higher 
than for DF and MK I except for idle. 
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FIGURE 3 
Emissions of carbon monoxide from diesel fuel,  
Swedish low sulfur diesel fuel (MK I) and RME 
in four modes of the 13-mode test (ECE R49). 
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FIGURE 4
Emissions of hydrocarbons from diesel fuel, Swedish low sulfur diesel 
fuel (MK I) and RME in four modes of the 13-mode test (ECE R49). 
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FIGURE 5 
Emissions of nitrogen oxides from diesel fuel, Swedish low sulfur diesel 

fuel (MK I) and RME in four modes of the 13-mode test (ECE R49). 

 
 

Particulate Matter (PM) and Particle Number Distributions 

Figures 6 to 10 show the emissions of particulate 
matter and the particle number distributions in the four 
investigated test modes. 

 
With respect to the PM emissions (Fig. 6), the differ- 

ences between DF and MK I are comparatively low espe- 
cially with regard to the insoluble PM fractions. RME 
emits always the lowest value for the insoluble fraction 
but the soluble fraction at idle, partial load and rated 
power is very high relative to the fossil fuels. Presumably 
a lot of unburned fuel is responsible for this effect. How- 
ever, the gravimetric PM emissions from RME combus- 
tion do not indicate advantages or disadvantages versus 
DF or MK I. 

 
At idle all fuels have almost the same particle size 

distribution with a maximum at approximately 50 nm, but 
DF emits slightly more particles below 50 nm and less 
particles above 50 nm. 

 
At partial load appears a bimodal distribution with a 

first peak between 20 and 30 nm and a much smaller 
second one around 80 nm for all three fuels. While MK I 
leads to a lower number and electrical mobility diameter 
between 10 and 50 nm it matches very well with the trend 
for DF above 50 nm. The particle number emissions for 
RME are significantly lower in the range between 50 and 
300 nm than for DF or MK I. 

 
Around 70 nm the distributions for all fuels lead to 

the same maximum for load mode maximum torque. But 
between 10 and 20 nm DF shows a significant increase in 

the particle number. Over the whole range RME has the 
lowest particle number emissions. 

 
At rated power the particle number distribution is 

comparable to partial load with exception that for DF and 
RME the first peak is shifted to lower diameter classes or 
disappeared for MK I. 
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FIGURE 6
Emissions of particulate matter – plotted as total mass  
and after Soxhlet extraction with dichloromethane – from  
diesel fuel, Swedish low sulfur diesel fuel (MK I) and  
RME in four modes of the 13-mode test (ECE R49). 
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FIGURE 7 
Particle number distributions from diesel fuel,  

Swedish low sulfur diesel fuel (MK 1) and RME at idle. 
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FIGURE 8 - Particle number distributions from diesel fuel,  

Swedish low sulfur diesel fuel (MK I) and RME at partial load. 
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FIGURE 9 - Particle number distributions from diesel fuel,  

Swedish low sulfur diesel fuel (MK I) and RME at maximum torque.
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FIGURE 10 - Particle number distributions from diesel fuel,  
Swedish low sulfur diesel fuel (MK I) and RME at rated power. 
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FIGURE 11 - Emissions of alkanes, alkenes, and ethine  
from diesel fuel, Swedish low diesel sulfur fuel (MK I)  
and RME in four modes of the 13-mode test (ECE R49). 

−−−−     
 
 

Non-Regulated Gaseous Compounds 

The emission results for alkanes, alkenes and ethine 
are presented in Figure 11. 

 
Except for rated power, RME emits always signifi- 

cantly lower amounts of aliphatics. The two fossil fuels 
do not differ very much. Nearly the same trend is shown 
in Figure 12 for the emissions of aromatic hydrocarbons, 
especially benzene. 

In the modes idle, partial load and maximum torque 
MK I and DF emit even more benzene than RME. Only at 
rated power the benzene emissions are higher for RME 
than for the fossil fuels. 

 
Figure 13 presents the results for the measured alde- 

hyde and ketone emissions. 
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FIGURE 12 - Emissions of aromatic hydrocarbons  
from diesel fuel, Swedish low sulfur diesel fuel (MK I)  
and RME in four modes of the 13-mode test (ECE R49). 
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FIGURE 13 - Emissions of aldehydes and ketones  
from diesel fuel, Swedish low sulfur diesel fuel (MK I) 

and RME in four modes of the 13-mode test (ECE R49). 

No significant trend for the aldehyde and ketone 
emissions is detectable. RME shows the lowest amounts 
for partial load and maximum torque, DF for idle and 
MK I for rated power. Noticeable are the high emissions 
for DF at partial load and rated power. Formaldehyde, 
acetaldehyde, acetone and acrolein represent in all cases 
more than 70 % of the detected pollutants. 

 
 

Mutagenicity 

The results of the mutagenicity analysis from PM ex-
tracts are presented exemplarily for idle and maximum 
torque in Figures 14 and 15. 
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FIGURE 14 
Dose-response-curve of PM extracts from diesel fuel, Swedish  

low sulfur diesel fuel (MK I) and RME in tester strain TA98 at idle. 
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FIGURE 15 - Dose-response-curve of PM extracts  
from diesel fuel, Swedish low sulfur diesel fuel (MK I)  
and RME in tester strain TA98 at maximum torque. 
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The mutagenicity of the extracts in the Ames test 
shows a reproducible dose-response relationship. The 
numbers of mutations at maximum torque are less pro- 
nounced compared to prior investigations using older 
diesel engines [6, 9] but are significant for each of the 
tested fuels. At idle the diesel fuels cause much higher 
mutagenicity compared to RME. The Swedish MK I has 
lower mutagenic effects than DF but distinctly higher 
effects than RME. 

 
 
CONCLUSION

Three different diesel fuels were compared regarding 
regulated and non-regulated emissions as well as their 
mutagenic potential. Besides common European diesel 
fuel according to DIN EN 590, Swedish low sulfur diesel 
MK I (SS 155435) and rapeseed oil methylester according 
to E DIN 51606 were used. For the first time Swedish 
diesel fuel MK I and RME have been compared with 
respect to combustion in a diesel engine. The result that 
RME leads to 10-fold higher emissions of benzene or 
ozone precursors than MK I, as found in experiments of 
the Chalmers University Gothenborg, is not suited for 
assessment of the situation in diesel combustion engines. 
Moreover, MK I showed a higher mutagenic potential in 
the Ames tests than RME. 

The results of four modes of the 13-mode test (ECE 
R49) indicate a tendency to slightly more advantages for 
RME versus MK I and DF than to disadvantages. 

 
 
OUTLOOK 

Currently the three fuels are under investigation re- 
garding the still missing other modes of the 13-mode test. 

 
 
 
ACKNOWLEDGEMENT 

The authors thank the German Working Group of 
Biodiesel Quality Management (AGQM), Berlin, for 
funding the investigations. 

 
 
 
REFERENCES

[1] Pedersen, J. R., Ingemarsson, A., Olsson, J. O.: Oxidation of 
Rapeseed Oil, Rapeseed Methyl Ester (RME) and Diesel 
Fuel Studied with GC/MS. Chemosphere 38 (1999) (11), 
2467-2474 

[2] Krahl, J., K. Baum, U. Hackbarth, H.-E. Jeberien, A. Mun-
ack, C. Schütt, O. Schröder, N. Walter, J. Bünger, M.M. 
Müller, and A. Weigel.: Gaseous Compounds, Ozone Precur-
sors, Particle Number and Particle Size Distributions, and 
Mutagenic Effects Due to Biodiesel. Transactions of the 
ASAE 44 (2001)2, 179-191. 

[3] Krahl, J., G. Vellguth, and M. Bahadir: Bestimmung der Schad- 
stoffemissionen von landwirtschaftlichen Schleppern beim Be- 
trieb mit Rapsölmethylester im Vergleich zu Dieselkraftstoff. 
Landbauforschung Völkenrode 42 (4) (1992)  247-254. 

[4] Ames, B.N., J. McCann, and E. Yamasaki: Methods for de- 
tecting carcinogens and mutagens with the Salmonella/ 
mammalian-microsome mutagenicity test. Mutation Res. 31 
(1975) 347-363.  

[5] Maron, D.M., and B.N. Ames: .Revised methods for the Salmo- 
nella mutagenicity test. Mutation Res. 113 (1983) 173-215. 

[6] Bünger, J., J. Krahl, H.U. Franke, A. Munack, and E. Hallier: 
Mutagenic and cytotoxic effects of exhaust particulate matter 
of biodiesel compared to fossil diesel fuel. Mutation Res. 415 
(1998) 13-23. 

[7] Matsushima, T., M. Sawamura, K. Hara, and T. Sugimura:  
A safe substitute for polychlorinated biphenyls as an inducer 
of metabolic activation system. In: In Vitro Metabolic Axcti- 
vation in Mutagenesis Testing, ed. F.J. Serres, J.R. Fouts, 
R.M. Bend, and R.N. Philpot. North-Holland, Amsterdam: 
Elsevier (1976) 85-88. 

[8] Krewski, D., B.G. Leroux, J. Creason, and L. Claxton: 
Sources of variation in the mutagenic potency of complex 
chemical mixtures based on the Salmonella/microsome as-
say. Mutation Res. 276 (1992) 33-59. 

[9] Bünger, J., M.M. Müller, J. Krahl, K. Baum, A. Weigel,  
E. Hallier, and T. Schulz.: Mutagenicity of diesel exhaust 
particles from two fossil and two plant oil fuels. Mutagenesis 
15 (5) (2000) 391-397. 

 

 
 
 
 
 
 
 

 
 

Received for publication: November 14, 2002 
Accepted for publication: January 13, 2003 
 
 
CORRESPONDING AUTHOR 

J. Krahl 
University of Applied Sciences Coburg 
Department of Physical Engineering 
Friedrich-Streib-Strasse 2 
96450 Coburg - GERMANY 
 
e-mail: krahl@FH-Coburg.de 
 

 FEB/ Vol 12/ No 6/ 2003 – pages 640 - 647 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Anhang IV

J. Krahl, A. Munack, Y. Ruschel, O. Schröder, J. Bünger

Comparison of emissions and mutagenicity from biodiesel, vegetable oil, GTL 
and diesel fuel

SAE Technical Paper 2007-01-4042, 2007

Anteil an der Veröffentlichung

- Adaption des Prüfstandes auf den Versuchsmotor und Einrichtung des Testverfahrens
- Aufbau, Messung und Auswertung der limitierten Abgaskomponenten 
- Probenahme zur Bestimmung der Mutagenität
- Interpretation der Ergebnisse

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



2007-01-4042

Comparison of Emissions and Mutagenicity from Biodiesel, 
Vegetable Oil, GTL and Diesel Fuel 

Jürgen Krahl 
University of Applied Sciences Coburg, D-96406 Coburg, Germany 

Axel Munack, Yvonne Ruschel, Olaf Schröder 
German Federal Agricultural Research Centre (FAL), D-38116 Braunschweig, Germany 

Jürgen Bünger 
University of Bochum, D-44789 Bochum, Germany 

Copyright © 2007 SAE International

ABSTRACT

Diesel engine emissions (DEE) are classified as proba-
bly carcinogenic to humans. Since 1995 we observed an 
appreciable reduction of mutagenicity of DEE driven by 
reformulated or newly designed fuels in several studies.
We compared the mutagenic effects of DEE from two 
different batches of rapeseed oil (RSO) with rapeseed 
methyl ester (RME, biodiesel), natural gas derived syn-
thetic fuel (gas-to-liquid, GTL), and a reference diesel 
fuel (DF). Additionally, we determined the regulated 
emissions of total hydrocarbons (HC), carbon monoxide 
(CO), nitrogen oxides (NOX), and particulate matter 
(PM). Compared with the reference DF the two RSO 
qualities significantly increased the mutagenic effects of 
the particle extracts by factors of 9.7 up to 59. RME ex-
tracts had a moderate but significant higher mutagenic 
response. GTL samples did not differ significantly from 
DF. Concerning the regulated emissions, the results re-
mained below the margins except a up to 15% increase 
of NOX for the tested bio fuels. 

INTRODUCTION

The replacement of petroleum derived fuels by biogenic 
fuels from renewable resources has become of 
worldwide interest and is scientifically investigated for its 
environmental costs and benefits (Hill et al. 2006, 
Ragauskas et al. 2006). Especially the reduction of 
atmospheric greenhouse gas (GHG) is covered by 
recent discussions, since the combustion of vegetable 
oil derived fuels instead of fossil fuel reduces net GHG 
emissions (Koonin 2006). Less attention has been paid 
to possible hazards for human health (Krahl et al. 1999, 
Swanson et al. 2007, Bünger et al. 2007).
Fatty acid methyl esters (FAME) are proven as a 
suitable alternative to fossil diesel fuel (DF) producing 
similar or even lower emissions (Krahl et al. 1996, 
Bünger et al. 1998, 2000). They are called biodiesel and 

can be produced from different oil plants, e.g. rapeseed 
(canola), oil palm, soybean, and sunflower. Biodiesel is 
produced by transesterification of vegetable oil with 
methanol (Krahl et al. 1996), resulting in a fuel with 
similar properties to mineral oil derived fuels. The 
following equation generally shows the 
transesterification of triglycerides to the corresponding 
methyl esters: 
  1 triglyceride  +  3 methanol
                            1 glycerol  +  3 fatty acid methyl esters. 
Diesel engine emissions (DEE) contain mutagenic and 
carcinogenic polycyclic aromatic compounds (PAC) on 
the surface of the emitted particles and – to a lesser 
amount – in the gaseous phase (Schepers and Bos 
1992). The formation of PAC depends on the type of 
engine, the engine load, the fuel properties, and the 
effectiveness of exhaust aftertreatment. Previous studies 
demonstrated the influence of different fuels - including 
rapeseed methyl ester (RME), soybean methyl ester 
(SME) on the mutagenic activity of DEE (Bünger et al. 
1998, Bünger et al. 2000, Bünger et al. 2006).
Recently, the use of crude unmodified rapeseed oil as 
fuel is emerging especially in the transportation sector 
due to economic reasons. This investigation compares 
two batches of rapeseed oil - a cold pressed crude rape-
seed oil (RSO) and a modified rapeseed oil with lowered 
viscosity (mRSO), commercially offered as truck diesel 
fuel - with a rapeseed oil derived biodiesel (rapeseed 
methyl ester, RME), a natural gas derived synthetic fuel 
(gas to liquid, GTL), and a common diesel fuel (DF, ref-
erence fuel) for their influence on the mutagenicity of 
resulting diesel engine emissions (DEE).

MATERIAL AND METHODS 

The reference DF meeting the EU standard EN590 was 
delivered by Haltermann Products, Hamburg, Germany, 
GTL by Shell AG, Hamburg, and RME by ADM 
Oelmühle, Hamburg, Germany. Rapeseed oils were 
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purchased from two German providers of truck diesel 
fuels.
Nutrient media and most chemicals for the mutagenicity 
test system were obtained from Difco Laboratories (De-
troit, USA) and Sigma (Deisenhofen, Germany). Methyl 
methanesulfonate CAS 66-27-3 , 2-aminofluorene CAS
153-78-6 , and -naphthoflavone CAS 6051-87-2  were 
obtained from Aldrich (Milwaukee, USA), phenobarbital 
CAS 50-06-6  from Sigma (Deisenhofen, Germany). 

Dichloromethane (DCM) and dimethyl sulfoxide 
(DMSO), spectrometric grade, was provided by Merck 
(Darmstadt, Germany). 

ENGINE TEST PROCEDURES AND SAMPLING 
METHOD

Studies were carried out at the emission test stand of 
the Institute for Technology and Biosystems Engineering 
at the German Federal Agricultural Research Centre in 
Braunschweig (FAL), using a Mercedes-Benz Euro 3 
engine OM 906 LA with turbocharger and intercooler 
(table 1). 

Table 1. Technical data of Mercedes-Benz engine 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 runs was accomplished by 
crank shaft coupling to a Froude Consine eddy-current 
brake. Engine test runs were in accordance with the 13-
mode European Stationary Cycle (ESC). For the test 
series with mRSO the fuel was preheated to 70 °C as it 
is carried out by several commercial two tank system 
conversion kits for diesel trucks running on vegetable oil 
and diesel fuel alternately. 

Figure 1. Modes of the ESC test. 

MEASUREMENT OF REGULATED COMPOUNDS 

Hydrocarbons (HC) were determined by a gas analyzer 
from Ratfisch Company (RS 55-T), which measures the 
electrical signal gained from ionisation of carbon frag-
ments as the filtered exhaust gas passes a hydrogen 
flame (FID). Carbon monoxide (CO) was measured by 
means of an analyzer Multor 710 (Maihak Company) 
that uses the non dispersed infrared light (NDIR) proc-
ess. The differential heating of a reference cuvette and 
the measuring cuvette eventually containing CO causes 
a flow, which is measured by a micro flow sensor and 
recorded. Nitrogen oxides (NOx) were analyzed with a 
CLD 700 EL ht chemical luminescence detector from the 
EcoPhysics Co. Sampled exhaust gas is split in order to 
measure the luminescence of genuine NO in one part 
and of total nitrogen oxides (NOx, NO + NO2) after com-
plete reduction to NO in the other part. Luminescence 
appears after chemical oxidation of NO with ozone (O3)
generated by the CLD. 

Particulate matter (PM) was measured by use of a part-
stream dilution tunnel. A dilution factor of about 10 was 
applied for determination. Dilution factors were calcu-
lated from separate recordings of CO2 contents in fresh 
air and diluted exhaust gas. Particle mass was deter-
mined gravimetrically after sampling on teflon-coated 
glass fiber filters (T60A20, Pallflex, diam. 70 mm, 
Pallflex Products Corp., Putnam, CT, U.S.A.), with sam-
pling intervals according to individual weighing factors of 
each engine mode. Weights of fresh and sampled filters 
were determined to an accuracy of +/- 1 g by means of 
a microbalance M5P from Sartorius, always preceded by 
at least 24 hours of conditioning in a climate chamber 
held at 25 °C and 45 % relative humidity. 

For the determination of mutagenic effects, particulate 
matter was collected from the undiluted exhaust stream 
onto a glass fibre filter coated with PTFE (Teflon) (T60 
A20, Pallflex Products Corp., Putnam, CT, U.S.A.). The 
gas phase constituents were sampled as condensates 
using an intensive cooler (Schott, Germany). Condensed 
compounds were desorbed from the cooler with 100 ml 
DCM.

Each fuel was tested three times, resulting in 15 particle 
filters and 15 condensates. The filters were conditioned 
(20 C, rel. humidity 50 %), weighed before and after 
sampling to determine the total particulate matter, and 
stored at -18 C. Extraction of the soluble organic fraction 
(SOF) from the filters was performed with 150 ml DCM 
in a soxhlet apparatus (Brand, Wertheim, Germany) for 
12 h in the dark (cycle time 20 min.). The extracts as 
well as the condensates were reduced by rotary evapo-
ration (Heidolph, Kehlheim, Germany) and dried under a 
stream of nitrogen. They were redissolved in 4 ml DMSO 
immediately before use.
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MUTAGENICITY ASSAY 

Ames et al. (1975) developed the Salmonella 
typhimurium/mammalian microsome assay that detects 
mutagenic properties of single compounds as well as of 
complex mixtures by reverse mutation of a series of 
Salmonella typhimurium tester strains, bearing 
mutations in the histidine operon. Depending on the 
tester strain different types of mutations can be 
detected. In this study tester strains TA98 and TA100 
were used, detecting mutagens that cause frameshift 
mutations and base-pair substitutions. These strains 
were shown to be most sensitive to mutagens of organic 
extracts of diesel engine particles (DEP) (Clark and Vigil 
1980, Claxton 1983). This study employed the revised 
standard test protocol (Maron and Ames 1983).

Tests were performed with and without metabolic 
activation by microsomal mixed-function oxidase 
systems (S9 fraction). Preparation of the liver S9 fraction 
from male Wistar rats was carried out as described by 
Maron and Ames (1983). Phenobarbital and -
naphthoflavone (5,6-benzoflavone) were used for 
induction of liver enzymes. These substances were 
proven to be safe and adequate substitutes for Arochlor 
1254 (Matsushima et al. 1976). The mutagens methyl 
methanesulfonate (10 g/ml in distilled water ) and 2-
aminofluorene (100 g/ml in DMSO) were used as 
positive controls. 

Immediately before use, the extracts were dissolved in 
4 ml DMSO and the following log 2 dilutions were tested: 
1.0, 0.5, 0.25, 0.125. Each concentration was tested 
both with and without 4 % S9 Mix. Every extract was 
tested in triplicate. Plates were incubated at 37 C for 48 
h in the dark, and revertant colonies on the plates were 
counted using an electronically supported colony 
counting system (Cardinal, Perceptive Instruments, 
Haverhill, Great Britain). The bacterial background lawn 
was regularly checked by microscopy, as high doses of 
the extracts proved toxic to the tester strains, resulting in 
a thinning out of the background.

EVALUATION OF RESULTS AND STATISTICAL 
ANALYSIS

Mutagenic response was classified positive if a repro-
ducible, dose-dependent increase of the number of re-
vertant colonies was observed (Mortelmans and Zeiger 
2000). Revertant numbers of the positive results (means 
± standard deviations) were estimated from the initial 
linear part of the dose-response curves. Differences be-
tween the fuels were tested for significance using Stu-
dent´s t-test for independent variables, two-sided, using 
StatView for Windows, Version 4.57 (Abacus Concepts 
Inc., Berkeley, CA, USA). 

RESULTS

Emissions of total hydrocarbons (HC) during the ESC 
tests were more than 20-fold below the Euro 3 limits. 

RSO and mRSO did not show any unnormal high HC 
emissions that indicate a bad combustion. 

Carbon monoxide (CO) emissions (fig.2) were found to 
be well below Euro 3 limits by a factor of at least 4 for all 
fuels. RME gave best results since the specific emis-
sions were better by a factor of about 8 than the limit 
value of 2.1 g/kWh. RSO and mRSO causes reduced 
CO emissions compared to DF. GTL has slightly in-
creased CO emissions. The CO emissions of RSO and 
mRSO indicate a sufficient combustion of the vegetable 
oil fuels. 
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Figure 2. Specific CO emissions of different fuels, ESC test, OM 906 
LA engine. 

RME, mRSO and RSO as fuel, nitrogen oxides (NOx)
exceeded the Euro 3 limit of 5 g/kWh, whereas the other 
fuels remained just below it (fig.3). Lowest emissions 
were obtained with GTL. While RME and mRSO have 
almost equal emissions level, RSO causes the highest 
emissions.
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Figure 3. Specific NOx emissions of different fuels, ESC test, OM 906 
LA engine. 

Emissions of total particulate matter (PM) remained 
below the Euro 3 limit of 0.1 g/kWh. As compared to 
common DF, the second-generation alternative fuel 
(GTL) showed a significant reduction of emissions of 
about 20 %, RME even more of about 55 %. Data for 
RSO were much higher, but remained just below the 
limit. The emissions from mRSO are more than 25 % 
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lower compared to RSO and even lower than for com-
mon diesel fuel. Data are displayed in figure 4.
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Figure 4. Specific PM emissions of different fuels, ESC test, OM 906 
LA engine. 

The results of mutagenicity testing are shown in table 
2. Spontaneous reverse mutation frequency of TA98 
was 22 ± 7 and of TA100 119 ± 26, respectively. The 
mRSO - extract produced the highest number of rever-
tant colonies in both tester strains with and without 
metabolic activation (+/- S9), reaching nearly 60 fold in-
crease in TA98 with metabolic activation.

Table 2. Numbers of revertants in tester strain TA98 and TA100 (means ± standard deviations of quadruple tests) induced by particle extracts and the 
corresponding exhaust condensates per L exhaust; DF = diesel fuel, GTL = natural gas derived fuel, RME = rapeseed methyl ester, RSO = rapeseed oil, 
mRSO = modified rapeseed oil. Significance of differences of GTL, RME, RSO, and mRSO were tested against common DF using Student´s t-test for 
independent variables, two-sided, * = p < 0.01, ** = p < 0.001, *** = p < 0.0001. 

 TA98 – S9 TA98 + S9 TA100 - S9 TA100 + S9

Particle extracts 

DF 51   7 24     6 106 20 50   18
GTL 46 10 27     7 74 17 31   16
RME 57 13 **51     6 *167 24 62   15
RSO **494 62 ***422   21 ***576 55 **321   65
mRSO ***1374 74 ***1419 153 ***1382 69 ***1115 108

Condensates

DF 48 16 36   8 158 43 96 26
GTL 45 16 23   4 102 51 88 23
RME 35 18 35 21 119 21 63   9
RSO *145 30 **89 11 266 52 123 33
mRSO **646 75 ***465 81 ***814 56 ***568 81
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Figure 5. Numbers of revertants in tester strain TA98 with and without 
S9 of particle extracts from tested fuels, ESC test, OM 906 LA engine. 
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Figure 6. Numbers of revertants in tester strain TA98 with and without 
S9 of condensates from tested fuels, ESC test, OM 906 LA engine. 

The RSO-extract induced also a strong increase of 
mutations, whereas the exhaust extracts of DF, RME, 
and GTL caused small mutagenic effects at the 
maximum tripling the spontaneous frequency of 
revertants. Compared with the reference DF the two 
RSO qualities significantly increased the mutagenic 
effects of the particle extracts by factors of 9.7 up to 59 
in tester strain TA98 and of 5.4 up to 22.3 in tester strain 
TA100, respectively.

As observed in assays with the extracts, condensates of 
RSO and mRSO proved a much stronger mutagenic 
response than condensates of the other fuels. The RSO 
fuels caused stronger mutagenicity up to factor 13.5 
than the reference fuel. RME had a slightly higher 
mutagenic response in assays of TA98 with metabolic 
activation and TA100 without metabolic activation.
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Figure 7. Numbers of revertants in tester strain TA100 with and without 
S9 of particle extracts from tested fuels, ESC test, OM 906 LA engine. 
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Figure 8. Numbers of revertants in tester strain TA100 with and without 
S9 of condensates from tested fuels, ESC test, OM 906 LA engine. 

Figures 5 to 8 clarify the results in a graphic style. Com-
paring to the regulated emissions, highly significant dis-
advantages of RSO and mRSO become obvious. So it is 
not possible to conclude from regulated emissions to 
health effects. 

DISCUSSION

A decade ago, RME and SME were shown to be techni-
cally and environmentally adequate substitutes for fossil 
diesel fuel including a similar or even lower mutagenicity 
of their particle extracts (Krahl et al. 1996, McDonald et 
al. 1997, Bünger et al. 1998, 2000).

Due to the fact that the production of RME from RSO is 
expensive, increasing effort is recently made to the in-
troduction of RSO itself as a diesel fuel. Due to their 
chemical structure these triglycerides have a 
substantially higher viscosity compared with FAME and 
petroleum diesel fuels.
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It was the intention of this study to investigate how effec-
tive these molecules are combusted in a modern diesel 
engine.

While the governmentally limited emissions like carbon 
monoxide, hydrocarbons, particulate matter, and nitro-
gen oxides of RSO did only differ in acceptable margins 
from the other fuels tested, the mutagenic effects were 
unexpectedly strong.

The first hypothesis to explain this strong increase of the 
mutagenicity using RSO as fuel was the higher viscosity 
compared to RME and the other fuels. To test this hy-
pothesis, a second RSO batch (mRSO) was investigated 
that was supplemented with an additive to reduce vis-
cosity. Furthermore, it was preheated to 70°C, as it is 
carried out by several commercial conversion kits ac-
cording to the so called two tank solution. However, this 
modification of the fuel resulted in an even stronger 
mutagenicity of mRSO compared with RSO. Whether 
the additive or the preheating causes the higher 
mutagenicity is subject of current investigations.

Possibly, the lowered viscosity advances the spray be-
haviour of the fuel in the combustion chamber and leads 
to an increase of droplet surface that itself can be con-
sidered as phase interface between liquid and gas 
phase – and possibly as a reactive zone for the forma-
tion of mutagenic substances, e.g. PAC. However, there 
is another hypothesis. Triglycerides boil under decom-
position – and those products are usually considered as 
hazardous to human health. In case the decomposition 
during the phase interface process increases the forma-
tion of mutagenic substances, varying the physical prop-
erties of vegetable oil may be helpful solving this prob-
lem.

In conclusion this study demonstrates a very strong 
mutagenicity of DEP extracts and condensates from 
combustion of RSO and mRSO in the Salmonella typhi-
murium/mammalian microsome assay. Obviously, this 
effect does not depend on the higher viscosity of vege-
table oil, compared to RME and the other fuels. 
Compared with modern fossil fuels (DF, GTL) biogenic, 
sustainable fuels can produce similar low emissions of 
mutagenic compounds (RME) but may also have strong 
contradictory effects (RSO, mRSO). In general, a 
systematic research concerning the influence of fuels on 
the exhaust composition of diesel (and gasoline) en-
gines is urgently needed to develop fuels with lower 
emissions of hazardous substances.
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LIST OF ABBREVIATIONS 
(IN ALPHABETICAL ORDER): 

DEE Diesel engine emissions 
DEP  Diesel engine particles 
DF Diesel fuel 
GTL Gas to Liquid fuel 
FAME Fatty acid methyl esters 
PAC Polycyclic aromatic compounds 
RME Rapeseed methyl esters 
SME Soybean methyl esters 
RSO Rapeseed oil 
mRSO Modified rapeseed oil 
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Anhang V

J. Krahl, A. Munack, N. Grope, Y. Ruschel, O. Schröder, J. Bünger

Biodiesel, rapeseed oil, gas-to-liquid, and a premium diesel fuel in heavy duty 
diesel engines: endurance, emissions and health effects

Clean 35(5):417-426, 2007

Anteil an der Veröffentlichung

- Adaption des Prüfstandes auf den Versuchsmotor OM 906 und Einrichtung des 
Testverfahrens (Kapitel 2.1)

- Aufbau, Messung und Auswertung der limitierten Abgaskomponenten am OM 906
(Kapitel 3.1)

- Probenahme zur Bestimmung der Mutagenität am OM 906 (Kapitel 3.1) für die 
Messungen am OM 906

- Interpretation der Ergebnisse für den Versuchsmotor OM 906
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Research Article

Biodiesel, RapeseedOil, Gas-To-Liquid, and a
PremiumDiesel Fuel in Heavy Duty Diesel Engines:
Endurance, Emissions and Health Effects

Dedicated to Prof. Dr. mult. Dr. h. c. M�fit Bahadir on the occasion of his 60th birthday

To investigate influences of fuel design on regulated and non-regulated emissions of
heavy-duty diesel engines, a Mercedes-Benz OM 906 Euro 3 engine was run with com-
mon diesel fuel (DF), first- and second-generation alternative fuels (Gas-to-liquid (GTL)
as prototype for biomass-to-liquid (BTL)), and blends of these. Secondly, an IVECO
(Industrial Vehicles Corporation) Tector F4A Euro 4 test engine equipped with a urea
based selective catalytic reduction (SCR) pilot series system was subjected to a 1000 h
endurance test using high-phosphorous (10 ppm) biodiesel. To unveil possible effects
on catalyst efficiency, emissions were studied before and after this endurance test by
performing European Stationary Cycle (ESC) tests with common DF and biodiesel
with high and low phosphorus content. For both engines, the NOx content in the
exhaust gas became most critical with respect to the regulated limits. Among non-
regulated emissions, particle size distributions were determined with special focus
on ultra fine particles (UFP), which are suspected to induce severe health problems.
Additionally, Ames-tests were carried out to determine the mutagenic potency of par-
ticulate matter extracts. Both UFP and mutagenicity appeared to be negatively influ-
enced with blends, biodiesel with high P-content, and rapeseed oil.
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1 Introduction

Growing demand on engine fuels for traffic purposes, the finiteness
of fossil oil resources, and rising environmental concern about
health risks of diesel engine exhaust, led to intense research activ-
ities over the last decades. Because of its efficiency and robustness
the diesel engine became the dominating propulsion principle for
trucks. The discussion about diesel exhaust related health effects
led to a worldwide tightening up of exhaust gas regulations, espe-
cially, for heavy-duty vehicles. Apart from engineering efforts in the
field of engine construction and exhaust gas treatment, fuel design

has been established as another important tool to achieve improve-
ments with respect to hazardous exhaust gas components.

As a prerequisite to market-wide usage of alternative fuels, their
impacts on regulated and non-regulated engine emissions have to
be evaluated. Minor or trace components of fuels could negatively
affect engine or aftertreatment components and, thereby, lead to
elevated emissions of harmful substances. Alternative fuels like bio-
diesel and rapeseed oil not necessarily have to be advantageous in
terms of exhaust gas parameters, just because they derive from a
renewable source. These questions have been a research topic at the
Institute of Technology and Biosystems Engineering of the Federal
Agricultural Research Centre (FAL) in Braunschweig, Germany for
more than 25 years [1].

