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Abstract: The use of biofuels is one way to reduce the increasingly visible harmful effects of diesel
engines on the environment. At the same time, it is also a way to gradually reduce dependence on
depleting oil resources. New sources for biodiesel production are currently being sought out. The
authors of this article have produced esters from animal fat waste, obtaining a biofuel that can power
diesel engines while obtaining a way to manage unnecessary waste. For this to be possible, it is
necessary to confirm the possibility of using such biofuel to power compression ignition engines. To
this end, it is moribund to conduct experimental tests on an engine dynamometer. The results of
such studies made it possible to determine how such esters affect the parameters of the combustion
process, which was the goal of the authors of this paper. In order to determine the effect of this
biofuel on the parameters of the combustion process, indicator graphs of the pressure course in the
engine cylinder were recorded. On their basis, heat release characteristics were drawn up and their
most important indicators were determined. In addition, the parameters of the indicator charts were
determined, such as the maximum pressure and the degree of its build-up during the combustion
process. These tests were carried out on a Perkins 1104D-E44TA compression ignition engine, which
is widely used in the construction industry as well as in agriculture. In order to be able to compare
these results with diesel fuel, the same tests, under the same conditions, were carried out while
feeding the engine with diesel fuel. It is worth noting that the tested esters were produced using a
reactor designed and built by one of the co-authors of this publication. This reactor is used for the
non-industrial production of biofuels from oils of various origins. Studies have shown that feeding
the engine with esters results in an increase in the maximum fuel consumption of about 15%. This
is dependent on the load and speed. Indicator graphs and their analysis indicated that feeding the
engine with esters at lower loads results in higher maximum combustion pressures, depending on
the engine load, compared to diesel fuel values by a maximum of about 10%. The calculated values of
the degree of pressure increase during the combustion process showed that feeding the engine with
esters at most loads results in an increase of up to 40% maximum. This is especially the case for a
speed of 2200 rpm. In the case of parameters related to heat release characteristics, the relationship is
the opposite, and feeding the engine with esters compared to diesel fuel results in higher maximum
amounts and rates of heat release. These values are higher for esters from 20 to 40%. In addition,
the percentage burnout of the fuel dose confirmed the information found in other publications that
feeding the engine with biofuels causes faster combustion compared to diesel.

Keywords: biodiesel; animal fat esters; combustion process; heat release characteristics

1. Introduction

Despite the intensive development of electric vehicles and drives, compression ignition
engines are still widely used where high torque values and continuous uninterrupted
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operation are required. Examples include vehicles used in road transport and heavy
vehicles used in road construction, but also vehicles used in agriculture [1–5]. Despite the
wide range of advantages of this type of engines, the main problem faced by designers
is their negative impact on the environment, in particular with emissions of nitrogen
oxides, but also in terms of significant emissions of particulate matter, whose elimination
significantly complicates exhaust gas after-treatment systems [6–8]. An important factor
determining the impact of these engines on environmental pollution is the type of fuel used
and its injection, which directly affects the quality of the combustion process. Trying to find
alternatives to diesel fuel that can be widely used to power diesel engines should take into
account the ability of these fuels to not only self-ignite but also to form a fuel–air mixture.
These parameters directly affect, for example, the auto-ignition delay period, and thus the
course of the combustion process and emissions of environmentally harmful components
of the exhaust gas [9,10]. Among the most important processes that occur in compression
ignition piston internal combustion engines is the combustion process. One of the ways
that allow for its wide-ranging evaluation is the indicator diagram, which is the course
of pressure in the cylinder during the combustion process. This chart is the final result of
primarily thermodynamic processes that occur during combustion. Using the indicator
graph, it is possible to determine the heat release characteristics during the combustion
process, which makes it possible to determine and evaluate the contribution of kinetic and
diffusive combustion or the maximum amount and rate of heat release [11–15]. Among
the important factors that significantly affect the combustion process and heat release
characteristics is the type and quality of injected fuel with which the engine is powered.
Currently, biofuels are widely used to power compression ignition engines in addition
to diesel fuel. Their use allows for a significant reduction in harmful components in the
exhaust gas [16,17]. From the definition that operates in the literature [10,18–21], biofuels
are called fuels, which can be in liquid form or in gaseous form obtained from biomass. We
can divide these biofuels into four generations. The different generations depend on the
raw material from which the oil is produced, from which esters are then obtained. In the
case of the first generation of biofuels, the basic raw material from which they are produced
are oils and esters obtained from food crops [11,22,23]. The second generation of biofuels
is primarily non-food crops and produced from agro-food industry waste, which we can
include, among other things, waste from the tanning industry [2,24–31]. Another generation
is biofuels, which are derived from organic matter, which is obtained from the raw materials
of crops modified by molecular biology techniques. These include algae [32,33]. The fourth
generation of biofuels are the fuels of the future, and their development is aimed at closing
the carbon balance and eliminating its negative impact on the environment. The current
literature contains many publications on biofuels obtained from various materials, the
amount of which is constantly increasing as a result of the progress of civilization. This
progress produces various types of waste that are primarily the result of human activity.
One way to manage these wastes is to produce biofuels from them. These wastes are
primarily waste from organic matter. These biofuels, according to the previously described
classification, are classified as second-generation biofuels. Organic waste of this kind also
includes animal waste. The extraction of biofuels from them is much less developed than
those produced from plants. Its significant advantages include the low cost resulting from
processing not a raw material such as food but a waste that must be disposed of, which is
associated with high costs. In the literature [34], the raw material from which the authors
obtained biodiesel was waste chicken and pork fat, the properties of which complied with
the requirements of the relevant standards. On the other hand, the authors of paper [35]
obtained biofuel from corn oil and chicken fat. On the other hand, the authors of paper [36]
note the small number of publications related to the study of engines fueled by biofuels
from animal waste, especially the lack of studies related to the course of the combustion
process in engines fueled by these biofuels.

