
ABSTRACT: Exhaust emissions and their effects on the envi-
ronment and human health, such as mutagenicity of particulate
matter (PM) and ozone-forming potential, must be considered
when using an alternative fuel. In the present work, a test engine
and two agricultural tractors ran on rapeseed oil methyl ester
(biodiesel) or conventional diesel fuel as well as blends thereof.
The objective was to detect any disproportionately positive or
negative effects depending on blend levels, because conven-
tional diesel fuel and biodiesel can be blended in every ratio.
Generally, emissions of regulated compounds changed linearly
with the blend level. The known positive and negative effects of
biodiesel varied accordingly. Overall, no optimal blend was
found. Increasing biodiesel content of the fuel caused a linear
increase in benzene emissions in the agricultural five-mode en-
gine test, an effect that may be explained from previous studies
on precombustion chemistry. In using the test engine, it was
found that PM from biodiesel significantly reduced mutagenic
potential compared with that from diesel fuel, although in this
work PM masses were found to be reproducibly higher for
biodiesel from rapeseed oil compared with conventional diesel
fuel. Ozone precursors increased 10–30% when using biodiesel
compared with conventional diesel fuel. Emissions of aldehydes
and alkenes are mainly responsible for this effect. N2O emissions
increased when using a catalytic converter.
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Biodiesel, defined as the monoalkyl esters of vegetable oils or
animal fats, is being used as an alternative fuel in many con-
ventional diesel engines (1,2). In Germany and other European
countries, biodiesel usually is rapeseed oil methyl ester (RME),
which is derived from low-erucic acid rapeseed oil and is often
termed canola oil, whereas in the United States it is mainly soy
methyl ester. However, even the combustion of “green” fuels
such as biodiesel leads to emissions of hazardous gaseous com-
pounds and particulate matter that may affect human health.

Diesel engine exhaust (DEE) has been classified as carcino-
genic to experimental animals and as a probable carcinogenic

agent to humans by the International Agency for Research on
Cancer (3). Several studies reported an increased relative risk
of approximately 50% for lung cancer by DEE after long-term
exposure (4). The carcinogenic effect of diesel exhaust is at-
tributed mainly to the inhalation of soot particles (5). Many
known or suspected mutagens and carcinogens, as, for exam-
ple, polycyclic aromatic hydrocarbons (PAH), are adsorbed
onto the surfaces of carbon cores of DEE particulate matter
(PM) as organic phase (6,7). Because of their median dynamic
diameter (0.1–0.3 µm) the particles are readily inhaled, and
about 10% are deposited in the alveolar region of the lungs (5).

In the United States, soybean oil-derived biodiesel success-
fully completed Tier I and Tier II Health Effects testing (8).
Evaluation of the results shows that biodiesel offers significant
health benefits compared with conventional diesel fuel (DF)
because most exhaust emissions are significantly reduced. The
present work compares PM emissions from conventional DF
with those from rapeseed oil-derived biodiesel regarding emit-
ted masses as well as particle size and particle number distri-
butions. To estimate the physiological effects of PM from DF
and RME, mutagenic potentials were determined. The poten-
tial influence of biodiesel exhaust emissions on ozone forma-
tion in the troposphere relative to those from DF was also stud-
ied. Because biodiesel and conventional DF are miscible in
every ratio, different blend levels ranging from neat biodiesel
to neat conventional DF were evaluated. Different blend levels
are used and recognized as alternative diesel fuels in numerous
countries around the world with the use of specific blend levels
depending on economic and regulatory environments.