It was, therefore, a substantial part of our investigations to com-
pare a wide range of available fuels with respect to regulated (HC,
CO, NOx, PM) and other not yet regulated exhaust emissions. Among
the latter, ultra fine particles received special focus due to their sus-
pected health risks to the respiratory and possibly blood system. In
the first part of this paper exhaust gas measurements for common
diesel fuel, gas-to-liquid fuels (GTL) in neat and blend form, as well
as two fuels from renewable sources (rapeseed oil and its methyl
ester) are presented.
Besides emissions of particulate matter, the regulatory limits for

nitrogen oxides have been andwill be further reduced substantially.
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Scanning Mobility Particle Sizer; UFP, Ultra fine particles
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To meet these limits, engine constructional measures alone appear
to be insufficient due to the well-known trade-off between particu-
late matter and nitrogen oxides. Therefore, secondary measures
have to be used to fulfill the regulations. Among these, the SCR tech-
nique (selective catalytic reduction) has well proven to reduce nitro-
gen oxides. As a result, nitrogen oxides can be reduced by 95% and
particulate matter by up to 30%. Gaseous ammonia, ammonia in
aqueous solution, or urea in aqueous solution can be used as reduc-
ing agents [2–4]. Manufacturers of heavy duty engines have already
introduced such systems into the market. Due to the increasing
price of diesel fuel from crude oil more and more vehicles run on
biodiesel (in Europe mainly rapeseed oil methyl ester, RME). But the
use of RME has specific demands to the engine and the exhaust gas
aftertreatment system. To our knowledge no published data were
available on the influence of RME on SCR systems in heavy-duty
engines meeting the emission standard Euro 4 at the beginning of
the investigations.
It was the goal of these investigations to figure out the influence

of the maximum allowed phosphorus content of 10 ppm (European
specification DIN EN 14214) on long-term stability of the SCR sys-
tem, because phosphorus acts poisonous to catalysts [5, 6]. However,
RME with 10 ppm P was not available on the German market; all
qualities had significantly lower P concentrations. Therefore, tribu-
tylphosphate was added to achieve a phosphorus content of approx-
imately 10 ppm. This fuel is referred to as RME10 in the following.
The second part of this paper shows the changing of emissions from
a Euro 4 engine at the beginning and end of a 1000 h test run. Com-
plete results of these investigations were published recently [7].

2 Experimental

2.1 OM 906 LA Engine: Fuel Design Investigations

Experiment

Studies were carried out at the emission test stand of the Institute
for Technology and Biosystems Engineering at the Federal Agricul-
tural Research Centre (FAL) in Braunschweig, Germany. A Mercedes-
Benz Euro 3 engine OM 906 LA with turbocharger and intercooler
was used. Its technical data are given in Tab. 1.
Exact engine load during test runs is accomplished by crank shaft

coupling to a Froude Consine eddy-current 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 course of the engine torque and speed are
displayed in Figs. 1 and 2.

Fuels
Four neat fuels and two blends were used:
DF Fossil Diesel Fuel
RME Rapeseed Oil Methyl Ester
RO Rapeseed Oil (cold-pressed)
GTL Shell Middle Distillate (SMDS) with additive (gas-to-liquid)
B5GTL RME/GTL blend (v/v): 5% RME + 95%GTL without additive
PDF PremiumDiesel Fuel,

DF/RME/GTL blend (v/v): 60% DF + 20% RME +20% GTL with
additive

GTL fuel (with and without additives – related to an additive to
improve its lubrication ability) was delivered by Shell Research Ltd.;

RME was provided by the Oil Mill Leer Connemann GmbH & Co. KG;
DF from Haltermann Products BSL Olefinverbund GmbH in Ham-
burg. The so-called premium diesel fuel PDF and the blend B5GTL
aremixtures of these fuel qualities.

Regulated Exhaust Gas Components

Regulated exhaust gas components carbon monoxide, hydrocar-
bons, and nitrogen oxides were determined with a commercial gas
analyzer and sampled each second. Amean from three test runs was
calculated from the corresponding values sampled in the last
minute of an operating point. Hydrocarbons were determined by
means of a gas analyzer from Ratfisch Company (RS 55-T), which
measures the electrical signal gained from ionization of carbon
fragments as the filtered exhaust gas passes a hydrogen flame (FID).
Carbon monoxide was measured by means of an analyzer Multor
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Figure 1. Modes of the ESC test [7].

Table 1. Technical data of Mercedes-Benz engine OM 906 LA.

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

Rated speed 2300min – 1

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

Compression ratio 17.4

Figure 2. Exemplary course of engine speed and torque of the ESC test.
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710 (Maihak Company) that uses the non dispersed infrared light
(NDIR) process. The differential heating of a reference cuvette and
the measuring cuvette eventually containing CO causes a flow,
which is measured by a micro flow sensor and recorded. Nitrogen
oxides were analyzed with a CLD 700 EL ht chemical luminescence
detector from the EcoPhysics Co. Sampled exhaust gas is split in
order to measure the luminescence of genuine NO in one part and
of total nitrogen oxides (NOx, NO + NO2) after complete reduction to
NO in the other part. Luminescence appears after chemical oxida-
tion of NOwith ozone generated by the CLD.
All particle measurements were accomplished after dilution of

raw exhaust gas in a dilution tunnel. A dilution factor of about 10 is
applied for determination of particlemass andmeasurements by an
Electronical Low Pressure Impactor (ELPI) by Dekati (aerodynamic
diameter range 30 nm to 10 lm). An additional dilution by a factor
of seven is necessary to perform correct measurements via the Scan-
ning Mobility Particle Sizer (SMPS) instrument by TSI (electrical
diameter range 10 to 300 nm). Dilution factors are calculated from
separate recordings of CO2 contents in fresh air and diluted exhaust
gas.
Particle mass was determined gravimetrically after deposition to

TeflonTM-coated glass fibre filters (T60A20, Pallflex, diam. 70 mm),
with sampling intervals according to individual weighting factors
of each engine operation point. Weights of fresh and sampled filters
were determined to an accuracy of €1 lg by means of a microba-
lance (M5P) from Sartorius, always preceded by at least 24 h of con-
ditioning in a climate chamber held at 258C and 45% relative
humidity.

Mutagenicity Testing

For mutagenicity testing, the Salmonella typhimurium / mammalian
microsome assay, published by Ames et al. in 1975 [8], was applied.
Our study employed the revised standard test protocol [9] with the
tester strains TA98 and TA100. Tests were performed with and with-
out metabolic activation by a microsomal mixed-function oxidase
system (S9 fraction). Preparation of the liver S9 fraction from male
Wistar rats was carried out as described by Maron and Ames (1983)
[9]. For induction of liver enzymes, phenobarbital and b-naphthofla-
vone (5,6-benzoflavone) were used instead of Arochlor-1254, which
is a mixture of polychlorinated biphenyls (PCB) [10]. The mutagens
methyl methanesulfonate (MMS), 3-nitrobenzanthrone (3-NBA), and
2-aminofluorene (2-AF) were used as positive controls.
Immediately before use, the dried particle matter (PM) extracts

were dissolved in 4 mL DMSO, and the following dilutions were
tested: 1.0, 0.5, 0.25, 0.125. The 2-AF was dissolved in 100 lg/mL and
3-NBA in 1 ng/mL DMSO, MMS was dissolved in distilled water (10
lg/mL). Every concentration was tested both with and without 4%
S9 mix. Each extract was tested in duplicate. Tests were repeated
during the following two weeks. The number of revertant colonies
on the plates was recorded after 48 h of incubation in the dark at
378C. The background bacterial lawn was regularly checked by
microscopy, as high doses of the extracts proved toxic to the tester
strains, resulting in a thinning out of the background. Counting
was performed by the use of an electronically supported colony
counting system (Cardinal, Perceptive Instruments, Haverhill, UK).
Results were considered positive, if the number of revertants on the
plates containing the test concentrations was at least double that of
the spontaneous reversion frequency and if a reproducible dose-
response relationship was observed [11].

2.2 IVECO Tector F4A Engine: 1000 h Endurance Test
and Susceptibility of SCR System to Biodiesel
Containing 10 ppmPhosphorus

Experiment

A modern IVECO (Industrial Vehicles Corporation) diesel test-
engine, type Tector F4A with turbocharger and charge-air cooling
was used as second test engine. Technical data of this engine are
given in Tab. 2.
The exhaust module of this test engine was equipped with an SCR

test system, type SINOx (Argillon), consisting of the catalyst, a con-
trolling device, and a dosing unit for the reducing agent. A 32.5%
aqueous urea solution (DIN 70070), also known as AdBlueTM, was
used as reducing agent. The SCR catalyst is a fully extruded, fine-cel-
lular honeycomb catalyst consisting mainly of titanium oxide,
doped with vanadium as activity enhancing substance.
Emissions were measured before and after the catalyst. Addition-

ally, measurements were carried out on a reference catalyst that
was not operated with RME10.
The engine was run at two different test modes to determine the

durability of the SCR in the E46 test (E46 Endurance Test) developed
by IVECO. Themodes changed between high idling and rated power.
High differences of exhaust gas temperature were thus reached,
exerting high thermal and mechanical stress on the SCR system. To
unveil differences in SCR performance before and after the endur-
ance test, 13-mode ESC tests were run with three different fuels (see
below). Engine operational modes were the same as described ear-
lier (tests with OM 906 engine, see Fig. 1).

Fuels

The test engine was runwith four different fuels: one common fossil
diesel fuel (DF), two rapeseed oil methyl esters with high contents of
phosphorus (RME10), and one rapeseed oil methyl ester with a low
(i. e., regular) content of phosphorus (RME), which was solely used in
the ESC test. Elevated levels of phosphorus in RME10 were achieved
by adding tributylphosphate to RME. After about 600 operating
hours of catalyst in the endurance test, the fuel was shifted to a sec-
ond RME10 batch (RME10afi RME10b).

The diesel fuel used met DIN EN 590. It was purchased from OMV,
Germany. For this fuel no analysis was available. The first two
batches of RME according to DIN EN 14214 were obtained fromMit-
teldeutsche Umesterungswerke GmbH & Co Kg, Greppin, Germany.
The third batch was obtained from Hallertauer Hopfenveredlungs-
gesellschaft mbH Biodieselwerke, Mainburg, Germany. Characteris-
tics of the biodiesel fuels are given in Tab. 3.

i 2007WILEY-VCH Verlag GmbH &Co. KGaA,Weinheim www.clean-journal.com

Table 2. Technical data of IVECO engine Tector F4A.

Piston stroke 120mm
Bore of cylinder 102mm
Number of cylinders 6
Stroke volume 5900 cm3

Rated speed 2500min – 1

Rated power 220 kW
Maximum torque 1050 Nm at 1400min – 1

Compression ratio 17.0
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Regulated Exhaust Gas Components

Regulated gaseous compounds were taken from the raw exhaust
gas stream. CO was measured with a gas analyzer IRD 4000 CO l
(Pierburg Instruments), HC with FID 4000 hh (Pierburg Instru-
ments), and NOxwith CLD 4000 hh (Pierburg Instruments). The sam-
pling of particulate matter (PM) was performed after passing a part
stream dilution tunnel (Smart Sampler (AVL)). Filter materials and
weighing procedures correspond to the descriptions already given.
Particle size distributions were determined in two ways, i. e., an

SMPS and an ELPI. The diluted exhaust gas was taken after passing
the part stream dilution tunnel (Smart Sampler).

Mutagenicity Testing

Three filters of each fuel after the endurance test (1000 h) of the SCR
system as well as for the reference catalyst (0 h) were stored below
58C and transferred to the laboratory for mutagenicity testing. All
three corresponding filters were extracted with dichloromethane
in a Soxhlet apparatus, extracts being subjected to themutagenicity
assay procedures described in section 2.1.

3 Results

3.1 OM 906 LA Engine: Fuel Design Investigations

Regulated Exhaust Gas Components

Emissions of total hydrocarbons during ESC tests were about 40-fold
below Euro 3 limits on engine operation with DF and GTL fuels (see
Fig. 3). RME caused additional reductions of HC contents. Rapeseed
oil, in contrast, showed an only 25-fold emission reduction. B5GTL
emissions fairly well reflected relative amounts of neat components
in this blend, while with PDF fuelling they were higher than predict-
able from the composition.
Carbon monoxide contents of exhaust gas (see Fig. 3) were found

to be well below Euro 3 limits by a factor of at least four for all fuels
including RO. RME again gave best results since specific emissions
were by a factor of about eight better than the limit value of 2.1 g/
kWh. Admixture of RME to GTL (B5GTL) caused only slightly reduced
CO emissions, fairly well predictable from relative amounts of com-
ponents. Data for PDF, in contrast, deviate from such an “expected”
value (0.42 g/kWh) towards an emission benefit.

With RME and RO as fuel, nitrogen oxides exceeded the Euro 3
limit of 5 g/kWh, whereas the other fuels remained just below it (see
Fig. 4). Lowest emissions were obtained with GTL and B5GTL, the lat-
ter showing linear behavior in the sense of a small NOx increase cor-
responding to its 5% RME content. Premium diesel fuel profited
above average and gave lower emissions (4.8 g/kWh) than the “theo-
retical” value calculated from results for neat components.
Emissions of total particulate matter (PM) remained below the

Euro 3 limit of 0.1 g/kWh. As compared to common DF, all second-
generation alternative fuels (GTL, B5GTL, PDF) showed a significant
reduction of emissions by about 20%, RME even more by about 55%.
Data for rapeseed oil were much higher, but remained just below
the limit.
While no difference was observed between B5GTL and GTL, PDF

featured a positive mixing effect: Emissions remained lower than
the expected 58 mg/kWh calculated from values of blend compo-
nents. These data are displayed in Fig. 4.
Figure 5 summarizes all observed “non-linear” effects of regulated

emissions for engine operation with fuel blends (PDF and B5GTL). As
can be seen, a beneficial situation arises for CO and PM when PDF is
used, while this fuel causes slightly higher HC emissions than
expected from linear combination of results for its components (DF,
RME, and GTL).
Investigations on fuel blends were performed in two temporally

separate campaigns with the important consequence that ambient
temperatures differed by more than 208C. While this did not affect
legally regulated components, particle size distributions were
changed to some extent. ELPI data (determination of aerodynamic
diameters down to 28 nm) can be regarded as almost consistent
between bothmeasurement campaigns (see Fig. 6). In contrast SMPS
data (determination of electrical mobility diameters down to
10 nm) showed distinct differences, possibly caused by the neces-
sary installation of the second dilution tunnel. Due to this fact these
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Table 3. Characteristics of RME qualities used.

Parameter RME (limits
of DIN EN 14214)

RME10a RME10b

density (158C) [g/L] 883.8 (860-900) 882.8 886.6
kin. viscosity (408C) [mm2/s] n.d. (3.5–5.0) 4.5 n.d.
flashpoint [8C] 151 (min. 120) 142 >140
C.F.P.P. [8C] –13 (max. 0) –21 –16
total sulfur [mg/kg] n.d. (max. 10) a1 n.d.
total phosphorus [mg/kg] 0.3 (max. 10) 9.2* 14.7*
carbon residue [w/w%] n.d. (max. 0.3) a0.01 0.03
cetane number [ – ] n.d. (min. 51) 52.6 n.d.
water content [mg/kg] 322 (max. 500) 149 463
copper corrosion [– ] n.d. (1) 1 n.d.
acid number [mg KOH/g] 0.08 (max. 0.5) 0.168 0.28

n.d. = not determined.
* = with addition of tributylphosphate

Figure 3. Specific HC- and CO-emissions of different fuels, ESC test, OM
906 LA engine.
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two measurement series are depicted in separate diagrams (see
Fig. 7).

The measurement of the aerodynamic diameters (ELPI) revealed
the following picture: The particle size distributions of DF and GTL
showed almost no differences. For RME, the shapes of distribution
curves followed the same pattern, but covered considerably lower
particle numbers. Fuel blends led to expected (i. e., predictable from
their composition) particle counts and curve shapes, with the
important exception that B5GTL produced much lower emissions
over the range of 28 to 55 nm than expected (see Fig. 6).

The measurement of the electrical mobility diameters via SMPS
allows the determination of ultra fine particles (UFP) as small as
10 nm. In this range, RME produced more particles than DF and
GTL, while for larger particles the opposite was the case. The PDF
blend showed overall higher emissions than would be suggested
from its composition in case of linear effects. With B5GTL, however,
such a linear behavior was observed (see Fig. 7).

Mutagenicity Testing

Mutagenicity of exhaust gases was found to be almost the same
when DF and RME were used as engine fuel. GTL showed less muta-
genic potency; B5GTL had not been tested in this study. As an impor-
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Figure 4. Specific NOx- and PM emissions of different fuels, ESC test,
OM 906 LA engine.

Figure 5. Deviation of regulated emissions (%) from expected (“theoreti-
cal”) value according to fuel blend composition.

Figure 6. Particle size distributions (ELPI) of different fuels, ESC test,
OM 906 LA engine; two separate measurement campaigns.

Figures 7. Particle size distributions (SMPS) of different fuels, ESC test,
OM 906 LA engine; two separate measurement campaigns.
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tant result, the three-component blend PDF caused higher mutage-
nicity than each of its components (see Fig. 7). It is not yet clear,
which type of synergistic effects may be responsible for this phe-
nomenon.
In a second test series, GTL, RME, und DF were compared to RO. It

could be demonstrated that the mutagenic activity of the latter was
up to tenfold higher than that of RME and DF. Here, the plant oil
has significant disadvantages, although the regulated emissions do
not indicate a worse combustion that can be considered as being
responsible for the tremendous increase of mutagenicity. The
results of themutagenicity testing are displayed in Fig. 8.

3.2 IVECO Tector F4A Engine: 1000 h Endurance Test
and Susceptibility of SCR System to Biodiesel
Containing 10 ppmPhosphorus

Regulated Exhaust Gas Components

With the exception of NOx, RME10 showed advantages for all regu-
lated emissions in comparison to DF, both for sampling points up-
and downstream of the new or aged SCR system. This generally con-
firms our findings on RME previously obtained by measurements
using theMercedes-Benz OM 906 engine.
Subsequently, Figs. 9 and 10 show specific mass flows when fuel-

ling the IVECO test engine with common DF and high-phosphorous
RME10. Each diagram compares the respective emission data before

and after the endurance test lasting 1000 h, with exhaust gas sam-
pling before and after passing the catalyst.

RME10 emitted 55% less hydrocarbons than DF (see Fig. 9). How-
ever, all results were safely within the Euro 4 limit of 0.46 g/kWh.
1000 h of alternating high and low engine loading (endurance test)
led to significantly higher HC emissions for both fuel types.

All fuels were within the Euro 4 limit for carbon monoxide of
1.5 g/kWh. RME10 showed about 53% lower emissions as compared
with DF (see Fig. 9). Significant differences before (0 h) and after the
endurance test (1000 h) could not be determined for RME10.

Even with the brand-new SCR system (0 h) the limit for nitrogen
oxides (3.5 g/kWh) was exceeded (see Fig. 10). Aging of the catalyst
had a significant impact on NOxemissions. Moreover, the high phos-
phorus content damaged the SCR system: After 1000 h even with DF
the limit was exceeded. Simultaneously, the slip of ammonia
increased from 13 to 79 ppm for RME10 and from 23 to 94 ppm for
DF (data not shown).

Common diesel fuel led to increased exhaust gas levels of particu-
late matter (PM) as compared to RME10 (see Fig. 10; no sampling
upstream of catalyst in this case). The endurance test had a negative
effect on the activity regarding PM. For both fuels the emissions
increased after 1000 h of engine operation with RME10.
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Figure 8. Mutagenic potency of different fuels, ESC test, OM 906 LA
engine; first and second measurements series.

Figure 9. Specific HC and CO emissions of fuels RME10 and DF, ESC
test, IVECO Tector F4A engine, showing performance of SCR before and
after aging.
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Since engine design usually is adapted to DF fuelling, more
unburned fuel is emitted when running on RME10. So higher emis-
sions of unburned fuel have been verified by several studies on bio-
diesel [12–15].

To summarize on the SCR performance, this system acts as an
effective tool to lower emissions of HC and NOx. The catalyst lost
some activity to reduce NOx during the endurance test. This was
accompanied by somewhat higher PM and HC emissions, though

this must not necessarily be ascribed to SCR malfunctioning. The
catalyst did notmarkedly influence CO emissions.

It was not possible to measure particle size distributions at the
beginning of the project. So, after the 1000 h endurance test, a
brand-new SCR system was used as reference. Additionally, RME
without phosphorus additive was used for comparison. The particle
size distribution wasmeasured before and behind the SCR system.

The results obtained from the ELPI measurements are summar-
ized in Fig. 11 and, for the sake of clarity, are additionally displayed
in separate figures each for DF, RME10, and RME, respectively (see
Figs. 12–14). Highest emissions were observed for DF and lowest
emissions for RME; intermediate values were obtained for RME10.
Higher emissions for RME10 in comparison to RME were attributed
to the formation of phosphates, detected by ion chromatography
(data not shown).

The SCR system was able to reduce PM emissions for all fuels.
Nevertheless, an increase in particle numbers was found for RME10

after the 1000 h endurance test (see Fig. 13, respective right and
middle column). This was in contrast to findings for DF and RME
(see Figs. 12 and 14), where catalyst aging did not affect particle
numbers significantly. Enhanced emissions of particulate matter
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Figure 10. Specific NOx and PM emissions of fuels RME10 and DF, ESC
test, IVECO Tector F4A engine, showing performance of SCR before and
after aging [7].

Figure 11. Size distribution of particles for fuels DF, RME10, and RME as
determined by ELPI measurements; ESC tests on IVECO Tector F4A
engine. See also Figs.18, 19, and 20.

Figure 12. Size distribution of particles for DF as determined by ELPI
measurements; ESC tests on IVECO Tector F4A engine. See also Fig.
17.

Figure 13. Size distribution of particles for RME10 as determined by ELPI
measurements; ESC tests on IVECO Tector F4A engine. See also Fig.
17.
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from RME10 fuelling after passing the aged catalyst matched the
same trend that was found for total PM determination (see Fig. 10).
Additionally, RME10 fuel produced a larger proportion of coarser

particles in crude exhaust gas (respective left columns in Figs. 12–
14, “pre cat.”) than DF and normal (low-P) RME, leading to a more
even distribution curve. This difference diminished after the
exhaust had passed the SCR, no matter whether the catalyst was
aged or not.
The particle size distribution was additionally measured by SMPS

(see Figs. 15–18). RME showed lower emissions than diesel fuel. It is
striking that RME10 (separate Fig. 17) led to severe increases of ultra
fine particle emissions, as revealed by sampling before the SCR sys-
tem (symbol “pre cat.”). Furthermore, after 1000 h of engine opera-
tion with high-phosphorous RME10, performance of the SCR was
substantially deteriorated. This is evident from comparing distribu-
tion curves “aged cat.” and “ref. cat.”. No such influence of the SCR
on counts of finest particles was observed both for DF and normal
RME. Thus, fuel quality seems to be mainly responsible for higher
ultra fine particle emissions.

Mutagenicity Testing

Generally, the mutagenic potency of all PM extracts was low and
was further reduced in assays withmetabolic activation (see Fig. 19).

Significant differences of mutagenicity between extracts obtained
from different fuels were not observed.

The numbers ofmutations with andwithoutmetabolic activation
were much lower in relation to earlier investigations without SCR.
This indicates a very effective reduction of PAH and especially
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Figure 14. Size distribution of particles for RME as determined by ELPI
measurements; ESC tests on IVECO Tector F4A engine. See also Fig.
17.

Figure 15. Size distribution of particles for fuels DF, RME10 and RME as
determined by SMPS measurements; ESC tests on IVECO Tector F4A
engine [7]. See also Fig. 16–18.

Figure 16. Size distribution of particles for DF as determined by SMPS
measurements; ESC tests on IVECO Tector F4A engine [7]. See also
Fig. 15.

Figure 17. Size distribution of particles for RME10 as determined by
SMPS measurements; ESC tests on IVECO Tector F4A engine [7]. See
also Fig. 15.

Figure 18. Size distribution of particles for RME as determined by SMPS
measurements; ESC tests on IVECO Tector F4A engine [7]. See also
Fig. 15.
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nitrated PAH of the system and a decreased health risk, respectively
[1, 16–20]. Nevertheless, the endurance test led to an increase of
mutation counts due to catalyst aging.

4 Conclusions

A wide range of available fuels with respect to regulated (HC, CO,
NOx, PM) and other not yet regulated exhaust emissions was com-
pared. Among the latter, ultra fine particles received special focus
due to their suspected health risks to the respiratory and cardiovas-
cular system. Exhaust gas measurements for common diesel fuel,
gas-to-liquid fuels (GTL) in neat and blend form, as well as two fuels
from renewable sources (rapeseed oil and its methyl ester) were
investigated. Generally, the mutagenic potency of all PM extracts
was low and was further reduced in assays with metabolic activa-
tion. Significant differences of mutagenicity between extracts
obtained from different fuels were not observed.
The influence of themaximum allowed phosphorus content of 10

ppm (European specification DIN EN 14214) on long-term stability
of the SCR systemwas investigated, because phosphorus acts poison-
ous to catalysts. The second part of this paper showed the changing
of emissions from a Euro 4 engine at the beginning and end of a
1000 h test run. Phosphorus acts poisonous to the catalyst and leads
to a decrease of activity and the ultra-fine particle emissions
increased by the influence of phosphorous. The use of low phospho-
rous biodiesel is, therefore, strongly recommended.
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- Adaption der Prüfstände auf die Versuchsmotoren OM 906 und MAN D08 sowie 
Einrichtung des Testverfahrens 
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MAN D08

- Probenahme zur Bestimmung der Mutagenität am OM 906 und MAN D08
- Interpretation der Ergebnisse
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" We run three diesel engines (Euro 0, III and IV) using biodiesel blends.
" The influence on the exhaust emissions and mutagenic effects were measured.
" Regulated exhaust emissions change approximately linearly with the blend.
" Blends with 20% biodiesel shows a maximum of mutagenic effects and change nonlinear with the blend.
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a b s t r a c t

The replacement of petroleum-derived fuels by renewable biogenic fuels has become of worldwide inter-
est with the environmental effects being scientifically investigated. Biodiesel has been proven to be a
suitable alternative to petrodiesel and blending up to 20% biodiesel with petrodiesel is policy promoted
in the USA and the EU.
To investigate the influence of blends on the exhaust emissions and possible health effects, we per-

formed a series of studies with several engines (Euro 0, III and IV) using blends of rapeseed-derived
biodiesel and petrodiesel. Regulated and non-regulated exhaust compounds were measured and their
mutagenic effects were determined using the Bacterial Reverse Mutation Assay (Ames-Test) according
to OECD Guideline 471.
Exhaust emissions of blends were approximately linearly dependent on the blend composition, partic-

ularly when considering regulated emissions. However, a negative effect of blends was observed with
respect to mutagenicity of the exhaust emissions. In detail, an increase of the mutagenic potential was
found for blends with the maximum observed for B20. From this point of view, B20 must be considered
as a critical blend when petrodiesel and biodiesel are used as binary mixtures.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

Biodiesel can be used as a neat fuel (B100) or in any blend ratio
with petrodiesel. The most popular biodiesel blend in the USA is
B20 (20% biodiesel, 80% diesel fuel), which can be used for Energy
Policy Act of 1992 (EPAct) compliance. In the European Union, the
use of biofuel blends is recommended and was introduced by
federal regulations in several countries. In Germany, biodiesel is
currently blended as B7 (7% biodiesel). Actually, B7 plus three
percent hydrotreated vegetable oil (HVO) as well is intended to
become possible in Germany.

Biodiesel reduces most exhaust emissions when used in
unmodified diesel engines [1–3]. The amount of reduction depends
on the blend level. B100 produced from rapeseed oil or soybean oil
reduces life cycle CO2 emissions by 50–75% compared to petrodie-
sel. This effect is linear to the blend level, leading to life cycle CO2

emissions reduced by 2.5–3.75% per 5% increase of biodiesel blend-
ing. Low-level blends induce small reductions in emissions of
hydrocarbons, carbon monoxide, particulate matter, and air toxins
as well. However, nitrogen oxides (NOX) contributing to smog for-
mation may increase slightly when biodiesel is used. Numbers
vary, however B20 is believed to increase NOX by 2–4%. Several
biodiesel researchers are working on fuel additives to address this
problem. For blend levels of 65%, the NOX increase is negligible.

Long-term occupational diesel engine emissions (DEE) exposure
was associated with the risk of lung cancer in a pooled analysis of

0016-2361/$ - see front matter � 2012 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.fuel.2012.08.050
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11 population-based European and Canadian case-control studies
which covered the years from the 1950–1980s in Olsson et al.
[4]. Whereas previous studies showed rather moderately increased
lung cancer risk, a very recent ‘‘nested case control study’’ revealed
dose dependent increased odd ratios up to 7.30 (95% confidence
interval (CI) = 1.46–36.57) for DEE exposed ‘‘non metal miners’’
which were exposed towards 304 lg/m3 y or more [5]. This study
was based on a cohort study which investigated 12,315 workers
exposed to diesel exhaust at eight US non-metal mining facilities.
Hazard ratios for lung cancer mortality up to 5.01 (95% CI = 1.97–
12.76) were seen in this cohort [6]. These results caused the Inter-
national Agency for Research on Cancer (IARC) to change the
classification of DEE from ‘‘probably carcinogenic to humans’’
(group 2A) into ‘‘carcinogenic to humans’’ (group 1) in June 2012
[7]. The epidemiological evidence is supported by long-term inha-
lation studies in the rat [8–10] and genotoxic and inflammatory
properties of DEE components [7]. Carcinogenicity of DEE from
combustion of common petrodiesel was ascribed to chronic
inflammatory effects of diesel particulate matter [11–15] and to
adherent polycyclic aromatic hydrocarbons (PAH). Corresponding
to the strong genotoxicity of some PAH, extracts of diesel particu-
late matter show mutagenicity in the bacterial reverse mutation
assay [16–20].

Using biodiesel instead of petrodiesel, a decreasing mutagenic-
ity was found in several studies [21,22,6]. Only few publications
regarding the health effects of DEE from blends are were found.
First comparative investigations on DF, RME, and blends thereof
were conducted by Grägg [23]. Blends of MK1 and RME (B5 and
B30) produced a stronger mutagenicity than could be expected
from the results for the pure fuels in the Ames test. Using rape seed
ethyl ester (REE) as biofuel, Kado et al. [24] found also less muta-
genicity (Ames test) for REE than for DF. The highest mutagenicity
in this test was found for B20. The health effects on human cells
were investigated by Ackland et al. [25] and Liu et al. [26]. They
also found stronger health effects using blends than expected from
pure fuels.

2. Materials and methods

2.1. Engine and test procedures

Studies were carried out at the emissions test facility of the
Institute for Agricultural Technology and Biosystems Engineering
at the Federal Research Institute for Rural Areas, Forestry and Fish-
eries (vTI) in Braunschweig and at the Coburg University of Applied
Sciences, Germany. Three different engines were used:

At the Institute for Agricultural Technology and Biosystems
Engineering, a Mercedes-Benz Euro III engine OM 906 LA with
turbocharger and intercooler (Table 1) was coupled to a Froude
Consine eddy-current brake. The engine had no exhaust gas after-
treatment. Regulated emissions were measured in accordance with
the 13-mode European Stationary Cycle (ESC). Particulate material
for the mutagenic test was sampled continuously from minute 3 to
minute 28 during the ESC test.

A Euro IV engine MAN D08 36 LFL51 with turbocharger, inter-
cooler and exhaust-gas recirculation (Table 2) was coupled to a
dynamometer from AVL, Graz, Austria. For exhaust aftertreatment
a continuously operating particle filter, a PM-Kat�, was attached.
This Filter, added to a stainless steel muffler, works without
plugging and is maintenance free. It does not need any additional
lubricants and should reduce particulate matter by 60%. The PM-
Kat� incorporates an oxidation catalyst, which should eliminate
hydrocarbons. The test procedure was the European Transient
Cycle (ETC) for mutagenic tests and the ESC for determination of
regulated emissions. The sampling procedure for mutagenicity

was carried out over the full test cycle with a constant flow rate
of 25 L/min out of the raw exhaust.

At Coburg University of Applied Sciences a one-cylinder test
engine 502.019 from AVL (Table 3) was used. The engine had no
exhaust gas aftertreatment. Particles for mutagenic tests were
sampled at rated power only.

2.2. Sampling of regulated compounds

The regulated compounds of the exhaust gas were determined
for the OM 906 engine and the MAN engine in the same way. Car-
bon monoxide (CO), hydrocarbons (HCs) and nitrogen oxides (NOX)
were sampled each second from the raw exhaust gas stream and
determined with commercial gas analyzers. Hydrocarbons (HCs)
were determined with a gas analyzer RS 55-T (Ratfisch, Germany).
Carbon monoxide (CO) was measured by means of an analyzer
Multor 710 (Maihak, Germany) and nitrogen oxides (NOX) were
analyzed with a CLD 700 EL ht chemical luminescence detector
(Eco Physics, Germany).

All particle measurements were accomplished after dilution of
raw exhaust gas in a dilution tunnel. A dilution factor of about
10 is applied for determination of particle mass and particle num-
ber measurements. Dilution factors are calculated from separate
recordings of CO2 contents in fresh air and diluted exhaust gas.
Particle mass was determined gravimetrically after sampling on
Teflon coated glass fiber filters (T60A20, Pallflex, diam. 70 mm,
Pallflex Products Corp., Putnam, CT, USA), with sampling intervals
according to individual weighting factors of each engine mode.
Weights of fresh and sampled filters were determined to an accu-
racy of ±1 lg by means of a microbalance M5P (Sartorius, Göttin-
gen, Germany) always preceded by at least 24 h of conditioning
in a climate chamber held at 22 �C and 45% relative humidity.

Table 1
Technical data of Mercedes engine 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 N m at 1300 min�1

Compression ratio 17.4

Table 2
Technical data of MAN engine D08 36 LFL51.

Piston stroke 125 mm
Bore of cylinder 108 mm
Number of cylinders 6
Stroke volume 6871 cm3

Rated speed 2300 min�1

Rated power 206 kW
Maximum torque 1100 N m at 1200–1800 min�1

Compression ratio 18.0

Table 3
Technical data of AVL engine 502.019.

Piston stroke 120 mm
Bore of cylinder 125 mm
Number of cylinders 1
Stroke volume 1472 cm3

Rated speed 2000 min�1

Rated power 8.9 kW
Maximum torque 42.4 N m
Compression ratio 16.0
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The particle number was measured with an electronic low pressure
impactor (ELPI) from Dekati (Finland).