In paper [37], the authors studied three types of HVO and RME fuels, as well as DF,
which was the base fuel and to which they compared the results from the two earlier
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fuels. The authors in that work showed that hydrotreated vegetable oil and RME canola
oil esters burned more slowly compared to diesel fuel. A similar fuel was tested by the
authors of paper [38], which was hydrotreated vegetable oil HVO compared to diesel fuel.
The authors of that work showed that the combustion process in an engine fueled with
hydrotreated vegetable oil starts earlier than when fueled with DF, which is due to the
higher cetane number.

In turn, the authors of publication [39] presented the results of a wide range of studies
of the combustion process as well as emissions of an engine fueled with biofuel obtained
from fish industry waste. In addition, three blends of biofuel from fish oil with standard
diesel fuel were tested. As the authors of the paper found, the highest pmax values were
obtained by powering the engine with biofuel from waste fish oil. In addition, this fuel
burns faster than DF. The results showed a favorable effect of using blends of this biodiesel
with diesel fuel on the stability of maximum combustion pressure values. The analysis
of the results of the study showed that waste fish oil fuel has higher thermal efficiency
and lower heat loss during the combustion process compared to diesel fuel. In another
publication, the authors [26] describe the significant advantages of biofuel from waste fat.
According to the authors, these fuels have significant amounts of saturated fatty acids,
significantly increasing the cetane number of these fuels. As studies [40] show, a high
cetane number value causes combustion to occur at lower temperatures. This is important
and allows for lower concentrations of nitrogen oxides in the exhaust gas. On the other
hand, the authors of the paper by Varuvel et al. [41] presented the results of tests on biofuel
obtained from waste fish fat and its blends with diesel fuel. The study showed an increase
of about 2% BTE for pure biodiesel. The research showed at the same time that the time of
auto-ignition delay was shortened and the speed of the combustion process was increased.
In addition, higher combustion pressures were obtained for blends of this biofuel with
diesel fuel than for diesel fuel alone. In publication [42], the authors conducted a study of
biofuel obtained from waste animal fat. Blends of this biofuel with diesel and bioethanol
were also studied. The study showed an increase in specific fuel consumption (BSFC) when
the engine was fueled with biofuel compared to diesel, while higher BSFC was obtained for
blends containing 20% bioethanol compared to diesel. Analyzing the effect of the biofuel
on the combustion process, the authors indicated that the maximum combustion pressure
in the cylinder when the engine was fueled with biodiesel was about 1.2% higher compared
to diesel. In addition, it was noted that the combustion process of this biofuel started at
earlier crankshaft rotation angles compared to diesel, having an apparent effect on the
auto-ignition delay period, which is also confirmed by the research presented in this article
and publication [43]. An increase in the addition of bioethanol to the fuel mixture resulted
in an increase in auto-ignition delay and thus a later onset of combustion.