EXPERIMENTAL PROCEDURES

Engines and test cycles. The test engine chosen was Fary-
mann (Mannheim, Germany) engine type 18 D, an air-cooled
4.2 kW one-cylinder four-stroke diesel engine with direct in-
jection. All tests were carried out with and without an oxida-
tion catalytic converter. Technical data are given in Table 1.
Three replicates were run of each test and the averages are re-
ported here. Because of its convenience, the Farymann en-
gine (normally used in construction equipment and emer-
gency power generators) was used for the extended series of
investigations with different blends. Additionally, a Fendt
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tractor type 306 LSA with direct injection diesel engine (type
MWM D 226.4.2) was used for testing. It was equipped with
a special catalytic converter (Oberland Mangold, Garmisch-
Partenkirchen, Germany) for biodiesel. Technical data for the
tractor are also given in Table 1. The tractor was used for the
investigation of ozone precursors and particulate matter emis-
sions. The German agricultural five-mode cycle was chosen
as engine test-cycle. This cycle has no legislative foundation,
but simulates the typical load of agricultural tractors in Ger-
many (9) (see Fig. 1; relative times shown). 

Fuels. RME complying with the German standard DIN E
51606 was provided by Connemann Company (Leer, Ger-
many) and with 370 ppm sulfur DF by German Shell (Ham-
burg, Germany). The FA composition (vol%) of the RME
used for experiments with the Fendt tractor was as follows: 
16:0 = 4.60, 16:1 = 0.19, 18:0 = 1.68, 18:1 = 59.94, 18:2 =
21.06, 18:3 = 8.93, 20:0 = 0.55, 20:1 = 1.44, 20:2 = 0.07, 22:0
= 0.35, 22:1 = 0.60. 

Analytical equipment. All regulated gaseous compounds
were taken directly out of the undiluted exhaust gas stream
and were measured with customary analyzers as discussed 
in the literature (10,11). PM was sampled from a double iso-
kinetic dilution tunnel (12). It was collected on polytetra-
fluoroethylene-coated glass fiber filters (T60A20; Pall Co.,
Dreieich, Germany). Volatile organic matter was determined
by heating the filters for 24 h at 220°C. Tests revealed that
this method gives results comparable to Soxhlet extraction
with dichloromethane (12). 

Methane and nitrous oxide were measured by high-resolu-
tion FTIR spectroscopy on a Magna 550 instrument (Nicolet,

Offenbach, Germany) with a long-path gas cell. Spectra were
analyzed by fitting sets of calibration spectra. Besides
methane and nitrous oxide, nitrogen oxide and nitrogen diox-
ide were also determined. The results of nitrogen oxides
(NOx) determination agreed with those of the chemilumines-
cence detector. Benzene was determined by GC on a Varian
Star 3600 CX instrument (Varian, Palo Alto, CA) equipped
with an FID. 

For particulate matter analyses, a Scanning Mobility Parti-
cle Sizer (SMPS) model 3934 with a Condensation Particle
Counter (CPC) Model 3010 obtained from TSI Company
(Aachen, Germany) (13) was used. The SMPS system sepa-
rates particles in the range of 7–300 nm. In this range, parti-
cles were divided into more than 100 different sizes by elec-
trostatic mobility. 

Ozone precursors and aldehydes were determined by
HPLC on a Hewlett-Packard (Überlingen, Germany) appara-
tus. Analyses of alkenes and alkynes were performed by GC
on a Shimadzu (Duisburg, Germany) 17A gas chromatograph
equipped with a Chrompack (Vlaardingen, The Netherlands)
CP 4020 cryotrap. 

RESULTS AND DISCUSSION 

PM relative to blends. With and without catalytic converter, in
most cases PM increased linearly with increasing RME per-
centage. The greatest increase was found between 40 and 60%
RME (Fig. 2). Nonlinearity appeared only in mode C, whereas
all other modes showed linear dependency (14). As expected
owing to the well-known reduction of soot by RME (9), insol-
uble organic matter decreases with higher percentage of RME.
This effect correlated linearly with the blend level. Statistical
analysis gave R 2 = 0.81 with catalyst and R 2 = 0.80 without
catalyst. It may be noted that many exhaust emissions studies
reported decreases in PM from biodiesel compared with con-
ventional DF (for an overview, see Ref. 1). It is possible that
this discrepancy can be attributed to differences in the compo-
sition of the fuels being compared, likely the conventional DF
used as comparison.