2.2.1. Sampling and processing of samples
Particulate matter from each test cycle was collected from the

undiluted exhaust with a constant flow of 25 L/min onto one glass
fiber filter coated with PTFE (Teflon) (T60 A20, Pallflex Products
Corp., Putnam, CT, USA). According to VDI-Guideline 3872 part 1
‘‘Measurement of Polycyclic Aromatic Hydrocarbons’’ the exhaust
gas phase was cooled under 50 �C using an intensive cooler (Schott,
Germany) and condensates were collected separately. Further con-
densed compounds were desorbed from the cooler with 100 ml
dichloromethane (DCM) or methanol and added to the conden-
sates. Every fuel was tested three times, resulting in three particle
filters and three condensates for each fuel. The filters were condi-
tioned (20 �C, rel. humidity 50%), weighed before and after
sampling to determine the sampled particulate matter, and stored
at �18 �C.

Extraction of the soluble organic fraction (SOF) from the filters
was performed with 150 ml DCM in a Soxhlet apparatus (Brand,
Wertheim, Germany) for 12 h in the dark (cycle time 20 min).
The extracts as well as the condensates were reduced by rotary
evaporation (Heidolph, Kehlheim, Germany) and dried under a
stream of nitrogen. They were redissolved in 4 mL DMSO immedi-
ately before use.

2.3. Fuels and chemicals

With the Mercedes-Benz engine OM 906, diesel fuel (DF), rape-
seed methyl ester (RME), two charges of GTL, and the premium
fuels V-Power Diesel (Shell) and Ultimate Diesel (Aral) were used.
The reference DF meeting the EU standard EN590 was delivered by
Haltermann Products, Hamburg, Germany, and GTL1 by Shell AG,
Hamburg, Germany, GTL2 by Cutec Institute, Clausthal, Germany.
V-Power Diesel and Ultimate Diesel were purchased at filling sta-
tions in Braunschweig. RME meeting the standard EN 14214 was
obtained from ADM Oelmühle, Hamburg, Germany. B20 was mixed
from 60% DF, 20% GTL, and 20% RME. B20Ult and B20V-P were
blends of 20% RME and 80% Ult and V-P, respectively. Fuels for
the MAN D08 engine were delivered by Haltermann Products,
Hamburg, Germany and Bio-Ölwerk, Magdeburg, Germany. Blends
were produced using these two fuels. RME for the AVL engine was
obtained from ADM Oelmühle, Hamburg, Germany. DF was
purchased at a filling station in Coburg. This diesel fuel was sold
as biodiesel free diesel fuel. Blends were mixed with these fuels.
Physicochemical properties of the fuels are listed in Table 4.

Nutrient media and most chemicals for the mutagenicity test
system were obtained from Difco Laboratories (Detroit, USA) and
Sigma (Deisenhofen, Germany). Methyl methanesulfonate [CAS
66-27-3], 2-aminofluorene [CAS 153-78-6], and b-naphthoflavone
[CAS 6051-87-2] were obtained from Aldrich (Milwaukee, USA),
phenobarbital [CAS 50-06-6] from Sigma (Deisenhofen, Germany).
The compound 3-nitrobenzanthrone was synthesized according to
the method published by Hirohisa and Shimpachiro [27]. The
obtained purity was higher than 90%. Dichloromethane (DCM)
and dimethyl sulfoxide (DMSO), spectrometric grade, was provided
by Merck (Darmstadt, Germany).

2.4. Mutagenicity assay

Ames and coworkers developed the Salmonella typhimurium/
mammalian microsome assay (Bacterial Reverse Mutation Assay,
Ames-Test) that detects mutagenic properties of single compounds
as well as of complex mixtures by reverse mutation of a series of S.
typhimurium tester strains, bearing mutations in the histidine
operon [28]. Depending on the tester strain different types of
mutations can be detected. The Ames test is the most frequently
used test system worldwide for investigating mutagenicity of com-
plex mixtures like combustion products. It has been adopted by the
OECD as guideline 471 for testing of chemicals.

The present study employed the revised standard test protocol
[29] using tester strains TA98 and TA100, detecting mutagens that
cause frameshift mutations and base-pair substitutions. These
strains were shown to be most sensitive to mutagens of organic ex-
tracts of diesel engine particles (DEP) [17,30].

Tests were performed with and without metabolic activation by
microsomal mixed-function oxidase systems (S9 fraction). Prepa-
ration of the liver S9 fraction from male Wistar rats was carried
out as described by Maron and Ames [5]. Phenobarbital and
b-naphthoflavone (5,6-benzoflavone) were used for induction of
liver enzymes. These substances were proven to be safe and
adequate substitutes for Arochlor 1254 [31]. The mutagens methyl
methanesulfonate (10 lg/ml in distilled water), 2-aminofluorene
(100 lg/ml in DMSO), and 3-nitrobenzanthrone (1000 pg/ml in
DMSO), were used as positive controls.

Extracts and condensates were tested in the following log 2
dilutions: 1.0, 0.5, 0.25, 0.125. Each concentration was tested both
with and without 4% S9 Mix. Every extract and condensate was at
least tested in triplicate. Plates were incubated at 37 �C for 48 h in
the dark, and revertant colonies on the plates were counted using
an electronically supported colony counting system (Cardinal,
Perceptive Instruments, Haverhill, Great Britain). The bacterial
background lawn was regularly checked by microscopy, as high

Table 4
Physicochemical properties of the fuels.

Engine Mercedes OM 906 MAN D08 AVL

DF RME B20 GTL1 GTL2 Ult V-P DF RME RME

Density (15 �C) (g/L) 834 834 785 795 832 832 834 883 883
Kin. viscosity (40 �C) (mm2/s) 2.71 4.48 3.13 3.50 2.66 3.84 3.17 2.95 4.42 4.5
Flashpoint (�C) 84 93 101 101 101 70 84 176
CFPP (�C) �18 �14 �13 �1 �48 �9 �19 �21 �21
Total sulphur (mg/kg) 3 2.5 <5 <0.5 1 5.9 <1 1.5 <100
Ash content (w/w%) <0.005 0.011 0.001 <0.001 <0.001 <0.001
Carbon residue (w/w%) <0.01 0.11 0.02 <0.01 0.05 <0.01 0.06
Cetane number (�) 54 60 79 58 >61 61 53 51 >55
Water content (mg/kg) 40 393 109 7 24 65 20 146
Copper corrosion (�) Passed 1 1 1 1 1A 1
Acid number (mg KOH/g) 0.00 0.17 0.00 0.04
HFRR (l) 374 188 330 351 331 265
Polycyclics (w/w%) 4.5 5.4 <0.1 0.9 2.4 4.3
FAME content (w/w%) 0 98 20.4 <0.5 <0.5 <0.5 0 >99.0
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doses of the extracts proved toxic to the tester strains, resulting in
a thinning out of the background.

Mutagenic response was classified as positive if a reproducible,
dose-dependent increase of the number of revertant colonies was
observed [32]. Revertant numbers of the positive results (means ±
standard deviations) were estimated from the initial linear part of
the dose–response curves. Differences between the fuels were
tested for significance using Student’s t-test for independent
variables, two-sided, using StatView for Windows, Version 4.57,
Abacus Concepts Inc., Berkeley, CA, USA.

3. Results

3.1. Regulated emissions

Regulated emissions were measured using the Mercedes OM
906 engine and the MAN D08 engine (Tables 5–7). No data were
available for the AVL engine. The emissions followed mostly the
well known trends [1,2]. RME raised fuel consumption and NOX

emissions compared with DF. All other emissions decreased.
In detail, hydrocarbons (HC) and carbon monoxide (CO) were

far below the Euro IV limit. With the OM 906 engine, RME showed
the lowest emissions of CO and HC. All other fuels caused almost
the same amount of CO and HC emissions except GTL2, for which
higher emissions were measured. The MAN D08 engine equipped
with an oxidation catalyst caused detectable CO emissions only
at idle mode and there were no differences between the fuels.
The MAN D08 engine showed a decrease of HC emissions with
an increasing percentage of RME.

Emissions of particulate matter from the OM 906 engine were
less than the Euro III limit of 0.1 g/kW h. The emissions differed
considerably between the tests, but were halved by using RME in-
stead of DF in both test series. Ultimate Diesel, V-Power Diesel and
GTL showed the same emissions level as DF. The emissions caused

by the blends were between those of the neat fuels. PM emissions
of the MAN D08 engine were slightly over the level of the Euro IV
limit (0.02 g/kW h) and had a high standard deviation. Therefore,
no exact results can be presented. Instead of the PM the particle
number of particles with aerodynamic diameter between 28 nm
and 957 nm are presented in Table 7. The particle number decrease
with increasing biodiesel content.

Nitrous oxides emissions increased with a rising percentage of
RME. Therefore, NOX emissions of the OM 906 exceeded the limit
with RME. The MAN D08 had NOX emissions just below the Euro
IV limit of 3.5 g/kW h. Ultimate Diesel and V-Power Diesel led to
slightly lower emissions, GTL to emissions well below the emis-
sions of DF. The fuels DF, Ult, and V-P did not differ in fuel
consumption. RME led to higher, GTL to lower consumption. The
difference between both engines is not only due to improved en-
gine technology but also to different power rating during the test.

3.2. Mutagenicity assays

The results of positive and negative controls for tester strain
TA98 are listed in Table 8. With DMSO as solvent a mutation rate
of 19–36 mutations per test was found. This basic mutation rate
is excluded from the results. MMS shows a high mutagenicity for
the TA 100 tester strain (not shown here) but has no mutagenic
effect to the TA 98 tester strain. 3-NBA is the positive control for
direct and 2-AF for indirect mutagenicity. The number of muta-
tions of the control substances varied slightly for each test series.
Therefore, the results of different test series cannot be compared
directly. However, in each test series the test conditions (load, test
procedure and sample time and volume) are the same for each fuel
tested. On this reason, the mutagenicity is given as mutations per
test and can be read as relative mutagenicity within one test series
Fig. 1.

The first test series included four unblended fuels and a blend of
60% DF, 20% GTL and 20% RME (B20). The diesel fuel shows the

Table 5
Regulated emissions and consumption of the Mercedes OM 906 engine (ESC test, first test series).

Fuel NOX (g/kW h) PMg/kW h HC (g/kW h) CO (g/kW h) Consumption (kg/h)

DF 4.81 0.068 0.015 0.47 22.8
RME 5.65 0.031 0.008 0.26 25.2
B20 4.60 0.041 0.015 0.36 23.1
GTL 1 3.89 0.058 0.014 0.44 21.9
GTL 2 4.17 0.069 0.029 0.54 21.9

Table 6
Regulated emissions and consumption of the Mercedes OM 906 engine (ESC test, second test series).

Fuel NOX (g/kW h) PM (g/kW h) HC (g/kW h) CO (g/kW h) Consumption (kg/h)

DF 4.47 0.050 0.016 0.50 22.9
RME 5.31 0.026 0.008 0.26 25.5
Ult 4.32 0.051 0.015 0.51 22.9
B20Ult 4.57 0.038 0.016 0.38 23.2
V-P 4.33 0.054 0.016 0.54 22.9
B20V-P 4.56 0.039 0.015 0.39 23.3

Table 7
Regulated emissions and consumption of the MAN D08 engine (ESC test).

Fuel NOX (g/kW h) PN (1012/kW h) HC (g/kW h) CO (g/kW h) Consumption (kg/h)

DF 3.06 5.92 0.0053 0.011 18.3
B5 3.07 5.31 0.0046 0.008 18.3
B10 3.01 5.25 0.0043 0.010 18.5
B20 3.04 4.72 0.0041 0.011 18.6
B30 3.16 4.21 0.0039 0.009 19.0
B40 3.22 3.77 0.0038 0.011 19.2
RME 3.42 2.43 0.0007 0.010 20.6
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highest mutagenicity of the pure fuels. The lowest mutagenicity
was observed using GTL fuels. The mutagenic effect of RME was
between diesel fuel and GTL. Significantly higher mutagenicity
than expected from results of the pure components was observed
for Fig. 2 blend of the three fuels (Fig. 3).

The second test series included two B20-Blends of RME (B20Ult,
B20V-P) with Ultimate Diesel (Ult) and V-Power Diesel (V-P) which
were newly introduced to the market in Europe. We observed the
same surprising effects for these two blends as mentioned above
for common diesel fuel blended with RME (Fig. 4).

In the next series of tests, a systematic investigation was per-
formed for four different blends of DF and RME using the AVL
experimental one-cylinder engine. All blends caused increased
mutagenic effects with the highest mutagenicity observed for
B20 (Fig. 5).

To re-test the obtained results in a modern on-road diesel
engine and to fill the gap of B30 and B40, the MAN D08, Euro IV en-
gine was used. Five blends of DF and RME were tested together
with the pure DF. The increase of mutagenicity with increasing
content of RME up to B20 was reproduced with decreases in B30
and B40 (Fig. 6).

In this series of tests the condensates were also sampled as de-
scribed above and tested for mutagenicity. The results for DF were
unexpected, since a higher mutagenic response occurred in the
condensate compared to the particle extract (Fig. 7). As with the

Table 8
Means and standard deviations of control substances for quadruple mutagenicity tests of particle extracts using tester strain TA98 with (+S9) and without (�S9) metabolic
activation by rat liver enzymes.

Test series OM 906 first test series OM 906 second test series AVL test series MAN D08 test series

�S9 +S9 �S9 +S9 �S9 +S9 �S9 +S9

DMSO 19 ± 8 27 ± 11 23 ± 9 30 ± 9 28 ± 8 36 ± 12 22 ± 10 32 ± 6
MMS 29 ± 14 n. d. 36 ± 10 n. d. 39 ± 15 n. d. 30 ± 11 n. d.
3-NBA 1338 ± 351 n. d. 1250 ± 226 n. d. 1428 ± 301 n. d. 1198 ± 157 n. d.
2-AF 37 ± 11 1528 ± 279 39 ± 14 1184 ± 167 48 ± 18 1008 ± 109 50 ± 15 1099 ± 120
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Fig. 1. Speed and torque during the 13-mode ESC test.
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Fig. 2. Speed and torque during the ETC test.
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Fig. 3. Means and standard deviations of triplicate mutagenicity tests of particle
extracts of DF, RME, B20, GTL1, and GTL2 using tester strain TA98 with (+S9) and
without (�S9) metabolic activation by rat liver enzymes, OM 906, ESC.

0

50

100

150

200

250

300

DF RME Ult B20 Ult VP B20 V-P 

M
ut

at
io

ns
 p

er
 te

st

Fig. 4. Means and standard deviations of triplicate mutagenicity tests of particle
extracts of DF, RME, Ult, B20Ult, V-P, and B20V-P using tester strain TA98 with (+S9)
and without (�S9) metabolic activation by rat liver enzymes, OM 906, ESC.
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Fig. 5. Means and standard deviations of quadruple mutagenicity tests of particle
extracts of DF, B5, B10, B20, B50, and RME using tester strain TA98 with (+S9) and
without (�S9) metabolic activation by rat liver enzymes, AVL 502.019, rated power.
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extracts, slightly increased mutagenicity caused by B10 and B20
was observed also for the condensates.

4. Conclusion

The increase of mutagenicity caused by exhaust emissions of
blends of DF and RME up to B20 is confirmed by these results in
three different engines although we currently have no sound
explanation for this effect.

However, in course of previous investigations on vegetable oil
as diesel fuel substitute we found a significant increase in mutage-
nicity for triglycerides in comparison to petrodiesel [33,34]. One
hypothesis to explain this reproducible effect is that triglycerides
boil under decomposition – and those products are usually consid-
ered as hazardous to human health.

Fang and McCormick [35] found a maximum of deposits at B20
that could be oligomers from biodiesel. These deposits can be
resolved in blends with a higher percentage of biodiesel. It can
be assumed that these biodiesel oligomers may have a higher boil-
ing point than biodiesel or may even boil under decomposition like
neat vegetable oil. According to the hypotheses regarding the high
mutagenicity of neat vegetable oil, possibly B20 exhaust could be
more mutagenic because of a maximum formation of insoluble
oligomers, which are suspended as small droplets in the fuel. If
these droplets are injected in the combustion chamber areas with
a high content of oligomers are generated. The burning process of
the oligomers in those areas can lead to a maximum of pyrolysis
products in the exhaust. If the oligomers can be resolved with a
higher percentage of biodiesel, they have a lower local concentra-
tion in the combustion chamber and do not affect the burning
process.

The present results were obtained with rapeseed oil methyl
ester as biodiesel fuel. But it is to mention that other sources for
biodiesel production lead to other emission levels [36]. Also, the
percentage where the maximum of the non linear effects were
found can vary with the source of biodiesel. Lin et al. [37] found
a maximum of PAH emissions at B10 using palm oil methyl ester.

The results obtained with the MAN D08 engine, which produces
very low amounts of particulate matter, lead us to conclude that an
increasing part of the PAHs in the exhaust may remain in the
gaseous phase (and in the condensate) because of the absence of
sufficient soot in modern diesel engines. Therefore we will include
PAH measurements and mutagenicity tests of the condensates in
all future studies.
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Fig. 6. Means and standard deviations of quadruple mutagenicity tests of particle
extracts of DF, B5, B10, B20, B30 and B40 using tester strain TA98 with (+S9) and
without (�S9) metabolic activation by rat liver enzymes, MAN D08, ETC.

0

10

20

30

40

50

60

70

80

90

100

DF B5 B10 B20 B30 B40

M
ut

at
io

ns
 p

er
 te

st

Fig. 7. Means and standard deviations of quadruple mutagenicity tests of conden-
sates of DF, B5, B10, B20, B30 and B40 using tester strain TA98 with (+S9) and
without (�S9) metabolic activation by rat liver enzymes, MAN D08, ETC.
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Kurzfassung

Synthetisch hergestellte Kraftstoffe werden allgemein 
als nächster Schritt in Richtung auf eine nachhaltige Mo-
bilität angesehen. Über das Emissionsverhalten solcher 
Kraftstoffe ist jedoch noch wenig bekannt. In der vorlie-
genden Arbeit wurden die Emissionen von synthetischen 
Kraftstoffen untersucht. Durch Destillation und gezieltes 

-
quid) biogenen Ursprungs wurden durch die Cutec-Institut 
GmbH, Clausthal-Zellerfeld, Fischer-Tropsch-Kraftstoffe 
verschiedener Zusammensetzung nachgebildet. Diese 
Kraftstoffe sowie fossiler Dieselkraftstoff und RME (Raps-

-
setzt, um limitierte sowie nicht limitierte Abgaskomponen-
ten zu untersuchen.

Trotz erheblicher Unterschiede in der Zusammenset-
zung der synthetischen Kraftstoffe wurden zum Teil nur 
geringe Unterschiede im Emissionsverhalten festgestellt. 

wurden nur bei RME (Stickoxide) und DK (Partikelmasse) 
nicht eingehalten. Deutlichere Unterschiede zwischen den 

-
matischen Kohlenwasserstoffe (PAK) sowie die Partikelan-
zahlverteilung.

Schlüsselworte: Fischer-Tropsch-Kraftstoff, GtL, Dieselmo-
toremissionen, limitierte Abgaskomponenten, PAK, nicht 
limitierte Abgaskomponenten 

Abstract

Emissions from synthetic diesel fuels

Synthetic fuels are widely considered to be the next step 
towards sustainable mobility. However, there is not much 
known about the emissions of such fuels. In the present 
work, the emissions of synthetic fuels are investigated. 

Institute GmbH, Clausthal-Zellerfeld, Germany, synthe-
sized variably composed Fischer-Tropsch fuels. These fuels 
as well as rapeseed oil methyl ester (RME) and fossil diesel 
fuel (DK) were used in a heavy-duty diesel engine to in-
vestigate the regulated and non-regulated exhaust com-
ponents.

Despite of large differences in the composition of the 
synthetic fuels, only small differences in the emissions 
could be detected. Except for RME and DK the limits of 

CO and HC emissions as well as in some cases for the 
polycyclic hydrocarbons (PAH) and the particle size distri-
butions distinct differences between the synthetic fuels 
were observed.

Keywords: Fischer-Tropsch fuel, GtL, diesel engine emis-
sions, regulated emissions, PAH, non-regulated emissions
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1  Einleitung

Seit Jahrzehnten werden Dieselmotoren in vielen In-

eingesetzt. In den 90er Jahren des letzten Jahrhunderts 
gelangte der Dieselmotor jedoch wegen seiner Emissionen 

dabei insbesondere die deutlich erhöhten Stickoxid- und 

von Dieselmotorabgasen verantwortlich sind. In diesem 
Aufsatz wird neben den limitierten Abgaskomponenten 
NOx, HC, CO und Partikelmasse auch die Konzentration 
von Aldehyden und Ketonen, polyzyklischen aromatischen 
Kohlenwasserstoffen (PAK) und die Partikelanzahlvertei-
lung betrachtet.

2  Material und Methoden

2.1  Motor und Motortestbedingungen

Die Untersuchungen erfolgten an einem MAN-Motor 

Zylinderhub 125 mm

Zylinderbohrung 108 mm

Anzahl Zylinder 6

Hubvolumen 6871 cm3

Nenndrehzahl 2300 min-1

Nennleistung 206 kW

Maximales Drehmoment -1

Der Sechszylinder-Reihenmotor arbeitet mit einem Com-

-
nachbehandlung ist ein kontinuierlich arbeitender Parti-

®, angeschlossen. Der 
-
-

nen gemäß der Richtlinie 2005/55/EG der Europäischen 
Union der europäische stationäre Zyklus (ESC) und der 
europäische transiente Zyklus (ETC) automatisch gefahren 
werden. Die realen Testverläufe sind in den Abbildungen 1 

Gewichtung zeigt Abbildung 3.
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Motorbetriebspunkte des ESC-Tests

2.2  Kraftstoffe und Analysemethoden

Mineralischer Dieselkraftstoff gemäß DIN EN 590 (DK) 
wurde von ADM Silo Rothensee GmbH & Co. KG, Ham-
burg, geliefert. Rapsölmethylester (RME) gemäß der Norm 

Magdeburg, hergestellt. Die mit CUT 1 bis CUT 4 be-
nannten Kraftstoffe wurden von der Cutec-Institut GmbH 

-
mensetzung dieser Kraftstoffe stammen von der Cutec-
Institut GmbH. Die Eigenschaften der Kraftstoffe, die in 
den jeweiligen Normen festgelegt sind, wurden von dem 

-
vice Gesellschaft mbH (DK und CUT 1 bis CUT 4) bestimmt 
(Tabelle 2). 
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Eigenschaften der Kraftstoffe laut Analysenberichten

Grenzwert 
DIN 

EN 14214

RME Grenzwert 
DIN EN 

DK CUT 1 CUT 2 CUT 3 CUT 4

Dichte (15 °C) [kg/m3] 860-900 883 820-845 832,5 796,0 807,7 814,2 789,3

2/s] 3,5-5,0 4,42 2-4,5 3,04 2,55 3,74 4,72 2,22

Flammpunkt [°C] min. 120 176 69 92 99 107 90

C.F.P.P. [°C] max. 0 -21 max. 0 -9 -53 -40 -31 -42

Schwefel [mg/kg] max. 10 1,5 max. 50 6,3 <1 14 2,4 <1

m/m)] max. 0,30 0,06 max. 0,20 <0,01 0,03 0,02 <0,01 <0,01

m/m)] max. 0,02 <0,001 max. 0,01 <0,001 <0,001 <0,001 <0,001 <0,001

Cetanzahl [-] min. 51 51,3 min. 51 56,5 58,5 61,1 62,0 54,3

Cetanindex [-] min. 46,0 56,0 65,5 68,8 71,7 67,8

Wassergehalt [mg/kg] max. 500 146 max. 200 29 17 57 30 25

Gesamtverschmutzung [mg/kg] max. 24 4 max. 24 2 <1 21 119 6

Kupfer Korrosion [Korr.Grad] max. 1 bestanden max. 1 bestanden bestanden bestanden bestanden bestanden

Neutralisationszahl [mg KOH/g] max. 0,5 0,04

Oxidationsstabilität [g/m3] max. 25 2 101 keine 
Angaben

550 1

H.F.R.R. [ m] max. 400 264 259 243 229 235

m/m)] max. 11 1,52 <0,1 <0,1 <0,1 <0,1

V/V)] max. 65 29,5 63,1 27,0 5,3 67,9

V/V)] max. 85 92,5 94,6 93,1

max. 360 357,8 327 352,4 359,6 313,1

V/V)] max. 5 2,2 <0,1 0,2 0,2 <0,1

max. 12 7,7

max. 0,2 0,03

max. 0,8 0,75

max. 0,2 0,13

max. 0,2 0,07

max. 0,01 <0,01

max. 0,25 0,22

Alkaligehalt [mg/kg] max. 5 <0,5

Erdalkaligehalt [mg/kg] max. 5 <0,5

Phosphorgehalt [mg/kg] max. 10 <0,5

Oxidationsstabilität [h] min. 6 8,7

Jodzahl [g Iod/100g] max. 120 114

Bei CUT 1 bis CUT 3 handelt es sich um Kraftstoffe, die 
-

stoffes („BioPar“) hergestellt wurden (Tabelle 3). Das Aus-
gangsprodukt wurde mittels Destillation in drei Fraktionen 
getrennt (S1, S2 und S3 in aufsteigender Reihenfolge der 
Siedetemperatur). Anschließend wurden durch gezieltes 
Mischen dieser Fraktionen die vorliegenden Kraftstoffe er-
stellt. Dabei wurden von der Cutec-Institut GmbH die Sie-
delinien von verschiedenen Fischer-Tropsch-Kraftstoffen 
nachgebildet. 

Zusammensetzung der Kraftstoffe CUT 1 bis 3

Anteil S1
V/V)]

Anteil S2
V/V)]

Anteil S3
V/V)]

CUT 1 57 22 20

CUT 2 27 24 49

CUT 3 14 17 69
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12 bis C18) mit endständigen Dop-
pelbindungen zu CUT 1 hergestellt. Die Beimischung von 

von CUT 4, die damit der von CUT 1 gleicht (Abbildung 4). 
CUT 1 bis CUT 3 zeigen deutliche Unterschiede in ihrer 

Abbildung 4 und Tabelle 4 zeigen. Die Siedelinie CUTEC 3 
SIMDIST wurde mit einer simulierten Destillation mittels 
Gaschromatograph aufgenommen. Die GC-Messung liefert 
besonders in den Randbereichen der Kurve noch Signale, 
die bei der atmosphärischen Destillation nicht beobachtet 

gesamten Bereich parallel. Jedoch lässt sich der ungefähre 

200

220

240

260

280

300

320

340

360

380

0 10 20 30 40 50 60 70 80 90 100

Anteil [%]

Te
m

pe
ra

tu
r [

°C
]

DK

Cutec 1

Cutec 2

Cutec 3

Cutec 3 Sim dis

Cutec 4

Siedelinien von CUT 1, CUT 2, CUT 3, CUT 4 und DK

Beschreibung der Cutec-Kraftstoffe

Bezeichnung Beschreibung

CUT 1
Bereich C11 bis C15

CUT 2
Bereich C11 bis C15 sowie im Bereich C16 bis C22

CUT 3
Bereich C16 bis C22

CUT 4

Die limitierten Abgasbestandteile Kohlenstoffmonoxid, 
Gesamtkohlenwasserstoffe und Stickoxide wurden im un-

NOx

Partikelmassebestimmung erfolgte an einem Abgasteil-

Richtlinien ECE-R 49 (1992) und EWG 88/77 (1992) aus-
gelegt wurde. Des Weiteren wurden die nicht limitierten 
Abgasbestandteile Aldehyde und Ketone, PAK sowie die 

Kraftstoff jeweils der ESC- und ETC-Test mindestens drei-
mal gefahren. Die Emissionen der gasförmigen limitierten 
Abgaskomponenten wurden im ETC- und ESC-Test ermit-
telt. Im ETC-Test wurden die Massenströme der limitierten 

gasförmigen Komponenten entgegen der Norm nicht im 

aufgezeichneten Werten von Konzentration, Ansaugvo-

wurde dann wie beim ESC-Test auf die Masse der Abgas-
komponente pro Motorarbeit [g/kWh] umgerechnet.

Aus dem ESC-Test wurden zusätzlich die Partikelmasse 
und die Partikelanzahlverteilung bestimmt. Die Probenah-
me der Aldehyde und PAK erfolgte im ETC-Test. Außerdem 
wurde eine vergleichende Untersuchung der Partikelan-
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Die Partikelanzahlverteilungen in Abhängigkeit vom ae-
rodynamischen Durchmesser und vom elektrischen Mobi-
litätsdurchmesser wurden jeweils mit einem Electronical 

2001) und einem Scanning Mobility Particle Sizer (SMPS) 
der Firma TSI gemessen. 

Die Aldehyde und Ketone wurden nach der DNPH 
(2,4-Dinitrophenylhydrazin)-Methode auf DNPH-Kartu-

2000; Tang et al., 2004). Den DNPH-Kartuschen wurde 
dabei eine Kaliumiodid-Kartusche vorgeschaltet, um stö-
rendes NO2 aufzuhalten.

Die partikelgebundenen PAK wurden in Anlehnung an 

Mit Hilfe der Anreicherung durch eine Donor-Akzeptor-

analysiert.

3  Ergebnisse

3.1  Limitierte Abgasbestandteile l

In den Abbildungen 5 bis 10 sind jeweils die Ergebnisse 

HC und NOx gezeigt. Die Emissionen der Partikelmasse im 
ESC-Test sind in Abbildung 11 wiedergegeben.
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Die Abbildung 5 zeigt im ESC-Test deutliche Unter-

CO-Emissionen. RME sowie CUT 1 bis CUT 4 liegen mit 
ihren Emissionen unter DK. CUT 3 schneidet dabei am be-
sten ab, während CUT 4 die höchsten Emissionen nach DK 
zeigt. Aufgrund seines höheren Sauerstoffanteils und des 
vorteilhafteren Einspritzverhaltens sind die CO-Emissionen 
von RME wie erwartet unter denen des DK (Ren et al., 

-

durch deren höhere Cetanzahlen ebenfalls zu erwarten 
-

zahl als DK, jedoch ließ dessen niedrigeres Siedeende die 
gemessenen CO-Emissionen erwarten (SFB 224, 1995).
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-
iche Unterschiede zwischen den Kraftstoffen in den CO-
Emissionen. Wie beim ESC-Test sind auch beim ETC-Test 
aufgrund seines höheren Sauerstoffanteils und des vorteil-
hafteren Einspritzverhaltens die CO-Emissionen von RME 
erwartungsgemäß unter denen des DK (Ren et al., 2008; 

CUT 1 die niedrigsten Emissionen der CUT-Kraftstoffe zeigt. 

CUT 1 und CUT 2 waren durch deren höhere Cetanzahlen 

eine niedrigere Cetanzahl als DK, jedoch ließ dessen nied-
rigeres Siedeende die gemessenen CO-Emissionen erwar-

der getesteten Kraftstoffe wurden wie beim ESC-Test die 
niedrigsten Emissionen erwartet. Es zeigen sich hier jedoch 
die höchsten CO-Emissionen unter den CUT-Kraftstoffen. 
Das Ergebnis ist durch die veränderten Bedingungen im 
transienten Fahrzyklus zu erklären. Im transienten Prozess 
treten lokal fettere Gemische im Zylinder auf als im sta-
tionären Prozess. Durch den dadurch gegebenen lokalen 
Sauerstoffmangel läuft die Nachoxidation von CO zu CO2 
schlechter ab. Dies erklärt auch die insgesamt deutlich 

et al., 2008; Hagena et al., 2006). 

dem stationären Test deutlich höher. Dies war aufgrund 

sich jedoch, dass die CO-Emissionen der Kraftstoffe CUT 1 
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bis CUT 4 zwischen ESC- und ETC-Test nicht in gleichem 
Maße ansteigen. Während CUT 4 im ESC-Test die höch-
sten CO-Emissionen der CUT-Kraftstoffe zeigt, erreichten 
die CO-Emissionen im ETC-Test niedrigste Werte. Umge-
kehrt zeigt CUT 3 im ESC-Test die geringsten CO-Emissi-
onen aller Kraftstoffe und im ETC-Test die höchsten. Das 

-
blieben. Diese Ergebnisse zeigen, dass die Eigenschaften 

unterschiedlich auf die CO-Bildung auswirken. 
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Grenzwert: 0,46

Die Abbildung 7 zeigt deutliche Unterschiede in den HC-
Emissionen der verschiedenen Kraftstoffe. RME schneidet 
am besten ab, während CUT 1 die höchsten HC-Emis- 
sionen zeigt. Bis auf CUT 3 liegen die HC-Emissionen der 

-
sionen gilt auch hier, dass aufgrund seines höheren Sau-
erstoffanteils und des vorteilhafteren Einspritzverhaltens 
die HC-Emissionen von RME wie erwartet unter denen des 

zeigt erwartungsgemäß, der höchsten Cetanzahl entspre-

CUT 1, CUT 2 und CUT 4 hätten die Cetanzahlen und 
der jeweilige Siedebeginn eine andere Emissionsreihenfol-
ge vermuten lassen. Ohne weitere Untersuchungen lassen 
sich diese Ergebnisse nicht erklären.

Die Kraftstoffe CUT 2 bis CUT 4 zeigen im ETC-Test mit 
DK vergleichbare HC-Emissionen. Bei RME fallen die HC-
Emissionen dagegen etwas geringer aus (Abbildung 8). 

-

erwartet geringere HC-Emissionen als DK. Auffällig sind 
auch hier wieder, wie bei den CO-Emissionen, die relativ 

-
gleich zum ESC-Test. Dieses Ergebnis ist, wie oben, durch 

CUT 2 und CUT 4 zeigen ähnliche HC-Emissionen wie DK, 

was aufgrund der physikalischen Eigenschaften der Kraft-
stoffe durchaus zu erwarten war.
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n.b.

Test um den Faktor 5 bis 20 erhöht. Dies ist mit den vielen 

deutlich erhöhte HC-Konzentrationen auf. Diese Testpha-
sen gehen jedoch nicht in das Testergebnis ein.