In [44], the authors studied biofuel from waste animal fats and their blends enriched
with metal oxide nanoparticles. In that study, blends of biodiesel and diesel fuel with zinc
oxide nanoparticle additives resulted in increased engine efficiency and reduced exhaust
emissions. The transesterification process yielded SF biodiesel, and zinc oxide nanoparticles
were added as additives to improve the combustion process. Sheep fat (SF) biodiesel of
20% by volume was blended with conventional DF diesel of 80% (B20). Higher in-cylinder
combustion pressures and BTE were obtained with B20 + ZnO 100 ppm and B20 + ZnO
50 ppm blends. In contrast, BSFC showed a decrease compared to fuel blends without
nanoparticles, but at a higher load.

The authors of paper [45] evaluated the performance of a diesel engine powered by
blends of biodiesel and diesel fuel from waste chicken fat. In the study, blends of biodiesel
from chicken oil with diesel fuel were prepared. They were then tested on the engine
for exegetical and exo-economic evaluation. As the study showed, feeding the engine
with biofuel resulted in a deterioration of exegetical and exo-economic efficiency, but,
nevertheless, there is a kind of way to develop waste products into an energy source.

Most often, scientists obtain esters from new raw materials under laboratory con-
ditions, while the authors of this paper produced esters from the waste of an animal
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skin processing plant. These esters were produced using a reactor built and patented by
Grzegorz Wcisło, one of the co-authors of this paper (Polish Patent Office, patent number
218554). The esters are abbreviated AMEs in the paper, while the diesel fuel is designated
DF. The esters in their pure form, without any additives, were used to power a Perkins
1104D-E44TA (Perkins Engines Company Limited, Frank Perkins Way, Eastfield, Peter-
borough, PE1 5NA, UK) compression ignition engine. The authors of this publication
conducted experimental tests to determine how feeding the engine with these esters would
affect its performance parameters including the combustion process.

2. Experimental Work

In compression ignition piston internal combustion engines, the working medium
is compressed air into which fuel is injected at the end of the compression stroke. As a
result of high pressure and temperature, the vaporized and mixed fuel and air undergo
self-ignition and combustion. The course of the combustion process is strongly dependent
on the type and quality of the fuel being burned as well as the parameters of the fuel
injection process itself.

As a result of combustion, heat is released, causing a change in the pressure and
temperature of the working medium in the cylinder. The heat released causes a change in
the cylinder pressure, which, presented as a function of engine crankshaft rotation, is called
an indicator diagram. It is the final result of the thermodynamic, thermochemical, and
hydro-aerodynamic processes and heat transfer occurring in the cylinder of a reciprocating
internal combustion engine [46–49]. In addition, it is also the primary quantitative and
qualitative source of information about these processes and indices of engine operation.
The parameters of the indicator diagram depend on the course of the combustible mixture
formation process, which is influenced by fuel injection and parameters related to the supply
of oxidizer to the cylinder. The aforementioned quantities have a significant influence on
the parameters of the combustible mixture and exhaust emissions [50,51].

A system from AVL was used to record indicator graphs during the implementation of
the study. On the basis of the indicator graphs, using the software of the same company [52],
graphs of the amount of heat release during the combustion process were made, and their
maximum values, denoted in the paper by HRmax, were determined. In addition, the
maximum rate of heat release during combustion, denoted HRRmax, was determined. The
maximum combustion pressures pmax and the maximum pressure build-up increments
dp/dαmax were determined. The above-mentioned parameters obtained when the engine
was fed with AME esters were compared with those obtained under the same operating
conditions of the engine, but fed with DF, which met the requirements of the PN-EN590+A1
standard [53].