Nitrous oxide relative to blends. NOx exhaust emissions did
not differ with fuel (Fig. 3). This result coincides with other

718 J. KRAHL ET AL.

JAOCS, Vol. 79, no. 7 (2002)

TABLE 1
Technical Data of the Test Engine Farymann Type 18 D 
and the Fendt Tractor MWM Type D 226.4.2

Engine Farymann 18 D Fendt tractor

Stroke of cylinder 55 mm 120 mm
Bore of cylinder 82 mm 105 mm
Number of cylinders 1 4
Stroke volume 290 cm3 4154 cm3

Normal rate of revolutions 3000 rpm 2200 rpm
Rated power 4.2 kW 52 kW
Maximum torque 15.2 Nm at 2200 266 Nm at 1500

rev/min rev/min
Compression ratio 1:20 1:16

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

FIG. 2. Emissions of particulate matter and insoluble organic matter with
and without catalytic converter for different blends; Farymann test en-
gine, five-mode test. PM, particulate matter; RME, rapeseed oil methyl
ester.



work that showed that NOx exhaust emissions are either approx-
imately equal to or slightly increased when using biodiesel in-
stead of conventional DF. However, other studies usually did
not take the effect of a catalytic converter on N2O species into
account. In the present work, it was found that the catalytic con-
verter affected emissions, especially N2O. In sum of the test
cycle, the N2O emissions doubled (Fig. 4) with the increase
mainly due to mode B. Intake air temperature may also influ-
ence the results. Comparative test series in winter (low temper-
atures and low humidity) and in summer (high temperatures and
high humidity) revealed considerable effects on N2O emissions.

As mentioned above, numerous other studies on exhaust
emissions from biodiesel use showed that NOx exhaust emis-
sions are either slightly increased or comparable to those from
conventional DF (for reviews, see Refs. 1 and 2). This is the
case despite the higher cetane number of biodiesel compared
with conventional DF. In particular, studies on the effects of
cetane-improving additives showed that NOx exhaust emis-
sions usually are reduced when the cetane number of a diesel
fuel increases (15). This observation implies that an addi-

tional mechanism or mechanisms may have an effect on NOx
formation besides the mainly prevalent thermal Zeldovich
mechanism (16) when using biodiesel. 

Methane relative to blends. Neither the blend level nor the
presence of a catalytic converter influences methane emis-
sions. The low conversion rate for neat DF decreased linearly
to zero for neat RME (Fig. 4). Methane and other short-chain
hydrocarbons (HC) were detected in other investigations of
transient exhaust emissions (17,18). 

Benzene relative to blends. Benzene emissions increased
with the amount of RME, although, in contrast to DF, RME
does not contain benzene. This finding indicated that the ben-
zene content of fuels is not necessarily the main source of ben-
zene in exhaust emissions. The catalytic converter reduced the
emission by one-third (Fig. 5). Statistical analysis yielded R2

= 0.80 without catalyst and R 2 = 0.95 with catalyst. In this
connection, precombustion chemistry studies of neat fatty es-
ters injected into a constant-volume combustion apparatus
simulating the conditions in a diesel engine showed that aro-
matic compounds (benzene and alkylbenzenes) vary some-
what in dependence on the amount of unsaturation in the fatty
compound (19). More highly unsaturated compounds form
slightly greater amounts of aromatics. The higher content of
unsaturated compounds in RME compared with conventional
DF could explain the slightly higher benzene emissions when
using fuels with increasing amounts of RME.

Particle size and particle number distributions. Up to the
present time, PM mass has been the regulated value. Recently,
particle number and particle size distributions were recognized
as being more important than mass because one particle of 
1-µm diameter has the same mass as 1000 particles of 0.1 µm.
Small particles reach pulmonary alveoli and are deposited there,
whereas larger particles are deposited in the upper airways and
eliminated by the ciliated epithelium of the airways (3). Ultra-
fine particles (<100 nm) are considered to be especially critical
to human health (20). Therefore, a SMPS/CPC-system was used
to measure the number of different particle-size fractions. The
experiments were carried out on the Fendt tractor.