Wie bei den CO-Emissionen ändern sich die HC-Emis-
sionen der verschiedenen Kraftstoffe zwischen ESC- und 
ETC-Test nicht gleichmäßig. Die Eigenschaften der Kraft-

-
gungen ebenfalls unterschiedlich auf die HC-Bildung aus. 
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Bei den Stickoxidemissionen im ESC-Test (Abbildung 9) 
unterschreiten die ermittelten Emissionsmassenströme 
der Kraftstoffe CUT 1 bis CUT 4 sowie von mineralischem 

-
den sich hinsichtlich ihrer Stickoxidemissionen nur gering-
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-
nisse (Abbildung 10).
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Bei den Stickoxidemissionen im ETC-Test (Abbildung 10) 
unterscheiden sich die Kraftstoffe CUT 1 bis CUT 4 nur 

ESC-Test die höchsten Stickoxidemissionen.
Die erhöhten NOx-Emissionen des RME waren aufgrund 

des Einspritzverhaltens und der damit zusammenhän-

et al., 2008). Unter den CUT-Kraftstoffen und DK waren 
allerdings größere Unterschiede zu erwarten. Allein die 
Unterschiede zwischen den Cetanzahlen hätten zu deut-
lich höheren NOx

im hier gegebenen Rahmen nahezu keine Reduzierung 
der NOx-Emissionen zu erreichen, da die Bildung von NOx 
durch motorische Eigenschaften kontrolliert wird. Schon 
Garbe (2002) wies auf eine Grenze der NOx-Reduzierung 

Ergebnisse von ETC- und ESC-Test lässt auf limitierte Mög-
lichkeiten schließen, die NOx-Emissionen durch Kraftstoff-
design zu verbessern. 

Aus Abbildung 11 wird deutlich, dass hinsichtlich der 

nicht eingehalten wird. Die Einzelwerte liegen dabei re-

die Kraftstoffe CUT 1 bis CUT 3 der Grenzwert knapp un-
terschritten, wobei sich mit Ausnahme von CUT 1 sehr ge-
ringe Abweichungen zwischen den einzelnen Messungen 
ergeben. Bei DK und RME ist dagegen eine starke Streuung 
der der Einzelmessungen zu erkennen; die höchsten und 
geringsten gemessenen Partikelmassen der beiden Kraft-

starken Schwankungen konnte nicht geklärt werden. Die 

-
nahme gelangen sollten. Bei kleineren Partikeln zeigten 
sich relativ zu den CUT-Kraftstoffen jeweils geringere Wer-
te in der Partikelanzahl (Abbildung 12). Auch waren bei 
der Partikelanzahl die Schwankungen deutlich geringer. 
Eine mögliche Erklärung wäre, dass sich große Teilchen, 
die sich im Abgassystem abgelagert hatten, wieder lösten 
und somit die Messwerte verfälschten.

0

0,01

0,02

0,03

0,04

0,05

RME CUT 1 CUT 2 CUT 3 CUT 4 DK

s
p
e
z
.

P
M

-E
m

is
s
io

n
e
n

[g
/k

W
h
]

Grenzwert: 0,02 g/kWh

DK war aufgrund des Sauerstoffgehalts im RME zu erwar-

Die uns bekannten Eigenschaften der CUT-Kraftstoffe, die 

-
keit untereinander nicht erklären.

3.2  Nicht limitierte Abgasbestandteile

In den Abbildungen 12 und 13 sind die Partikelanzahl-

mit dem SMPS ermittelten Partikelanzahlverteilungen im 
ESC-Test zu sehen. 

Es kann festgestellt werden, dass RME die niedrigste Par-
tikelanzahl der getesteten Kraftstoffe aufweist. Diese sind 

CUT 1 bis CUT 4 trotz abweichender Zusammensetzung 
relativ ähnliche Ergebnisse. RME ließ aufgrund des Ein-
spritzverhaltens und des Sauerstoffgehalts eine niedrigere 

-

sich ohne weitere Untersuchungen nicht erklären. 
Aus Abbildung 14 ist ersichtlich, dass Formaldehyd und 
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DK

Propionaldehyd

-

mit vier oder mehr Kohlenstoffatomen kommen im Abgas 

Die geringen Emissonen von Formaldehyd, Acetaldehyd 
und Aceton bei RME-Betrieb war zu erwarten und ist auf 
den hohen Sauerstoffgehalt sowie das Einspritzverhal-

Acrolein- und Propionaldehyd-Emissionen lassen sich mit 

2008). DK ließ nach Merker et al. (2004) eine andere Re-
lation der einzelnen Aldehyd- und Keton-Emissionen zuei-
nander erwarten. Die Abweichung kann durch motorische 

-
klärt werden. Die Aldehyd- und Ketonemissionen der CUT-
Kraftstoffe lassen keine eindeutige Zuordnung bestimmter 

-
spielsweise könnten die niedrigen Formaldehyd-, Aceton- 
und Propionaldehyd-Emissionen von CUT 4 durch dessen 

werden. Dem widersprechen allerdings die relativ hohen 
Acetaldehyd- und Acrolein-Emissionen. Ebenso lässt sich 

mit seinen Eigenschaften einheitlich im Mittelfeld aller ge-
testeten Kraftstoffe.

zwei Ausnahmen (BbFla und DBAnt bei CUT 1) geringere 

dem untersuchten mineralischen Dieselkraftstoff, siehe 

der CUT-Kraftstoffe lassen sich auf keine Kraftstoffeigen-

vorzuweisen hat. Nach Merker et al. (2004) entstehen PAK 

-
sionen. Doch auch CO- und HC-Emissionen lassen keinen 
Zusammenhang erkennen, der eine Erklärung der Ergeb-

4  Zusammenfassung

Referenzdieselkraftstoff (DK), Biodiesel (RME) und vier 
synthetisch hergestellte Fischer-Tropsch-Kraftstoff-Nach-
bildungen der CUTEC-Institut GmbH wurden an einem 

stationären ESC-Test und im transienten Testverlauf (ETC) 
wurden die limitierten Abgaskomponenten sowie die 
nicht limitierten Komponenten Partikelanzahlverteilung, 
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Aldehyde, Ketone und PAK gemessen. Trotz zum Teil er-
heblicher Unterschiede in der Kraftstoffzusammensetzung 
wurden nur geringe Unterschiede im Emissionsverhalten 
festgestellt. Allerdings wichen die Ergebnisse der transi-
enten Tests z.T. erheblich von denjenigen der stationären 

-

-

die Komponenten Formaldehyd, Aceton und Propional-

geringer ist auch der Anteil polyzyklischer aromatischer 

die Stickoxidemissionen sowie die Acetaldehydkonzentra-
tion erhöht. Emissionen aus dem Betrieb mit CUT 1, 2, 
und 3 erzielten Höchstwerte hinsichtlich der Partikelan-

-
zentration. Im Gegensatz zu DK und RME wurden jedoch 

CUT-Kraftstoffe eingehalten.
Dem Einsatz der untersuchten synthetischen Kraftstoffe 

-

-
stoffemissionen bei allen Emissionen erkennen, jedoch zei-

folgende Erkenntnisse aus diesen Untersuchungen gewin-

der Sauerstoffgehalt und das Einspritzverhalten von 

(Ausnahme NOx) aller getesteten Kraftstoffe

x-Emissionen zu 
haben

Cetanzahl und Dichte scheinen keinen eindeutigen 
-

tonemissionen zu haben. Ebenso kann keine der Eigen-

verantwortlich gemacht werden. 
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a b s t r a c t

Efforts are under way to reduce diesel engine emissions (DEE) and their content of carcinogenic and
mutagenic polycyclic aromatic hydrocarbons (PAH). Previously, we observed reduced PAH emissions
and DEE mutagenicity caused by reformulated or newly developed fuels. The use of rapeseed oil as die-
sel engine fuel is growing in German transportation businesses and agriculture. We now compared the
mutagenic effects of DEE from rapeseed oil (RSO), rapeseed methyl ester (RME, biodiesel), natural gas-
derived synthetic fuel (gas-to-liquid, GTL), and a reference petrodiesel fuel (DF) generated by a heavy-
duty truck diesel engine using the European Stationary Cycle. Mutagenicity of the particle extracts and
the condensates was tested using the Salmonella typhimurium mammalian microsome assay with
strains TA98 and TA100. The RSO particle extracts increased the mutagenic effects by factors of 9.7
up to 17 in strain TA98 and of 5.4 up to 6.4 in strain TA100 compared with the reference DF. The
RSO condensates caused up to three times stronger mutagenicity than the reference fuel. RME extracts
had a moderate but significantly higher mutagenic response in assays of TA98 with metabolic activa-
tion and TA100 without metabolic activation. GTL samples did not differ significantly from DF. Regu-
lated emissions (hydrocarbons, carbon monoxide, nitrogen oxides (NOx), and particulate matter)
remained below the limits except for an increase in NOx exhaust emissions of up to 15% from the tested
biofuels.

Published by Elsevier Ltd.

1. Introduction

The replacement of petroleum-derived fuels by biogenic fuels
from renewable resources has become of worldwide interest and
is being researched for its environmental costs and benefits [1,2].
The reduction of atmospheric greenhouse gas (GHG) is especially
important and is being addressed. The combustion of vegetable
oil-derived fuels reduces net GHG emissions in comparison to pet-
rodiesel [3]. However, less attention has been paid to possible hu-
man health hazards [4–7].

Fatty acid methyl esters (FAME) or, more generally, fatty acid al-
kyl esters, are proven as a suitable alternative to fossil diesel fuel
(DF) producing similar or even lower emissions [8,9]. They are
called biodiesel and are produced from various oil plants, e.g., rape-
seed (canola), palm, soybean, sunflower and others. Biodiesel is
produced by transesterification of vegetable oil with methanol or

another alcohol [8,9], resulting in a fuel with properties similar
to mineral oil-derived fuels.

Diesel engine emissions (DEE) contain mutagenic and carcino-
genic polycyclic aromatic hydrocarbons (PAH) on the surface of
the emitted particles and – to a lesser amount – in the gaseous
phase [10]. The formation of PAH depends on the type of engine,
the engine load, fuel composition, and the effectiveness of exhaust
after treatment. The influence of different fuels, including rapeseed
methyl ester (RME) and soybean methyl ester (SME), on the muta-
genic activity of DEE was demonstrated in previous studies [11–
18]. Generally, lower mutagenic activity was observed for the
DEE generated by biodiesel than petrodiesel fuels. However, lower
inflammatory potential was also found petrodiesel particulate
matter (PM) than for biodiesel PM when tested on a transformed
human epithelial cell line [19].

Recently, economic aspects have led to the increased use of
crude unmodified rapeseed oil as fuel is in the German transporta-
tion sector, although unmodified vegetable oils have been reported
to cause engine deposits due to their higher viscosity [20].

0016-2361/$ - see front matter Published by Elsevier Ltd.
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This investigation compares cold-pressed crude rapeseed oil
(RSO) with a rapeseed oil-derived biodiesel fuel (rapeseed methyl
ester, RME), a natural gas-derived synthetic fuel (gas-to-liquid,
GTL), and a common petrodiesel fuel (DF; reference fuel) regarding
their influence on the mutagenicity of DEE.

2. Experimental

The reference DF meeting the EU standard EN590 was deliv-
ered by Haltermann Products, Hamburg, Germany, GTL by Shell
AG, Hamburg, and RME by ADM Oelmühle, Hamburg, Germany.
Rapeseed oil was purchased from a now defunct German pro-
vider of truck diesel fuels. Table 1 gives the fatty acid profile
of RME, Table 2 lists the fuel properties of RME determined in
the course of this work with comparison to the biodiesel stan-
dards EN 14214 and ASTM D6751, Table 3 provides the fuel
properties of RSO in comparison to the provisional German stan-
dard DIN V 51605 for vegetable oil fuels and Table 4 the proper-
ties of DF and GTL in comparison to the standards EN 590 and
ASTM D975.

Nutrient media and most chemicals for the mutagenicity test
system were obtained from Difco Laboratories (Detroit, USA) and
Sigma (Deisenhofen, Germany). Methyl methanesulfonate (CAS
66-27-3), 2-aminofluorene (CAS 153-78-6), and b-naphthoflavone
(CAS 6051-87-2) were obtained from Aldrich (Milwaukee, WI,
USA), phenobarbital (CAS 50-06-6) from Sigma (Deisenhofen, Ger-
many). Dichloromethane (DCM) and dimethyl sulfoxide (DMSO),
spectrometric grade, were purchased from Merck (Darmstadt,
Germany).

2.1. Engine test procedures and sampling method

Engine tests were carried out at the emission test stand of the
Institute for Technology and Biosystems Engineering at the in
Braunschweig, using a Mercedes-Benz Euro 3 engine OM 906 LA
with turbocharger and intercooler (Table 5). Exact engine load dur-
ing test runs was accomplished by crank shaft coupling to a Froude
Consine eddy-current brake. Engine test runs were in accordance
with the 13-mode European Stationary Cycle (ESC; Fig. 1).

2.2. Determination of regulated exhaust emissions

Hydrocarbons (HC) were determined with a gas analyzer RS 55-
T (Ratfisch, Poing, Germany), which measures the electrical signal
gained from ionization of carbon fragments as the filtered exhaust
gas passes a hydrogen flame (FID). Carbon monoxide (CO) was
measured by means of an analyzer Multor 710 (Maihak, Reute,
Germany) that uses the non-dispersed infrared light (NDIR) pro-
cess. The differential heating of a reference cuvette and the mea-
suring cuvette eventually containing CO causes a flow, which is
measured by a micro flow sensor and recorded. Nitrogen oxides
(NOx) were analyzed with a CLD 700 EL ht chemical luminescence
detector (Eco Physics, Munich, Germany). Sampled exhaust gas is
split in order to measure the luminescence of genuine NO in one
part and of total nitrogen oxides (NOx, NO + NO2) after complete
reduction to NO in the other part. Luminescence appears after
chemical oxidation of NO with ozone (O3) generated by the CLD.
Particulate matter (PM) was measured by use of a part-stream
dilution tunnel. A dilution factor of about 10 was applied for deter-

Table 1
Fatty acid composition of RME.

Fatty acid %

Myristic (tetradecanoic; C14:0a) 0.06
Palmitic (hexadecanoic; C16:0) 4.62
Palmitoleic (9(Z)-hexadecenoic; C16:1) 0.25
Stearic (octadecanoic; C18:0) 1.68
Oleic (9(Z)-octadecenoic; C18:1) 60.59
Linoleic (9(Z),12(Z)-octadecadienoic; C18:2) 20.41
Linoleic (9(Z),12(Z)-octadecatrienoic; C18:3) 9.17
Arachidic (eicosanoic; C20:0) 0.56
Eicosenoic (C20:1) 1.34
Eicosadienoic (C20:2) 0.08
Behenic (docosanoic; C22:0) 0.34
Erucic (13(Z)-docosenoic; C22:1) 0.29

a Acronyms of this type refer to the number of carbon atoms in the chain and the
number of double bonds. Thus, C14:0 refers to the fourteen carbons ion the chain if
myristic acid and 0 to the number of double bonds.

Table 2
Properties of RME and comparison to standards.

Property Unit EN 14214 D6751 RME

Minimum Maximum Minimum Maximum

Ester content wt.% 96.5 98
Kinematic viscosity mm2/s 3.5 5.0 1.9 6.0 4.476
CFPP �C 0/�10/�20 �14
Cloud point �C Report
Cetane number 51 47
Water content mg/kg 500 500 393
Oxidative stability h 6 3
Acid value mg KOH/g 0.5 0.5 0.17
Free glycerol wt.% 0.02 0.02 <0.005
Monoglycerides wt.% 0.80 0.66
Diglycerides wt.% 0.20 0.17
Triglycerides wt.% 0.20 0.02
Total glycerol wt.% 0.25 0.24 0.19

Table 3
Properties of rapeseed oil.

Property DIN V 51605 Rapeseed oil

Minimum Maximum

Density 900 930 919.6
Flash point 220 244
Kinematic viscosity 36.0 34.8
Lower heating value 36,000 36,891
Sulfur content 10 2.6
Carbon residue 0.4 0.3
Cetane number 39 42.6
Ash content 0.01 0.003
Water content 750 616
Total contamination 24 36
Oxidative stability 6 8.1
Acid value 2.0 1.516
Iodine value 125 112
Phosphorus 12 16.3
Earth alkali content 20 24.2
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mination. Dilution factors were calculated from separate record-
ings of CO2 contents in fresh air and diluted exhaust gas. Particle
mass was determined gravimetrically after sampling on teflon-
coated glass fiber filters (T60A20, Pallflex, diam. 70 mm, Pallflex
Products Corp., Putnam, CT, USA), with sampling intervals accord-
ing to individual weighing factors of each engine mode. Weights
of fresh and sampled filters were determined to an accuracy of +/
� 1 lg by means of a microbalance M5P (Sartorius, Göttingen,

Germany) always preceded by at least 24 h of conditioning in a cli-
mate chamber held at 22 �C and 45% relative humidity.

For the determination of mutagenic effects, particulate matter
was collected from the undiluted exhaust stream onto a glass fiber
filter coated with PTFE (Teflon) (T60 A20, Pallflex Products Corp.,
Putnam, CT, USA). The collection was performed from minute 3
to 28 of the ESC test with a constant sample stream of 25 L/min.
According to VDI-rule 3872 part 1 [21] the exhaust the gas phase
was cooled down below 50 �C using an intensive cooler (Schott,
Mainz, Germany) and condensates were collected separately. Fur-
ther condensed compounds were desorbed from the cooler with
100 ml DCM and added to the condensates.

Each fuel was tested three times, resulting in 15 particle filters
and 15 condensates. The filters were conditioned (22 �C, rel.
humidity 45%), weighed before and after sampling to determine
the total particulate matter, and stored at �18 �C. Extraction of
the soluble organic fraction (SOF) from the filters was performed
with 150 ml DCM in a Soxhlet apparatus (Brand, Wertheim, Ger-
many) for 12 h in the dark (cycle time 20 min). The extracts as well
as the condensates were concentrated by rotary evaporation and
dried under a stream of nitrogen. They were redissolved in 4 ml
DMSO immediately before use.

2.3. Mutagenicity assay

Ames et al. [22] developed the Salmonella typhimurium/mam-
malian microsome assay that detects mutagenic properties of sin-
gle compounds as well as of complex mixtures by reverse mutation
of a series of S. typhimurium tester strains, bearing mutations in the
histidine operon. Depending on the tester strain different types of
mutations can be detected. In this study tester strains TA98 and
TA100 were used, detecting mutagens that cause frameshift muta-
tions and base-pair substitutions. These strains were shown to be
most sensitive to mutagens of organic extracts of diesel engine par-
ticles (DEP) [23,24]. This study employed the revised standard test
protocol [25]. Tests were performed with and without metabolic
activation by microsomal mixed-function oxidase systems (S9
fraction). Preparation of the liver S9 fraction from male Wistar rats
was carried out as described by Maron and Ames [25]. Phenobarbi-
tal and b-naphthoflavone (5,6-benzoflavone) were used for induc-
tion of liver enzymes. These substances were proven to be safe and

Table 4
Properties of the diesel and GTL fuels.

Property Unit EN 590 D 975a DF GTL

Minimum Maximum Minimum Maximum

Density (15 �C) kg/m3 820 860 – 833.8 795
Kinematic viscosity mm2/s 2 4.5 1.9 4.1 3.206 2.662
Flash point �C 55 52 102 101
CFPP �C �27 �48
Sulfur content mg/kg 10 10 <1 <0.5
Carbon residue wt.% 0.2 0.35 0.01 0.02
Cetane number 49 40 53.2 57.6
Oxidative stability g/m3 25 <1 91
Ash content wt.% 0.01 0.01 0.001 0.001
Water content mg/kg 200 500 20 7
Total contamination mg/kg 24
Copper corrosion Degree of corrosion 1 No. 3 Passed 1
Lubricity lm (HFRR) 460 520 311 330
Hydrogen % 13.73
Carbon % 86.27
Heating value MJ/kg 43.238
Neutralization number mg KOH/g 0
Monoaromatics vol.% 16
Diaromatics vol.% 4.3
Polyaromatics vol.% 0.1

a Values for no. 2 diesel fuel.

Table 5
Technical data of the test engine used in this work.

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

Rated speed 2300 rpm
Rated power 205 kW
Maximum torque 1100 N m at 1300 min�1

Compression ratio 17.4

Fig. 1. Modes (load vs. engine speed) of the ESC test.
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adequate substitutes for Arochlor 1254 [26]. The well known
mutagens methyl methanesulfonate (10 lg/mL in distilled water),
3-nitrobenzanthrone (100 pg/mL in DMSO), and 2-aminofluorene
(100 lg/mL in DMSO) were used as positive controls. Immediately
before use, the extracts were dissolved in 4 ml DMSO and the fol-
lowing log 2 dilutions were tested: 1.0, 0.5, 0.25, and 0.125. Each
concentration was tested both with and without 4% S9 Mix. Every
extract was tested in triplicate. Plates were incubated at 37 �C for
48 h in the dark, and revertant colonies on the plates were counted
using an electronically supported colony counting system (Cardi-
nal, Perceptive Instruments, Haverhill, Great Britain). The bacterial
background lawn was regularly checked by microscopy, as high
doses of the extracts proved toxic to the tester strains, resulting
in a thinning out of the background.

2.4. Evaluation of results and statistical analysis

Mutagenic response was classified as positive if a reproducible,
dose-dependent increase of the number of revertant colonies was
observed [27]. Revertant numbers of the positive results
(mean ± standard deviations) were estimated from the initial lin-
ear part of the dose–response curves. Differences between the fuels
were tested for significance using Student’s t-test for independent
variables, two-sided, using StatView for Windows, Version 4.57,
Abacus Concepts Inc. (Berkeley, CA, USA).

3. Results and discussion

3.1. Regulated exhaust emissions

Emissions of total hydrocarbons (HC) during the ESC tests were
more than 20-fold below the Euro 3 limits. RSO did not show any
abnormally high HC emissions that indicate poor combustion. Car-
bon monoxide (CO) emissions (Fig. 2) were found to be well below
Euro 3 limits by at least a factor of 4 for all fuels. RME gave the best
results in this case, documented by emissions that were better by a
factor of about eight than the limit of 2.1 g/kW h. RSO caused lower
CO emissions than DF while GTL slightly increased CO emissions.
The CO emissions of RSO indicate sufficient combustion of the veg-
etable oil fuel. With RME and RSO as fuel, nitrogen oxides (NOx) ex-
ceeded the Euro 3 limit of 5 g/kW h, whereas the other fuels
remained just below this limit (Fig. 3). The lowest NOx emissions
were obtained with GTL while RSO caused the highest NOx emis-
sions. Emissions of total particulate matter (PM) remained below
the Euro 3 limit of 0.1 g/kW h. Compared to common DF, GTL sig-
nificantly reduced PM emissions by about 20%. RME reduced these
emissions species by more than 55%. Relatedly, various neat fatty
esters and biodiesel derived from soybean oil generated signifi-
cantly less PM exhaust emissions species than neat alkanes, which
would be the prime components of ultra-clean petrodiesel fuels

[28]. PM exhaust emissions for RSO were much higher, but re-
mained just below the limit (Fig. 4). Thus, for regulated PM and
NOx emissions, disadvantages were observed for RSO when com-
pared with DF.

3.2. Mutagenicity

The positive controls methyl methanesulfonate (MMS), 3-nitro-
benzanthrone (3-NBA), and 2-aminofluorene (2-AF) were included
in every assay and gave the results displayed in Table 6. Pure di-
methyl sulfoxide (DMSO) served as negative control in all assays.

The RSO-extract induced a strong increase of mutations,
whereas the exhaust extracts of DF, RME, and GTL produced small
mutagenic effects, at the maximum tripling the spontaneous fre-
quency of revertants. RSO significantly increased the mutagenic ef-
fects of the particle extracts by factors of 9.7 up to 17 in tester
strain TA98 (Fig. 5) and of 5.4 up to 6.4 in tester strain TA100
(Fig. 7), compared with the reference DF. As observed in assays
with the extracts, condensates of RSO showed a stronger muta-
genic response than condensates of the other fuels. The RSO fuel
caused stronger mutagenicity up to factor 3.0 (Figs. 6 and 8) than
the reference fuel. RME had a slightly higher mutagenic response
in assays of TA98 with metabolic activation and TA100 without
metabolic activation.

For sake of visualization, the results are depicted in Figs. 5–8.
RSO has no highly significant disadvantages when evaluating reg-
ulated exhaust emissions. Therefore, it is not possible to draw con-
clusions regarding health effects only from the levels of regulated
exhaust emissions. RME and SME were shown to be technically
and environmentally adequate substitutes for fossil diesel [8,9]
fuel including a similar or even lower mutagenicity of their particle
extracts [4,12,13,29].

The production process for biodiesel from a vegetable oil is, of
course, a cost factor, for which reason some interest in using unre-
acted vegetable oils as fuels exists. However, triacylglycerols, the

Fig. 2. Specific CO emissions of different fuels, ESC test, OM 906 LA engine.

Fig. 3. Specific NOx emissions of different fuels, ESC test, OM 906 LA engine.

Fig. 4. Specific PM emissions of different fuels, ESC test, OM 906 LA engine.
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major components of vegetable oils, have a substantially higher
viscosity than FAME and petrodiesel. Besides this observation, it
was the goal of this study to investigate how these molecules are
combusted in a modern diesel engine.

While the regulated exhaust emissions (CO, total hydrocarbons,
PM, and NOx) of RSO differed in acceptable margins from the other
fuels tested, the mutagenic effects caused by RSO exhaust emis-
sions were unexpectedly strong. Triacylglycerols decompose at
high temperatures approaching their boiling points and the prod-
ucts formed under these conditions are usually considered as hu-
man health hazards. In case the decomposition during the phase
interface process increases the formation of mutagenic substances,
varying the physical properties of vegetable oil may help solve this
problem. However, methyl esters also decompose at such elevated
temperatures. Therefore the presence of the glycerol moiety in
triacylglycerols may have some responsibility for the increased

mutagenicity of exhaust emissions generated by vegetable oil-
based fuels observed in the present work. Further research regard-
ing the properties of vegetable oils under the conditions existing in
the combustion chamber of a diesel engine may help shed light on
this problem and eventually contribute to solving it. It also cannot
be excluded that a minor component of the vegetable oil is respon-
sible for this effect. This minor component may be changed during
the transesterification reaction so that its combustion products are
changed or this minor component may even be removed during
the transesterification reaction.

4. Conclusions

This study demonstrates very strong mutagenicity of extracts
and condensates from combustion of RSO in the S. typhimurium/
mammalian microsome assay. Compared with modern fossil fuels

Table 6
Numbers of reverse mutations of dimethyl sulfoxide (DMSO) and the positive controls methyl methanesulfonate (MMS), 3-nitrobenzanthrone (3-NBA), and 2-aminofluorene (2-
AF) in tester strains TA98 and TA100 with (+S9) and without (�S9) metabolic activation by rat liver enzymes.

Tester strain TA98 TA100

Metabolic activation �S9 +S9 �S9 +S9

DMSO 23 ± 11 26 ± 15 118 ± 31 129 ± 28
MMS 29 ± 11 2125 ± 142
3-NBA 3461 ± 301 1887 ± 86
2-AF 36 ± 14 1528 ± 97 162 ± 33 1205 ± 60

Fig. 5. Numbers of revertants in tester strain TA98 with and without S9 of particle
extracts from tested fuels, ESC test, OM 906 LA engine.

Fig. 6. Numbers of revertants in tester strain TA98 with and without S9 of
condensates from tested fuels, ESC test, OM 906 LA engine.

Fig. 7. Numbers of revertants in tester strain TA100 with and without S9 of particle
extracts from tested fuels, ESC test, OM 906 LA engine.

Fig. 8. Numbers of revertants in tester strain TA100 with and without S9 of
condensates from tested fuels, ESC test, OM 906 LA engine.
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(DF, GTL) biogenic, sustainable fuels can produce similarly low
emissions of mutagenic compounds (RME, SME) but may also have
strong opposite effects (RSO). In general, systematic research con-
cerning the influence of fuels on the exhaust composition of diesel
(and gasoline) engines is urgently needed to develop fuels with
lower emissions of hazardous substances.

The evaluation of the regulated exhaust emissions showed that
a diesel engine can operate equally well on any of the tested fuels
RME, RSO, GTL, and DF. The strong increase in mutagenicity when
using RSO as diesel fuel compared to the reference DF and other
reformulated and designer fuels causes significant concern about
the future use of this biogenic resource as a substitute diesel fuel.
Although this study was conducted with RSO and RME, it is likely
that similar results would hold for other vegetable oils with similar
fatty acid profiles such as soybean and sunflower oils.

Disclaimer

Product names are necessary to report factually on available
data; however, the USDA neither guarantees nor warrants the stan-
dard of the product, and the use of the name by USDA implies no
approval of the product to the exclusion of others that may also
be suitable.
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Anteil an der Veröffentlichung

- Adaption des Prüfstandes auf den Versuchsmotor MAN D08 und Einrichtung des 
Testverfahrens

- Aufbau, Messung und Auswertung der limitierten Abgaskomponenten und der Aldehyde
- Probenahme zur Bestimmung der Mutagenität am MAN D08
- Interpretation der Ergebnisse
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Anhang X

A. Munack, P. Bittner, H. Schönfeld, O. Schröder, J. Semmler, 
H. Speckmann , H. Stein, C. Timrott, J. Krahl

Erkennung des RME-Betriebes mittels eines Biodiesel-Kraftstoffsensors

Landbauforschung Völkenrode Sonderheft 257, 2003

Anteil an der Veröffentlichung

- Beschreibung des Messverfahrens, sowie Aufbau und Anpassung der Laborsensoren
(Kapitel 3 und 4)

- Auswertung der Labormessungen (Kapitel 5)
- Auswertung der Praxisdaten und Durchführung der Überprüfung der Praxisdaten mittels 

IR-Messungen (Kapitel 6.3 und 6.4)
- Interpretation der Ergebnisse
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Abschlussbericht zum Forschungsvorhaben "Untersuchung von Biodiesel und 
seinen Gemischen mit fossilem Dieselkraftstoff auf limitierte Emissionen"

Braunschweig: FAL, 2003

Anteil an der Veröffentlichung

- Adaption des Prüfstandes auf den Versuchsmotor und Einrichtung des Testverfahrens
- Aufbau und Auswertung der limitierten Abgaskomponenten 
- Interpretation der Ergebnisse
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1 Aufgabenstellung 

Der Verbrauch von Biodiesel (RME, Rapsölmethylester) nahm in der Bundesrepublik 
Deutschland in den letzten Jahren deutlich zu. 2002 lag er bei 550.000 t und wird im Jahr 
2003 voraussichtlich ca. 650.000 t erreichen (UFOP, 2003). Das sind ca. 2 % des deutschen 
Dieselkraftstoffverbrauchs. 
In der Praxis werden Biodiesel  und fossiler Dieselkraftstoff (DK) sowohl in reiner Form als 
auch im Mischbetrieb eingesetzt. Es erhebt sich die Frage, inwieweit Mischungen beider 
Kraftstoffe eine nichtlineare Änderung der Emission über dem Mischungsverhältnis zur Folge 
haben. 
Wenn sich die Emissionen von Mischungen aus Biodiesel und DK nicht proportional zum 
Mischungsverhältnis ändern, steht bei erhöhten Emissionen das Zulassungsverfahren für 
Motoren bei Mischkraftstoffbetrieb in Frage; bei günstigeren Emissionen wäre die Ent-
wicklung eines umweltfreundlicheren Kraftstoffs möglich.   
Frühere Untersuchungen an der FAL haben am Beispiel eines im 5-Punkte-Test betriebenen 
Einzylinder-Versuchsmotors gezeigt, dass sich die Emissionen im Wesentlichen proportional 
zum Mischungsverhältnis ändern (Schröder et al., 1998). Testreihen mit einem Fendt-
Schlepper in zwei Punkten des 13- bzw. 8-Stufen Tests ergaben hingegen bei NOx, CO, HC 
und der organisch unlöslichen Partikelmasse deutliche Abweichungen von einer linearen 
Veränderung über dem Mischungsverhältnis (Krahl et al., 2000). Die Tests lassen jedoch 
keine generelle Aussage zu, da sich moderne Motoren deutlich von den Testmotoren unter-
scheiden und zudem nur wenige Lastpunkte betrachtet wurden.  
Ziel des Vorhabens ist es, am Beispiel eines modernen Nutzfahrzeugmotors verschiedene 
Mischungen aus RME und DK mit Blick auf die limitierten Emissionen zu untersuchen. 
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2 Umweltrelevanz von Dieselmotoremissionen 

Seit dem 2. Weltkrieg werden Dieselmotoren in vielen Industriezweigen sowie im Bereich 
Transport und Verkehr eingesetzt. Neben ihrer guten energetischen Effizienz wurde zunächst 
auch auf die besondere Umweltverträglichkeit der Emissionen verwiesen, die bei CO und HC 
vergleichsweise niedrig sind. Mitte der 80er Jahre wurden mit Dieselkraftstoff betriebene Pkw 
daher steuerlich begünstigt. 
In den letzten Jahren gelangte der Dieselmotor jedoch wegen seiner Emissionen in das Kreuz-
feuer der Kritik. Dabei stehen insbesondere die NOx- und Partikelemissionen im Vordergrund. 
Während den gasförmigen Stickoxiden eindeutige Gesundheits- und Umweltwirkungen zuge-
schrieben werden können, gestaltet sich eine Beurteilung der Rußemissionen weit viel-
schichtiger.  
Neben diesen Komponenten sind noch eine Vielzahl weiterer Substanzen im Abgas vor-
handen, die für die Schädlichkeit von Dieselmotorabgasen verantwortlich sind. In diesem 
Projekt wird aufgrund der Aufgabenstellung jedoch nur auf die gesetzlich limitierten Abgas-
komponenten eingegangen.  
 
