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INTRODUCTION

Historically, a compression ignition engine 
was powered by a biofuel for the first time at the 
World EXPO 1900 in Paris. It was a Rudolf Diesel 
engine adapted to run on the peanut oil. The ener-
gy crisis in the 1970s made it clear that countries 
that do not have their own fossil energy sources 
must change their approach to the economic strat-
egy used so far. An additional important argument 
in the global assessment of climate phenomena 
was a noticeable phenomenon of climate warm-
ing. It has now been revealed that the largest oil 
companies in France and the United States were 
strictly hiding the fact. Therefore, since the be-
ginning of the seventies, intensive research on 

the use and production of biofuels has been un-
dertaken. In Europe, the research subjects were 
not only methyl esters of rapeseed oil fatty acids, 
but also other oils obtained from sunflower seeds 
and soybeans [1]. These studies were conducted 
on a large scale in Poland (including the Radom 
University of Technology since 1989), Germany, 
Austria, France and other countries. In the USA, 
the studies included only soybeans and corn, 
whereas in Brazil and Argentina only sugarcane 
was studied [2, 3]. Corn oil has been produced in 
the USA since 2013 according to the Edeniq Oil 
Plus technology.

The studies have not been discontinued and are 
being carried out on new raw materials obtained 
from the seeds of camelina, salicornia, jatropha, 
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jajoba and karanja that occur in Mexico, Brazil, 
Bolivia, Peru, Argentina, Paraguay, India, China, 
Japan [4]. The fuel containing vegetable oils ob-
tained from these seeds is produced in the fac-
tories in the Philippines, Pakistan and Brazil [2].

The increase in the cultivated area for the pro-
duction of oilseeds for biofuels raises concerns 
in terms of a sustainable economy. Therefore, 
recently, new technologies are being developed 
and other solutions are being sought for the use of 
animal waste fats [5] and cooking oils [6]. In ad-
dition, research is carried out on the use of waste 
from the pulp industry as well as algae cultiva-
tion on an industrial scale [7]. New technologies 
of diesel fuel components make production pro-
cesses more efficient and improve the profitability 
of the investment.

Contemporary research on complex fuel re-
sources for powering internal combustion en-
gines clearly confirms the interest in biofuels. 
It mainly concerns methyl esters obtained from 
various oilseeds. It has been found that carbon di-
oxide (CO2) plays a decisive role in warming of 
the Earth’s climate. A special feature of vegetable 
based fuels is the fact that CO2, which is emit-
ted into the atmosphere, is absorbed by biofuels 
and consumed in the process of photosynthesis. 
Consequently, it does not block the heat radiation 
from the Earth into the atmosphere. Therefore, it 
can be assumed with some simplification that in 
this case we are dealing with a closed CO2 cycle.

The purpose of the study was the research 
concerning the emission of limited exhaust gas 
components: carbon dioxide (CO2), hydrocar-
bons (HC), nitrogen oxides (NOx) and particulate 
matters (PM). Most of the previous researches 
have been carried out on a compression-ignition 
engine equipped with mechanical injection and 
fuel control regulation systems [8]. They were no 
longer able to reach the expectations in terms of 
vehicle driving dynamics, economics and exhaust 
emissions in accordance with the applicable EU 
standards. As a result, more attention is being 
paid to more modern fuel supply systems, like 
common rail, that will replace obsolete, previous-
generation fuel systems in the future.

Several researches are published with com-
mon rail fuel systems using biodiesel fuel. Mainly 
this is a biodiesel produced from different sourc-
es, not only rapeseed, but also palm, sunflower, 
used fried oil, etc. Main part of these researches 
are dedicated to different blends with fossil die-
sel with the aim to find out engine efficiency, fuel 

consumption, as also emissions. It is well known 
that some properties of biodiesel leaves an impact 
on main performance parameters of the engine. 
Lower heating value stimulates increase of fuel 
consumption, higher oxygen content helps to 
reduce amount of some components in exhaust 
gases, higher viscosity and surface tension leaves 
impact on atomization and better penetration. 
In case of common rail systems composition of 
mentioned properties are especially important 
for reaching of appropriate injection and perfor-
mance characteristics.

