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Effect of Biodiesel Addition to Diesel Fuel
on Engine Performance and Emissions

A. Serdari,* K. Fragioudakis, C.Teas,t F. Zannikos,} S. Stournas,§ and E. Lois
National Technical University of Athens, Athens 15700, Greece

In this paper, exhaust emission measurements are presented, using three conventional diesel-engine
vehicles and one stationary Petter diesel engine. The engines were operated with typical automotive diesel
fuel, containing 0.2 or 0.05 wt% sulphur, and blends of the fuels and 10 vol% biodiesel. The starting
material for biodiesel preparation was sunflower oil, which is an abundant plant oil in many Mediter-
ranean areas. The addition of biodiesel in the traditional diesel fuel resulted in significant reduction of
black smoke emissions, and the combination of low-sulphur diesel fuel and biodiesel comprises the best
fuel blend tested. The combination of low-sulphur diesel fuel and biodiesel resulted in reducing the
particulate matter emissions at higher loads. With regard to fuel consumption, the fuels that contained
biodiesel resulted in slightly increased fuel consumption. Wear metal measurements indicated that while
the detected metals Ag, Cu, Pb, and Cr were not significantly affected by biodiesel addition, the fuel
blend that contained biodiesel led to a slight increase of Fe into the used lubricant.

Nomenclature
Ag = silver, ppmm
CO = carbon monoxide, vol%
CO, = carbon dioxide, vol%
Cr = chromium, ppmm
Cu = copper, ppmm
Fe = iron, ppmm
HC = unburned hydrocarbons, ppmv
NO = nitric oxide, ppmv
NO, = total nitrogen oxides, ppmv
Pb = lead, ppmm
S = sulfur, wt%

Introduction

HE anticipated changes in petroleum distillate demand,
the new requirements for modern diesel engines, and the
necessity to face the environmental pollution problems lead to
the need to improve diesel-fuel quality. The reduction of sul-
phur content and the detailed investigation of diesel-fuel re-
newable substitutes are among the measures taken to meet au-
tomotive diesel-fuel problems.
The most recent European road diesel-fuel specification has
limited the sulphur content up to 0.05 wt%, and the future
trend is restricting the diesel-fuel sulfur content even more.' A
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serious problem that has arisen is the insufficient lubrication
ability of low-sulfur diesel fuel, caused by the reduction of
polar aromatic compounds through the refinery hydrotreatment
process.”

The substitution of diesel fuel with renewable materials is
of particular interest, and biodiesel is an easily prepared sub-
stitute for diesel fuel that does not contain sulfur’ and does not
demand significant modifications of the conventional diesel en-
gine.*’ Fatty acid methyl esters, commonly known as biodiesel
because of their polar nature and increased viscosity,>® seem
to alleviate lubricity problems of low-sulphur modern auto-
motive diesel fuels.

As a biomass-derived product, biodiesel has specific advan-
tages™’; the addition of biodiesel into the diesel fuel pool not
only reduces reliance on imported crude oil, but also helps to
alleviate CO, emissions (greenhouse effect) and helps achieve
energy storage by replacing fossil diesel fuel. Although the
substitution of conventional diesel fuel with rape-seed oil
methylesters already comprises a commercial action in many
countries of Central Europe, until now, in Greece and other
Southern Europe countries, the use of biodiesel was not de-
veloped because of the lack of sufficient rape-seed cultivation.
However, there are some other types of vegetable oils, such
as sunflower oil, which are abundant in many Southern Europe
areas and seem to be attractive candidates for biodiesel appli-
cations.

Biodiesel is easily prepared from vegetable-oil triglycerides
through the transesterification reaction with methanol. Com-
pared with fossil diesel fuel, engine emissions from biodiesel
are reduced with respect to particulates, carbon monoxide, and
hydrocarbons.*® Biodiesel is nontoxic, contains no aromatics,
has higher biodegradability than fossil diesel, and is less pol-
luting to water and soil.”~'' Emissions from biodiesel engines
show reduced values of carcinogenic and mutagenic sub-
stances.'™'' Because biodiesel does not contain sulfur, the use
of an oxidation catalyst with the engine has a high potential
of reducing exhaust gas-emission components, which might be
hazardous for humans.®