 

Kohlenwasserstoffe (HC) 

 
Die Verbrennung von organischem Material verläuft idealerweise unter Bildung von Kohlen-
dioxid und Wasser gemäß der Bruttoreaktionsgleichung 

 OH
2
mCOnO

4
mnHC 222mn . (2.1) 

Bei der Verbrennung im Motor wird diese ideale Umsetzung des Kraftstoffs zu Wasser und 
Kohlendioxid nicht erreicht. Je nach Motor und Betriebsbedingungen (Lastpunkt, Motor-
temperatur etc.) können teiloxidierte Verbindungen entstehen oder unverbrannter Kraftstoff 
emittiert werden. Alle diese Komponenten werden als Summenparameter erfasst. 
Kohlenwasserstoffemissionen können toxikologisch wenig relevant sein (z. B. Alkane oder 
Alkene) oder aber kanzerogen wirken wie z. B. Benzol. Darüber hinaus sind sie in der 
atmosphärischen Chemie (Sommersmogbildung) von Bedeutung. Eine Korrelation zwischen 
einem HC-Gesamtemissionswert und den daraus resultierenden Gesundheits- und Umwelt-
schäden kann aufgrund der komplexen Zusammensetzung dieser Stoffgruppe nicht vorge-
nommen werden. 
 
Kohlenmonoxid (CO) 
 
Wie bei den Kohlenwasserstoffen entsteht CO durch eine unvollständige Verbrennung des 
Kraftstoffs. Neben motorischen Prozessen sind weitere Hauptemissionsquellen Verbren-
nungsprozesse in Haushalt und Industrie. Ein etwa ebenso großer Anteil wie aus Verbren-
nungsprozessen stammt aus der Oxidation von Methan in der Troposphäre. Außerdem wird es 
beim Abbau von Chlorophyll freigesetzt. In der Atmosphäre wird CO ständig über die 
Oxidation mit Hydroxylradikalen zu CO2 umgesetzt oder aus der Atmosphäre durch 
Bodenbakterien eliminiert. Die mittlere Verweildauer in der Troposphäre ist kürzer als ein 
halbes Jahr. Durch den hohen Umsatz von CO in der Atmosphäre liegt die Hauptgefahr 
weniger im globalen als im lokalen Bereich und besonders in geschlossenen Räumen. 
Kohlenmonoxid ist ein farb- und geruchloses Gas. Es bindet sich um den Faktor 250 stärker 
an das Hämoglobin als Sauerstoff. Deshalb besteht bei einer erhöhten CO-Konzentration in 
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der Atemluft die Gefahr des Erstickens. Akute Vergiftungen treten ab 2000 ppm, subakute 
schon ab 500 ppm CO auf. Der MAK-Wert beträgt 33 mg/m3 (Marquardt und Schäfer, 1992; 
MAK-Liste, 1997). 
Die durch die motorische Verbrennung entstehenden Kohlenmonoxidemissionen sind mit 
Blick auf die sonstigen durch den Kraftfahrzeugverkehr hervorgerufenen Umweltbelastungen 
ohne Bedeutung (Henschler, 1994). 
 
Stickoxide (NOx) 
 
Die Stickstoffoxide NO und NO2 sind Nebenprodukte der vollständigen Verbrennung. So 
entsteht Stickstoffmonoxid, das einen Anteil von über 90 % an der Gesamtstickoxidemission 
im Rohabgas hat, als sogenanntes "thermisches NO" in sauerstoffreichen Gebieten der 
Flamme bzw. in der Nachreaktionszone (Baumbach, 1993) gemäß 
 
 O + N2 NO + N (2.2) 
 N + O2 NO + O. (2.3) 
 
Die Reaktion setzt bei ca. 1300 °C in Folge der beginnenden Sauerstoffdissoziation ein. Im 
motorischen Bereich wird eine nennenswerte NOx-Bildung jedoch erst ab ca. 1900 °C festge-
stellt (Mattes et al., 1999). 
Zum anderen entsteht das als "promptes NO" bezeichnete Stickstoffoxid, welches aus der 
Reaktion von CH-Radikalen mit Luftstickstoff und intermediär gebildeter Blausäure entsteht 
(Warnatz et al., 2001). Letzteres spielt quantitativ jedoch nur eine untergeordnete Rolle.  
 
Eine inhomogene Gemischaufbereitung von Kraftstoff und Luft im Brennraum führt bei 
Dieselmotoren zwangsläufig zur Partikelbildung. Diese sind demnach als Produkte der un-
vollständigen Verbrennung zu betrachten, die durch hohe Temperaturen – allerdings zu 
Lasten einer erhöhten NOx-Emission – verminderbar sind. Diese unausweichliche Gegen-
läufigkeit gilt derzeit als eines der größten Probleme direkt einspritzender Dieselmotoren und 
wird als sogenanntes "Diesel-Dilemma" bezeichnet. Es deutet sich jedoch erwartungsgemäß 
auch an, dass moderne direkt einspritzende Ottomotoren ein tendenziell analoges Verhalten 
zeigen (Lake et al., 1999). Zur Lösung dieses Problems werden simultan drei voneinander 
unterschiedliche Wege beschritten: die Feinabstimmung von Motor und Einspritzsystem, die 
Abgasnachbehandlung und die Optimierung von Kraftstoffen. Dabei sind die drei genannten 
jeweils aneinander anzupassen, um die Partikel- und Stickoxidemissionen gleichzeitig zu 
vermindern. 
 
Charakteristisch für NO ist sein großes Bestreben, mit Sauerstoff – und besonders schnell mit 
Ozon – zu NO2 zu reagieren. Dadurch wirkt NO "ozonzehrend". Reines NO besitzt keine 
Lungenreizwirkung, bildet aber, sofern keine Umwandlung zu NO2 stattfindet, nach Re-
sorption über den Atemtrakt Methämoglobin. NO ist ein endogener Modulator des Blut-
gefäßtonus und deshalb physiologisch-metabolisch eine gut untersuchte Substanz (Lenz et al., 
1993). 
 
Stickstoffdioxid ist ein Gas mit stechendem Geruch und rot-brauner Farbe. Es wirkt bereits 
bei geringen Konzentrationen als Lungenreizgas und ist schleimhautreizend. Als freies 
Radikal ist NO2 grundsätzlich in der Lage, Wasserstoffatome von Fettsäuren zu abstrahieren 
und so die Lipidperoxidation einzuleiten. Diese Peroxidationen führen letztlich zum 
Funktionsverlust von biologischen Membranen. Die Membranzerstörung gilt als überge-
ordnetes Toxizitätsprinzip, wobei die Lipidperoxidation eine Initialreaktion darstellt. Diesem 
Prozess arbeiten in der lebenden Zelle jedoch Schutz- und Reparaturmechanismen entgegen, 
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so dass er erst bei extrem hohen, in der freien Atmosphäre kaum erreichbaren Konzentrati-
onen von NO2 eintritt. NO2 disproportioniert in Gegenwart von Wasser zu salpetriger Säure 
und Salpetersäure. Die salpetrige Säure (HNO2) oder ihre Salze können mit sekundären 
Aminen zu mutagenen Nitrosaminen reagieren. Nitrit in der Blutbahn kann das Hämoglobin 
zu Methämoglobin oxidieren, wobei dann Kapazitäten für den Sauerstofftransport verloren 
gehen. Ebenso wirkt NO2 wahrscheinlich durch die entstehende Salpetersäure (HNO3) als 
Zellgift im Respirationstrakt. Eine Exposition gegenüber 9 mg/m3 NO2 (MAK-Wert) bewirkt 
eine verminderte Fluidität von Plasmamembranen. Veränderungen der Membranfluidität 
betreffen eine Reihe fundamentaler zellulärer Funktionen wie den transmembranen Transport, 
bestimmte Enzymaktivitäten und Rezeptor-Ligand-Interaktionen. Eine Aktivierung anti-
oxidativer Enzyme und Lipidperoxidation werden nach Exposition gegenüber ca. 0,7 mg/m3 
NO2 festgestellt (Marquart und Schäfer, 1994). Von Bedeutung ist darüber hinaus die Eigen-
schaft von NO2, als Vorläufersubstanz für die Fotooxidantienbildung, insbesondere für Ozon, 
zu dienen. Der Austrag der Stickoxide aus der Atmosphäre erfolgt über gebildete salpetrige 
Säure oder Salpetersäure und deren anschließende nasse Deposition als sogenannter saurer 
Regen. 
 
 
Partikel 
 
Eine allgemeine Definition für Dieselpartikel existiert nicht. Entsprechend der Definition der 
Bundesumweltbehörde der USA (EPA) sollen im Folgenden unter Partikeln alle Stoffe ver-
standen werden, die bei Temperaturen unter 51,7 °C (entsprechend 125 °F) im verdünnten 
Abgas in fester oder flüssiger Form vorhanden sind und auf einem Filter abgeschieden werden 
können (Code of Federal Regulations). Durch die Begrenzung der Abgasprobentemperatur 
soll sichergestellt werden, dass alle höhersiedenden, eventuell gesundheitlich bedenklichen 
organischen Verbindungen an die Rußpartikel adsorbiert sind und bei der Analyse erfasst 
werden. Die Temperaturabsenkung der Abgasprobe soll dabei durch Vermischung mit Luft in 
einem Abgasverdünnungssystem erreicht werden. Auf diese Weise wird der Austritt der 
Abgase in die Umgebung simuliert. 
 
Die emittierte Partikelmasse besteht aus einer Vielzahl von organischen und anorganischen 
Substanzen. Die Hauptbestandteile der organischen Substanzen sind Ruß (Kohlenstoff), 
unverbrannter oder nur unvollständig verbrannter Kraftstoff und Schmieröl. Zu den anorgani-
schen Substanzen zählen Sulfate, Wasser und Metallverbindungen. Bei den Metallver-
bindungen handelt es sich sowohl um Späne und Rostpartikeln, die direkt aus dem Motor 
bzw. der Abgasleitung stammen, als auch um Überreste von Kraftstoff- und Schmierölderi-
vaten. Der prozentuale Anteil dieser Stoffe an der gesamten Partikelmasse ist von vielen 
Parametern abhängig. Neben konstruktiven Parametern wie Brennraumform und Ausführung 
der Einspritzanlage gehören hierzu der Betriebspunkt (Last und Drehzahl), die Kraftstoff- und 
Schmierölqualität sowie der Verschleißzustand des Motors (Wachter und Cartellieri, 1987). 
 
Die Partikelbildung wird durch die Rußbildung im Brennraum eingeleitet. Ruß entsteht, wenn 
Kraftstoff in eine Umgebung hoher Temperatur bei geringem Sauerstoffangebot gelangt. Die 
Reaktionen, die zur Ruß- bzw. Partikelbildung führen, sind quantitativ nur unvollständig 
geklärt. Als wahrscheinlichste Hypothese gilt die Acetylen-Theorie (Klingenberg et al., 
1992). Hiernach stehen am Anfang der Rußbildung Crack- und Dehydrierungsreaktionen, die 
zur Zersetzung der langkettigen Kraftstoffmoleküle in kurzkettige, ungesättigte Kohlen-
wasserstoffe wie das Acetylen führen. Durch Anlagerungsprozesse entstehen aus dem Acety-
len unter weiterer Wasserstoffabspaltung zyklische und polyzyklische Kohlenwasserstoffe. 
Weitere Additions- und Dehydrierungsreaktionen führen zu einem Anwachsen des Kohlen-
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stoffanteils in den Molekülen, bis schließlich erste Teilchen mit Durchmessern größer 0,001 
m entstanden sind, aus denen durch Koagulation die sogenannten Primärpartikel mit 

Durchmessern von 0,01 bis 0,08 m gebildet werden. Die Gestalt, in der die Partikeln den 
Brennraum verlassen, ist sehr vielfältig. Sowohl kleine Primärpartikeln als auch größere, aus 
Primärpartikeln zusammengesetzte Agglomerate in Form von teilweise räumlich sehr ver-
zweigten Ketten und sphärischen Zusammenballungen wurden beobachtet (Lipkea und 
Johnson, 1978; Amann und Siegla, 1982; Jing et al., 1996). 
Bei der Betrachtung der Partikelbildung wird grundsätzlich zwischen den Vorgängen im 
Brennraum, denen im Abgasstrang sowie denen bei der Vermischung von Abgas mit der 
Umgebungsluft beim Austritt ins Freie unterschieden. 
Bei der Partikelbildung im Brennraum ist die praktisch gleichzeitig mit der Rußbildung ein-
setzende Rußoxidation von großer Bedeutung. Die Geschwindigkeiten der die Rußbildung 
einleitenden Crackreaktionen sowie der Oxidationsreaktionen sind stark von Druck, Tem-
peratur und vom Luftverhältnis abhängig. Bei hohen Temperaturen und geringem Sauerstoff-
angebot (kleine Luftverhältnisse) ist die Geschwindigkeit der Crackreaktionen größer als die 
der Oxidationsreaktionen; somit wird mehr Ruß gebildet als oxidiert. Bei hohen Tempera-
turen und großen Luftverhältnissen ist hingegen die Oxidationsgeschwindigkeit größer, so 
dass eine nachträgliche Rußverbrennung möglich ist (Meurer, 1966; Hühn, 1970; Houben und 
Lepperhoff, 1990). 
 
Als Dieselmotoremission (DME) gilt gemäß den Technischen Regeln für Gefahrstoffe 
(TRGS) nur der nach einem speziellen Analyseverfahren filtrierbare elementare Kohlenstoff 
des Partikelanteils (Bundesarbeitsblatt, 1996). Bei der coulometrischen Analyse kann dann 
zwischen dem elementaren Kohlenstoff und den organisch löslichen Kohlenstoffverbindun-
gen unterschieden werden (Mayer et al., 1998). Die Verwendung des Begriffs Dieselmotor-
emissionen ist jedoch häufig weiter gefasst, weil er im Allgemeinen die Gesamtheit der aus 
Gas- und Partikelphase bestehenden Emissionen bezeichnet. Der TRK-Wert (Technische 
Richtkonzentration) für DME liegt derzeit bei 0,1 mg/m3. 
Die erbgutverändernden Eigenschaften (Mutagenität und Kanzerogenität) von DME sind seit 
geraumer Zeit bekannt. Obwohl ein sicherer Nachweis der krebsauslösenden Wirkung beim 
Menschen noch nicht geführt war, wurden 1987 in Deutschland DME aufgrund eindeutiger 
Untersuchungen in vitro und an Tieren (Heinrich et al., 1986; Ishinishi et al., 1986; Mauderly 
et al., 1987) als krebserregender Arbeitsstoff in die Gruppe III A2 der MAK-Liste eingestuft. 
Die International Agency for Research on Cancer (IARC, 1989), die Weltgesundheits-
organisation WHO (1996) und ebenso US-amerikanische Behörden stuften DME nach zu-
sätzlichen Auswertungen epidemiologischer Studien als wahrscheinlich für den Menschen 
krebserregend ein (NIOSH, 1988; EPA 1998). Die kanzerogene Wirkung geht dabei von der 
Partikelphase mit den daran anhaftenden mutagenen Substanzen aus. Dabei sind vor allem 
polyzyklische aromatische Kohlenwasserstoffe von Bedeutung (Scheepers und Bos, 1992; 
Health Effects Institute, 1995). Aber auch andere Gesundheitsgefahren, die vor allem den 
Atemtrakt und das Herz-Kreislaufsystem betreffen, wurden beobachtet (Health Effects 
Institute, 1995). 
 
In Umweltstudien wurde beobachtet, dass kurzzeitige Anstiege der Partikelkonzentrationen in 
der Luft zum Anstieg von Krankenhauseinweisungen und Todesfällen bei Patienten mit 
Atemwegs- und Herz-Kreislauferkrankungen führten (Dockery and Pope, 1994; Samet et al., 
1995; Katsouyanni et al., 1997). Langzeitstudien zeigten, dass in Ballungsgebieten mit hoher 
Partikelbelastung der Luft mehr chronische Atemwegs- und Herz-Kreislauferkrankungen 
auftraten als in ländlichen Regionen (Dockery et al., 1993; Pope et al., 1995). Eine 1999 
publizierte Untersuchung ergab Assoziationen eines Lungenkrebsrisikos mit Partikeln, aber 
auch mit Ozon und Schwefeldioxid (Abbey et al., 1999). Insgesamt ergibt sich aus den vor-
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liegenden Daten, dass Partikelemissionen mit negativen Auswirkungen auf die Gesundheit 
vor allem von empfindlichen Personen (Kindern, alten und kranken Menschen) verbunden 
sein können. Eine Abschätzung des globalen Gesundheitsrisikos bei gleichbleibend steigender 
partikulärer Luftverschmutzung ergab für die Jahre 2000 bis 2020 weltweit 8.000.000 zu-
sätzliche Todesfälle (Working Group on Public Health and Fossil-Fuel Combustion, 1997). In 
neuen Studien wird auch zunehmend die Partikelgrößenverteilung der Emissionen berück-
sichtigt, da es Hinweise gibt, dass feine (< 2,5 m) und ultrafeine (< 0,1 m) Partikel stärker 
mit Gesundheitsrisiken verbunden sein könnten, als die bisher meistens herangezogenen 
Partikelgrößen (< 10 m) (Seaton et al., 1995; Peters et al., 1997). 
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3 Material und Methoden 

3.1 Motor und Motortestbedingungen 

Die Untersuchungen erfolgten am Emissionsprüfstand des Institutes für Technologie und 
Biosystemtechnik der Bundesforschungsanstalt für Landwirtschaft in Braunschweig. Dort 
steht ein moderner Mercedes Benz Motor OM 904 LA (125 kW) mit Turbolader und Lade-
luftkühlung zur Verfügung (Tabelle 3-1). 
 
Tabelle 3-1: Technische Daten des Mercedes Benz OM 904 LA 
Zylinderhub 130 mm 

Zylinderbohrung 102 mm 

Anzahl Zylinder 4 

Hubvolumen 4250 cm3 

Nenndrehzahl 2300 min-1 

Nennleistung 125 kW 

Maximales Drehmoment 635 Nm bei 1380 min-1 

Verdichtung 17,4 
 
Der Vierzylindermotor arbeitet mit einem Pumpe-Leitung-Düse-Einspritzsystem. In der am 
Emissionsprüfstand montierten Ausführung entspricht der Motor den nach EURO II gelten-
den Emissionsgrenzwerten. DaimlerChrysler verbaut das Aggregat überwiegend in der 
ATEGO-Lkw-Serie. Gekoppelt an eine Wirbelstrombremse können gemäß ECE-R 49 die 
geforderten Lastpunkte hintereinander automatisch angefahren werden (Abb. 3-1). Ein Ver-
lauf des 13-Stufen-Tests ist in Abbildung 3-2 dargestellt. 
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Abbildung 3-1: Motorbetriebspunkte des 13-Stufen-Tests nach ECE-R 49 
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Abbildung 3-2: Drehzahl und Drehmoment im Verlauf des 13-Stufen-Tests nach ECE-R 49 
 

3.2 Analysenmethoden und Kraftstoffeigenschaften 

 
3.2.1 Gesetzlich limitierte Abgasparameter 

Die gesetzlich limitierten Abgasbestandteile Kohlenmonoxid (CO), Gesamtkohlenwasser-
stoffe (HC) und Stickoxide (NOx) werden durch herkömmliche Gasanalysatoren bestimmt 
und ihre Werte alle fünf Sekunden aufgezeichnet. Aus den in der letzten Minute eines Be-
triebspunktes aufgezeichneten Werten wird ein Mittelwert gebildet. 
 
Das Messgerät für CO arbeitet mit nicht dispersem Infrarotlicht (NDIR-Verfahren). Es 
handelt sich dabei um einen Gasanalysator Multor 710 (Fa. Maihak). Der gefilterte und unter 
seine Taupunkttemperatur abgekühlte Probegasstrom wird in zwei gleiche, jeweils durch eine 
Küvette fließende Teilströme geteilt. Eine dieser Küvetten wird mit infrarotem Licht bestrahlt, 
dessen Wellenlänge auf charakteristische Absorptionen des Kohlenmonoxids abgestimmt ist. 
Dadurch erwärmt sich dieser Teilstrom, und es kommt in einem Verbindungskanal der beiden 
Küvetten zu einer Ausgleichsströmung, die durch einen Mikroströmungsfühler gemessen wird 
und ein kalibrierfähiges Maß für den Gehalt der Messkomponente CO ist. Kalibriert wird der 
Analysator mittels Prüfgas von 0,198 % CO in Stickstoff. 
 
Zur Bestimmung der Kohlenwasserstoffe wird als Messgerät der Gasanalysator RS 55-T der 
Firma Ratfisch eingesetzt. Er arbeitet mit einem Flammenionisations-Detektor (FID), wobei 
das Probegas in einer Helium-Wasserstoff-Flamme ionisiert wird, die in einem elektrischen 
Feld brennt. Durch Messung der Feldänderung wird der Kohlenwasserstoffgehalt ermittelt. 
Die Kalibrierung erfolgte mit Propan (C3H8, 276 ppm) als Einpunktkalibrierung. Dabei führt 
eine mittels eines Thermostaten konstant auf 190°C beheizte Leitung das heiße und zuvor 
gefilterte Abgas dem HC-Analysator zu. Mit der Beheizung des Gasweges soll eine vorzeitige 
Kondensation höhersiedender Kohlenwasserstoffe vermieden werden. 
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Die Stickoxide werden mit einem Chemilumineszenzdetektor (CLD) der Firma EcoPhysics 
(CLD 700 EL ht) analysiert. Grundlage des CLD ist die Tatsache, dass bei der Oxidation von 
NO zu NO2 etwa 10 % der NO2-Moleküle in einen elektronisch angeregten Zustand gelangen, 
aus dem sie sofort in den nicht angeregten Zustand zurückkehren, wobei Photonen ausge-
sendet werden (Lumineszenz). Diese werden bestimmt und sind ein Maß für den NO-Gehalt. 
Zur Bestimmung des Gesamtgehaltes an NOx (NO + NO2 = NOx) wird die heiße und ge-
filterte Probe zunächst durch einen Konverter geleitet, in dem NO2 zu NO reduziert wird. NO2 
wird als Differenz aus der Messung von NOx und NO errechnet. Der CLD erzeugt mittels 
eines im Gerät enthaltenen Ozongenerators Ozon (O3) für die Oxidation von NO zu NO2. Die 
Kalibrierung erfolgt mit Prüfgasen von 838 ppm NO in Stickstoff. 
 
Die Probenahme zur Partikelmassebestimmung erfolgt an einem Abgasteilstromverdünnungs-
tunnel (Abb. 3-3), der das Abgas verdünnt und somit auf unter 51,7°C abkühlt. Die Partikel 
werden auf einem zweistufigen Filter gesammelt, indem ein Teilstrom aus dem verdünnten 
Abgas entnommen wird. Dieser Teilstrom wird nach den Filtern durch einen Massendurch-
flussregler geführt und hat daher einen konstanten Volumenstrom. Das Gesamtvolumen 
VSAM, das durch den Filter gesogen wird, ergibt sich aus der Vorgabe, dass bei jedem Be-
triebspunkt mindestens 30 Sekunden und höchstens 300 Sekunden der Filter belegt werden 
darf. Dazu wird für jeden Betriebspunkt die Verdünnung während des Testverlaufs errechnet 
und der Filter dann solange belegt, dass der geforderte Anteil des Betriebspunktes WFi am 
gesamten 13-Stufen-Test (Abb. 3.1) mit +/- 7 % eingehalten wird.  
 

i
iEDF,iSAM

iEDF,iSAM,

WF
VqV

VV !
i

iWF
 

 
mit  
VSAM: Gesamtprobevolumen 
VSAM,i: Probevolumen im Betriebspunkt i 

iEDF,V : Abgasvolumenstrom im Betriebspunkt i 
WFi: Wichtungsfaktor des Betriebspunktes i 
qi: Abgasverdünnungsverhältnis im Betriebspunkt i 
 
  
Bei den Filtern handelt es sich um PTFE-beschichtete Glasfaserfilter (T60A20, Pallflex 
Products Corp.), deren gravimetrische Analyse per Mikrogrammwaage erfolgt (Sartorius 
M5P,  5 g Genauigkeit).  
 

Die Partikelemission berechnet sich dann nach  

i
iiSAM

i
iPF

WFPV

WFM
PT

iEDF,V
 

mit  
PT: spezifische Partikelemission 
MPF: Gesamtmasse auf den Partikelfiltern 
VSAM: Gesamtprobevolumen 

iEDF,V : Abgasvolumenstrom im Betriebspunkt i 
WFi: Wichtungsfaktor des Betriebspunktes i 
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Pi: Leistung  im Betriebspunkt i 
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Abbildung 3-3: Schematische Darstellung des Abgasverdünnungstunnels 

 

3.2.2 Kraftstoffeigenschaften 

Die gemäß den vorliegenden Analysen vergleichbaren Kraftstoffeigenschaften werden in 
Tabelle 3-2 wiedergegeben. Alle darüber hinaus zur Verfügung stehenden Parameter finden 
sich im Anhang.  
Mineralischer Dieselkraftstoff gemäß DIN EN 590 (DK) wurde von der Carl Büttner 
Mineralöl GmbH, Leer bezogen. Rapsölmethylester gemäß E DIN 51 606 (RME) wurde von 
der Oelmühle Leer Connemann GmbH & Co zur Verfügung gestellt. 
 

Tabelle 3-2: Eigenschaften der verwendeten Kraftstoffe 

 Grenzwert 
nach DIN 
EN 14214 

 

RME 
Grenzwert 
nach DIN 
EN 590 

 

DK 

Dichte (15°C)  [kg/m³] 860-900 883 820-845 827,1 

kin. Viskosität (40°C)  [mm²/s] 3,5-5,0 4,55 2-4,5 2,434 

Flammpunkt  [°C] min. 120 >170 > 55 69,0 

C.F.P.P.  [°C] max. -20 -10 max. -20 -15 

Schwefel  [mg/kg] max. 10,0 <10 max. 50 8 

Koksrückstand  [Gew.-%] max. 0,30 <0,05 max. 0,30 <0,05 

Cetanzahl [-] min. 51 >55 min. 51 54,4 

Wassergehalt  [mg/kg] max. 500 267 max. 200 20 

Gesamtverschmutzung  [mg/kg] max. 24 2 max. 24 <10 

Kupfer Korrosion [-] max. 1 1 max. 1 1 

Neutralisationszahl  [mg KOH/g] max. 0,5 0,173 max. 0,5 <0,05 
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4 Ergebnisse 

Im Verlauf der Versuchsreihe wurden über 50 13-Stufen-Tests gefahren. Von diesen konnten 
jedoch nicht alle zur Auswertung herangezogen werden. Am Ende einer Serie trat ein Riss in 
der Kühlung der Ladeluft auf und verursachte einen starken Leistungsabfall des Motors. Da 
nicht genau bestimmt werden konnte, ab wann dieser Riss vorlag, wurden alle Versuche 
wiederholt. Am Ende dieser Wiederholung zeigte sich ein Fehler bei der Messung des 
Verdünnungsluftverhältnisses, das zur Partikelemissionsbestimmung notwendig ist. Somit 
wurden weitere Wiederholungsmessungen notwendig. Zudem war aufgrund von leicht 
schwankenden Verdünnungsverhältnissen zwischen verschiedenen Tests die Bestimmung der 
Partikelemissionen schwierig, so dass auch hier einzelne Tests wiederholt werden mussten. 
Aus der Vielzahl der Wiederholungen resultiert eine große, gut gesicherte Datengrundlage für 
die Emissionen von Stickoxiden, Kohlenmonoxid und Kohlenwasserstoffen. Für die Bestim-
mung der Partikelemissionen stehen pro Gemisch die im Projektantrag geforderten zwei 
Testläufe zur Auswertung zur Verfügung. Jedoch wurden über die Anforderungen des 
Projektantrags hinaus auch die Partikelemissionen der Gemische mit 25 % und 75 % RME-
Anteil bestimmt. 
 
Der Versuchsmotor lief in den Versuchen weitgehend reproduzierbar und zuverlässig. Nur im 
Betriebspunkt 12 ist die Einstellung des geforderten Drehmoments schwer möglich, so dass 
hier oft größere Schwankungen auftreten (Abbildung 4-1). Da dieser Punkt jedoch nur mit 2 
% zum Gesamtergebnis beiträgt, machen sich diese Schwankungen nicht bemerkbar. 
Mit zunehmendem RME-Anteil ist eine Abnahme der Leistung in den Betriebspunkten 6 und 
8 feststellbar. Das maximale Drehmoment verringert sich bei RME gegenüber DK um ca.     
2-3 %, die maximale Leistung um ca. 1 %. Um jedoch einen vergleichbaren Testverlauf zu er-
zielen, werden alle anderen Punkte bei identischen Einstellungen gefahren und nicht auf das 
jeweils geringere Drehmoment von RME oder RME-Mischungen heruntergerechnet. 
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Abbildung 4-1: Drehzahl und Drehmoment im Verlauf des 13-Stufen-Test mit extremen 

Schwankungen des Motors im Betriebspunkt 12 
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Während der 13-Stufen-Tests wurden noch zahlreiche weitere Motorparameter (z.B. Öldruck, 
Ansaugvolumenstrom, Abgastemperatur), Abgasbestandteile (z.B. Sauerstoffgehalt, Kohlen-
dioxidgehalt) und Umgebungsparameter (z.B. Temperatur und relative Feuchte der Ansaug-
luft) aufgezeichnet. Für die Parameter, die sich während des 13-Stufen-Tests verändern, ist 
ein exemplarischer Verlauf im Anhang abgebildet. 
 

4.1 Kohlenmonoxidemissionen 

Abbildung 4-3 zeigt beispielhaft die Kohlenmonoxidemissionen im Verlauf des 13-Stufen-
Tests. Insbesondere die Betriebspunkte 1, 6 und 12 weisen hohe Konzentrationen im Abgas 
auf. Die geringsten Konzentrationen sind in den Betriebspunkten 9, 10 und 11 zu erkennen. 
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Abbildung 4-2: Exemplarischer Verlauf der Kohlenmonoxidkonzentration im Abgas im 

Verlauf des 13-Stufen-Tests 
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Abbildung 4-3: Spezifische CO-Emissionsmassenströme von verschiedenen RME/DK-

Mischungen im 13-Stufen-Test 
 
Sowohl DK als auch RME liegen deutlich unter dem Emissionsgrenzwert von 4,0 g/kWh 
(Abbildung 4-3). Mit zunehmendem RME-Anteil nimmt die Emission um ca. 40 % linear ab. 
Die relative Standardabweichung zwischen den einzelnen Ergebnissen des 13-Stufen-Tests 
beträgt etwa 10 %. Die je 6 ausgewerteten 13-Stufen-Tests bei 75 % bzw. 100 % zeigen im 
Ergebnis eine deutlich geringere Standardabweichung. Berechnet man die Standardab-
weichung aus den Standardabweichungen der Einzelpunkte mittels Fehlerfortpflanzung, 
ergibt sich auch bei den Mischungen von 75 % und 100 % eine mit den anderen Mischungen 
vergleichbare Standardabweichung von ca. 10 %. Die Ergebnisse der einzelnen 13-Stufen-
Tests sind aufgeschlüsselt nach Betriebspunkten im Anhang 7.2.1 dargestellt. 
Beim CO handelt es sich um ein Produkt unvollständiger Verbrennung und seine Entstehung 
ist im Wesentlichen auf Sauerstoffmangel zurück zu führen. Der durch die Esterbindungen im 
RME enthaltene Sauerstoff und die lineare Molekülgeometrie werden zum Teil für den be-
obachteten Minderungseffekt mit verantwortlich gemacht. 
 

4.2 Kohlenwasserstoffemissionen 

Ebenso wie für CO wird auch bei den HC-Emissionen die Anforderung der EURO II-Grenz-
werte (1,1 g/kWh) für alle Reinkraftstoffe und Kraftstoffgemische erfüllt. Eine vergleichs-
weise hohe Emission ist im Leerlauf und den Schwachlastpunkten zu verzeichnen (Abbildung 
4-4).  
Die Emissionen nehmen über dem Mischungsverhältnis mit zunehmendem RME-Anteil um 
knapp 50 % ab. Diese Abnahme ist weitgehend linear (Abbildung 4-5).  
Die Ergebnisse der einzelnen 13-Stufen-Tests sind aufgeschlüsselt nach Betriebspunkten im 
Anhang 7.2.2 dargestellt. 
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Abbildung 4-4:  Exemplarischer Verlauf der Kohlenwasserstoffkonzentration im Abgas im 

Verlauf des 13-Stufen-Tests 
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Abbildung 4-5: Spezifische HC-Emissionsmassenströme im 13-Stufen-Test 
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4.3 Stickoxidemissionen 

Bei den Stickoxidemissionen unterschreiten die ermittelten Emissionsmassenströme nur 
knapp den vorgeschriebenen Grenzwert von 7,0 g/kWh. Dieses Ergebnis unterstreicht im 
Zusammenhang mit den weiter unten dargestellten Ergebnissen für die emittierte Partikel-
masse, dass gerade diese beiden Schadstoffgruppen für den Dieselmotor ein Problem darstel-
len. 
Mit steigendem RME-Anteil nehmen die Stickoxidemissionen linear zu. So zeigt RME ge-
genüber DK eine um ca. 10 % höhere Emission (Abbildung 4-7).  
Abbildung 4-6 zeigt, dass nur im Leerlauf geringe NOx-Emissionen entstehen, da hier die 
notwendig hohe Verbrennungstemperatur für die Entstehung von thermischen NOx nicht 
erreicht wird. Zudem ist erkennbar, dass die Stickoxide zu über 90 % als NO emittiert 
werden; NO2 nimmt nur einen geringen Anteil an den Emissionen ein. 
Die Ergebnisse der einzelnen 13-Stufen-Tests sind aufgeschlüsselt nach Betriebspunkten im 
Anhang 7.2.3 dargestellt. 
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Abbildung 4-6: Exemplarischer Verlauf der Stickoxidkonzentration im Abgas im Verlauf des 

13-Stufen-Tests 
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Abbildung 4-7: Spezifische Stickoxidmassenströme im 13-Stufen-Test 
 

4.4 Partikelmasseemissionen 

Die Partikel werden im Verlauf des 13-Stufen-Tests auf einem Filter gesammelt. Daher kann 
keine Differenzierung nach einzelnen Betriebspunkten erfolgen. Für die Bestimmung der 
Emissionen der einzelnen Gemische konnten jeweils nur zwei Versuche ausgewertet werden. 
Daher ist hier die Datengrundlage deutlich kleiner als bei den anderen limitierten Abgas-
komponenten. Dies macht sich in einer höheren Standardabweichung und einer schlechteren 
linearen Regression bemerkbar. 
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Abbildung 4-8: Spezifische PM-Emissionsmassenströme im 13-Stufen-Test 
 
Die Verwendung von RME bewirkt eine Reduktion von ca. 40 % gegenüber DK. Die 
Gemische liegen zwischen den Werten von RME und DK. Eine lineare Regression ist hier 
aber nicht so deutlich ausgeprägt wie bei den anderen Schadstoffen. Der Emissionsgrenzwert 
von maximal 0,15 g/kWh wird in jedem Fall eingehalten (Abbildung 4-8). 
 