For example, Kousoulidou [9] has been tested 
palm oil and rapeseed oil methyl esters in blends 
at ratio of 10 vol.% in the common rail (CR), di-
rect injection, turbocharged and intercooled en-
gine tests and Renault Laguna 1.9 dCi common-
rail turbocharged vehicle tests. Author observed 
that biodiesel have not had a serious impact 
on CO and CO2 emissions, while NOx ranged 
from –6% to +4% regardless of the type of used 
biodiesel. Another research [10] with 5 different 
biodiesels (rapeseed, soy, sunflower, palm and 
used fried oils) in ratio of 10% vol. in CR passen-
ger car showed increase of CO and HC emission 
by 10–25%, CO2 ranging from –2% to +4%, and 
NOx ranging from –7% to +11% depending on 
the origin of feedstock.

Cardenas [11] also has been tested different 
biodiesel fuels (rapeseed, sunflower, soybean) in 
a common rail diesel engine on a test bench under 
New European Driving Cycle. Author observed 
increase of nitrogen oxides, total hydrocarbons 
and carbon monoxide for biodiesel and its blends 
in comparison to conventional diesel, and con-
cluded that the main reason could be connected 
with the impact of fuel properties on the electron-
ic control unit response tuned for diesel operation 
by the car maker [11]. It was also confirmed in 
another research [12] after detailed analysis of a 
light duty CR diesel engine fuelled with rapeseed 
methyl ester, concluding that Electronic Control 
Unit calibrations must done to reach the best com-
promise between performance and emissions, if it 
is used in diesel engine with a fuel with different 
characteristics to conventional diesel. In the same 
time How [13] concluded that engine load had a 
significant effect on brake specific emissions real-
izing tests with coconut biodiesel in a high pres-
sure common rail diesel engine – reduction of 
carbon monoxide and increase of nitrogen oxide 
emissions was observed with the increase of en-
gine load and blending ratio.
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Meanwhile, Serrano [14] in the tests with 
low biodiesel blends (7 vol.% (B7) and 20 
vol.% (B20) addition to fossil diesel) in a Re-
nault Megane 1.5 dCi NEDC cycle and perfor-
mance tests observed that small blends like B7 
shows very small difference in NOx emissions 
in comparison to fossil diesel while B20 cor-
responds to almost 20% of decrease. At the 
same time authors concluded that increase of 
researches on combustion of engines equipped 
with recent technologies and usage of biodies-
el are required to obtain the knowledge on the 
exhaust emission technologies in case of new-
est fuel tendencies.

Tests with higher biodiesel blends mainly 
have been performed with less common types of 
biodiesel, like fish-oil biodiesel. For example, Ji-
aqiang [15] have been tested diesel / fish oil bio-
diesel blends at ratio of 10, 20, 30, 40 and 50 vol.% 
in AVL-5402 naturally aspirated single-cylinder 
engine, where he observed reduction of CO, HC 
and smoke emissions, but increase of NOx emis-
sions with increase of biodiesel content.

In general, an analysis of the literature sug-
gests that attention needs to be paid to the use 
of higher concentrations of biodiesel in common 
rail engines to assess the environmental benefits 
of using these blends. It should be recalled that 
since 2020 the EU Directive, requiring the use 
of 10% biofuels in relation to fuels consumed 
annually in the country, has been in force. And 
while pollution from internal combustion en-
gines on a larger scale has not been fully ad-
dressed through the use of electrical or hybrid 
technologies, increasing the concentration of 
biodiesel in blends can also be considered as an 
appropriate solution.

In overall, the publication presents the eco-
logical aspect of the research results concerning 
limited components of exhaust gases such as: 
HC, NOx, CO, PM of the AVL-5402 engine pow-
ered by mixtures of diesel oil with rapeseed oil 
methyl ester.