The particle size distribution of RME, DF, and RME with
catalytic converter is presented as weighted result of the five-
mode cycle in Figure 6. The maximum of the particle distribu-
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FIG. 3. Emissions of NOx with and without catalytic converter (five-
mode test cycle). See Figure 2 for abbreviation.

FIG. 4. Emissions of nitrous oxide and methane with and without cat-
alytic converter for different blends; Farymann test engine, five-mode
test. See Figure 2 for abbreviation.

FIG. 5. Emissions of benzene with and without catalytic converter for
different blends; Farymann test engine, five-mode test. See Figure 2 for
abbreviation.



tion is at 30 nm for DF. A shift to slightly smaller particle sizes
is observed for RME (maximum at 27 nm). Moreover, the par-
ticle number for RME is higher over the whole range. The cat-
alytic converter reduces the particle number and the maximum
of the particle distribution (maximum at 16 nm).

Because of some irreconcilable results of particle-size dis-
tributions in individual modes relative to the weighted result
of the five-mode test, each mode is depicted separately in Fig-
ure 7. In modes A and E, the shapes of the particle number
distributions were comparable. Absolute particle numbers of
RME and DF were similar in mode A. However, RME caused
more particles in mode E. The catalytic converter reduced
particle numbers in both modes. The maximum was at 100
nm (mode A, DF and RME), 65 nm (mode A, RME with cat-
alytic converter), and 40 nm (mode E). In modes B, C, and D,
the shapes of the distribution curves differ depending on the
fuel or the exhaust treatment. In modes B and D, RME in-
creased emissions of small particles, but the catalytic con-
verter reduced these smaller particles more effectively than it
did the larger ones. However, the catalytic converter caused a
shift toward smaller particles. This indicates that the smaller

particles may be liquid, probably unburned fuel, easily elimi-
nated by the catalytic converter. In contrast, the larger parti-
cles may have a solid core that cannot be oxidized. These the-
oretical considerations correlate with results obtained with an
impactor (not shown here), in which case the smaller parti-
cles were eliminated well by the catalytic converter (21). 

Mutagenic effects of PM. For pollutant evaluation, biolog-
ical effects are of fundamental importance. Therefore, the
mutagenic activity of diesel engine exhausts from RME and
DF was studied. Organic extracts of filter-collected particu-
late from DEE act as mutagens in bacterial and mammalian
in vitro assays. Most investigations were performed using the
Salmonella typhimurium/mammalian microsome assay
(6,22,23). This test detects mutagenic properties of a wide
spectrum of chemicals by reverse mutations of a series of S.
typhimurium tester strains, bearing mutations in the histidine
operon. This results in a histidine requirement of the tester
strains in contrast to wild-type S. typhimurium. The Ames test
(22) is the most frequently used test worldwide for investi-
gating mutagenicity of complex mixtures such as combustion
products. The present study employed the revised standard
test protocol (24) with the test strains TA98 and TA100. Ac-
cording to the criteria given by Ames et al. (22), results were
considered positive if the number of revertants on the plates
containing the test concentrations was twice the spontaneous
reversion rate and a reproducible dose-response relationship
was observed. The present analytical procedure was de-
scribed more extensively by Krahl et al. (25). 

Collected PM masses differed widely depending on engine
loads and fuels. In most tests, collected masses from RME ex-
haust were higher than those from DF. Higher percentages of
sampled masses were extractable from the filters for RME
than from those used for petroleum DF (Table 2). This obser-
vation is likely due to a smaller content of soot in biodiesel
exhaust emissions, as shown previously (9,10) for investiga-
tions carried out on the Farymann test engine. 
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FIG. 6. Particle number distribution of RME, diesel fuel (DF), and RME
with catalytic converter (RME Cat.); Fendt tractor, five-mode test. See
Figure 2 for other abbreviation.