Die wesentlichen Voraussetzungen zur Bildung von PM-Emissionen sind Sauerstoffmangel 
und niedrige Verbrennungstemperaturen. Damit ist auch schon das Dilemma des Diesel-
motors umschrieben. Denn diese beiden Parameter stehen im Gegensatz zu den Bedingungen, 
die für die NOx-Bildung verantwortlich sind. Im vorliegenden Fall wurden herstellerseitig 
offensichtlich die Partikelmassen weitestgehend abgesenkt, und im Gegenzug konnten die 
Stickoxide nur knapp unterhalb des zulässigen Grenzwertes gehalten werden. Allerdings führt 
ein hoher Emissionswert für NOx typischerweise zu einem niedrigen spezifischen Kraftstoff-
verbrauch und hat dadurch auch einen positiven Effekt aus der Sicht des Motorenherstellers 
und des Fahrzeughalters.  
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5 Zusammenfassung 

 
Im Rahmen des hier vorgestellten Forschungsprojektes wurden die limitierten Emissionen 
von Dieselkraftstoff, RME sowie deren Mischungen in dieselmotorischer Verbrennung unter-
sucht.  
Die Versuche wurden mit einem modernen direkteinspritzenden Motor des Typs Mercedes 
Benz (OM 904 LA) durchgeführt, der im 13-Stufen-Test (ECE-R 49) betrieben wurde.  
Ziel der Untersuchungen war es, Aussagen zum Emissionsverhalten verschiedener Mischun-
gen von RME und DK zu gewinnen. Dazu wurden die Reinkraftstoffe und Mischungen von 
Dieselkraftstoff mit 25 %, 50 %, und 75 % RME untersucht. 
 
Zur Bestimmung von Kohlenmonoxid- (CO), Gesamtkohlenwasserstoff- (HC) und Stickoxid- 
(NOx) Emissionen wurden je Kraftstoffmischung zwischen vier und acht 13-Stufen-Tests 
gefahren. Dagegen wurden für die Partikelmasseemissionen nur je zwei 13-Stufen-Tests 
durchgeführt. Jedoch wurden auch die Partikelemissionen der Gemische mit 25 % und 75 % 
RME-Anteil, die nicht im Projektantrag gefordert wurden, bestimmt. 
 
Die Emissionen lagen bei allen Versuchen unter den gesetzlich festgelegten Grenzwerten von 
EURO II. Die Stickoxidemissionen haben diesen Grenzwert nur knapp unterschritten. Für die 
Partikelemissionen und insbesondere für Kohlenmonoxid- und Kohlenwasserstoffemissionen 
lagen die ermittelten Werte weit unterhalb der Grenzwerte.  
 
RME weist dabei gegenüber DK bei NOx eine um ca. 10 % höhere Emission auf. Eine Re-
duktion ist dagegen bei HC (50 %), CO (40 %) und der PM-Emission (40 %) zu verzeichnen. 
 
Die Emissionen der Mischungen ändern sich weitgehend linear mit dem Anteil von RME im 
DK. Nur bei der Partikelmasse ist dieser Trend – wohl aufgrund der geringeren Versuchs-
anzahl – nicht so deutlich ausgeprägt. 
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7 Anhang 

7.1 Kraftstoffanalysen 

 
Tabelle 7-2: Biodiesel (RME) nach DIN EN 14214 

Eigenschaft Resultat Grenzwert  
gemäß 

DIN EN 14214 

Dichte (15°C)    [g/mL]  0,883  0,860-0,900 

kin. Viskosität (40°C)   [mm²/s]  4,55  3,5-5,0 

C.F.P.P.    [°C]  -10  max. -20 

Schwefelgehalt   [mg/kg]  <10  max. 10,0 

Aschegehalt    [Gew.-%]  <0,01  max. 0,02 

Wassergehalt    [mg/kg]  267  max. 500 

Flammpunkt    [°C]  >170  min. 120 

Cetanzahl    [-]   >55  min. 51 

Koksrückstand   [Gew.-%]  <0,05  max. 0,30 

Gesamtverschmutzung  [mg/kg]  2  max. 24 

Kupfer-Korrosion   [-]  1  max. 1 

Oxidationsstabilität   [h]  7,42  min. 6,0 

Neutralisationszahl   [mg KOH/g]  0,173  max. 0,5 

Methanol    [Gew.-%]  <0,3  max. 0,2 

Monoglyceride   [Gew.-%]  0,39  max. 0,8 

Diglyceride    [Gew.-%]  0,06  max. 0,2 

Triglyceride    [Gew.-%]  0,04  max. 0,2 

freies Glycerin   [Gew.-%]  <0,005  max. 0,02 

Gesamtglycerin   [Gew.-%]  0,112  max. 0,25 

Iodzahl    [-]  113  max. 120 

Phosphorgehalt   [mg/kg]  <1  max. 10 

Alkaligehalt    [mg/kg]  <1  max. 5 
 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



 25

Tabelle 7-3: Dieselkraftstoff (DK) nach DIN EN 590 

Eigenschaft Resultat Grenzwert  
gemäß 

DIN EN 590 

Dichte (15°C)    [kg/m³]  827,1  820-845 

kin. Viskosität (40°C)   [mm²/s]  2,434  2,00-4,50 

C.F.P.P.    [°C]  -15  max. -22 

Schwefelgehalt   [mg/kg]  8  max. 50 

Aschegehalt    [Gew.-%]  <0,001  max. 0,01 

Wassergehalt    [mg/kg]  20  max. 200 

Polyaromatengehalt   [Gew.-%]  5,1  max. 11 

Flammpunkt    [°C]  69,0  min. 59 

Cetanzahl    [-]  54,4  min. 51,0 

Koksrückstand   [Gew.-%]  <0,05  max. 0,30 

Gesamtverschmutzung  [mg/kg]  <10  max. 24 

Kupfer-Korrosion   [-]  1  max. 1 

Oxidationsstabilität   [g/m3]  <10,0  max. 25 

Neutralisationszahl   [mg KOH/g]  <0,05  max. 0,20 

Destillat bei 250°C   [Vol.-%]  45,5  max. 65 

Destillat bei 350°C   [Vol.-%]  93,5  min. 85 

95% Punkt    [°C]  357  max. 360 

Cloudpoint    [°C]  -10  max. -7 

Cetanindex    [-]  52,8  min. 46,0 

Schmierfähigkeit (60°C)  [ m]  430  max. 460 

pH-Wert    [-]  6,7  - 

Chloride    [mg/kg]  <5  

Leitfähigkeit (20°C)   [pS/mm]  90  

Geruch     [-]  normal  - 
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7.2 Einzeldarstellung der Emissionswerte 

7.2.1 Kohlenwasserstoffe (HC) 
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Abbildung 7-1:  Abbildung 7-2: 
HC-Emissionen im Betriebspunkt 1 HC-Emissionen im Betriebspunkt 2 
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Abbildung 7-3:  Abbildung 7-4: 
HC-Emissionen im Betriebspunkt 3 HC-Emissionen im Betriebspunkt 4 
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Abbildung 7-5:  Abbildung 7-6: 
HC-Emissionen im Betriebspunkt 5 HC-Emissionen im Betriebspunkt 6 
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Abbildung 7-7:  Abbildung 7-8: 
HC-Emissionen im Betriebspunkt 7 HC-Emissionen im Betriebspunkt 8 
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Abbildung 7-9:  Abbildung 7-10: 
HC-Emissionen im Betriebspunkt 9 HC-Emissionen im Betriebspunkt 10 
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Abbildung 7-11:  Abbildung 7-12: 
HC-Emissionen im Betriebspunkt 11 HC-Emissionen im Betriebspunkt 12 
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Abbildung 7-13:  Abbildung 7-14: 
HC-Emissionen im Betriebspunkt 13 HC-Emissionen im 13-Stufen-Test  
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7.2.2 Kohlenstoffmonoxid (CO) 
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Abbildung 7-15:  Abbildung 7-16: 
CO-Emissionen im Betriebspunkt 1 CO-Emissionen im Betriebspunkt 2 
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Abbildung 7-17:  Abbildung 7-18: 
CO-Emissionen im Betriebspunkt 3 CO-Emissionen im Betriebspunkt 4 
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Abbildung 7-19:  Abbildung 7-20: 
CO-Emissionen im Betriebspunkt 5 CO-Emissionen im Betriebspunkt 6 
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Abbildung 7-21:  Abbildung 7-22: 
CO-Emissionen im Betriebspunkt 7 CO-Emissionen im Betriebspunkt 8 
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Abbildung 7-23:  Abbildung 7-24: 
CO-Emissionen im Betriebspunkt 9 CO-Emissionen im Betriebspunkt 10 
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Abbildung 7-25:  Abbildung 7-26: 
CO-Emissionen im Betriebspunkt 11 CO-Emissionen im Betriebspunkt 12 
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Abbildung 7-27:  Abbildung 7-28: 
CO-Emissionen im Betriebspunkt 13 CO-Emissionen im 13-Stufen-Test  
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7.2.3 Stickoxide (NOx) 
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Abbildung 7-29:  Abbildung 7-30 
NOx-Emissionen im Betriebspunkt 1 NOx-Emissionen im Betriebspunkt 2 
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Abbildung 7-31:  Abbildung 7-32: 
NOx-Emissionen im Betriebspunkt 3 NOx-Emissionen im Betriebspunkt 4 
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Abbildung 7-33:  Abbildung 7-34: 
NOx-Emissionen im Betriebspunkt 5 NOx-Emissionen im Betriebspunkt 6 
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Abbildung 7-35:  Abbildung 7-36: 
NOx-Emissionen im Betriebspunkt 7 NOx-Emissionen im Betriebspunkt 8 
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Abbildung 7-37:  Abbildung 7-38: 
NOx-Emissionen im Betriebspunkt 9 NOx-Emissionen im Betriebspunkt 10 
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Abbildung 7-39:  Abbildung 7-40: 
NOx-Emissionen im Betriebspunkt 11 NOx-Emissionen im Betriebspunkt 12 
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Abbildung 7-41:  Abbildung 7-42: 
NOx-Emissionen im Betriebspunkt 13 NOx-Emissionen im 13-Stufen-Test  
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7.3 Exemplarische Verläufe weiterer Parameter 
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Abbildung 7-43: Exemplarischer Verlauf der Sauerstoffkonzentration im Abgas im Verlauf 

des 13-Stufen-Tests 
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Abbildung 7-44: Exemplarischer Verlauf der Kohlenstoffdioxidkonzentration im Abgas im 

Verlauf des 13-Stufen-Tests 
 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



 33

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0 6 12 18 24 30 36 42 48 54 60 66 72 78
Betriebspunkt

C
O

2-
K

on
ze

nt
ra

tio
n 

[%
]

1 1312111098765432

 
Abbildung 7-45: Exemplarischer Verlauf der Kohlenstoffdioxidkonzentration im Ver-

dünnungstunnel im Verlauf des 13-Stufen-Tests 
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Abbildung 7-46: Exemplarischer Verlauf der Abgastemperatur und der Temperatur des ver-

dünnten Abgases im Verdünnungstunnel im Verlauf des 13-Stufen-Tests 
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Abbildung 7-47: Exemplarischer Verlauf der Ladeluft-, Kühlmittel-, Öl- und Kraftstoff-

temperatur im Verlauf des 13-Stufen-Tests 
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Abbildung 7-48: Exemplarischer Verlauf des Ladeluftdrucks sowie des Öldrucks im Verlauf 

des 13-Stufen-Tests 
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Abbildung 7-49: Exemplarischer Verlauf des Volumenstroms der Ansaugluft und der Ver-

dünnungsluft im Verlauf des 13-Stufen-Tests 
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1 Introduction 
 

Since the middle of last century, diesel engines have been used in many branches of industry 
and in the fields of transportation and traffic. In addition to their good energy efficiency, the 
particular environmental compatibility of diesel engines was mentioned in this context, since 
the carbon monoxide and hydrocarbon emissions are comparably low. This led to a German 
tax advantage for vehicles running on diesel fuel in the mid 1980s. Advanced knowledge led 
to a new evaluation of diesel engines. At the forefront of these discussions are the significant-
ly higher nitrogen oxide and particle emissions of diesel engines in comparison with the Otto 
engine. This is also of significance for the use of biogenic fuels. 
 
Biodiesel originates from rapeseed oil in Europe and soybean oil in the USA, respectively, 
and is well established as renewable fuel. It is used as neat fuel or as blend compound to fossil 
diesel fuel. In the past years palm oil was established as a further source for production of the 
methyl ester. With increasing crude oil prices it became more profitable to produce biodiesel 
and two points became a great deal of discussion:  

should existing agricultural systems be used to produce food or raw material for bio-
fuels, and  
how can it be avoided to clear rain forest land in order to create palm oil plantations? 

One proposal for solution is to use jatropha oil for biodiesel production. The jatropha plant 
can be cultivated in arid regions which are barely suitable for food production and the jatro-
pha oil is inedible for humans and farm animals.  
 
Another problem with biodiesel is one of technical nature. To reduce particulate matter from 
passenger car exhaust, diesel particle filters are used in modern diesel vehicles. According to 
the filter concept, most filters have to be regenerated from time to time. For the regeneration a 
post-injection of fuel is performed. This fuel inflames in the oxidation catalyst before or 
inside the particle filter, heats up the filter, and burns also the collected particulate matter in 
the filter. If biodiesel is used as fuel, a part of the post-injected fuel condensates on the cy-
linder wall, and reaches the motor oil. In contrast to diesel fuel, biodiesel dos not evaporate at 
high oil temperatures, and therefore biodiesel leads to motor oil dilution. Several technical 
concepts were developed, but due to additional cost they haven’t been used in mass-produced 
vehicles. For using biogenic fuel further on, the biogenic fuel has to be adapted.  
One alternative is hydrogenation of vegetable oil instead of transesterification. This hydroge-
nated vegetable oil (HVO) is more comparable to diesel fuel and therefore it should be better 
suitable for filter regeneration with fuel post-injection. 
 
This project includes a comparison of emissions from the combustion exemplified at a Euro 
III heavy duty diesel engine of the new fuels NExBTL (hydrogenated vegetable oil) and 
jatropha oil methyl ester (JME) to those of fossil CEC reference diesel fuel (DF) and rapeseed 
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oil methyl ester (RME). In this report the legally regulated exhaust gas components, the par-
ticle number, particle size distribution in the exhaust gas, aldehydes and PAHs as well as the 
mutagenicity of organically soluble particle fractions are considered.  
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2 The Environmental Relevance of Diesel Engine Emissions 
 
These individual exhaust gas components are briefly described in terms of their formation and 
effects on humans and the environment. 
 

2.1 Regulated Exhaust Gas Components  
 
2.1.1 Hydrocarbons (HC) 
 
The combustion of organic materials ideally takes place according to the following gross 
reaction equation under the creation of carbon dioxide and water 

OHmCOnOmnHC mn 222 24 . 

In real combustion processes, this ideal conversion of fuel to water and carbon dioxide is not 
achieved. Depending on the engine and its operating conditions (load level, engine tempera-
ture, etc.) partially oxidized compounds can develop or unburned fuels can be emitted. The 
sum of these components is called hydrocarbons, and is measured as a lumped parameter.  
 
Through the multiplicity of substances belonging to this class of substances, no simple state-
ment on the direct impact on humans is possible. Hydrocarbon emissions can sometimes be of 
low toxicological relevance (i.e., alkanes or alkenes), but they can also be carcinogenic (i.e., 
benzene). Furthermore, the hydrocarbons are of significance in atmospheric chemistry since 
some of these substances contribute to the development of summer smog. A correlation be-
tween a total hydrocarbon emission value and the resulting health and environmental damage 
cannot be undertaken due to the complex composition of this group of substances. 
 
2.1.2 Carbon Monoxide (CO) 
 
Carbon monoxide is also the result of the incomplete combustion of fuels. In addition to these 
engine processes, household and industrial combustion processes, the oxidation of methane in 
the troposphere as well as the decomposition of chlorophyll can be named as sources of emis-
sions. CO is constantly oxidized to CO2 in the atmosphere or eliminated by soil bacteria. The 
average residence time in the troposphere is less than half a year. Through the high conver-
sion of CO in the atmosphere, the main danger is less at the global level than at the local level, 
and particularly in closed rooms. Carbon monoxide is a colorless and odorless gas and links 
250 times more strongly to hemoglobin than oxygen. With increased carbon monoxide con-
centrations in inhaled air, this suppression of oxygen leads to suffocation symptoms through 
to death. Acute poisoning occurs beyond 2,000 ppm, sub acute at just 500 ppm CO (Mar-
quardt and Schäfer, 1994).  
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Overall, the carbon monoxide emissions occurring through engine combustion, in considera-
tion of the other environmental pollution caused by vehicle traffic, are insignificant. Only 
7.5% of CO emissions originated in 2002 from diesel vehicles (2.5 % from passenger cars and 
5 % from heavy duty vehicles, VDA 2004). In future, the emissions will decrease. Further-
more, the major part of traffic CO emissions originates from spark ignition engines (VDA, 
2008).  
 
2.1.3 Nitrogen Oxides (NOx)
 

The nitrogen oxides nitrogen monoxide (NO) and nitrogen dioxide (NO2) are in contrast to 
CO and HC by-products of complete combustion. Nitrogen monoxide results as so-called 
“thermic NO” in the oxygen rich parts of the flame, or in the subsequent reaction zone 
(Baumbach, 1993). The reaction mechanism is called Zeldovich reaction (Fernando et al., 
2006; Warnatz et al., 2001) in accordance with: 
 
 OO 22   (3.1) 

 NNONO 2   (3.2) 

 ONOON 2   (3.3) 

 HNOOHN  (3.4) 
 
The reaction begins at about 1300 °C as a consequence of the start of oxygen dissociation. In 
the engine a noteworthy NO level can first be seen beyond about 1900 °C (Mattes et al., 
1999). In addition the nitrogen oxide known as “prompt NO” results from the reaction of HC 
radicals with air nitrogen and intermediary developed hydrocyanic acid. The latter plays only 
a minor quantitative role. Overall more than 90 percent of the total nitrogen oxide emissions 
are nitrogen monoxide. Characteristic of NO is its effort to react with oxygen – and particular-
ly quickly with ozone – to form NO2. 
Pure nitrogen monoxide does not irritate the lungs, but if no conversion to NO2 occurs, it 
develops methemoglobin after resorption via the respiratory tract. NO is an endogenous mod-
ulator of the blood vessel tone and thus a well studied substance in terms of physiology and 
metabolism (Lenz et al., 1993). 
Nitrogen dioxide is a gas with a piercing odor and red-brown color. It irritates the lungs and 
mucosa at a very low concentration. As a free radical, NO2 is basically in a position to ab-
stract hydrogen from fatty acids and thus to cause lipid peroxidation. This peroxidation ulti-
mately leads to a loss of function in biological membranes. The destruction of membranes is 
the higher-ranking toxicity principle, while the lipid peroxidation presents the initial reaction. 
Living cells counteract this process with protective and reparative mechanisms so that it first 
occurs by extremely high concentrations of NO2 which are hardly attainable in the free at-
mosphere. In the presence of water, NO2 disproportions to nitrous acid and nitric acid. The 
nitrous acid (HNO2) or its salts can react with secondary amines to mutagenic nitrous amines. 
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Nitrite in the blood system can oxidize hemoglobin to methemoglobin through which the 
capacity to transport oxygen can be lost. NO2 works in the same way, probably through the 
nitric acid (HNO3) which develops as a cellular poison in the respiratory tract. Exposure to 
9 mg/m³ NO2 causes reduced fluidity of plasma membranes. Changes in the fluidity of mem-
branes affect a range of fundamental cellular functions such as transmembrane transport, 
certain enzyme activities and receptor-ligand interactions. An activation of anti-oxidative 
enzymes and lipid peroxidation were observed after exposure to about 0.7 mg/m³ NO2 (Mar-
quardt and Schaefer, 1994). Nitrogen dioxide is a substance for which evidence of a carcino-
genic effect can be found in in vitro and animal studies.  
Of additional significance is the ability of NO2 to serve as a preliminary substance for photo 
oxidant development, particularly for ozone. The leaching of nitrous oxide from the atmos-
phere takes place through the formation of nitrous acid or nitric acid and their subsequent wet 
deposition as so-called acid rain. 
The worldwide road traffic causes 17.5 % of anthropogenic nitrogen oxide emissions (Mol-
lenhauer, 2002). In the year 2002, in Germany diesel passenger cars caused 9 % and heavy 
duty vehicles 53 % of NOx emissions of all traffic emissions (VDA, 2004). 
 
2.1.4 Particulate Matter (PM) 
 
In contrast to the concept “diesel engine emissions,” no general definition for diesel particles 
exists. According to the definition of the Environmental Protection Agency (EPA) in the 
U.S.A., particles shall be understood in the following as all substances present in diluted 
exhaust in solid or liquid form at a temperature of under 51.7 °C (meaning 125 °F) and which 
can be deposited on a filter (Code of Federal Regulations). The exhaust gas sample tempera-
ture is limited to ensure that all organic compounds with higher boiling points that could be of 
concern for health reasons and which could be adsorbed on carbon particulate matter are 
documented by the analysis. The temperature reduction of the exhaust gas samples is 
achieved by mixing the exhaust gas with air in a dilution system. In this manner the exit of the 
exhaust gas into the environment is simulated. 
 

The emitted particle mass consists of a multiplicity of organic and inorganic substances. The 
main constituents of the organic substances are unburned or only partially burned fuel and 
lubrication oil. The inorganic substances include soot (carbon), sulfates, water and metallic 
compounds. Shavings and rust particles originating directly from the engine or the exhaust 
gas system, as well as derivates of organo-metallic fuel and lubricant additives, are included 
in the metallic compounds. The percentage of these substances in the total particle mass de-
pends on many parameters. In addition to constructive parameters such as form of the com-
bustion chamber and design of the injection system, the point of operation, or rather the over-
all load configuration, the fuel and lubricant quality as well as the wear of the engine show 
also an influence here (Wachter and Cartellieri, 1987; Bosch, 2007). 
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 The development of particles is initiated by the soot development in the combustion chamber. 
Soot develops if the fuel enters an area with high temperature and low oxygen supply. The 
reactions leading to soot or particle formation are only incompletely clarified in a quantitative 
manner. The most probable hypothesis is the Acetylene Theory (Klingenberg et al., 1992). 
According to this theory, crack and dehydration reactions occur at the beginning of the soot 
development, which lead to the decomposition of long-chain fuel molecules into short-chain 
unsaturated hydrocarbons like acetylene. Through accumulation, with further hydrogen split 
off, acetylene develops cyclic and polycyclic aromatic hydrocarbons (PAH). Further addition 
and dehydration reactions lead to an increase in the carbon portion of the molecules, until 
ultimately the first particles develop with a diameter of more than 0.001 m, from which the 
so-called primary particles coagulate with a diameter of 0.01 to 0.08 m. The form in which 
the particles leave the combustion chamber is very diverse. Both small primary particles as 
well as larger agglomerates that are composed of primary particles and partly form some 
spatially-branched chains and spherical clusters have been observed (Lipkea and Johnson, 
1978; Amann and Siegla, 1982; Jing et al., 1996). 
 

In the consideration of particle development it is always differentiated between the processes 
in the combustion chamber, those in the exhaust tract, and those in the mixing of exhaust gas 
with ambient air, i.e. at the exit into the atmosphere. 
 
For the particle development in the combustion chamber, the soot oxidation that starts practi-
cally simultaneously to the soot formation is of great significance. The speed of the soot 
formation, initiated by crack reactions as well as oxidation reactions, is strongly dependent on 
pressure, temperature and air ratio. At high temperatures and low levels of oxygen (small air 
ratio) the speed of the crack reactions is higher than that of the oxidation reactions, which 
leads to an increased development of soot. At high temperatures and large air ratios, in con-
trast, the oxidation speed is higher so that a subsequent soot combustion is possible (Meurer, 
1966; Hühn, 1970; Houben and Lepperhoff, 1990; Glassman, 1996; Burtscher, 2004).  
 

A non-homogeneous mixed preparation of fuel and air in the combustion chamber always 
causes particle development in diesel engines. These can thus be considered products of in-
complete combustion, which can be reduced through higher temperatures, but that at the cost 
of higher NOx emissions. These inescapable conflicts are at the moment considered the great-
est problem of direct injection diesel engines and are called the “diesel dilemma” or “NOx / 
PM trade-off” (Bosch, 2007; Flynn et al., 1999). Publications show that even modern, direct 
injection Otto engines tend to show analogue behavior (Lake et al., 1999). To solve this prob-
lem, three different methods are used simultaneously: fine tuning of the engine and its injec-
tion system, the exhaust gas treatment, and the optimization of fuels. The three methods men-
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tioned should be adjusted to each other in order to reduce the particle and nitrogen oxide 
emissions at the same time. 
 
In environmental studies it was observed that short increases in particle concentration in the 
air led to an increase in the number of patients with respiratory and circulatory illnesses 
brought to hospitals or who die (Dockery and Pope, 1994; Samet et al., 1995; Katsouyanni et 
al., 1997; Samet et al., 2000; Wichmann et al., 2000; Li et al., 2008; Stöger und Schulz, 
2004). Long term studies showed that in urban areas with high particle air pollution featured 
more chronic respiratory and circulatory diseases than in non rural areas (Dockery et al., 
1993; Pope et al., 1995). A study published in 1999 found a link between a risk of lung cancer 
with particles but also with ozone and sulfur dioxide (Abbey et al., 1999). Overall the availa-
ble data show that particle emissions could be linked to negative health impacts, above all for 
sensitive persons (children, older people and the sick). An estimate of the global health risks 
with consistently increasing particle air pollution resulted worldwide in 8 million additional 
deaths for the years 2000 to 2020 (Working Group on Public Health and Fossil Fuel Combus-
tion, 1997). 
 

In other studies, the particle size distribution of the emissions is considered since fine (< 2.5 
m) and ultra-fine (< 0.1 m) particles are more strongly linked to health risks than the parti-

cle sizes already used for evaluation (< 10 m) (Seaton et al., 1995; Peters et al., 1997; 
Schwartz und Neas, 2000; Oberdörster, 2001; Frampton et al., 2004).  
 

2.2 Non-Regulated Exhaust Gas Components 
 
2.2.1 Number of Particles and Particle Size Distribution 
 
As an enhancement for the measurement of particle mass, the number of particles and the 
distribution of particle sizes were measured. As described above, very different types of par-
ticles exit the combustion chamber. In addition to ultra fine primary particles, agglomerates of 
these can also be found. Typically, most particles from today’s diesel engine run on conven-
tional diesel fuel have a diameter of between 10 and 300 nm. 
 
The health impacts of particles are strongly dependent on their diameter, which makes the 
measurement of particle size distribution especially important. Epidemiological studies of 
different research institutes show that the impact of ultra fine particles (UFP) can possibly be 
stronger than the impact of larger particles. The reason for this is the possible penetration of 
these particles into the bronchioles and alveoles of the human lung and the subsequent en-
trance into the bloodstream.  
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How the UFP function in the body has only been partially clarified. The following characte-
ristics have been observed and different impact mechanisms discussed (Marhold, 2003; 
Frampton et al., 2004): 

compared to larger particles, the deposition rate of the UFP is increased; 
UFP have a larger surface area in relation to their mass; 
the triggering of infection reactions is more clearly defined; 
UFP have a higher oxidative capacity; 
UFP are reabsorbed from the alveoles and transported through the circulatory system 
to other parts of the body. 

 
This could lead to different negative health effects: 

increased susceptibility to infection 
infections of bronchial mucosa and the alveoles 
risk for heart and circulatory diseases (heart attack, stroke). 

 
Particularly children and persons with respiratory and vascular diseases could be at higher risk 
for these effects. However in a study published in December 2004 on health volunteers and 
persons with mild asthma, only very weak acute symptoms were seen after exposure to carbon 
UFP (Frampton et al, 2004). 
 
In the meantime, many epidemiologists, toxicologists and other related scientists are calling 
for a limit on the number of emitted fine and ultra fine particles in addition to the existing 
exhaust gas laws limiting particle emissions. 
 
An example demonstrates how low the contribution of this particle fraction to the total mass 
is: If the density 1 g/cm³ and spherical geometry are assumed for the particles, then it holds 
that one particle of 1 m has the same mass as 64,000 particles with a diameter of 25 nm. 
 
2.2.2 Mutagenicity of the Soluble Organic Fraction of the Particles 
 
For a health related assessment of different diesel fuels it is necessary not only to determine 
the exhaust gas emissions from diesel engines but also perform toxicological studies. 
 
Combustion exhaust gases contain a multiplicity of different toxic elements that have not yet 
be conclusively studied. In the group of PAH-related compounds, far more than 150 individu-
al substances have been identified, of which the larger portion shows a mutagenic or carcino-
genic effect. Since chemical analytical proof of all substances in exhaust gas is not technically 
or financially feasible, and provides no statement on their toxic potency, a laboratory test 
method was searched for in order to document the genetic impacts of individual substances or 
mixtures of substances, such as, for example, combustion residues. 
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 In 1973, Ames and his colleagues published the experimental instructions for an in vitro test 
system which showed the mutagenic characteristics of a broad spectrum of substances 
through a re-mutation of genetically manipulated Salmonella typhimurium strains. The study 
of bacterial mutations has in the meantime gained a permanent place as a scientific method for 
estimating the gene-toxicological and carcinogenic effects of working substances and chemi-
cal pollution of the environment (OECD Guideline 471). Between 80 and 90 percent of the 
carcinogenic substances have also been shown to be mutagenic (Maron and Ames, 1983). 
 
In 1978, the ability of DEE to cause genetic damage was first shown in an Ames Test (Sal-
monella Microsome Test) by Huisingh et al., and was then confirmed in further extensive 
studies (Clark and Vigil, 1980; Claxton and Barnes, 1981; Siak et al., 1981; Belisario et al., 
1984). 
 
2.2.3 Aldehydes and Ketones 

Aldehydes and ketones result from incomplete fuel combustion in an engine. Complete oxida-

tion of hydrocarbons to carbon dioxide and water is disrupted by the creation of aldehydes 

and ketones. Thus compounds remain that are only partially oxidized. The obvious relation-

ship observed for Otto fuels between the aromatic content of the fuel and the carbonyl emis-

sions is not measurable for diesel fuels (DF). Thus despite extensive studies, no certain infor-

mation on the aldehyde creation in diesel engine emissions (DEE) is available (Prescher et al., 

1997). Aldehydes and ketones generally have a penetrating, mucous-irritating odour. The best 

known representative of this class is formaldehyde, the negative impacts of which are well 

known on human health (Informationsschrift Umweltpolitik, 1992). Formaldehyde and acet-

aldehyde are, together with 1,3 butadiene, benzene and particle organic materials among the 

most relevant toxic air pollutants according to the US Clean Air Act (Gorse et al., 1991). In 

1998, these so-called “air toxins” were expanded to include DEE. 

 

Acrolein, which has proven to be characteristic in some engines running on rapeseed oil 

methyl ester (RME) (Wurst et al., 1990; Krahl, 1993; Schäfer et al., 1998), is also considered 

a potential carcinogen (Zhaohui et al., 2006; Office of Health and Environmental Assessment, 

1990).  

 

In the following, the effect of formaldehyde as a main component of aldehyde emissions of 

diesel engines will be explained more closely. 
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At room temperature, formaldehyde is a colourless gas with a penetrating odour. Under at-

mospheric conditions, including sunlight, formaldehyde is converted to, among other things,  

CO2. In the presence of NO2, it has a half-life period of 35 minutes, without NO2, of 50 min-

utes. 

Formaldehyde is known longest for its use in medicine and science as a disinfectant, sterilizer 

and preservative. Today it is mainly used in plastic production as an adhesive and as a binding 

substance in wood processing and in the production of paper, textiles and paint. The main 

formaldehyde emissions are from motor vehicles (especially without catalysts) and the sites 

where formaldehyde is produced and used as well as heating systems (gas, oil, coal and 

wood), heating plants, refineries and airplanes. The formaldehyde concentrations in the ambi-

ent air are between 0.1 g/m3 (clean air areas, maritime regions) und 160 g/m3 (urban cen-

tres). 

 

The perception level of the penetrating odour of formaldehyde is, depending on the test per-

son, within the range of 0.06 to 0.22 mg/m3. Known effects of formaldehyde exposure are 

mucous irritations in the eyes and in the upper respiratory system. The effect threshold for 

irritations of the eyes is at 0.06 and for the respiratory system at 0.12 mg/m3. Asthmatics, but 

also healthy persons, can react to formaldehyde with respiratory problems. Here, concentra-

tions are above those which already result in eye irritations. Due to the sensitising effects, a 

sub acute exposure at the workplace as well as in private interior areas can lead to asthmatic-

type reactions. Long term exposure to formaldehyde in interior areas can lead to memory 

annoyance, concentration difficulties and sleeping problems (Marquardt und Schäfer, 1994). 