MATERIALS AND METHODS

Tested fuels

The research included diesel fuel (DF) and 
mixtures of DF with rapeseed oil methyl ester 
(RME), respectively, with the addition of 10% to 
50% RME in a volumetric mixture (v/v) contain-
ing 5 blends:
 • 10% of RME with 90% of DF (mixture code: 

10RME);
 • 20% of RME with 80% of DF (mixture code: 

20RME);
 • 30% of RME with 70% of DF (mixture code: 

30RME);
 • 40% of RME with 60% of DF (mixture code: 

40RME);
 • 50% of RME with 50% of DF (mixture code: 

50RME);

Tested blends were prepared just before the 
experiments by splashing mixing technique in 
the proportions mentioned before. Measurements 
of selected physicochemical properties of men-
tioned blends were also carried out in Kazimierz 
Pulaski University of Technology and Humani-
ties in Radom, and these properties are listed in 
Table 1. The numerical values concerning DF 
and RME contained in this table are consistent 
with the data for DF with the quality certificate 
no. 21BMK/A/321 PKN ORLEN S.A. Płock of 
06th February 2021 [16], and for RME in ac-
cordance with the presented by PKN ORLEN 
Południe S.A. Trzebinia: Certificate of Quality 
no. 21TBIO/A/41 of 2nd March 2021 [17].

Currently, fuel stations in Poland sell die-
sel fuel with an addition of 7% (v/v) FAME or 
RME. The product quality certificates show that 
both esters are characterized by the same basic 
physicochemical parameters. The only difference 
is that FAME may additionally contain fatty ac-
ids of other vegetable based fuels, e.g. sunflow-
er whereas RME esters are derived only from 
rapeseed [18].

Table 1. Selected physicochemical properties of the tested fuels

Properties
Fuel type

DF RME 10RME 20RME 30RME 40RME 50RME
RME content, % (v/v) - 100.0 10.0 20.0 30.0 40.0 50.0
Density at temp. 15 °C, kg/m3 825.3 882.7 831.2 836.6 841.7 846.5 852.6
Kinematic viscosity at 40 °C, mm2/s 2.50 4.47 2.66 2.83 3.13 3.24 3.40
Surface tension at 20 °C, mN/m 27.32 31.45 27.29 27.38 27.70 27.79 28.77
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According to the quality certificate of PKN 
ORLEN Południe S.A. 21TBI0/41 of 4th Feb-
ruary 2021 this product corresponds to WTO 
EG/83/2019 based on the PN–EN 14214 standard 
as amended and the Regulation of the Minister of 
Economy of 17th December 2010 with subsequent 
amendments [19].

Research engine

The test object was a single-cylinder, super-
charged diesel engine AVL-5402 engine equipped 
with the Common Rail fuel supply system. It is 
used for preliminary tests in the development of 
new prototypes of the AVL LIST G.m.b.H en-
gines in Graz, Austria.

The following are basic technical character-
istics of the AVL-5402 engine: single-cylinder 
engine, bore – 85.01 mm, stroke – 90 mm, dis-
placement – 511.0 cm3, combustion type – com-
pression ignition, compression ratio – 17.0–17.5, 
fueling system – direct injection, single injector, 
Common Rail system, maximum effective power 
with supercharging – 16 kW, rated engine speed 
– 4200 rpm, injection pressure – 110.0 MPa. The 
main technical data of the AVL research engine 
are listed in Table 2.

The view of the test stand is shown in Figure 1. 
Main elements of this stand are: AVL-5402 en-
gine, AVL eddy current brake, air and fuel con-
ditioning systems, fuel scale, Atlas Copco screw 
compressor, air temperature control system, auto-
mated supply system for the AVL + EC station, a 
measuring station: CO, HC, NOx and PM. Funda-
mental data on the particulate matter analyzer are 
listed in Table 3.

The measuring apparatus used for the tests 
were in conformity with the requirements of 

the following normative documents: Directive 
1999/96/EC of the European Parliament and of 
the Council of 13th December 1999, Regulation 
(EC) No. 715/2007 of the European Parliament 
and of the Council of 20th June 2007, as well as 
Commission Regulation (EC) No. 692/2008 of 
18th July 2008.