Experimental tests were carried out on a dynamometer bench located at the Thermal
Engine Laboratory of the Swietokrzyska University of Technology. Two load characteristics
were chosen as engine operating conditions: one at the speed of maximum torque, i.e.,
1400 rpm, and the other at the speed of maximum engine power, i.e., 2200 rpm. The lowest
engine load was a torque value of 20 Nm, and the next point was 50 Nm. Then, the next
load points were obtained by increasing the torque by 50 Nm until the maximum torque
was reached. Both fuels were tested under the same operating conditions, which allowed
them to be compared.

2.1. Description of the Engine and Test Stand

The Perkitns 1104D-44TA diesel engine used in this study is used to power off-road
machinery, including agriculture and the construction industry. This engine meets STAGE
IIIA emission standards as well as another EPA Tier 3-type standard. It is a modern
engine equipped with a direct injection power system with a rotary injection pump from
Delphi and an eight-valve valve train with gear transmission to the camshaft. In addition,
the engine is equipped with turbocharging and a charge air cooler. The most important
technical data of the engine used in this study are provided in Table 1.
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Table 1. Engine data and specifications Perkins 1104D-44TA.

Parameter Value

Manufacturer Perkins
Cylinder arrangement Row
Number of cylinders 4

Displacement capacity 4.4–10−3 m3

Compression ratio 18.2:1
Type of power system Direct
Injection pump model Delphi DP310 rotary pump

Air supply system Turbocharger
Camshaft placement In the engine block

Camshaft drive Sprockets
Number of valves per cylinder 2

Maximum engine power 75 kW
Maximum torque 416.0 Nm

Maximum n power speed 2200 rpm
Maximum torque speed 1400 rpm

The test stand used in the experiments is equipped with an eddy current brake AMX-
200/6000 from Automex (ODIUT Automex, Gdańsk, Poland) with an absorption power of
200 kW and a maximum torque of 700 Nm. Fuel consumption was measured using a strain
gauge from the same company as the brake. The block diagram of the stand is shown in
Figure 1.
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Figure 1. Construction of the test stand, where 1—Perkins 1104D-44TA engine; 2—Automex electro-
rotor brake; 3—AVL Indicom 612 engine cylinder pressure indexing system; 4—ATMX2040 strain
gauge mass fuel consumption meter; 5—computer; 6—measurement cabinet with control sys-
tem; 7—marker from AVL for measuring the engine crankshaft rotation angle; 8—system man-
agement computer for measuring and recording fast variable quantities; 9—brake measuring module;
10—piezo-quartz cylinder pressure sensor from AVL; 11—mass air flow meter.

The test stand where the tests were carried out is equipped with an AMX-200/6000
eddy current brake from Automex with an absorption power of 200 kW and a maximum
torque of 700 Nm. Fuel consumption was measured using a strain gauge from the same
company as the brake. The block diagram of the test stand on which the tests were carried
out is shown in Figure 2.
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For the measurement of fast-variable quantities such as the course of pressure in the
engine cylinder as a function of the angle of rotation of the crankshaft, systems specially
configured for this purpose are most often used [54]. On the bench, the measurement
system from AVL IndiSmart 612 (AVL List GmbH, Graz, Austria) was used for this purpose.
AVL’s GH13P/AG04 (AVL List GmbH, Graz, Austria) piezoelectric sensor was used to
measure the pressure in the cylinder. It was placed in place of the glow plug. Measurements
of the above-mentioned cylinder pressure were recorded as a function of crankshaft rotation
measured with an AVL 365C encoder (AVL List GmbH, Graz, Austria) with a resolution of
∆α = 0.5◦ CA. The entire system for recording the fast-variable quantities was managed
using AVL Indicom Mobile 2012 software. Table 2 shows the apparatus used for indexing
engine cylinder pressure. The bench was also equipped with an apparatus for measuring
emissions of the primary components of the exhaust gas Horiba Mexa-1600DEGR (Horiba,
Ltd., Kyoto, Japan) and particulate matter Horiba Mexa-1230PM (Horiba, Ltd., Kyoto,
Japan), the results of which are presented in another publication [55].

Table 2. Specification of apparatus for measuring high-speed quantities.