In an effort to investigate the perspectives of biodiesel pro-
duction from raw materials that are abundant in Southern Eu-
rope, the work described in this paper includes experiments by
consuming blends of typical automotive diesel containing
~0.2 or 0.05%, by mass, sulphur, with 10%, by volume, sun-
flower-oil biodiesel. In some European countries, e.g., Ger-
many, Austria, diesel-engine vehicles are fueled with 100%



SERDARI ET AL. 225

biodiesel. However, in such cases it is best to change the ve-
hicle parts that are affected by the biodiesel, e.g., the elasto-
mers parts. Because it was the first time that biodiesel was
introduced in vehicles in Greece, it was decided to follow a
more cautious approach and add it in the road diesel fuel in
small quantities, following the French example.

Three diesel-powered vehicles and a stationary, single-cyl-
inder, diesel engine were employed for the purposes of this
work. The vehicles included one taxicab, one pickup truck,
and one minibus. During the test period, all of the vehicles
were circulating in the greater Athens area, performing their
normal tasks. They were fueled either with typical diesel fuels
containing 0.2 or 0.05%, by mass, sulphur, or with blends of
diesel fuels with 10%, by volume, sunflower-oil biodiesel. The
tests included emission and fuel-consumption measurements.
The pickup truck was also employed for investigating the ef-
fect of the fuel blends on engine wear, by measuring the levels
of wear metals in the lubricating oil.

From the results obtained, it was concluded that the blend
of biodiesel and low-sulfur conventional diesel fuel was the
best combination for reducing black smoke emissions. How-
ever, in some cases, the addition of biodiesel resulted in small
increases of nitrogen oxide emissions and volumetric fuel con-
sumption. This behavior is attributed to the oxygen content of
the biofuel.

The field experiments for the impact on the wear metals in
the lubricant lead to the conclusion that most wear metals re-
main practically unaffected by the addition of biodiesel. How-
ever, for Fe, a small increase was observed in both cases of
biodiesel addition, but the changes were small, and, in general,
they should be recorded only as a possible trend that must be
investigated further.

Experimental Procedure

Three diesel-fueled vehicles and a stationary, single-cylin-
der, diesel engine (Petter AV1-LAB) were employed for the
tests. The engine characteristics are cited in Table 1.

During the test period, the vehicles were running in the
greater Athens area, performing their normal tasks. They were
fueled either with typical conventional diesel fuel containing
~0.2%, by mass, sulfur, or with typical conventional diesel
fuel containing ~0.05% sulfur, or with blends of the preceding
types of conventional diesel fuel with 10%, by volume, sun-
flower-oil biodiesel.

The fleet tests included NO, and NO emission measurements
at idling and a higher speed (~2500 rpm), smoke-opacity mea-
surements, whereas the volumetric fuel consumption and the

possible impact on engine wear (via wear metal determina-
tions) were also checked.

Two exhaust emission analysers were used for the emission
measurements: a NO, analyzer (42C NO-NO,-NO, Analyzer
High Level, Thermo Environmental Instruments, Inc.), and a
Tecneco-MSA Mark III opacimeter (that measures black
smoke opacity according to the Italian exhaust emission law).
The NO, analyzer was supported by Exhaust Gases Transpor-
tation Heated Lines (Signal Instruments Co, model 530/540)
and a Prefilter (Signal Instruments Co., Prefilter Unit 333),
which restrains the emitted particulates from entering the Hor-
iba and Thermo Environmental analyzers.

For every type of fuel and vehicle, four sets of emission
measurements were conducted. The exhaust emission data of
every set were in good agreement with the corresponding data
of the other measurement sets (same fuel and vehicle). In the
tables that follow, the mean values of the emission measure-
ments and their standard deviations at the 95% confidence
level are given.

The pickup truck participated in the lubricant tests. It was
initially supplied with lubricating oil (Shell, Rimula Oil X,
SAE 30) and fueled with typical diesel fuel containing
0.2% sulphur until it covered a distance of 3000 km. After
every 750 km of distance, a sample of the used lubricant was
drawn and analyzed. When the vehicle covered the required
distance of 3000 km, the engine was filled with fresh lubricant
of the same type, and the pickup truck completed the same
distance, this time being fueled with a blend of 0.2% S diesel
fuel with 10%, by volume, sunflower oil biodiesel. Again, after
every 750 km, samples of the lubricating oil were drawn and
analyzed.