TABLE 2
Sample Weights of Particulate Matter and Results of Soxhlet Extractions; Farymann Test Engine, Five-Mode Testa

A B C D E
Modes of the five-mode test (rated power) (partial load) (partial load) (partial load) (idle motion)

DF RME DF RME DF RME DF RME DF RME

Filter
Sample weight 1 11.5 11.3 4.2 17.3 7.5 35.4 9.0 36.2 6.1 13.3

(mg) 2 10.8 11.1 5.0 16.6 8.3 35.7 10.0 34.3 7.7 16.6
3 10.8 11.3 5.2 16.3 9.8 30.6 10.5 32.9 8.2 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 1 3.9 8.2 3.4 16.4 7.1 35.2 8.6 36.0 5.6 13.3
(mg) 2 3.3 8.2 3.7 16.3 7.5 35.7 9.5 33.9 7.0 16.4

3 3.0 8.0 3.9 15.8 9.0 30.5 10.2 32.6 7.9 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 1 34 73 80 95 95 99 96 99 92 100
(%) 2 31 74 74 98 90 100 95 99 91 99

3 28 71 75 97 92 100 97 99 96 100
Mean 31 73 76 97 92 100 96 99 93 99

aDF, diesel fuel; RME, rapeseed oil methyl ester.



A significant increase of spontaneous mutations was ob-
tained in the test strain TA98 for both fuels. However, for DF
the revertant frequencies were two- to eightfold higher com-
pared with those for RME (Fig. 8). Revertant frequency was
also significantly elevated in the test strain TA100, and the
mutations using DF were two- to threefold higher than those
for RME. Testing with activated liver enzyme S9-fraction
slightly decreased the number of revertants in most experi-

ments. These results indicated a higher mutagenic potential
of DEE from DF compared to RME. This is probably due to
the lower content of PAH and soot in the exhaust, although
the emitted masses from RME were higher at most loads. 

It may be noted that, despite discrepancies in the PM mass
reported here compared with other studies (higher vs. lower
PM mass compared with conventional DF), biodiesel (from
either rapeseed oil or soybean oil) has beneficial health effects
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FIG. 7. Particle number distribution of RME, DF, and RME Cat. in the
single modes of the five-mode test; Fendt tractor. See Figures 2 and 6
for abbreviations.



as shown by the present results and the Tier 2 Health Effects
tests (8). 

Regulated gaseous compounds and ozone precursors. In
summer, ozone is one of the main air pollutants. Traffic con-
tributes to ozone formation especially in urban areas, because
the photochemical reaction of components of exhaust emis-
sions, such as volatile organic compounds, yields ozone in
presence of NOx and sunlight. 

Without a catalytic converter, HC exhaust emissions de-
creased with increasing RME percentage. In contrast, CO
emissions increased. The catalytic converter reduced the
emissions of HC as well as the emissions of carbon monox-
ide, which coincides with speciation results obtained by other
researchers (17,18). The efficiency of the catalytic converter
depends on the blend (Fig. 9). Although HC were reduced by
the use of RME, NOx and aldehydes increased. Other re-
searchers have reported reductions in aldehydes when using
biodiesel (17,18). These contrary tendencies did not allow a
theoretical comparison of the ozone-forming potentials of
RME and DF (26). Therefore, the levels of ozone precursors
in the exhaust emissions of both fuels were compared as dis-
cussed below. 