Destination Type/Manufacturer

Cylinder pressure AVL GH13P/AG04 (AVL List GmbH, Graz, Austria)
Crankshaft rotation angle AVL 365 C (AVL List GmbH, Graz, Austria)

Data processing AVL IndiSmart 612 (AVL List GmbH, Graz, Austria)
Software AVL IndiMobile 2012 (AVL List GmbH, Graz, Austria)

Load brake AMX200/6000 (ODIUT Automex, Gdańsk, Poland)

2.2. Fuels Tested

Compression ignition engines require fuels with good combustible mixture formation
properties. These properties can include appropriate chemical composition, formation
of the smallest possible droplets of injected fuel, and evaporation [56,57]. Important
parameters that affect the combustion process of the fuel can also include the cetane
number, which determines its self-ignition ability. This parameter affects the auto-ignition
time and thus the course and efficiency of the combustion process. The ever-increasing
requirements to reduce diesel fuel consumption are causing a search for new fuels to power
compression ignition engines. These include alternative fuels produced from vegetable oils
or gaseous fuels, etc. Fuels belonging to this group are also esters derived from animal
fats. Such fuel was used in the study. The material from which the esters were produced
was waste from the animal skin processing industry, which is used on a large scale in the
clothing and footwear industries. Such waste, if not used in industry, requires difficult and
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expensive disposal. The authors of this publication, using methyl alcohol and an alkaline
catalyst, have produced animal-derived methyl esters from such waste. The basic physical
and chemical properties of this fuel and diesel are shown in Table 3.

Table 3. Physical and chemical properties of diesel fuel and produced esters from animal waste.

Property Method
Value

AME DF

Higher heating value, MJ/kg PN-C-04375-3 [58] 42.23 46.32
Lower heating value, MJ/kg PN-C-04375-3 [58] 38.67 43.34

Flash point, ◦C EN ISO 2719 A [59] 116.2 58.5
Viscosity at 40 ◦C, mm2/s EN ISO 3104 [60] 4.32 2.11
Density at 15 ◦C, g/cm3 PN-EN ISO 12185 [61] 0.883 0.828

Cetane number (CN) EN ISO 5165 [62] 55.4 51.7
Water content, mg/kg EN ISO 12937 [63] 84 24

Cold filter plugging point, ◦C EN 116 [64] 13 −27
Lubricity (WSD), µm PN-EN ISO 12156 (1) [65] 614 408

HPLC total aromatics, % (m/m) Infrared analysis (instrument TD
PPA-PetroSpec by PAC) - 16.3

HPLC PNA aromatics, % (m/m) Infrared analysis (instrument TD
PPA-PetroSpec by PAC) - 1.4

FAME content, % (v/v) (DF-Irox Diesel apparatus,
PN-EN 14103 [66]) 100 0.1

Compared to DF, AMEs produced from animal waste have a higher cetane number
and higher viscosity, density, and ignition temperatures. AMEs have a lower calorific value
compared to DF. In addition, disadvantages include their higher water content and inferior
low-temperature properties, which significantly hinder their normal use in engines, making
it necessary to modify them, for example, by using heaters, etc. The implementation of this
study did not check the effect of this fuel on the durability of the power system or crank–
piston components. During the execution of the tests, in order to ensure the proper conduct
of the tests, the esters were placed in a special tank, which allowed us to maintain their
temperature at a constant level of about 40 ◦C. During the tests, there were no problems
related to the operation of the supply system and the engine itself. The tests were carried
out on the same feed system, i.e., the injection pump, injectors, and filters, as the tests when
feeding the DF engine. In doing so, it should be remembered that esters of higher fatty
acids, when added to diesel fuels, quickly undergo an oxidation process. The oxidation
process causes the formation of various types of deposits that can lead to the clogging of
fuel filters and the degradation of fuel system components such as fuel lines and seals [67].
For this study, esters without additives were used to improve their physical and chemical
properties, including low-temperature properties. The tested esters were produced using
a reactor patented and built by one of the co-authors of this paper [68]. This reactor with
one cycle of operation, which takes about 1.5 h, allows 50 L of esters to be produced. The
production of esters in the reactor can be carried out in a one-stage or two-stage process at
temperatures of 60/120 ◦C. The principle of the reactor itself is to use oil or methyl or ethyl
alcohol for transesterification in the presence of a suitable catalyst. During the production
of AME esters, the authors used methyl alcohol, while potassium hydroxide KOH was
used as an alkali catalyst. A photo of the reactor in the laboratory is shown in Figure 2.