Upon completion of this test, the same vehicle was supplied
with a lubricant of different specification (Shell, Myrina Oil
D, SAE 20W-50) and fueled with low-sulfur typical diesel fuel
(0.05% sulphur), until it covered a distance of 5000 km. Every
1000 km, a sample of the used lubricant was drawn and ana-
lyzed. When the truck covered the required distance of 5000
km, it was filled with fresh lubricant of the same type, and
repeated the same distance, this time being fueled with a blend
of the low-sulfur automotive diesel with 10%, by volume, sun-
flower-oil biodiesel. Again, every 1000 km, samples of the
lubricating oil were drawn and analyzed.

For every lubricating oil cycle, the most important wear met-
als (Fe, Ag, Cu, Cr, and Pb) in the lubricant were monitored
using a Perkin—Elmer atomic absortion spectrometer.'?

The study also included emission and volumetric fuel-con-
sumption measurements by employing a stationary, diesel, sin-

Table 1 Engine characteristics

Compression Maximum Maximum
Vehicle type Engine type Capacity Speed ratio output torque
Taxi cab Turbocharger 1688 cc _— 22/1 60/82 kW/hp 168 Nm at 2400/
Opel Vectra Air/air inter- CEE at 4400/ min
(1994) cooler min
Indirect injection
(swirl cham-
ber)
In line
Five main bear-
ings®
Pickup truck Indirect injection 2404 cc —— 21/4 48 kW at 4200/ 137 Nm at 2400/
Mercedes Prechamber min (DIN) min
(1982) 4 cylinder
Minibus Combi 130 2496 cc _ 19/1 50 kW at 4000/ 143 Nm (DIN)
Ford Transit Direct injection min (DIN)
(1986) 4 cylinder
Stationary, Petter Single cylinder 553 cc 1500 rpm 19/1 5 hp (3.8 kW) _—
AV1-LAB Indirect injection
engine

a . . .
Equipped with two-way catalytic converter.
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gle-cylinder, Petter engine, model AV1-LAB, that is basically
used for research activities. Fuel was supplied to the Petter
engine by an outside tank of about 3-1 capacity, which could
easily be drained for fuel changes; a glass burette of known
volume was also attached parallel to this tank and used for
fuel-consumption measurements.

The Petter engine was fueled with the four different fuels
and operated under different loads, up to 5 hp; exhaust emis-
sions (NO, and NO particulates) and fuel consumption were
monitored in each case. The particulate matter emitted from
the engine was measured using the equipment recommended
by the Western Precipitation Division Joy Manufacturing Com-
pany.” According to this method, exhaust gases pass through
a fibber glass filter, while the flue gas volume is recorded by
using a gas meter. Particulate matter weight results were ob-
tained by subtracting the weight of the clear fibber glass filter
from its weight at the end of the experiment.

Test Fuels and Lubricants

The vehicles were fueled with a conventional diesel fuel
containing ~0.2% sulfur (Table 2), a typical road diesel fuel
containing ~0.05% sulphur (Table 3), or blends of the pre-
ceding fuels with 10%, by volume, sunflower-oil biodiesel (Ta-
ble 4).

The conventional diesel fuel was supplied by the Hellenic
Aspropyrgos Refinery. The sunflower-oil biodiesel was pre-
pared in Italy by the Florys SPA company, and its properties

were in accordance with the Italian specifications for biodiesel
(CUNA standards), except for the glycerine content that was
about 1400 ppm. However, there was no danger for engine
problems as a result of the glycerine content, as the biodiesel
concentration in the fuel blend was just 10%.

Tables 5 and 6 present the specifications of the lubricating
oils used for engine-wear experiments (wear metals determi-
nations).

Results and Discussion

Fleet Test: Impact on Exhaust Emissions and Fuel Consumption

The exhaust emission measurements included NO, and NO
measurements at idling (Tables 7 and 8) and a higher speed
(~2500 rpm). In addition, opacity measurements were con-
ducted and the volumetric fuel consumption was checked. The
vehicles circulated in Athens consuming, in turn, the four types
of fuel described earlier.