HC in varying concentrations of several magnitudes with a
limit of detection in the parts per trillion range were detected
by the GC–MS system used. A detailed description of the sam-
pling procedure was given by Schröder et al. (21). The total
emissions of individual HC are shown in Figure 10. Because
of the large number of compounds in the emissions, aldehydes,
aromatics, and alkenes including ethyne are shown as classes
of compounds. The compounds are listed in Table 3 in the
order (bottom to top) in which they appear in Figures 10 and
11. The data in Figure 10 indicate that compounds with low
carbon numbers dominated emissions and that DF emissions
contain less ethene and ethyne than do RME emissions. On
the other hand, DF caused higher propene emissions. No ex-
planation is currently available for these observations. Similar
emissions of C2 HC but increased emissions of C3 were re-
ported in other emissions tests (17,18).

In the five-mode test, RME raised the emissions of ozone
precursors approximately 20%, with the catalytic converter
reducing emissions as expected. To estimate the ozone-form-
ing potential of the emissions, the concept of the specific
maximal incremental reactivity (MIR) of individual com-
pounds is useful. MIR values were given by Carter (27). A
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FIG. 8. Number of mutations from extracts of RME exhaust particles on
test strain TA98 compared with DF in the five-mode test (number of
spontaneous mutations = 32 per plate); Farymann test engine, five-mode
test. See Figures 2 and 6 for abbreviations.

FIG. 9. Emissions of carbon monoxide and hydrocarbons (HC) with and
without catalytic converter for different blends; Farymann test engine,
five-mode test. See Figure 2 for other abbreviation.

FIG. 10. Emissions of ozone precursors; Fendt tractor, five-mode test.
See Figure 2 for abbreviation.

TABLE 3
Compounds Quantified in Figures 10 and 11 in Bottom-to-Top Order

Aldehydes and ketones Aromatics Alkenes

Isoprene
1-Pentene
cis-2-Pentene

Hexanal trans-2-Pentene
Benzaldehyde cis-2-Butene
Isobutyraldehyde 1,2,4-Trimethylbenzene iso-Butene
Butanone 1,3,5-Trimethylbenzene trans-2-Butene
Propionaldehyde o/p-Xylene 1,3-Butadiene
Acrolein m-Xylene 1-Butene
Acetone Ethylbenzene Propene
Acetaldehyde Toluene Ethyne
Formaldehyde Benzene Ethene



comparison between emissions and their ozone-forming po-
tential showed that alkenes and aldehydes have the most im-
pact relevant to ozone formation, whereas aromatics have a
lower percentage (Fig. 11). The MIR value of carbon monox-
ide (0.07 g ozone per g component) is more than 100 times
smaller than the MIR value of ethene (9.97 g ozone per g
component) or formaldehyde (9.12 g ozone per g compo-
nent). However, because of the high mass of emitted CO, its
ozone-forming potential was also taken into account. 

In summary, no optimal blend for minimizing emissions
was found. On the other hand, no blend with maximal nega-
tive effects on the composition of exhaust emissions exists.
The advantages and disadvantages of RME changed in a lin-
ear fashion with the blend level. Only PM showed a nonlin-
ear trend in one mode. The mutagenic potential of PM from
RME was significantly reduced compared with conventional
DF, although the gravimetric PM value from RME was
higher. Benzene emissions increased with RME level.
Biodiesel had a slight disadvantage in terms of NOx and
ozone precursors; however, significant soot reduction was ob-
served that is responsible for the lower mutagenic potential
of biodiesel PM. The dependence of the catalytic conversion
ratio on blends indicated that the adaptation of fuels (blends)
to the exhaust gas treatment may be a useful way to reduce
emissions. Future research on particle-size distribution and
particle number may reveal additional effects on human
health and the environment that will help to use biodiesel
more efficiently. The results also show that the fuel must be
tailored to the engine and the catalyst. Systematic fuel re-
search is therefore necessary. 

ACKNOWLEDGMENTS 

The authors thank their colleagues Karsten Baum, Ulrich Hackbarth,
Hans-Edwin Jeberien, Michael Müller, Klaus Prieger, Christiane
Schütt, Nico Walter, and Andreas Weigel for support and especially
the German Federal Department of Food, Agriculture and Forestry
and the Lower Saxony Department of Nutrition, Agriculture and
Forestry for funding of the research. 