 

The frequency of nasal and nasopharynx tumours in workers is attributed to the direct inhala-

tion contact with formaldehyde. This frequency shows a direct dependence on exposure. The 

suspicion that formaldehyde also leads to leukaemia and tumours in the central nervous sys-

tem has not been proven. In contrast to animals, for which the carcinogenicity has been classi-

fied as sufficiently secure, the carcinogenicity of formaldehyde in humans has not been suffi-

ciently attested. According to the MAK List (2004), within the limits of a MAK value of 0.37 

mg/m³ no mentionable contribution to cancer risk is expected. This is in accordance with 

Category 4 of the cancer-causing substances. Acetaldehyde, 2-propenal, and 2-butenal are, in 

contrast, considered to belong to Category 3B of the cancer causing substances and are be-

lieved to cause cancer (MAK List, 2004). The International Agency for Research on Cancer 

(IARC) has until now found no aldehydes or ketones in diesel engine emissions classified as 
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cancerous to humans. Thus, one can in no case speak of a certain cancerous effect in humans 

by the aldehydes and ketones in diesel engine exhausts (Bünger et al., 2000). 

 

The direct health damaging effects of formaldehyde are, however, not the sole reason for the 

environmental relevance of the carbonyl compounds emitted in motor exhaust fumes. These 

nonetheless show only short half-life periods in the atmosphere (Lofti et al., 1990). In addi-

tion it is significant that aldehydes and ketones have a great potential for building photo oxi-

dants in the presence of NOx (Carter and Bufalini, 1991; Carter, 2007). 

 

The cytotoxicity of DEE is caused above all by aldehydes (National Research Council, 1982; 

WHO, 1996) and becomes evident through irritations of the mucous membranes in the eyes 

and upper respiratory system (Ulfvarson et al., 1987; Scheepers and Bos, 1992).  

 

To measure these toxic effects, cell cultures of human and animal origin can be exposed 

against the DEE extracts. The amount of cell damage can then be determined with special 

dyes (neutral red) (Borenfreund and Puerner, 1984). 

 

2.2.4 PAH from Diesel Engine Combustion 

Generally, compounds comprised of two or more condensed aromatic rings of carbon atoms 

are called polycyclic aromatic hydrocarbons. According to the currently valid version of the 

Diesel Fuel Norm DIN EN 590, up to 11 % (w/w) of polycyclic aromatic hydrocarbons may 

be present in fuels. Thus a possibility exists from the outset that PAH exhaust comes from the 

exhaust system of the diesel engine with non-combusted fuel. Principally PAHs always de-

velop in combination with the incomplete combustion of organic materials. Consequently, 

there are numerous PAH sources in addition to diesel engines. Included here are also proc-

esses like the roasting of coffee or the smoking of a cigarette (Marquardt and Schäfer, 1994; 

Schauer et al., 2003). The main cause of PAHs are, in addition to the transportation sector, 

above all industrial facilities in which mineral oil processing takes place, steel works, paper 

plants, but also small combustion facilities as found in residential homes. The German Envi-

ronmental Agency estimates the emissions of Benzo[a]pyrene, a very useful routing substance 

for PAHs, for the year 1994 at 14 t, whereby the contribution of the small furnace facilities is 

estimated to comprise 66 %  (Umweltbundesamt, 2001). Studies by Larsen and Baker (2003) 

in the air surrounding Baltimore, determined the portion of various PAH emittants related to 

the gas and particle phase. There they calculated the contribution of diesel and Otto engines to 
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each be 16 to 26 %, the carbon combustion to 28 to 36 %, the oil combustion from 15 to 

23 %, and the wood burning or other combustion processes from 23 to 35 %. Glaser et al. 

(2005) conducted PAH studies on soil close to and distant from roads for motor vehicles. 

There they found an average PAH load of between 1 and 10 g/kg in areas far from vehicles, 

and two decimal powers higher near to particularly busy roads.  

 

In the following, the creation process and the characteristics of PAHs originating from diesel 

engine combustion are explained in more detail. 

 

Formation Process of PAHs 

 

The development of polycyclic aromatic hydrocarbons is linked very closely to diesel parti-

cles. Ultimately PAH occur at least as an interim synthesis step in the models of Bockhorn 

(1994) and Amann and Siegla (1982). During the development of diesel particles, a portion of 

the available PAHs escapes in the gas phase and leaves the exhaust stream through later con-

densation on the particles. In the figure 2-1, Klingenberg et al. (1992) show a largely accepted 

reaction scheme for the development of PAHs, which takes acetylene as starting substance. 

 

 

 
 

Figure 2.1: PAH development mechanism starting from acetylene (Klingenberg et al., 1992) 
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cyclic products. These products are the precursor of particle creation through coagulation. In 

the combustion heat, further surface growth occurs and then simultaneous graphitisation. 

Since the PAH development is a precursor to particle development, favourable combustion 

zones with a high fuel portion, high temperatures and low oxygen levels favour the creation of 

polycyclic aromatic hydrocarbon compounds, too. 

 

As further important reaction mechanism is a method via condensation reactions of previously 

existing aromatic systems (Amann and Siegla, 1982). Unfortunately the exact processes have 

not been completely described with absolute certainty (Warnatz et al., 2001). The condensa-

tion mechanism, in view of the diesel engine combustion, leads to the simple assumption that 

the reduction in the aromatic content in fuel leads to a reduction in the PAH emissions in 

exhaust (Mi et al., 2000). In contrast, according to research results by Westerhol et al. (1988) 

more than half of the emitted PAHs are completely re-created during the combustion process. 

 

Characteristics of PAHs 

 

An enormous range of very different PAH molecules exists. In the air, more than 500 PAH 

types were found (Marquardt und Schäfer, 1994). Schauer et al. (2003) reported more than 

100 particle-bonded PAHs and more than 150 PAHs bonded to cigarette smoke. Related to 

DEE, PAHs occur in both the gas and the particle phases. The selected sample conditions 

largely determine which PAHs take a gas form, and which are adsorbed at the particle phase 

of the diesel particles. Thus for example in exhaust studies with low pressure impactors only 

up to 10 % of the total emissions of the three ring compounds like phenanthren or antracene 

could be detected on the impactor foils, while the other 90 % remained in the gas phase (von 

Borstel, 1993). Within the framework of the same study, von Borstel (1993) found retrieval 

rates of between 30 and 50 % for the four ring molecules like fluroanthene, pyrene, 

ben[a]anthracene and chrysene. Only the larger five ring molecules could be separated up to 

the missing rest of an average of 10 % quantitatively on the impactor foils. In the literature, 

above all PAHs beyond a size of four rings or rather 16 hydrogen atoms are regarded as parti-

cle-bonded PAH (Kweon, 2003; Larsen and Baker, 2003; Schauer et al., 2003; Zielinska et 

al., 2004). 

In pure form and at room temperature, the compounds are often found as colourless crystal-

line bodies. Detailed physical information on the best known representative of this group can 

be found in Fiedler et al. (1997). Due to the enormous number of PAHs, for the practical 

chemical analysis, for example in the creation of the drinking water regulations in Germany or 
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for American environmental regulations (EPA) certain routing substances were found and a 

targeted representative selection was made. For the analysis of exhaust, the 16 PAHs in the 

following table 2-1 reflect the widely accepted analytes that go back to determinations by the 

EPA. In the framework of this report, the diesel particles were analysed for these substances. 

In the table, in addition to the names, the sum formulas, the structural formulas and the boil-

ing points are also shown. 

 

Table 2-1: Overview of the 16 EPA-PAHs according to the EPA 610 method 

Name Abbreviation
Molecular 
formula 

Chemical structure 
Boiling 
point 
 [°C] 

Naphthalene Nap C10H8 
 

218 

Acenaphthylene - C12H8 

 

280 

Acenaphthene Ace C12H10 

 

278 

Fluorene Flu C13H10 
 

295 

Phenanthrene Phe C14H10 
 

340 

Anthracene Ant C14H10 
 

342 

Fluoranthene Fla C16H10 

 

375 

Pyrene Pyr C16H10 

 

387 

Benz[a]anthracene BaA C18H12 

 

438 
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Name Abbreviation
Molecular 
formula 

Chemical structure 
Boiling 
point 
 [°C] 

Chrysene Chr C18H12 

 

488 

Benzo[b]fluoranthene BbFla C20H12 

 

481 

Benzo[k]fluoranthene BkFla C20H12 

 

480 

Benzo[a]pyrene BaPyr C20Hc2 

 

496 

Dibenz[a,h]anthracene DBAnt C22H14 

 

524 

Benzo[ghi]perylene BPer C22H12 

 

543 

Indeno[1,2,3-
cd]pyrene 

IPyr C22H12 

 

522 

 
 

Due to the low volatility of the PAHs, their distribution is linked to the presence of particles 

such as dust, soot or pollen. This also means that their distribution primarily takes place 

through the air. From an occupational medicine point of view, the main intake of polycyclic 

aromatic hydrocarbons is also via the respiratory system. Dependent on the size of the inhaled 

dust or particles, the PAHs adsorbed there enter into the bronchioles, where up to 70 % can be 

carried into the blood (GESTIS Materials Database, 2004). The skin resorption of PAHs is 
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only little known; related to the digestive tract, mean respiration rates of under 50 % have 

been found. Oral intake occurs above all via smoked or grilled foods and leafy greens like 

salad, spinach and cabbage (Larsen and Baker, 2003; Marquardt and Schäfer, 1994). 

 

The acute toxicity of the PAHs is mostly considered to be small, and also the chronic toxicity, 

which can be seen in the respiratory system, the skin or the liver, doesn’t play an important 

role. Solid knowledge is available here through animal studies. This is not true for results on 

cancerous effects. The most well known example is certainly smoking as a cause of lung 

cancer. Numerous epidemiological studies with chimney sweeps at the beginning of the 20th 

century quickly made the cancerous effects of soot and ashes obvious and at the same time 

named the polycyclic aromatic hydrocarbons as the cause (Marquardt and Schäfer, 1994). 

Additionally after exposure to PAHs genetic changes become apparent, too. Genotoxicity 

tests carried out for the main three, four and five ring systems provided weak to clear proof of 

significant mutagenic potential (GESTIS materials database, 2004). PAHs are the most fre-

quent and well known genotoxic or rather carcinogenic chemical compounds in the atmos-

phere (Savela et al., 2003).  

One part of the primary PAHs also reacts with parts of the air and exhaust to substituted 

PAHs, for example like Nitro PAH, Oxy PAH, Alkyl PAH, Thio PAH (IARC, 1989; Scheep-

ers and Bos 1992; Winer and Busby, 1995). A well studied example for the increase of 

mutagenic potential of DEE through particle-associated PAH in the air is the development of 

Nitro PAH (Atkinson and Arey, 1994).  

PAHs found in nature, or also during the analytical processes in an engine test bench, are 

subject to very different conditions which can contribute to degradation or artefact develop-

ment. In particular gases like oxygen, ozone, nitrogen oxides and sulphur oxide or also the 

presence of light or the impact of high temperatures lead to a degradation of PAHs (Krahl, 

1993; DIN ISO 11338-2, 2003). However, it is assumed that the half-life period of PAHs in 

soil or rather in water sediments can comprise months, years or even decades (Marquardt and 

Schäfer, 1994; Jacob et al., 2006). 

The analytical characterisation of PAHs necessarily differs on the basis of the type of sample. 

In this context the sample preparation plays an especially important role. In the case of PAH 

emissions caused by diesel engines both gaseous as well as particle-tied PAH emissions oc-

cur. Numerous research groups take the particle mass filters, which are loaded with the well-

defined diluted exhaust, as the basis for their studies, in order to ascertain the condensation of 

a large portion of highly volatile PAHs on the filter (Postulka and Lies, 1981; Kraft et al., 

1982; von Borstel, 1997; Durbin et al., 2000). Alternatively the sampling of undiluted exhaust 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



 21

is also used often (Kraft et al., 1982; Krahl, 1993; von Borstel, 1997; Claußen and Wollmann, 

2003; Herbst, 2004). 

 

Normally liquid and gas chromatographic measurement equipment is used for the analytical 

proof. Fluorescence detectors (FLD) and mass spectrometers (MS) are frequently used for 

detection. Gratz et al. conducted a ring study in 2000 with a high performance liquid chroma-

tography (HPLC) with downstream FLD and, in comparison, a gas chromatography (GC) in 

combination with MS and found that both methods provide adequate resolution and sensitiv-

ity for the quantification of traces of PAH in complex environmental matrices. In the frame-

work of this report a HPLC FLD method was applied, even though acenaphthylene could not 

be considered in the results, due to the lack of fluorescence characteristics.  
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3 Materials and Methods 
 

3.1 Engine and Engine Testing Conditions 
 

The studies were carried out on an emissions test facility of the Institute of Agricultural Tech-
nology and Biosystems Engineering at the Johann Heinrich von Thünen Institute in Braun-
schweig. A Mercedes-Benz engine OM 906 LA with turbocharger and intercooler was used 
(Table 3-1). 
 
Table 3-1: Technical data of the test engine OM 906 LA 

Stroke of cylinder 130 mm 

Bore of cylinder 102 mm 

Number of cylinders 6 

Stroke volume 6370 cm3 

Normal rate of revolutions 2300 min-1 

Rated power 205 kW 

Maximum torque 1100 Nm at 1300 min-1 

Exhaust gas standard Euro III 
 

This six cylinder engine works with a pump line injector system. The version mounted at the 
emissions test stand is the same as a motor in compliance with EURO III emission limits. 
Mercedes Benz builds this engine for their truck line ATEGO, for city busses and for 
UNIMOG, among others. 
 
The crankshaft of the test engine is coupled with a controllable eddy-current brake AG 250 
(Froude Hoffmann) which determines the engine load and thus enables an automatic drive to 
different load points. In the framework of this project all test processes were carried out in 
accordance with the regulation of the ESC Test Cycle (European Stationary Cycle). In Fig. 3-
1 the preset torque and revolution rates, related to the maximal load or to the normal rate of 
revolutions, are presented graphically. The time course is given through the numbering of the 
individual operating points, the weighting is, in each case, denoted above the individual point. 
Fig. 3-2 shows the implementation of these requirements, meaning the actual course on the 
emission test stand of the institute. In order to document that this course was recorded at a 
single run, the number of the experiment and the fuel used are denoted in the figure caption. 
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Fig. 3-1: ESC test cycle 
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Fig. 3-2: Actual course of speed and torque (ESC test, OM 906, Run OM676, NExBTL) 
 
Further variables recorded during the ESC test are presented in the Appendix in Figures A-1 
to A-4. 
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3.2 Fuels
 
In total, four fuels were studied. They can be found in the following table with the appropriate 
abbreviations.  
 
Table 3-2: Studied fuels  

Fuel appellation Fuel 

NExBTL Hydrogenated Vegetable Oil 

JME Jatropha Oil Methyl Ester 

RME Rapeseed Oil Methyl Ester 

DF CEC Legislative Diesel Fuel 
 
NExBTL Renewable Diesel was delivered by Neste Oil Ltd., Finland, jatropha oil methyl 
ester by NTEC (National Metal and Materials Technology Center), Thailand.  The biodiesel 
RME was provided by ADM Hamburg AG, the DF from Haltermann Products Dow Olefin-
verbund GmbH in Hamburg, Germany. Fuel analyses are listed in Table 3-3 and 3-4. Fuels 
analyses for NExBTL and JME were performed by ASG, Ausgsburg, Germany. The analyses 
for DF and RME were delivered from the producers of the fuels.  
 
Table 3-3: Fuel analyses for NExBTL and DF as well as limits acc. to DIN EN 590:2004 
Property 
 

Limits Results 

Min. Max. NExBTL DF 

Density (15 °C)  [g/mL] 0.820 0.8450 0.780 0.8343 

Kin. Viscosity (40 °C)  [mm²/s] 2.000 4.500 2.986 3.126 

Cetane Number  [-] 51.0  > 100 53.4 

Flash Point  [°C] 55  94.0 92 

CFPP  [°C]  0 / -20 -16 -17 

HFRR  [ m]  460 427 235 

Water Content [mg/kg]  200 < 30 23 

Oxidation Stability  [mg/mL]  0.025 0.004 < 0.001 

Acid Number [mg KOH/g]  0.02 n.d. < 0.02 

Sulfur Content [mg/kg]  10* < 1 < 3 

Carbon Residue [% wt]  0.30 0.02 < 0.01 

Ash Content [% wt]  0.010 < 0.001 < 0.001 
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Property 
 

Limits Results 

Min. Max. NExBTL DF 

Hydrogen Content [% wt]   n.d. 13.72 

Carbon Content [% wt]   n.d. 86.28 

Monoaromatics [% wt]   n.d. 15.4 

Diaromatics [% wt]   n.d. 4.6 

Triaromatics [% wt]   n.d. < 0.1 

Polyaromatics [% wt]  11.0 0.1 4.6 

Total Aromatics [% wt]   n.d. 20.0 

FAME Content [% vol]  5 (7**) < 0.1 0*** 

Calorific Value MJ/kg [% wt]   n.d. 43.226 
* according to 10. BImSchV (2009), ** according to DIN 51628, *** none added 
n.d.: not determined 
 
Table 3-4: Fuel analysis for RME, JME and limits according to EN 14214 

Property 

 

Limits Results 

Min. Max. RME JME 

Density (15 °C)  [g/mL] 0.875 0.900 0.8834 0.8812 

Kin. Viscosity (40 °C)  [mm²/s] 3.50 5.00 4.430 4.364 

Cetane Number  [-] 51  > 51 57.1 

Flash Point  [°C] 120  170 170 

CFPP  [°C]  0 -16 0 

Water Content [mg/kg]  500 203 385 

Oxidation Stability  [h] 6.0  > 8 12.8 

Acid Number [mg KOH/g]  0.50 0.11 0.278 

Sulfur Content [mg/kg]  10 < 10 1.6 

Carbon Residue [% wt]  0.30 < 0.30 0.18 

Ash Content [% wt]  0.02 < 0.01 < 0.01 

Iodine Number [g Iod/100g]  120 114 95 

Ester Content [% wt] 96.5  98.0 98.6 

Linolenic acid methyl ester [% wt]  12 10.4 0.2 

Monoglycerides [% wt]  0.80 0.59 0.68 
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Property 

 

Limits Results 

Min. Max. RME JME 

Diglycerides [% wt]  0.20 0.14 0.10 

Triglycerides [% wt]  0.20 0.07 0.22 

Methanol [% wt]  0.20 0.02 0.02 

Free Glycerol [% wt]  0.020 < 0.005 0.01 
 
 
Figure 3-3 shows a GC/FID-Fingerprint of the fuels. These chromatograms can be used to 
predict the boiling curves of the fuels using the method of simulated distillation (Firor, 2009). 
In this method a higher retention time indicates a higher boiling point. The methyl esters have 
two main peaks at a retention times of 770 and 830 seconds, corresponding to C16 and C18 
methyl esters. DF has a signal up to 900 seconds, which is attended by a widespread boiling 
range. NExBTL shows a smaller boiling range (signals from 550 to 750 seconds) with more 
discrete peaks. These peaks correspond to unbranched alkanes originating from the un-
branched native oils.   
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Fig. 3-3: GC/FID-fingerprint of the fuels 
 
 
 
 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



 27

3.3 Analytical Methods for Regulated Exhaust Gas Emissions 
 
The regulated exhaust gas components carbon monoxide, hydrocarbons and nitrogen oxides 
were determined with a commercial gas analyzer and sampled each second. A mean was 
determined from the values sampled in the last minute of an operating point. 
 
 
3.3.1 Hydrocarbons
 
A gas analyzer from the Ratfisch Company (RS 55-T) was used to determine the hydrocar-
bons. This measurement instrument works with a flame ionization detector (FID). The test gas 
is led into a helium hydrogen flame which burns in an electrical field. The hydrocarbons 
contained in the test gas are ionized through the flame and thus lead to a change in the elec-
trical field, through which the HC content is calculated. The hot and previously filtered ex-
haust gas is led to the HC analyzer through a pipe, heated to 190 °C and controlled by a ther-
mostat. The purpose of the heated gas path is to prevent a premature condensation of the 
hydrocarbons with a high boiling point. 
 
3.3.2 Carbon Monoxide 
 

The CO gas analyzer BA-5000 (Bühler Technologies) works with non dispersed infrared light 
(NDIR process). Here the test gas flow (filtered and cooled below its dew-point) is divided 
into two equal flows each flowing through a cuvette. One of the cuvettes is irradiated with an 
infrared light, the wavelength of which is tuned to the characteristic absorption of carbon 
monoxide. Thus this partial flow is heated and it leads in a canal connecting both cuvettes to a 
compensatory flow which is measured through a micro flow sensor and can be calibrated as a 
measure for the content of the component CO. 
 
3.3.3 Nitrogen Oxides 
 
The nitrogen oxides are analyzed with a chemical luminescence detector (CLD) from the 
EcoPhysics Co. (CLD 700 EL ht). In the oxidation from NO to NO2, about 10 percent of the 
NO2-molecules reach an electronically stimulated condition, from which they immediately, 
and under the emanation of photons, return to a non stimulated condition (luminescence). 
These photons are identified and are a measure of the NO content. To determine the total 
content of NOx  (NO + NO2 = NOx), a branch current of the hot and filtered sample is first led 
through a converter in which NO2 is reduced to NO. The nitrogen dioxide content is calcu-
lated as the difference in the measured values of NOx and NO. 
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3.3.4 Particulate Matter 
 

The taking of samples to determine particle mass takes place in an exhaust gas branch flow 
dilution tunnel (Fig. 3-4), which dilutes the exhaust gas and cools it down to under 51.7 °C. A 
branch flow stream is taken from the diluted exhaust gas and channeled through a two-stage 
filter, on which the particles are collected. With the help of a mass flow controller, a defined 
volume flow is achieved. The total volume VSAM that is drawn through the filter, results from 
the ESC test requirement that the active filter sampling time for each testing phase must be at 
least 4 seconds per 0.01 weighting factor. This must also take place as late as possible and 
may not be terminated earlier than five seconds before the end of the phase. For the sample 
taking, a dilution factor is calculated for each operating point and the mass flow controller is 
set in such a manner that it is in accordance with the weighting in the ESC test. Each sample-
taking then takes 60 seconds and ends three seconds before the end of the mode point. Here 
the dilution level is constantly monitored so that the exhaust gas sample volume can be cor-
rected through a lengthening or shortening of the sample time as needed. The weighting fac-
tors which result from the following equation are acceptable only if they differ from the pre-
scribed weighting factors by ±7 % or less each. 
 

i
iEDF,iSAM

iEDF,iSAM,

WF
VqV

VV !
i

iWF
 

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

iEDF,V : Volume flow of exhaust gas in mode point i 

WFi: Weighting factor of mode point i 
qi: Exhaust gas dilution factor i. 
 
The filters are PTFE coated fiberglass filters (T60A20, Pallflex Products Corp.) for which the 
gravimetric analysis is conducted with a microgram scale (Sartorius M5P) 
 
The particulate emission can then be calculated as 
 

i
iiSAM

i
iPF

WFPV

WFM
PT

iEDF,V
 

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

iEDF,V : Volume flow of exhaust gas in mode point i  

WFi: Weighting factor of mode point i 
Pi: Power in mode point i. 
 
 

 
Fig. 3-4: Schematic presentation of the exhaust gas dilution tunnel 
 

3.4 Analysis Methods for Non-regulated Exhaust Gas Emissions 
 
3.4.1 Number of Particles and Particle Size Distribution 
 
Determination with the SMPS (Scanning Mobility Particle Sizer) 
 
The determination of the particle distribution takes place after sampling with a multi-hole 
probe at the end of the exhaust gas dilution tunnel through a Scanning Mobility Particle Sizer 
(SMPS) System 3934 from the TSI Inc. St. Paul, USA. But a secondary dilution by factor 10 
with an additional mixing pipe is required to avoid overloading of the measurement instru-
ment. The dilution air and the mixing pipe were heated to 200 °C to avoid agglomeration of 
particles and condensation of volatile organic compounds (Ruschel, 2010).   
 
Principally the SMPS system consists of a size classifier (Differential Mobility Analyzer, 
DMA) and a condensation particle counter (CPC). Figures 3-5 and 3-6 show the schematic 
design of the system. 
 
Particles above the SMPS limit are intercepted by a pre-impactor. The exhaust gas with the 
remaining particles is then passed into a neutralizer through which a load balance of the par-
ticles in the form of a bi-polar load division is achieved. The classifier itself consists of two 
concentrically mounted metal cylinders, the outer of which is grounded. The inner cylinder is 
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constantly surrounded with laminar circulating filtered air (encasing gas) and functions as 
central electrode to which a time varying negative voltage (20 to 10,000 Volts) is applied. The 
aerosol also flows laminarly into the classifier. In the electrical field of the two metal elec-
trodes, the positively loaded particles are then accelerated to the central electrode according to 
their electrical mobility. On the bottom end of the inner electrode, a small slit is made through 
which only a specific particle size class from the poly-disperse aerosol can leave the classifier. 
The particle size classes created in this manner have an electrical mobility diameter of 10 to 
300 nm. This electrical mobility diameter is determined by density, form and electrical cha-
racteristics and must not be identical to the geometrical diameter. The mono-disperse aerosol 
from the classifier is led into the CPC. There the particles are first enlarged according to the 
principle of a wet dust collector and then counted with a scattered light measurement tech-
nique. A differentiation between solid and liquid exhaust particles or, respectively, exhaust 
particles and droplets, is not possible with the SMPS equipment.  
 

 
 
Fig. 3-5: Simplified presentation of a DMA 
 

Dieses Werk ist copyrightgeschützt und darf in keiner Form vervielfältigt werden noch an Dritte weitergegeben werden. 
Es gilt nur für den persönlichen Gebrauch.



 31

 
 
Fig. 3-6: Simplified presentation of a CPC 
 
Determination with ELPI (Electrical Low Pressure Impactor) 
 
As an alternative to the described SMPS, DEKATI Ltd. in Tampere, Finland, offers an “Elec-
trical Low Pressure Impactor” (ELPI, Model 97 2E). This is a real time particle measurement 
instrument which covers a size range from 30 nm to 10 m. To filter the particles, the ELPI 
uses a cascade impactor. This is built in 13 stages, of which the first stage works as a pre-filter 
and the twelve further stages are monitored electronically. 

 
Fig. 3-7: Functioning principle of ELPI (Dekati, 2002) 
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Fig. 3-7 illustrates the measurement principle of the ELPI. The aerosol sample is taken via a 
multi-hole probe located at the end of the exhaust gas dilution tunnel, and first led through an 
antechamber. There the particles are unipolarly loaded by ions that are produced from a coro-
na discharge. In the subsequent classification in the impactor the particles are then discharged 
at the appropriate impact stage. The resulting current flow is proportional to the number of 
particles and is measured by an electrometer. With knowledge of the loading efficiency, 
which is a function of particle size, and the separation characteristics of the cascade impactor, 
the current intensities of all single stages can be recalculated in a particle size distribution. 
This size distribution is always related to the aerodynamic diameter of the particles (Dekati, 
2001). With the help of a computer and an evaluation software, which primarily serves to 
store the data, the results can be followed in real time during a measurement.  
 
Since, depending on the measurement area, ELPI reacts very quickly (2 to 20 seconds) to 
changes in the aerosol composition, it is particularly well-suited for measuring transient 
processes. An additional advantage of the ELPI is the simultaneous measurement and presen-
tation of results for all impactor stages. Thus for each particular time point in the measure-
ments, the particle concentration for all size fractions is available.  
 
3.4.2 Mutagenicity of the Soluble Organic Fraction of the Particles 
 
Sampling and processing of samples 
Particulate matter of each test cycle was collected from the undiluted exhaust part stream onto 
one glass fibre filter coated with PTFE (Teflon) (T60 A20, Pallflex Products Corp., Putnam, 
CT, U.S.A.). Sampling proceeded from 2 to 28 minutes of the ESC test under the same motor 
conditions with a constant sampling flow of 25 L/min. According to VDI-Guideline 3872 part 
1 the exhaust gas phase was cooled under 50 °C using an intensive cooler (Schott, Germany) 
and condensates were collected separately. Further condensed compounds were desorbed 
from the cooler with 100 mL methanol and added to the condensates. Every fuel was tested 
three times, resulting in 3 particle filters and 3 condensates for each fuel. The filters were 
conditioned (22  C, rel. humidity 45 %), weighed before and after sampling to determine the 
sampled particulate matter, and stored at -18  C.  
The extraction takes place in a Soxhlet apparatus with 150 mL dichloromethane, since the 
greatest mutagenic activity can be gained with this solution (Siak et al., 1981). The length of 
extraction is 12 hours and amounts to 50 to 60 extraction cycles. The extracts as well as the 
condensates were reduced by rotary evaporation (Heidolph, Kehlheim, Germany) and dried 
under a stream of nitrogen. They were redissolved in 4 mL DMSO immediately before use.  
 
Mutagenicity assay 
Ames et al. (1975) developed the Salmonella typhimurium/mammalian microsome assay that 
detects mutagenic properties of single compounds as well as of complex mixtures by reverse 
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mutation of a series of Salmonella typhimurium tester strains, bearing mutations in the his-
tidine operon. Depending on the tester strain different types of mutations can be detected. In 
this study tester strains TA98 and TA100 were used, detecting mutagens that cause frameshift 
mutations and base-pair substitutions. These strains were shown to be most sensitive to 
mutagens of organic extracts of diesel engine particles (DEP) (Clark and Vigil 1980, Claxton 
1983). This study employed the revised standard test protocol (Maron and Ames 1983).  
 
Extracts and condensates were tested in the following log 2 dilutions: 1.0, 0.5, 0.25, 0.125. 
Each concentration was tested both with and without 4 % S9 Mix. Every extract and conden-
sate was at least tested in triplicate. Plates were incubated at 37  C for 48 h in the dark, and 
revertant colonies on the plates were counted using an electronically supported colony count-
ing system (Cardinal, Perceptive Instruments, Haverhill, Great Britain). The bacterial back-
ground lawn was regularly checked by microscopy, as high doses of the extracts proved toxic 
to the tester strains, resulting in a thinning out of the background.  
In order to consider enzyme-caused changes in mutagenicity, the Tests were performed with 
and without metabolic activation by microsomal mixed-function oxidase systems (S9 frac-
tion). Preparation of the liver S9 fraction from male Wistar rats was carried out as described 
by Maron and Ames (1983). Phenobarbital and -naphthoflavone (5,6-benzoflavone) were 
used for induction of liver enzymes. These substances were proven to be safe and adequate 
substitutes for Arochlor 1254 (Matsushima et al. 1976). The mutagens methyl methanesul-
fonate (10 g/mL in distilled water ), 2-aminofluorene (100 g/mL in DMSO), and 3-nitro-
benzanthrone (1000 pg/mL in DMSO), were used as positive controls.  
 
Acceptance criteria and statistics 
Mutagenic response is classified positive if a reproducible, dose-dependent increase of the 
number of revertant colonies is observed (Krewski et al. 1992, Mortelmans and Zeiger 2000). 
Revertant numbers of the positive results (means ± standard deviations) are estimated from 
the initial linear part of the dose-response curves by a linear regression model. Differences 
between the tested fuels are calculated for significance using Student´s t-test for independent 
variables, two-sided.  
 
3.4.3 Carbonyls

The concentrations of carbonyls were determined with DNPH cartridges. These cartridges 
contain 2,4-dinitrophenylhydrazine (DNPH) coated silica gel. Aldehydes and ketones react on 
the surface of the silica gel with DNPH according to following reaction: 
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R1 and R2 = H or hydrocarbon chain 
 
The sampling takes place out of the raw exhaust gas. The sample tube is heated to 80 °C to 
avoid condensation. DNPH and the reaction products, hydrazones, react with nitrogen diox-
ide. To minimize this reaction, potassium iodine cartridges are placed before the DNPH. This 
potassium iodine reacts with nitrogen dioxide without disturbing the carbonyle flow.  
The sampling flow is set to 0.5 L/min. The sampling time at the end of each mode was set 
according to the exhaust gas volume flow and the weighting factor.  
 
After sampling the hydrazones and excess DNPH were flushed with acetonitrile out of the 
cartriges into a 2 mL volumetric flask. This solution was analysed by HPLC with UV detec-
tion (370 nm)  

3.4.4 Polycyclic Aromatic Hydrocarbons 
 
The sampling procedure for determination of particle-bound polycyclic aromatic hydrocar-
bons was done according to VDI-Guideline 3872, Blatt 1. Particles were sampled on PTFE 
coated glass fibre filter (Pallflex Fiberfilm, T60A20, 70 mm, Pall) from the raw exhaust gas. 
Sampling proceeded from 2 to 28 minutes of the ESC test under the same motor conditions 
with a constant sampling flow of 25 L/min. Gaseous compounds were cooled down using 
intensive cooler and collected in a 250 mL flask. After the test, the cooler was flushed with 
100 mL methanol.  
The filters were conditioned for 24 hours in a dark climate chamber (temperature 
22 °C ± 1 °C humidity 45 % ± 8 %), re-weighted, and stored at -18 °C. The filters were ex-
tracted using an extractor fexIKA 50 (IKA, Germany) for four hours with toluene (HPLC 
grade, Roth, Germany) as extracting solvent. The extracts were reduced by rotary evaporation 
and dried under a stream of nitrogen while solving the extracts in acetonitrile (ultra gradient 
grade, Roth, Germany). Finally, they were filled into 2 mL volumetric flasks with acetonitrile 
for further use. 
The condensates were extracted three times with 10 to 30 mL of toluene:dichloromethane 
(1:1, HPLC grade) for 5 minutes in an ultrasonic bath. The eluents were merged, and subse-
quently treated as the particulate extracts.  
The extracted PAH were separated and quantified using a HPLC with fluorescence detection. 
The HPLC system is listed in Table 3-5. After accumulation of the PAH on a pre-column 
(ChromSpher Pi, Varian, Germany) using the effect of donor acceptor complex chromatogra-
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phy (DACC), the PAH were dissolved by acetonitrile/water gradient, and separated by an 
analytical column.   
 