Owing to the oxygen content of fatty acid esters," it is gen-
erally accepted that particulate emissions are reduced by the
addition of biodiesel into conventional diesel fuel.'>'® The
emitted black smoke measured with an opacimeter, according
to the Italian emission law,"” has a legal limit for buses of 65%,
and for all the other vehicles the limit is 70%. Our fleet tests
pointed out that the use of conventional diesel fuel of lower
sulfur content results in lowering black smoke opacity,
whereas in almost all cases, black smoke is reduced when
biodiesel is added into the diesel fuel (Tables 7 and 8). Among
the fuels tested, the blend of low-sulfur diesel fuel and bio-

Table 2 Diesel fuel properties®

Property Unit Value range Test method
Density at 15°C kg/l 0.8444-0.8582 ASTM D 1298
Distillation curve vol% e ASTM D 86
Recovered at 250°C 5-10 —_
Recovered at 350°C _ 86-88 —_
Recovered at 370°C 95 _—
Sulfur wt% 0.18-0.19 ASTM D 4294
Copper strip corrosion 1A ASTM D 130
Flash point °C 90-99 ASTM D 93
Kinematic viscosity at 40°C cSt 4.0-4.5 ASTM D 445
Water mg/kg 118-188 ASTM D 1744
Cetane index 54.0-57.5 ASTM D 4737
Ash wt% 0.005 ASTM D 482
Conradson carbon residue wt% 0.02 ISO 10370
Cold filter plugging point °C 4-5 IP 309
Suspended matter mg/kg <24 DIN 51419
Oxidation stability g/m’ <25 ASTM D 2274

*Higher sulfur content.

Table 3 Diesel fuel properties®

Property Unit Value range Test method
Density at 15 °C kg/l 0.8396-0.8538 ASTM D 1298
Distillation curve vol% ASTM D 86
Recovered at 250°C 13-22 —_—
Recovered at 350°C — 89-92 —
Recovered at 370°C 95-97 _—
Sulfur wt% 0.039-0.046 ASTM D 4294
Copper strip corrosion 1A ASTM D 130
Flash point °C 67-74 ASTM D 93
Kinematic viscosity at 40°C cSt 3.1-42 ASTM D 445
Water mg/kg 50-113 ASTM D 1744
Cetane index 52.1-55.5 ASTM D 4737
Ash wt% 0.005 ASTM D 482
Conradson carbon residue wt% 0.02 ISO 10370
Cold filter plugging point °C (=5)-(—11) 1P 309
Suspended matter mg/kg <24 DIN 51419
Oxidation stability g/m’ <25 ASTM D 2274

*Lower sulfur content.
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Table 4 CUNA specifications for biodiesel

Minimum  Maximum Test
Property Unit value value method
Acidity mg KOH/g  — 0.5 ASTM D 664
‘Water content ppm —_— 700 ASTM D 1744
Ash wt% —_ 0.01 ASTM D 482
Distillation  — _ ASTM D 86
Initial boiling point °C 300 e ——
95% recovery °C e 360 e
Density at 15°C kg/mc 860 900 ASTM D 1298
ISO 3675
Phosphorous ppm _— 10 DFG C III
16A-89
Bounded glycerine wt% R — —_ GLC 1(#)
Monoglyceride e 0.8 _
Diglyceride —_ 0.2 —
Triglyceride —_ 0.1 e
Free glycerine wt% —_— 0.05 GLC 2(#)
Methanol wt% —_— 0.2 GLC 33
Methylester wt% 98.0 —_— GLC 1 (#)
Saponification number mg KOH/g 170 e NGD H 14
Flash point °C 100 —_ ASTM D 93
Pour point °C — 0 ASTM D 97
Conradson carbon wt% e 0.5 ASTM D 189
Residue (10% distillation residue) —_— _ ISO 10370
Viscosity at 40°C cSt 3.5 5.0 ASTM D 445
ISO 3104
Sulfur wit% —_ 0.01 ASTM D 1552
ISO 8754

Table 5 Typical characteristics of the lubricant used®

Property Unit Value  Test method
Kinematic viscosity at 40°C cSt 93.9 1P 71
Kinematic viscosity at 100°C cSt 10.9 IP 71
Viscosity index 100 IP 226
Density kg/l 0.886 IP 365
Flash point °C 210 IP 34
Pour point °C —-18 IP 15
Total base number mg KOH/g 8.5 1P 276
Sulfated ash wt% 1.0 1P 163

*Shell, Rimula X, SAE 30.