RESULTS

The emission values of exhaust compo-
nents (CO, HC, NOx, and PM) obtained during 
the tests are shown in Fig. 2–4. The AVL-5402 
engine worked on the load characteristics with 
a) n = 1200, b) 1700, c) 2200 rpm and with torques 
T = 5–35 Nm every 5 units. The summary of CO 
emissions for these three characteristics is shown 
in Fig. 2a–c. The engine speeds which were taken 
into consideration will be defined as: low, me-
dium and high, respectively. In the range of low 
rotational speeds when the torque of the engine is 
T = 5–20 Nm the CO content in the exhaust gases 
for n = 1200 rpm ranges from 140–350 ppm, for n 
= 1700 rpm it ranges from 170–510 ppm and for n 
= 2200 rpm it ranges 160–870 ppm, respectively.

For low engine speeds, the smallest share of 
CO in exhaust gases is when the engine is loaded 
with a higher torque than T = 20 Nm. The nature 
of changes in the CO emission function for the 
average and high rotational speed is comparable, 
different than for n = 1200 rpm (Fig. 2a–c).

With a great approximation, it can be assumed 
that CO emission with engine load decreases to 
its value T = 30 Nm in a comparable manner for 
all RME fuels with DF. Only under the maximum 
torque load, the values of CO emission of all the 
tested fuels increase, but in a similar manner. A 
greater share of RME in a mixture with DF causes 
a decrease of CO emission.

The HC hydrocarbon emission values for 
the load characteristics of the AVL-5402 engine 
with n = 1200, 1700 and 2200 rpm are in the 

Table 2. Technical data of the AVL 5402 research 
engine

Engine type 4-stroke, single cylinder
Cooling system liquid

Fuel injection type Common Rail, BOSCH 
CP4.1

Maximum injection pressure 180 MPa
Maximum power without 
turbocharging 6.25 kW at 4200 rpm

Compression ratio 17,5:1

Engine controller AVL-RPEMS + ETK7 
BOSCH

Displacement 510.7 cm3

Valves per cylinder 2 inlet, 2 exhaust

Table 3. Technical data of the AVL Micro Soot 
Sensor

Parameter Value
Measuring range 0.001–50 mg/m3

Display resolution 0.01 mg/m3

Detection limit 1 µg/m3

Sample flow 4 L/min
Data rate 10 Hz
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Figure 1. A general view of the test stand with the AVL-5402 engine

Figure 2. The impact of tested fuels on the emission of carbon monoxide (CO) from the AVL-5402 engine
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following ranges: 290–440 ppm, 300–550 ppm 
and 330–700 ppm, respectively. The nature of 
changes in HC emission, depending on the en-
gine load throughout the entire range can be as-
sumed to be linear (Fig. 3a–c). The lowest share 
of HC emission in exhaust gases for these two 
characteristics was obtained for the fuel with 
50% of RME in the mixture with DF. It prac-
tically did not depend on the engine load. The 
engine speed had a minimal impact on its emis-
sion. For three load characteristics, HC emission 
in the exhaust gases for diesel fuel was higher by 
approximately 50%.

The increase of RME content in the mixture 
with DF results in the lower HC emission. As 

far as the emission of nitrogen oxides NOx is 
concerned, it was found that for the three load 
characteristics, the emission of nitrogen ox-
ides was comparable to that of the diesel fuel. 
Only for the maximum load of the AVL-5402 
engine, the emission of nitrogen oxides was by 
a few percent higher (Fig. 4a–c). It concerned 
a fuel mixture containing 50% RME (v/v) in 
the diesel fuel. It was due to the higher oxygen 
content in the RME fuel, better fuel atomiza-
tion and caused easier ignition as well as more 
complete combustion, which could increase the 
local temperatures in the combustion chamber 
and the formation of larger amounts of nitro-
gen oxides.

Figure 3. The impact of tested fuels on the emission of unburned hydrocarbons (HC) from the AVL-5402 engine
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The results of the particulate matter emis-
sion of the AVL-5402 engine are presented 
in Figure 5a–c. The analysis of the values in 
the graphs shows that at the engine speed n = 
1200 rpm, the emissions of particulate matters 
in the exhaust gases was slightly lower for RME 
mixtures with DF.