REFERENCES 

1. Knothe, G., and R.O. Dunn, Biofuels Derived from Vegetable
Oils and Fats, in Oleochemical Manufacture and Applications,
edited by F.D. Gunstone and R.J. Hamilton, Sheffield Acade-
mic Press, Sheffield, United Kingdom, 2001, pp. 106–163. 

2. Dunn, R.O., and G. Knothe, Alternative Diesel Fuels from Veg-
etable Oils and Animal Fats, J. Oleo Sci. 50:415–426 (2001). 

3. International Agency for Research on Cancer, Evaluation of
Carcinogenic Risks to Humans: Diesel and Gasoline Engine Ex-
hausts and Some Nitroarenes, IARC Monographs, 1989, Vol.
46, pp. 41–185. 

4. Mauderly, J.L., Toxicological and Epidemiological Evidence
for Health Risks from Inhaled Diesel Engine Emissions, Envi-
ron. Health Perspect. 102 (Suppl. 4):165–171 (1994). 

5. Scheepers, P.T.J., and R.P. Bos, Combustion of Diesel Fuel
from a Toxicological Perspective, II. Toxicity, Int. Arch. Occup.
Environ. Health 64:163–177 (1992).

6. Huisingh, J., R. Bradow, R. Jungers, L. Claxton, R. Zweidinger,
S. Tejada, J. Bumgarner, F. Duffield, and M. Waters, Applica-
tion of Bioassay to the Characterization of Diesel Particle Emis-
sions, in Application of Short-term Bioassay in the Fractiona-
tion and Analysis of Complex Environmental Mixtures, edited
by M.D. Waters, S. Nesnow, J.L. Huisingh, S.S. Sandhu, and
L.D. Claxton, Plenum Press, New York, 1978, pp. 382–418. 

7. Scheepers, P.T.J., and R.P. Bos, Combustion of Diesel Fuel
from a Toxicological Perspective, I. Origin of Incomplete Com-
bustion Products, Int. Arch. Occup. Environ. Health 64:149–161
(1992). 

8. Lovelace Respiratory Research Institute, Study Report Number
FY 98-056, Lovelace Respiratory Research Institute, Albu-
querque, 2000. 

9. Welschof, G., Der Ackerschlepper—Mittelpunkt der Landtech-
nik, VDI-Berichte 407:11–17 (1981). 

10. Krahl, J., H. Seidel, and J. Bünger, Exhaust Gas Emissions of
Rape Seed Oil Based Fuels and Effects on Environment and
Human Health, in Proceedings of the Ninth European Bioen-
ergy Conference, edited by P. Chartier, G.L. Ferrero, U.M. He-
nius, S. Hultberg, J. Sachau, and M. Wiinblad, Elsevier Science,
Oxford, 1996, pp. 1657–1661.

11. Krahl, J., A. Munack, M. Bahadir, L. Schumacher, and N. Elser,
Review: Utilization of Rapeseed Oil, Rapeseed Oil Methyl Ester
or Diesel Fuel: Exhaust Gas Emissions and Estimation of Envi-
ronmental Effects, Soc. Automot. Eng. Techn. Pap. Ser. 962096,
Warrendale, PA, 1996.

12. Krahl, J., K. Baum, U. Hackbarth, K. Prieger, C. Schütt, and O.
Schröder, Emissionsmessungen vongesetzlich limitierten Kom-
ponenten sowie Ruβ, Aldehyden, Benzol und Lachgas im
Dieselmotorabgas beim Betrieb mit Dieselkraftstoff, Rapsöl-
methylester und deren Gemischen mit und ohne Oxidations-
katalysator, Report of the Bundesforschungsanstalt für Land-
wirtschaft, Braunschweig, Germany, 1997. 

13. Bischof, O.F., and H.-G. Horn, Zwei Online-Messkonzepte zur
physikalischen Charakterisierung ultrafeiner Partikel in Mo-
torabgasen am Beispiel von Dieselemissionen, Motortechn. Z.
60:226–232 (1999). 