Table 6 Typical characteristics of the lubricant used®

Property Unit Value  Test method
Kinematic viscosity at 40°C cSt 160 1P 71
Kinematic viscosity at 100°C cSt 18.20 IP 71
Viscosity index 126 IP 226
Density kg/l 0.904 IP 365
Flash point °C 203 IP 34
Pour point °C —18 IP 15
Total base number mg KOH/g 10 IP 276
Total acid number mg KOH/g 3.3 ASTM D 664

Shell, Myrina Oil D, 20W-50.

diesel comprised the best combination for reducing black
smoke opacity. Depending on the type of the engine, the pres-
ence of an oxidation catalyst and the maintenance condition,
the measured reduction of the emitted black smoke, in the case
of adding biodiesel in 0.2% sulfur conventional diesel fuel,
lies between —29 to —2%, whereas in the case of biodiesel
addition into the low-sulfur diesel fuel, it is in the range of
—33 to —26% (Fig. 1).

In some cases, the addition of biodiesel caused a small in-
crease of NO and NO, emissions, whereas in other cases, a
small decrease was also observed (Tables 7 and 8). This ver-
ifies previous research work, where the addition of oxygen
compounds to diesel fuel caused either an increase'®' or a
decrease to the emitted nitrogen oxides.'* It must be mentioned
that engine technology plays an important role in these emis-
sions,”®*' and the maintenance condition of the engine must be

taken into consideration. Considering conventional diesel
fuels, the tradeoff between particulate and nitrogen oxide emis-
sions means that lowering particulate emissions usually results
in increased NO, emissions,” depending on the engine tech-
nology as well. According to the course of our experiments,
in most cases, when the smoke opacity was significantly re-
duced, the addition of biodiesel in the conventional diesel fuel
did not lead to a clear increase of NO, emissions. Similar ten-
dencies have been recorded in other studies as well.'**

When adding sunflower-oil biodiesel in 0.2% sulfur auto-
motive diesel fuel, at idling speed, the observed changes of
NO emissions lie between —3 to +8%, whereas at 2500 rpm,
the changes fluctuate between —5 and +15%. When adding
sunflower-oil biodiesel in 0.05% sulfur automotive diesel fuel,
the changes of NO emissions are between —6 and +12% at
the idling speed, and —6 to +14% at 2500 rpm.

Total nitrogen oxide emissions appear to have similar ten-
dencies. In the case of adding sunflower-oil biodiesel in 0.2%
sulfur diesel fuel, the observed changes of NO, emissions lie
between —1 and +9%, whereas at 2500 rpm, the changes fluc-
tuate between —6 and +17%. For the addition of biodiesel in
low-sulfur diesel fuel, the changes of NO, emissions are be-
tween —8 and +11% at the idling speed, and —7 to +13% at
2500 rpm.

With respect to hydrocarbons and carbon-monoxide emis-
sions, it has been reported that the use of biodiesel fuel results
in the reduction of both of these pollutants.**** However, in
the course of our experiments, both of these pollutants were
practically unaffected by the type of fuel used. The specific
diesel engines employed in this study emitted very low
amounts of hydrocarbons and carbon monoxide, even when
fueled with conventional diesel fuels. Moreover, these emis-
sion levels were much lower than the measuring accuracy of
the Horiba analyzer used for these types of emissions.”

As illustrated in Fig. 2, under the same driving conditions
(circulation in the Athens area), the addition of biodiesel to
both types of conventional diesel fuel resulted in slightly in-
creased volumetric fuel consumption. Compared with conven-
tional diesel fuel, biodiesel has a lower calorific value, owing
to the oxygen contained in the ester fuel. Consequently, a small
increase in volumetric fuel consumption was expected.”’**
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Table 7 Mean values and standard deviations of NO/NOx emission measurements and black smoke opacity”

Smoke

Fuel NO, ppmv® NO,, ppmv® opacity, % Vehicle

Diesel fuel 82 + 3.51 66 * 3.05 85 + 231 70 * 1.52 60 *+ 5.12 Taxicab

+10% biodiesel 80 * 0.71 76 = 0.73 84 = 0.71 82 + 0.72 59 + 4.60 (Idling speed: 900 rpm)
Diesel fuel 62 = 3.19 57 = 2.82 89 * 6.00 75 = 3.60 82 + 7.94 Pickup truck
+10% biodiesel 60 *= 3.09 56 = 2.79 92 *+ 4.04 84 *+ 4.66 55 + 6.64 (Idling speed: 550 rpm)
Diesel fuel 172 = 7.51 148 * 5.00 178 + 6.50 160 = 5.78 47 * 4,12 Minibus

+10% biodiesel 185 * 6.88 141 * 446 194 = 7.32 151 = 5.27 45 * 471 (Idling speed: 700 rpm)

*Diesel fuel with higher sulfur content.
Idling speed 2500 rpm.