These differences deepened with the in-
crease in the content of RME fuel in a mix-
ture with DF and were within the range of 
0.6–2.4 mg/m3. On the other hand, for the load 
characteristics at n = 1700 and 2200 rpm, the 
PM emission was similar in terms of the engine 
load. However, numerical values increased with 
the increase of the AVL-5402 engine speed and 

were in the range 1.40–7.80 mg/m3 and 1.40–
14.70 mg/m3, respectively.

A key impact of the engine speed and mul-
tiple increase of PM emission at the maximum 
engine load T = 35 Nm and n = 2200 rpm can 
be clearly seen. For all load characteristics, 
PM emission for the tested fuels in the entire 
engine load range was lower than for DF, with 
the exception of NOx emission for high en-
gine loads at low engine speed n = 1200 rpm. 
It should be noted that the differences in the 
emission of limited exhaust fumes compo-
nents are also insignificant, and their differ-
ence in ± 100 ppm value is within the mea-
surement error.

Figure 4. The impact of tested fuels on the emission of nitrogen oxides (NOx) from the AVL-5402 engine
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CONCLUSIONS

Studies on the use of biofuels, including their 
esters for fueling internal combustion engines, 
are still carried out in numerous research centres 
around the world. In Europe, research on the use 
of rapeseed oil fatty acids and their mixtures with 
diesel fuel is still dominant.

RME which have a slightly different calorific 
value and different physicochemical values, vis-
cosity, surface tension as well as higher density 
than diesel fuel has the impact on the combus-
tion process and emissions. This is an important 
fact as the injection pump realize fuel delivery. 
Therefore, for the same volume, the amount of 

energy supplied from RME to the cylinder will 
be lower than that of DF due to the lower calo-
rific value of RME. However, higher viscosity of 
RME esters than DF can result in the fact that the 
energy balance may be comparable to DF due to a 
smaller fuel leakage in the process of its pressing 
through the pump and the injector. Additionally, 
the oxygen content, higher by approx. 12%, and 
unsaturated bonds contribute to a better ignition 
and more complete combustion of RME.

The results of this research showed posi-
tive tendency in RME addition to DF in case of 
CO, HC, PM, and even NOx emission reduc-
tion, which usually was considered as a problem. 
The modernization of the existing engines with 

Figure 5. The impact of tested fuels on the emission of particulate matter (PM) from the AVL-5402 engine
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mechanical control systems for the injection pro-
cess enabled CR the control of the parameters of 
the injection and combustion process, reduced 
uniqueness [20–22] as well as the amount of ex-
haust gas components [23].

The physicochemical properties (density, vis-
cosity, surface tension, calorific value, flash point, 
atomic number and the structure of the molecule 
bond chain [24]) of the tested mixtures of RME with 
DF were different from conventional DF. Here it is 
possible to mark that the molecules with the num-
ber of double bonds have a positive impact on the 
parameters of the injection process: initial velocity 
of fuel injection, critical speeds of secondary fuel 
droplet breakup, critical diameters fuel droplets, mi-
crostructure of the fuel stream, vertical angle of the 
injected fuel stream. The impact of the tested fuels 
on the above-mentioned parameters of the injec-
tion process for the AVL-5402 engine has been dis-
cussed in the publication [21, 25] and consequently, 
the improvement of the combustion process and the 
reduction of emissions of limited exhaust gas com-
ponents: CO, HC, NOx and PM occurred.

Apart from the previously used traditional 
methods of assessing the parameters of injection 
and combustion of mixtures of RME with diesel 
fuel [26–29], attempts are made to use new phe-
nomena of numerical modelling to develop the 
impact of fuel properties on the course of mecha-
nism reaction in the combustion chamber [30]. 
Model studies are also carried out on the impact 
of the fuel injection pressure on the delay of au-
to-ignition, the fuel atomization and combustion 
processes [31]. Research is also carried out on the 
development of an oxy-fuel flame with the use of 
a test burner [32–33].
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