Table 3-5: Parameters of the HPLC 

System VWR Hitachi Elite LaChrom 

Auto sampler Hitachi L-2200, volume: 0.1 mL 

Pump Hitachi L-2130, flow rate: 1.5 mL/min 

Oven  Hitachi L-2350, temperature: 24 °C 

Fluorescence detector Hitachi L-2480, cell volume: 12 L 

DACC ChromSpher Pi, 20.0 mm  3.0 mm, Varian, Germany 

Analytical column Supelcosil LC-PAH, 25 cm  4.6 mm, particle size 5 m, Supelco 

Eluent Acetonitrile/water (HPLC grade) 
 
Calibration of the HPLC system was done using a 16 PAH standard (LGC Promochem, Ger-
many) in different dilution levels. The quantification of the PAH was performed by an inter-
nal standard (para-quaterphenyl, Fluka, Germany) with was added at the beginning of the 
extraction process.  
The analysed PAH are listed below: 
 
Table 3-6: 16 PAH according to EPA method 610 

Name Number of rings Abbreviation 

Naphthalene 2 Nap 

Acenaphthylene 3 non fluorescent 

Acenaphthene 3 Ace 

Fluorene 3 Flu 

Phenanthrene 3 Phe 

Anthracene 3 Ant 

Fluoranthene 4 Fla 

Pyrene 4 Pyr 

Benz[a]anthracene 4 BaA 

Chrysene 4 Chr 

Benzo[b]fluoranthene 5 BbFla 

Benzo[k]fluoranthene 5 BkFla 

Benzo[a]pyrene 5 BaPyr 
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Dibenz[a,h]anthracen 5 DBAnt 

Benzo[ghi]perylene 6 BPer 

Indeno[1,2,3-cd]pyrene 6 IPyr 
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4 Results
 

For all evaluations at least six measurements were included (unless otherwise stated), where-
by the average was created from all individual results.  
 
The maximum torques at the different speeds for the ESC test were determined with diesel 
fuel. For the other fuels the maximum torque couldn’t be reached, due to their lower volume-
tric energy content. Therefore, the average power during the ESC test was reduced (Figue 4-
1). For all other modes, except those with maximum torque, the same torque was adjusted 
with all fuels.    
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Fig. 4-1: Average power in the ESC test for different fuels (OM 906) 
 
The specific consumption for DF and NExBTL was almost the same. The methyl esters have 
a lower specific energy content due to their oxygen content. Therefore, the specific consump-
tion was about 15 % higher (Figure 4-2). 
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Fig. 4-2: Specific fuel consumption (ESC test, OM 906) 
 

4.1 Results for the Regulated Exhaust Gas Components 
 
4.1.1 Hydrocarbon Emissions 
 

The limit for hydrocarbon emissions according to the Exhaust Gas Regulation EURO III is 
0.66 g/kWh. The measured values were significantly lower for all types of fuel (Fig. 4-3). In 
addition an advantage for RME can be seen, whereas JME showed an HC emission level 
between DF and RME. The hydrocarbon emissions of DF and NExBTL were about the same 
emission level. 
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Fig. 4-3: Specific HC emissions (ESC test, OM 906) 
 
Fig. 4-4 shows the exemplary pattern of the hydrocarbon concentration in exhaust gas in the 
course of time of the ESC test. A comparably high emission level can be seen in the weak 
load points (14 to 16 min, 18 to 20 min, and 22 to 24 min) and in the idling time. Emission 
peaks caused by load changes at 4 minutes remain unconsidered since for the evaluation only 
measurement values from the last minute of each mode are used. 

0

20

40

60

80

100

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Time [min]

H
C

 c
on

ce
nt

ra
tio

n 
[p

pm
]

 
Fig. 4-4:  Exemplary course of the HC concentration (ESC test, OM 906, Run OM676, 

NExBTL) 
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4.1.2 Carbon Monoxide Emissions 
 

The CO emissions for all fuels are by far under the limit of 2.1 g/kWh for Euro III engines. 
RME and JME show clear advantages. NExBTL and DF exhibit twice as much emissions, 
compared to RME (Fig. 4-5).  
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Fig. 4-5: Specific CO emissions (ESC test, OM 906) 
 
The carbon monoxide concentration in the exhaust gas during the ESC test is presented in Fig. 
4-6. Here, the peak emissions occurring at the first load point after idling (after 4 minutes of 
the test cycle) do not enter into the above results, too.  
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Fig. 4-6:  Exemplary course of the CO concentration (ESC test, OM 906, Run OM676, 

NExBTL) 
 

4.1.3 Nitrogen Oxides Emissions 
 
The Euro III limit of 5.0 g/kWh was exceeded by RME and JME where JME was only 5 % 
over this limit. DF was just below the Euro III limit (Fig. 4-7). For NExBTL the emissions 
were 15 % less than for DF.  
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Fig. 4-7: Specific NOx emissions (ESC test, OM 906) 
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 Figure 4-8 shows the exemplary course of nitrogen oxides concentrations in exhaust gas in the 
time course of the ESC test. The nitrogen oxides are primarily emitted as nitrogen monoxide; 
nitrogen dioxide, in comparison, only plays a minor role. In contrast to the HC and CO emis-
sions, the heavy load points with accordingly high combustion temperatures are the cause of 
high emissions. 
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Fig. 4-8:  Exemplary course of the NO and NOx concentrations (ESC test, OM 906, Run 

OM676, NExBTL) 
 
4.1.4 Particulate Matter Emissions 
 

The particles are collected on a filter during the ESC test, which is the reason why no diffe-
rentiation can be made between individual operating points. The use of RME and JME causes 
a reduction of 35 % vs. DF. NExBTL also causes a small improvement of 8 % in comparison 
to DF. The emission limits of maximally 0.1 g/kWh are met by all fuels (Fig. 4-9).  
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Fig. 4-9: Specific PM emissions (ESC test, OM 906) 
 
 

4.2 Results of the Non-regulated Exhaust Gas Components 
 

4.2.1 Particle Number and Particle Size Distribution 
 
Figure 4-10 shows the particle number distribution measured by SMPS. The averages of at 
least five individual measurements are shown here. The SMPS results make clear that the 
fuels NExBTL and DF differ only slightly, where NExBTL emitted more particles. In con-
trast, RME caused less particles. JME had a particle number distribution between DF and 
RME. In the range of ultra fine particles JME is comparable to DF, but with increasing diame-
ter the particle number attained values close to RME. 
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Fig. 4-10: Specific particle number distribution in crude exhaust gas (SMPS, ESC test, OM 

906) 
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Fig. 4-11: Specific particle number distribution in raw exhaust gas (ELPI, ESC test, OM 906) 
 
The ELPI results (Fig. 4-11) confirmed the comparable emission tendencies of NExBTL and 
DF that were already observed in the studies on particle size distribution via SMPS. JME 
caused the same particle number emissions as RME for particles larger than 156 nm. For the 
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first three stages up to 156 nm JME showed a higher particle number, which is also in corres-
pondence to the SMPS results.  
 
4.2.2 Carbonyl Emissions 
 
Most of the carbonyl emissions consist of formaldehyde, acetaldehyde and acrolein. Acetone 
couldn’t be determined due to high background levels. NExBTL had for almost all compo-
nents the highest emissions (Figure 4-12); however, the differences between the fuels are not 
significant. 
2-butanone and n-butyraldehyde were determined together because of equal retention times. 
For m-tolualdehyde only small amounts could be detected. Slightly divergent retention times 
for this analyte could refer to other isomers of tolualdehyde. 
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Fig. 4-12: Specific carbonyl emissions (ESC test, OM 906) 
 
4.2.3 PAH Emissions 
 
PAH were sampled both, particle-bound on filters and in the condensate. Figures 4-13 and 4-
14 show the separated results for the particle extract and the condensate. The lightweight PAH 
were mainly found in the condensate and the higher PAH were found in the filter fraction. DF 
had the highest emission of PAH with four or less rings (exclusive BaA). PAH with five or 
more rings (inclusive BaA) were found in the particle extracts of RME and JME in the same 
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extent as in DF but due to the content in the condensate, RME and JME had the highest emis-
sions of those PAH. Compared to the other fuels, NExBTL showed the lowest PAH emissions 
in the particle extracts and the condensates. 
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Fig. 4-13:  PAH in particulate sampled during the ESC test (OM 906) [for the abbreviations of 

the compounds, cf. Table 3.6] 
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Fig. 4-14: PAH in condensate sampled during the ESC test (OM 906) [for the abbreviations 

of the compounds, cf. Table 3.6] 
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4.2.4 Mutagenicity of the Organically Soluble Particle Fraction 
 

The extraction of the particle filters, which was performed at the University of Bochum, 

resulted in similar relations for the total particle mass as the gravimetric determination in the 

Institute of Agricultural Technology and Biosystems Engineering of the vTI in Braunschweig 

(Fig. 4-15). The lowest PM emissions were measured for RME and JME, the highest for DF. 

The percentage of organically soluble particle mass (SOF) varied strongly between the fuels. 

The methyl esters had a lower percentage of insoluble particle mass in comparison to DF and 

NExBTL, but a higher soluble particle mass, which is most probably caused by the emission 

of unburned fuel (Ruschel, 2010). 
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Fig. 4-15:  Soluble (SOF) and insoluble (SPM) particulate matter fractions in raw exhaust gas 

(ESC test, OM 906) 

 

In test strain TA98, the mutagenicity of NExBTL was significantly lower – compared to the 

three other fuels (Fig. 4-16). An unexpectedly high mutagenicity was found for RME, which 

showed much higher mutagenicity compared to DF. In previous studies with this engine 

always higher mutagenicities were found for DF in comparison to RME. The two methyl 

esters are quite comparable, with slightly better results for JME.  

 

In all fuels the direct (-S9) mutagenicity is higher than the indirect (+S9) after metabolic 

activation of extracts by rat liver enzymes. This speaks for the theory that the largest part of 

the mutagenicity was caused by substituted PAH (for example, Nitro-PAH). These are mostly 
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direct mutagens while the native PAH require a metabolic activation through the formation of 

epoxides. 
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Fig. 4-16: Mutagenicity of PM extracts (left) and condensates (right) in strain TA98 (ESC 

test, OM 906) 
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Fig. 4-17: Mutagenicity of PM extracts (left) and condensates (right) in strain TA100 (ESC 

test, OM 906) 
 

The fewest mutations in the case of NExBTL were also found when using the somewhat less 

sensitive tester strain TA100 (Fig. 4-17). In comparison to DF the methyl esters proved less 

strongly mutagenic with TA100 than with TA98, but the higher mutagenicity is still visible in 

the condensates.  
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5 Summary
 

Emissions of two new renewable fuels were compared to the well known emissions of miner-

al diesel fuel (DF) and rapeseed oil methyl ester (RME).  

One fuel is a methyl ester originating from jatropha oil (JME). This oil can produced in arid 

areas and the production can be carried out in such a way that it is not in conflict with food 

production.  

The second fuel is NExBTL, a hydrogenated vegetable oil. This fuel has a lower boiling curve 

than methyl esters, such that it is more similar to the boiling curve of DF. Therefore, it has an 

advantageous precondition to be suitable for engines with diesel particle filter, which are 

regenerated with post-injection.  

 

Experiments were carried out on the test facilities of the Institute of Agricultural Technology 

and Biosystems Engineering of the Johann Heinrich von Thünen Institute (vTI) in Braun-

schweig, Germany. As test engine, a heavy-duty diesel engine Mercedes-Benz OM 906 LA 

with EURO III certification was used. This is, of course, not the most modern engine availa-

ble, but it still represents the state of many of the engines that are in practical use in transport 

today. 

 

The emissions of JME showed in comparison to RME better results with respect to nitrogen 

oxides and carbonyl emissions and with respect to mutagenicity. In contrast, this fuel had a 

higher emission of hydrocarbons (HC) and carbon monoxide (CO) and a higher emission of 

particles smaller than 300 nm. These emission trends are comparable to those of palm oil 

methyl ester and may be caused by less doublebonds in the fatty acids of the methyl ester and 

the smaller chain length (Munack et al., 2006). In contrast, due to the fatty acid characteristic, 

the cold filter plugging point (CFPP) is only 0 °C and therefore this fuel can only be used in 

warm climate. 

 

NExBTL showed in comparison to DF similar or better results except for the carbonyl emis-

sions. In particular, NExBTL exhibited a very low mutagenicity of the exhaust and had the 

lowest PAH emissions compared to the three other fuels. This trend of lower emissions had 

also been found for GTL fuel, which has comparable properties (Munack et al., 2005).  
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 7 Abbreviations 
 

Ace Acenaphthene 

Ant Anthracene 

BaA Benz[a]anthracene 

BaPyr Benzo[a]pyrene 

BbFla Benzo[b]fluoranthene 

BkFla Benzo[k]fluoranthene 

BPer Benzo[ghi]perylene 

CFPP cold filter plugging point 

Chr Chrysene 

CO Carbon Monoxide 

CO2 Carbon Dioxide 

CPC Condensation Particle Counter 

DBAnt Dibenz[a,h]anthracene 

DF Diesel Fuel 

DEE Diesel Engine Emissions 

DMA Differential Mobility Analyzer 

DMSO  Dimethyl Sulfoxide 

DNPH 2,4-dinitrophenylhydrazin 

ELPI Electronic Low Pressure Impactor 

EPA Environmental Protection Agency 

FID Flame Ionization Detector 

Fla Fluoranthene 

FLD Fluorescence detector 

Flu Fluorene 

ESC European Stationary Cycle 

GC Gas Chromatography 

HC Hydrocarbons 
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HFRR High Frequency Reciprocating Rig 

HNO2 Nitrous acid 

HNO3 Nitric acid 

HPLC High Performance Liquid Chromatography 

HVO Hydrogenated Vegetable Oil 

IARC International Agency for Research on Cancer 

IPyr Indeno[1,2,3-cd]pyrene 

JME Jatropha Oil Methyl Ester 

MAK German Guideline for Maximal Workplace Concentration 

MS Mass Spectrometer 

Nap Naphthalene 

NO Nitric Oxide, Nitrogen Monoxide 

NO2 Nitrogen Dioxide 

NOx Nitrogen Oxides (NO + NO2) 

PAH Polycyclic Aromatic Hydrocarbons 

Phe Phenanthrene 

PM Particulate Matter 

PTFE Polytetrafluoroethylene 

Pyr Pyrene 

RME Rapeseed Oil Methyl Ester 

SMPS  Scanning Mobility Particle Sizer 

SOF Soluble Organic Fraction 

SPM Solid Particulate Matter 

UV Ultraviolet 
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8 Appendix
 
8.1 Exemplary Courses of Other Variables 
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Fig. A-1:  Exemplary course of oxygen and carbon dioxide concentration (ESC test, OM 906, 

Run OM676, NExBTL) 
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Fig. A-2:  Exemplary course of the charge air, coolant, oil and fuel temperatures (ESC test, 

OM 906, Run OM676, NExBTL) 
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Fig. A-3:  Exemplary course of the volume flow of intake air (ESC test, OM 906, Run 
OM676, NExBTL) 
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Fig. A-4:  Exemplary course of the fuel consumption; measurements only take place during 

scale status “1,” at status “0” the scale is refilled. (ESC test, OM 906, Run OM676, 
NExBTL) 
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Anteil an der Veröffentlichung

- Adaption des Prüfstandes auf die Versuchsmotoren OM 906 und Einrichtung des 
Testverfahrens

- Aufbau und Messung der limitierten Abgaskomponenten 
- Probenahme zur Bestimmung der Mutagenität
- Erstellung der analytischen Methode zur Messung der Aldeydemissionen
- Aufbau, Messung und Auswertung der Aldehydemissionen
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Abstract. Biodiesel is used as a neat fuel as well as in blends with mineral diesel fuel. 
Because of the limited availability of fossil resources, an increase of biogenic compounds in 
fuels is desired. To achieve this goal, next to rapeseed oil, other sustainably produced 
vegetable oils can be used as raw materials. These raw materials influence the fuel properties 
as well as the emissions. To investigate the environmental impact of the exhaust gas, it is 
necessary to determine regulated and non-regulated exhaust gas components. In detail, 
emissions of aldehydes and polycyclic aromatic hydrocarbons (PAH), as well as mutagenicity 
in the Ames test are of special interest. In this paper emission measurements on a Euro III 
engine OM 906 of Mercedes-Benz are presented. As fuel vegetable oil methyl esters from 
various sources and reference diesel fuel were used as well as blends of the vegetable oil 
methyl esters with diesel fuel. PAH were sampled according to VDI Guideline 3872. The 
sampling procedure of carbonyls was accomplished using DNPH cartridges coupled with 
potassium iodide cartridges. The carbon monoxide and hydrocarbon emissions of the tested 
methyl esters show advantages over DF. The particle mass emissions of methyl esters were 
likewise lower than those of DF, only linseed oil methyl ester showed higher particle mass 
emissions. A disadvantage is the use of biodiesel with respect to emissions of nitrogen oxides. 
They increased depending on the type of methyl ester by 10% to 30%. Emissions of polycyclic 
aromatic hydrocarbons (PAHs) and the results of mutagenicity tests correlate with those of the 
PM measurements, at which for palm oil methyl ester next to coconut oil methyl ester the 
lowest emissions were detected. From these results one can formulate a clear link between the 
iodine number of the ester and the emission behaviour. For blends of biodiesel and diesel fuel, 
emissions changed linearly with the proportion of biodiesel. However, especially in the non-
regulated exhaust gas components, some deviations from this linear trend were detected. 

1. Introduction
Biodiesel (in Germany usually rapeseed oil methyl ester, RME) is used as a neat fuel as well as in 
blends with mineral diesel fuel (DF). Thus, in 2008 in Germany a total of about 2.7 million tons (about 
3.1 billion litres) of biodiesel were sold, of which 41 percent was used as a neat fuel and 59 percent in 
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blends. Since then, because of the tax regulations, the proportion of neat fuel in the total biodiesel 
sales fell to below 10%. Currently, a maximum of 7 percent biodiesel in diesel fuel is allowed (B7-
Blend). The quality requirements for B7 are described in DIN 51628. Because of the limited 
availability of fossil resources, an increase of biogenic compounds in fuels is desired. To achieve this 
goal, next to rapeseed oil, other sustainably produced vegetable oils can be used as raw materials. 
These raw materials influence the fuel properties as well as the emissions. In blends, the emissions are 
not necessarily a reflection of the percentage emissions of the underlying pure fuels. 

To investigate the environmental impact of the exhaust gas, it is necessary to determine next to the 
regulated exhaust gas components (nitrogen oxides, particulate matter, carbon monoxide and 
hydrocarbons) further non-regulated components. In detail, emissions of aldehydes and polycyclic 
aromatic hydrocarbons (PAH), as well as mutagenicity in the Ames test are of special interest. These 
emissions can not be derived from the regulated components.  

2. Materials and Methods 

2.1. Engine and Test Cycle 
Engine tests were carried out at the emission test stand of the Institute of Agricultural  Technology and 
Biosystems Engineering at the Johann Heinrich von Thünen-Institut in Braunschweig. Emission tests 
were achieved, using a six-cylinder (6370 cm3) Mercedes-Benz engine OM 906 LA with turbocharger 
and intercooler. The engine has a rated power of 205 kW and a maximum torque of 1100 Nm at 1300 
min-1. It is certified to the Euro III exhaust gas standard. 

Exact engine load during test runs was accomplished by crank shaft coupling to a Froude Consine 
eddy-current brake. Engine test runs were in accordance with the guideline 2005/55/EG of the 
European Union in the European Stationary Cycle (ESC). This cycle starts with 4 minutes of idle, 
followed by 12 modes of 2 minutes duration each. Figure 1 shows the courses of speed and torque of 
the ESC test.     
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Figure 1. Speed and torque during the 13-mode ESC test. 

 
Sampling of the limited compounds, aldehydes, and particle size distribution was achieved during 

the last minute of each mode of the ESC test. In contrast, the sampling of the material to determine 
PAH emissions and mutagenic effects was started after two minutes and was running continuously 
with a constant volume flow of 25 L/min till the end of the ESC cycle after 28 minutes. Due to this 
sampling procedure, also transient parts of the test were sampled and the weighting of the modes was 
moved to idle and light load modes (figure 1).  
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2.2. Fuels
Diesel fuel and 5 fatty acid methyl esters (FAME) were used. Their physicochemical properties are 
listed in table 1. The reference DF corresponded to the fuel standard DIN EN 590. The methyl esters 
originated from coconut oil, palm oil, rapeseed oil, soy bean oil, and linseed oil. They differed in the 
iodine number and the cold filter plugging point. The iodine number ranged from 26 g iodine/100 g for 
coconut oil methyl ester to 175 g iodine/100 g for linseed oil methyl ester. The rage of the CFPP was 
from +1 °C (PME) to -17 °C (RME). The predominant chain length of the fatty acids was C18 for 
RME, SME, and LME. PME had a high amount of C16 chains, CME of C12.  

RME met the DIN EN 14214 for biodiesel. CME had a lower viscosity (2.86 mm2/s) and a higher 
sulphur content (21 ppm) than required by the norm. Also the acid number of CME and PME (0.56 
and 0.79 mg KOH/g) exceeded the limit of the norm. The iodine number of SME (129 g iodine/100 g) 
and LME (175 g iodine/100 g) and the oxidation stability of these esters didn’t meet the norm, too.  

 
Table 1. Physico-chemical properties of the fuels. 

 Limits RME LME SME PME CME Limits DF 
 min. max.      min. max.  
Density (15°C) [g/L] 875 900 883 890.6 886.4 876.6 872.9 820 845 833.8
Kin. viscosity (40°C) 
[mm²/s] 3.5 5.0 4.42 3.378 4.297 4.678 2.86 2 4.5 3.20 

Flashpoint [°C] 120 - 176 186.5 168 162 124 55 - 75 

C.F.P.P. [°C] - 0/-10/ 
-20 -21 -8 -7 +1 -10 - 0/-10/ 

-20 -27 

Total sulphur [mg/kg] - 10.0 1.5 1.1 1.7 <1 21 - 10 <1 
Ash content [w/w %] - 0.02 <0.001 <0.01 <0.01 <0.01 <0.01 - 0.01 0.001
Carbon residue  [w/w %] - 0.3 0.06 0.05 0.19 0.15 <0.01 - 0.30 0.01 
Cetane number  [-] 51  51.3 48.8 51.1 65.9 59.9 49  53.2 
Water content [mg/kg] - 500 146 126 521 420 298 - 200 20 
Copper corrosion [-] - 1 1 1 1 1 1 - 1 1 
Acid number  
[mg KOH/g] - 0.5 0.04 0.066 0.135 0.793 0.557 - - - 

Iodine number [g /100 g] - 120 114 175 129 64 26 - - - 
Polycyclics [w/w %] - - - - - - - 4.3 - 4.4 

 

2.3. Analytical Methods for Exhaust Gas Components  
Hydrocarbons (HC) were determined with a gas analyzer RS 55-T (Ratfisch, Poing, Germany), (FID). 
Carbon monoxide (CO) was measured by means of an analyzer BA 5000 (Bühler, Reute, Germany). 
Nitrogen oxides (NOx) were analyzed with a CLD 700 EL ht chemical luminescence detector (Eco 
Physics, Munich, Germany). 

Particulate matter (PM) was measured by use of a part-stream dilution tunnel. A dilution factor of 
about 10 was applied for determination. Dilution factors were calculated from separate recordings of 
CO2 contents in fresh air and diluted exhaust gas. Particle mass was determined gravimetrically after 
sampling on teflon-coated glass fiber filters (T60A20, Pallflex, diam. 70 mm, Pallflex Products Corp., 
Putnam, CT, USA), with sampling intervals according to individual weighting factors of each engine 
mode. Weights of fresh and sampled filters were determined to an accuracy of +/- 1 g by means of a 
microbalance M5P (Sartorius, Göttingen, Germany) always preceded by at least 24 h of conditioning 
in a climate chamber held at 22 °C and 45% relative humidity. 
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For the determination of mutagenic effects and PAH, particulate matter was collected from the 
undiluted exhaust stream onto a glass fiber filter coated with PTFE (Teflon) (T60A20, Pallflex 
Products Corp., Putnam, CT, USA). According to VDI-guideline 3872 part 1 the exhaust gas phase 
was cooled using an intensive cooler (Schott, Mainz, Germany) and condensates were collected 
separately. Further condensed compounds were desorbed from the cooler with 100 mL methanol and 
added to the condensates. Each fuel was tested three times. The filters were conditioned (22 °C, rel. 
humidity 45%), weighed before and after sampling to determine the total particulate matter, and stored 
at -18 °C.  

To determine the mutagenicity, extraction of the soluble organic fraction (SOF) from the filters was 
performed with 150 mL dichloromethane in a Soxhlet apparatus (Brand, Wertheim, Germany) for 12 h 
in the dark (cycle time 20 min). The extracts as well as the condensates were concentrated by rotary 
evaporation and dried under a stream of nitrogen. They were redissolved in 4 mL dimethyl sulfoxide 
immediately before use. 

Filters and condensates of PAH samples were extracted with toluene. The amount of PAH in the 
extracts was determined with HPLC after enrichment with donor-acceptor complex chromatography 
(DACC) [1]. 

2.4. Determination of aldehydes 
To determine aldehydes from exhaust gas the DNPH method was used. In this method 2.4-
dinitrophenylhydrazine reacts with the aldehydes to the corresponding hydrazones (1). These 
hydrazones were detected and quantified by HPLC[3]. 
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 R1 and R2 = H or hydrocarbon chain 
 
For sampling the aldehydes DNPH-Silica cartridges (Waters, Milford, USA) were used. These 

cartridges consist of silica coated, acidified DNPH (particle size between 0.5 to 1.0 mm). A sample 
flow of 0.5 L/min of raw exhaust gas was led over the cartridges, after cooling the exhaust gas to 
approximately 60 °C. The sampling time at the end of each load mode of the ESC test was calculated 
from flow rate of the exhaust gas and the weighting factor of each load mode. 

After the test, the cartridges were washed with acetonitrile in a 2 mL volumetric flask. The flow 
rate was lower than 3 mL/min.  

In first tests all DNPH was consumed and only a small amount of hydrazones was detectable by 
HPLC. The reason for the loss can be the reaction of nitrogen dioxide with DNPH [2]. This reaction can 
also be used to detect the nitrogen dioxide concentration in the exhaust gas quantitatively[4]. At too 
high concentration of nitrogen oxide in a DNPH solution, however, the freshly formed hydrazones can 
decompose. To avoid this undesired reaction, a potassium iodide cartridge was placed before the 
DNPH cartridge. So the nitrogen dioxide is reduced by potassium iodide and cannot interfere with 
DNPH or hydrazones anymore. 

A closer look at different sampling times at constant engine load indicates that the loss of DNPH is 
primarily responsible for the low aldehyde values (figure 2). With DNPH overshoot nitrogen dioxides 
from the exhaust gas react with DNPH first. If all DNPH is spent, freshly formed hydrazones react 
with nitrogen dioxide. At 1.5 and 5 minutes DNPH is still available. The concentrations of 
formaldehyde and acetaldehyde are comparable with and without KI cartridge - even at 5 minutes, 
when all DNPH is nearly consumed. At 15 minutes all DNPH is consumed without KI cartridge. The 
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significant impact of the KI cartridge becomes clear: With KI cartridge formaldehyde shows a 
constant increase. However, at the end the acetaldehyde gradient was lower than expected.  
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Figure 2. Relative DNPH concentration (upper part) and relative formaldehyde and acetaldehyde 
concentrations (lower part) with and without KI cartridge at different sampling times. 

3. Results
The carbon monoxide and hydrocarbon emissions of the tested methyl esters show advantages over 
DF. While the carbon monoxide emissions of the tested methyl esters show no differences, the 
hydrocarbon emissions of CME shows the highest value, LME and RME lowest emissions. This result 
corresponds to the chain length of the fatty acid methyl esters. The particle mass emissions of methyl 
esters were likewise lower than those of DF. Linseed oil methyl ester showed the highest particle mass 
emissions of the methyl esters (figure 3).  

The emissions of nitrogen oxides increased using FAME instead of diesel fuel. With exception of 
coconut oil methyl ester, all other methyl esters exceeded the Euro III limit of 5 g/kWh. Linseed oil 
methyl ester showed the highest emissions. For coconut oil methyl ester and palm oil methyl ester the 
increase was more moderate (figure 3). 
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Figure 3. Regulated emissions of the Mercedes OM 906 engine and Euro III limits, ESC test. 
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Figure 4. Means and standard deviations of 
triplicate mutagenicity tests of DF and methyl 
esters using tester strain TA98 with (+S9) and 
without (-S9) metabolic activation by rat liver 
enzymes; OM 906, ESC. 

Figure 5. Sum of all PAH emissions and PAH 
with four or more rings of DF and methyl esters, 
OM 906, ESC and iodine number of the methyl 
esters. 

 
To test the mutagenic potential of the fuels, two Ames-tests were performed. As the biological 

fitness of the Salmonella bacteria can differ from test to test, in both tests diesel fuel was used as 
reference. In the first test RME, SME, PME, and CME were compared to diesel fuel. All methyl esters 
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of the first test showed a lower mutagenic response than diesel fuel. Coconut oil methyl ester had the 
lowest mutagenicity of the esters. In the second test LME and diesel fuel were tested. In this test the 
mutagenic effect of LME exceeded the effect of diesel fuel by 80% (figure 4).  

The sampling of PAH was identical to that one applied for sampling for mutagenicity testing. 
Diesel fuel emitted more than five times more PAH than the methyl esters. From the methyl esters 
SME emitted most PAH. RME and LME emitted two-thirds, PME and CME only one-third of the 
PAH amount from SME. If PAH with four or more rings were considered, LME had the highest 
emissions. These emissions decreased sequentially for SME, RME, PME, and CME. This series 
corresponds nicely to the iodine number (figure 5).   
 

Aldehyde emissions of diesel fuel, linseed oil methyl ester and rape seed oil methyl ester are 
presented in figure 6. Formaldehyde and acetaldehyde contribute 85% to the total aldehyde emissions. 
Only acetaldehyde, butyraldehyde, and benzaldehyde were less emitted using methyl esters. But due to 
the high impact of formaldehyde to total emissions no advantage for any of the biofuels was found. 
Discordant results were reported by several authors[5],[6],[7], who found an increase of aldehydes 
emissions using fatty acid methyl esters. On the other hand, Sharp et al.[8] found a substantial reduction 
in aldehyde emissions with SME. 
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Figure 6. Aldehyde emissions of the Mercedes OM 906 engine, ESC test. 

 
 

If fatty acid methyl esters were blended to diesel fuel, most of the emissions of the blend changed 
linearly with the ester content. However, some emissions showed a non-linear trend. It was found that 
RME blended to diesel fuel had a maximum of the mutagenic effect at 20% RME[9]. This effect was 
not found by blending SME to diesel fuel (figure 7). Only a small non significant local maximum was 
detected at 20% SME. In this test the exhaust from pure SME showed the highest mutagenic potential 
Using PME, a maximum of mutagenicity was found at 10% of methyl ester (figure 8). A maximum of 
PAH emissions was found for a 10% blend with PME by Lin at al.[10], too.  

Fang and McCormick[11] found a maximum of deposits in 20% blends that could be oligomers from 
biodiesel. These deposits can be re-dissolved in blends with a higher percentage of biodiesel. It can be 
assumed that these biodiesel oligomers may have a higher boiling point than biodiesel or may even 
boil under decomposition like neat vegetable oil. According to the hypotheses regarding the high 
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mutagenicity of neat vegetable oil[12], possibly B20 exhaust could be more mutagenic because of a 
maximum of insoluble oligomer formation leading to a maximum of pyrolysis products in the exhaust.   
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Figure 7. Means and standard deviations of 
triplicate mutagenicity tests of 10%, 20%, and 
30% blends of SME using tester strain TA100 
with (+S9) and without (-S9) metabolic 
activation by rat liver enzymes, OM 906, ESC. 

Figure 8. Means and standard deviations of 
triplicate mutagenicity tests of 10%, 20%, and 
30% blends of PME using tester strain TA100 
with (+S9) and without (-S9) metabolic 
activation by rat liver enzymes, OM 906, ESC. 

4. Conclusion
Regulated and non regulated emissions of a Euro III diesel engine OM 906 were measured. As fuel 
vegetable oil methyl esters from various sources (rapeseed oil, soybean oil, palm oil, coconut oil and 
linseed oil) and reference diesel fuel were used as well as blends of the vegetable oil methyl esters 
with diesel fuel.  

The carbon monoxide and hydrocarbon emissions of the tested methyl esters show advantages 
versus DF. The particle mass emissions of methyl esters were likewise lower than those of DF, only 
linseed oil methyl ester showed higher particle mass emissions. A disadvantage of all tested biodiesel 
fuels was the increase of nitrogen oxides. This varied depending on the methyl ester from 10% to 
30%.  

Aldehyde emissions were tested for rapeseed oil methyl ester, linseed oil methyl ester, and diesel 
fuel. To optimize the analytical procedure and to avoid measuring errors, potassium iodide cartridges 
were used during the sampling to suppress the side reaction from nitrogen oxides. The aldehyde 
emissions didn’t vary significantly between all fuels. 

The Ames tests showed the lowest mutagenicity for palm oil methyl ester next to coconut oil 
methyl ester. The low numbers of double bounds, which are indicated by the low iodine numbers of 
these esters, seem to be responsible for this result. 

For blends of biodiesel and diesel fuel, emissions changed linearly with the biodiesel percentage. 
However, especially for non-regulated emissions, some deviations from this linear trend were 
detected. For PME blends a maximum of mutagenicity in the range of B10 was observed. 
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