3. Test Results and Analysis

As previously mentioned, tests were realized for two load characteristics at constant
speeds of 1400 and 2200 rpm. During the tests, the engine was fed with AME esters and
DF for comparison. During the tests, the basic parameters of the engine’s operation were
recorded, paying particular attention to indicators relating to the combustion process. The
results of these measurements were corrected to normal conditions to ensure their com-
parability. Similar to the work of [69], cylinder pressure waveforms were recorded where,
in order to ensure the repeatability of test conditions, graphs averaged over consecutive
200 duty cycles were used to analyze and produce heat release characteristics. From these
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charts, the maximum values pmax and the crankshaft rotation angles at which they occurred
αpmax were determined. These data made it possible to determine the effect of the tested
fuels on the degree of pressure buildup in the cylinder (dp/dα)max.

In order to increase the accuracy of the measurements, all measurements were recorded
in files for successive fixed measurement conditions. Once the engine operating conditions
were stable at each measurement point, the measurements were recorded for about 120 s. As
in other works [70] that provide statistical analyses for the recorded measurement data, the
standard uncertainty of the arithmetic mean of the measurement was calculated. The tests
showed a significant decrease in torque when feeding the engine with AMEs compared to
the parameters obtained for DF. For a speed of 1400 rpm, the decrease in maximum torque
is 40 Nm. For a speed of 2200 rpm, it is 50 Nm, to the disadvantage of AMEs. The decrease
in these parameters is related to the significantly higher viscosity of AMEs compared to DF,
and thus it affects the formation and combustion of the combustible mixture. These results
are consistent with studies presented in the work of [71,72]. This may create difficulties
for the use of this biofuel in heavy-duty engines. During the implementation of this study,
the content of basic components in the exhaust gas and particulate emissions were also
measured. The results of these tests are presented in another publication by the authors [55].
The engine load conditions were presented in a similar form to the publications [54,69],
where the engine load was converted to brake mean effective pressure (BMEP). During the
tests, measurements of exhaust and particulate emissions were also recorded. The results
of these studies are presented in [55]. Engine load conditions during this study along with
fuel consumption per duty cycle are shown in Table 4.

Table 4. Experimental engine load conditions and fuel consumption when operating the engine
according to load characteristics of 1400 and 2200 rpm.

T Load
(Nm)

Load
(%)

BMEP
(MPa)

Fuel Mass Per Cycle (mg/cycle)
1400 rpm 2200 rpm

DF AME DF AME

20 4.55 0.06 11 12 14 16
50 11.36 0.14 15 17 18 19
100 22.73 0.29 23 26 26 29
150 34.09 0.43 32 34 35 40
200 45.45 0.57 39 45 45 52
250 56.82 0.71 53 53 51 68
300 68.18 0.86 57 62 61 70
350 79.55 1.00 65 72 67 -
400 90.91 1.14 71 81 - -
440 100 1.26 82 - - -

As can be seen from Table 4, feeding the engine with AME esters, depending on the
load, increases fuel consumption by a maximum of 15% compared to DF. Figures 3 and 4
show pressure profiles recorded when the motor is operated according to load characteris-
tics of 1400 and 2200 rpm for example loads.

A comparison of the maximum pressures during the combustion process for the fuels
we studied is given in Figure 5, while Figure 6 shows the values of the angles at which they
occurred. For AME fuel in the range of average loads between 50 and 150 Nm and from
350 to 400 Nm, a higher pmax was obtained compared to DF by about 10%. These results are
consistent with the authors’ data presented in the literature [42]. With the characteristics of
2200 rpm at low loads, the relationship is similar; for T = 50 and 100 Nm, the highest values
of pmax were obtained for AME fuel. For the smallest load at T = 20 and 150 Nm for AME
fuel, slightly smaller pmax values were obtained compared to DF by about 2%. Considering
higher loads, values of maximum pressures are similar for both tested fuels.
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When feeding the engine AMEs for 1400 rpm and for torques ranging from
20 to 100 Nm, pmax occurred slightly earlier than for DF. For further torques from 150 Nm
to 400 Nm, pmax occurred later when feeding AMEs compared to DF, especially for loads
from 300 to 400 Nm, where the difference is about 10◦ CA at most.