Table 8 Mean values and standard deviations of NO/NO, emission measurements and black smoke opacity”

Smoke
Fuel NO, ppmvb NO,, ppmvb opacity, % Vehicle
Diesel fuel 78 * 3.06 75 = 2.00 90 * 4.00 87 £ 1.15 65 * 5.60. Taxicab
+10% biodiesel 83 = 443 81 * 4.26 94 = 4.74 93 + 4.40 48 * 4.11 (Idling speed: 900 rpm)
Diesel fuel 63 x 3.37 62 = 3.32 91 * 6.89 88 * 6.11 76 * 8.45 Pickup truck
+10% biodiesel 59 + 2.88 58 + 2.90 84 *+ 4.09 82 * 3.89 53 * 6.20 (Idling speed: 700 rpm)
Diesel fuel 147 = 4.82 128 * 441 169 *+ 6.55 150 * 5.06 54 + 535 Minibus
+10% biodiesel 164 = 6.00 146 * 5.27 188 = 7.21 170 = 7.62 36 = 1.83 (Idling speed: 700 rpm)
*Low sulfur diesel fuel.
Idling speed 2500 rpm.
12
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Petter Engine: Emission and Fuel-Consumption Measurements

The Petter engine experiments included exhaust emission
(NO, and particulates) and volumetric fuel-consumption mea-
surements, under different loads up to 5 hp, using the same
four fuels.

Figure 3 shows the impact of the four different fuels used,
on particulate matter emissions. Biodiesel appears to reduce
particulate emissions, whereas the combination of 0.05% S
typical diesel fuel with biodiesel resulted in the largest reduc-
tion, particularly at higher loads.

Figure 4 shows the impact of the four different fuels on
volumetric fuel consumption. The two mixtures that contained

Fig. 4 Volumetric fuel consumption under different loads (Petter
AV1-LAB engine).

biodiesel resulted in a slight increase of fuel consumption.
Again, owing to the oxygen content of biodiesel, this behavior
was expected.

Figures 5 and 6 show how the four fuels examined affect
nitrogen oxide emissions. The addition of 10%, by volume, of
sunflower-oil biodiesel to both types of traditional diesel fuel
does not have a significant impact on NO, and NO emissions.
In general, low engine loads reduce NO, emissions, whereas
at high engine loads, a slight increase is observed in the pres-
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ence of biodiesel. However, the differences monitored are very
small, and may be considered as casual fluctuations.

Impact on Engine Wear

The pickup truck participated in the lubricant tests as de-
scribed in the Experiment Procedure section of this paper. Ta-
bles 9 and 10 present the results of wear metal analyses. In
general, the precision of this type of analysis is better than
10-15% by mass.”

When 0.2% sulphur diesel fuel plus 10% sunflower oil was
used, a clear increase of Fe into the used lubricant was
monitored, because the vehicle had reached 1500 km (it is
recommended the SAE 30 lubricant to be changed every
3000 km) (Fig. 7). Taking into consideration that the metal
parts of the engine contain significant quantities of Fe, while
the other metals exist in much lower concentrations, the higher
values for Fe, in either fuel, are explained. The metals Ag,
Cu, Pb, and Cr were not significantly affected by biodiesel
addition because the recorded changes were just a few ppm
(Table 9).
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Similar behavior was observed by the addition of 10%, by
volume, sunflower oil biodiesel in the low-sulfur diesel fuel,
using a lubricant of higher viscosity and better viscosity index
(SAE 20W-50) (Fig. 8, Table 10).