14. Schröder, O., K. Baum, U. Hackbarth, J. Krahl, K. Prieger, and
C. Schütt, Einfluβ von Gemischen von Dieselkraftstoff und
Biodiesel auf das Abgasverhalten, Landbauforsch. Völkenrode,
Sonderh. 190 (Fachtagung Biodiesel—Optimierungspotentiale
und Umwelteffekte):143–149 (1998). 

15. Ladommatos, N., M. Parsi, and A. Knowles, The Effect of Fuel
Cetane Improver on Diesel Pollutant Emissions, Fuel 75:8–14
(1996). 

16. Glassman, I., Combustion, 3rd edn., Academic Press, San
Diego, 1996, pp. 362–384. 

17. Sharp, C.A., S.A. Howell, J. Jobe, The Effect of Biodiesel Fuels

EMISSIONS AND PARTICULATE MATTER FROM RAPESEED OIL METHYL ESTER 723

JAOCS, Vol. 79, no. 7 (2002)

FIG. 11. Calculated ozone-forming potentials of diesel fuel and
biodiesel exhaust emissions; Fendt tractor, 5-mode test. See Figure 2 for
abbreviations.



on Transient Emissions from Modern Diesel Engines, Part I
Regulated Emissions and Performance, SAE Paper 2000-01-
1967, published in SP 1545 (State of Alternative Fuel Technolo-
gies). 

18. Sharp, C.A., S.A. Howell, and J. Jobe, The Effect of Biodiesel
Fuels on Transient Emissions from Modern Diesel Engines, Part
II Unregulated Emissions and Chemical Characterization, SAE
Paper 2000-01-1968, published in SP 1545 (State of Alternative
Fuel Technologies). 

19. Knothe, G., M.O. Bagby, and T.W. Ryan III, Precombustion 
of Fatty Acids and Esters of Biodiesel. A Possible Explanation
for Differing Cetane Numbers, J. Am. Oil Chem. Soc. 75:
1007–1013 (1998). 

20. Heinrich, U., Feine und ultrafeine Partikeln, Gefährstoffe-Rein-
haltung der Luft 58:377–378 (1998). 

21. Schröder, O., J. Krahl, A. Munack, and J. Bünger, Environmen-
tal and Health Effects by the Use of Biodiesel, SAE Paper 1999-
01-3561, 1999.

22. 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:
347–363 (1975). 

23. Claxton, L.D, Characterization of Automotive Emissions by
Bacterial Mutagenesis Bioassay: A Review, Environ. Mutagen.
5:609–631 (1983). 

24. Maron, D.M. and B.N. Ames, Revised Methods for the Salmo-
nella Mutagenicity Test, Mutation Res. 113:173–215 (1983). 

25. Krahl, J., K. Baum, U. Hackbarth, H.-E. Jeberien, A. Munack,
C. Schütt, O. Schöder, N. Walter, J. Bünger, M. Müller, and A.
Weigel, Gaseous Compounds, Ozone Precursors, Particle Num-
ber, and Particle Size Distributions and Mutagenic Effects Due
to Biodiesel, ASAE Paper 996136, 1999. 

26. Krahl, J., G. Vellguth, A. Munack, K. Stalder, and M. Bahadir,
Exhaust Gas Emissions and Environmental Effects of Rape Seed
Oil-Based Fuels in Agricultural Tractors, Soc. Automot. Eng.
Technol. Pap. Ser. 961847 (1996). 

27. Carter, W.P.L., Updated Maximum Incremental Reactivity
Scale for Regulatory Applications, Preliminary Report to Cali-
fornia Air Resources Board Contract No. 95-308 (1998).

[Received December 18, 2000; accepted April 10, 2002]

724 J. KRAHL ET AL.

JAOCS, Vol. 79, no. 7 (2002)