Analyzing the results for 2200 rpm, the relationships are similar to those for
1400 rpm, but the differences in αpmax values are greater at lower loads. For loads from
20 to 50 Nm when feeding the AME engine, the maximum combustion pressure occurred
earlier compared to DF by about 2◦ CA. For other loads, the relationship is reversed.

The results with plots of maximum pressure increments during the combustion process
(dp/dα)max are shown in Figure 7.
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For the 1400 rpm characteristic, feeding the engine with AMEs compared to DF results
in about 40% greater maximum combustion pressure increments compared to DF. Only for
the lowest load of 20 Nm did the larger (dp/dα)max occur for DF.

At 2200 rpm, the dependencies are similar. For loads from 20 Nm to 150 Nm and
300 Nm, the largest (dp/dα)max occurred for AMEs, and they are much larger than for
DF. Similar growth relationships of (dp/dα)max for biofuels are described by the authors
in article [56]. This is due to the higher oxygen content of this fuel and the higher cetane
number, which shortens the auto-ignition delay period, causing the pressure to increase
during the combustion process. For other loads, the values of (dp/dα)max for both fuels
are similar. The higher degree of pressure buildup for AMEs may have a significant impact
on the durability of crank–piston components, and confirmation of this would require
long-term durability tests feeding the engine with such fuel.

Characteristics of the amount and rate of heat release during the combustion process
were prepared based on the averaged cylinder pressure from two hundred runs. Based
on them, their maximum values were determined. Examples of the characteristics of the
amount of heat release are included in Figure 8, while Figure 9 shows their maximum
values. Powering an AME engine results in lower maximum heat release quantities HRmax
compared to DF. These differences range from 1 to a maximum of 19% at the lowest engine
loads. The lower amounts of heat release for AME are due to the lower heating value of
this fuel compared to DF.

Figure 10 shows examples of HRR (heat release rate) characteristics, and Figure 11
shows their maximums.

The values of the maximum heat release rate HRRmax, in addition to the type of fuel
used to power the engine, are dependent on engine load. For the characteristics of 1400 rpm
as well as 2200 rpm, feeding the engine with AME fuel results in lower values of the heat
release rate; this is particularly pronounced at low and medium engine loads in the range
from 20 to 200–250 Nm. These values are higher for DF compared to AMEs by a maximum
of about 44%, with larger differences at 1400 rpm. Only for the load characteristics prepared
at 1400 rpm and loads from 300 to 440 Nm, HRRmax was slightly higher when the engine
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was fed with AME fuel compared to DF by about 7%. Similar correlations regarding the
effect of feeding the engine with esters on HRRmax are confirmed by other studies [56,57].
This is due to the lower calorific value of esters and their higher density and viscosity,
which adversely affects the formation and combustion of the combustible mixture.
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AVL software was used to determine the effect of the tested fuels on the rate of fuel
dose burnout. Using this software, the values of CA angles at which 5, 10, 50, and 90%
of the fuel dose burned out were determined. The method of determining these values is
shown in Figure 12. The analysis of these data made it possible to determine the beginning
of the combustion process, i.e., the 5% burnout, and the end of the combustion process,
defined according to this methodology as the 90% burnout of the fuel dose.
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The angular values of CA and percent fuel dose firing are shown in Figures 13 and 14.
The values obtained for 1400 rpm characteristics indicate faster fuel dose firing for AMEs
compared to DF. This is related to the shorter auto-ignition delay for AMEs, but also due to
the high oxygen content. These results are consistent with the work of [41,42]. The authors
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of these works also pointed out the earlier onset of combustion when fueling engines with
biofuels. According to the methodology used, it is determined that the onset of combustion
equates to burning 5 or 10% of the fuel dose. Analogous relationships are found for the
speed of 2200 rpm. For most measurement points, the fastest fuel dose burnout was
obtained for AMEs. These differences from DF are about 5◦ CA. For speeds of 2200 rpm
and loads of 20 and 50 Nm, burning 5% of the fuel dose occurs faster for DF, about 3◦ CA.
There is a similar relationship for the burnout of 50 and 90% of the fuel dose, where for
a load of 20 Nm, faster burnout also occurred for DF. The results for both characteristics
indicate that AMEs, like other biofuels, due to their properties and composition, burn faster
compared to DF.
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The results of the tests were subjected to statistical analysis by calculating the standard
uncertainties of the arithmetic means, the basic measured and calculated indicators of engine
operation, as well as the parameters of the combustion process, which are shown in Tables 5–8.
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Table 5. Standard uncertainty of the arithmetic means of the measured and calculated indices and
parameters of engine operation at n = 1400 rpm and feeding it with DF.