Conclusively, owing to the large quantities of Fe that the
metal parts of the engine contain, it could be said that, in the
case of biodiesel addition, a very small tendency in increasing
engine wear exists. However, as the increase in detected Fe
was just a few parts per million (ppm), we cannot conclude
that biodiesel blends affect the engine life negatively. A pos-
sible explanation for this small increase in Fe concentration
inside the lubricant could be the fact that both lubricants em-
ployed were mainly designed for conventional diesel-fuel ap-
plications.

The slight increase of Fe concentration in the lubricant, be-
cause of the use of biodiesel, has been reported in other stud-
ies, mainly regarding experiments with rape-seed oil esters.*
Another study®' mentions that the presence of rape-seed methyl
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Table 9 Wear metals analyses”

Fe, Ag, Cu, Pb, Cr,
Fuel Sample no. ppmm  ppmm ppmm ppmm ppmm
Diesel fuel 1 (0 km) 6.9 0.7 0.5 4.1 1.0
(DF) 2 (750 km) 63.3 0.7 3.8 8.2 34
3 (1500 km) 87.2 0.7 42 9.9 3.7
4 (2250 km) 101.5 0.8 5.5 11.4 5.3
5 (3000 km) 139.5 0.9 7.5 12.9 7.9
10% biodiesel in diesel fuel 1 (0 km) 6.9 0.7 0.5 4.1 1.0
(DFS) 2 (750 km) 62.2 0.6 4.1 9.3 3.8
3 (1500 km) 130.8 0.6 5.8 9.8 5.0
4 (2250 km) 175.8 0.7 8.2 11.2 7.3
S (3000 km) 200.2 0.8 9.7 12.8 10.1

a‘Pir;kup truck, 0.2% S diesel fuel, 10% sunflower-oil biodiesel.

Table 10 Wear metal analyses®

Fe, Ag, Cu, Pb, Cr,
Fuel Sample no. ppmm  ppmm ppmm ppmm ppmm
Diesel fuel 1 (0 km) 5 0.0 0.0 34 0.5
(DF) 2 (1000 km) 67 0.1 4.0 3.6 3.0
3 (2000 km) 100 0.2 5.5 37 3.9
4 (3000 km) 139 0.3 7.7 5.7 5.2
5 (4000 km) 144 0.6 8.5 6.0 7.1
6 (5000 km) 164 0.6 8.8 7.0 7.3
10% biodiesel in diesel fuel 1 (0 km) 5 0.0 0.0 3.4 0.5
(DFS) 2 (1000 km) 94 0.2 2.0 2.6 4.0
3 (2000 km) 122 0.4 2.8 49 4.4
4 (3000 km) 151 0.5 3.9 7.0 5.0
5 (4000 km) 179 0.6 9.4 7.0 7.1
6 (5000 km) 193 0.6 10.1 9.0 7.7

aPickup truck, 0.05% S diesel fuel, 10% sunflower-oil biodiesel.
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Fig. 8 Blend with 0.05% sulfur diesel fuel-wear metal analysis.

esters in the engine oil, although it decreases frictional wear
and increases corrosive wear because of the acidity of the bio-
diesel detected in the lubricant.

Conclusions

This paper examines the impact of the addition of 10% v/v
of sunflower-oil biodiesel to typical diesel fuels containing
about 0.2 or 0.05% S, with regard to exhaust emissions, fuel
consumption, and engine wear. For this purpose, three diesel
engine vehicles, representative of the Athens diesel vehicle
fleet, were employed and circulated in Athens, whereas a sta-
tionary, single-cylinder engine was also used for emission and
fuel-consumption measurements.

The interpretation of the results leads to the following con-
clusions:

1) The addition of biodiesel in the traditional diesel fuel
results in significant reduction of black smoke emissions, and
the combination of low-sulfur diesel fuel and biodiesel com-
prises the best fuel blend tested. Even more, the combination
of low-sulfur diesel fuel and biodiesel resulted in significantly
improving the particulate matter emissions at higher loads.

2) With regard to fuel consumption, as expected, under the
same circulation conditions, the fuels that contained biodiesel
resulted in slightly increased fuel consumption. The experi-
ments at the stationary engine gave similar results.

3) Wear metal measurements indicated that while the de-
tected metals Ag, Cu, Pb, and Cr were not significantly af-
fected by biodiesel addition, the fuel blend that contained bio-
diesel led to a slight increase of Fe into the used lubricant.
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