T
(Nm)

Quantities Measured Directly

∆T
(Nm)

∆P
(kW)

∆FC
(kg/h)

∆pmax
(MPa)

∆αpmax
(CA)

∆dp/dα
(MPa/CA)

∆α 5%
(CA)

∆α 10%
(CA)

∆α 50%
(CA)

∆α 90%
(CA)

20 0.0076 0.0011 0.0014 0.0566 0.0405 0.0140 0.0214 0.0085 0.0127 0.0562
50 0.0169 0.0024 0.0079 0.0644 0.0598 0.0162 0.0172 0.0133 0.0183 0.0622

100 0.0113 0.0017 0.0115 0.0699 0.0500 0.0200 0.0117 0.0144 0.0314 0.0620
150 0.0170 0.0023 0.0396 0.0581 0.0768 0.0185 0.0171 0.0164 0.0342 0.0709
200 0.0126 0.0021 0.0093 0.0082 0.0157 0.0158 0.0208 0.0182 0.0300 0.0849
250 0.0136 0.0025 0.0036 0.0081 0.0151 0.0141 0.0140 0.0130 0.0244 0.0706
300 0.0131 0.0031 0.0075 0.0091 0.0154 0.0148 0.0134 0.0130 0.0216 0.0579
350 0.0170 0.0057 0.0277 0.0117 0.0194 0.0206 0.0111 0.0167 0.0227 0.0648
400 0.0181 0.0055 0.0136 0.0383 0.0961 0.0174 0.0110 0.0140 0.0242 0.0754
440 0.0076 0.0011 0.0125 0.0782 0.0880 0.0195 0.0149 0.0174 0.0279 0.0835

Table 6. Standard deviations of the arithmetic means of the measured and calculated indices and
parameters of engine operation at n = 2200 rpm and feeding it with DF.

T
(Nm)

Quantities Measured Directly

∆T
(Nm)

∆P
(kW)

∆FC
(kg/h)

∆pmax
(MPa)

∆αpmax
(CA)

∆dp/dα
(MPa/CA)

∆α 5%
(CA)

∆α 10%
(CA)

∆α 50%
(CA)

∆α 90%
(CA)

20 0.0528 0.0029 0.0014 0.0619 0.0620 0.0989 0.0586 0.0486 0.0236 0.0652
50 0.0111 0.0026 0.0023 0.0983 0.0768 0.0149 0.0698 0.0260 0.0385 0.0790

100 0.0122 0.0029 0.0030 0.0107 0.0295 0.0163 0.0804 0.0334 0.0463 0.0819
150 0.0095 0.0024 0.0118 0.0105 0.0188 0.0152 0.0101 0.0363 0.0439 0.0106
200 0.0116 0.0028 0.0117 0.0109 0.0203 0.0155 0.0391 0.0143 0.0360 0.0901
250 0.0131 0.0034 0.0050 0.0119 0.0292 0.0204 0.0300 0.0130 0.0317 0.0990
300 0.0135 0.0044 0.0360 0.0124 0.0201 0.0185 0.0185 0.0164 0.0308 0.0953
350 0.0124 0.0041 0.0254 0.0168 0.0148 0.0200 0.0148 0.0175 0.0297 0.0118

Table 7. Standard deviations of arithmetic means of measured and calculated indicators and parame-
ters of engine operation at n = 1400 rpm and feeding it with AMEs.

T
(Nm)

Quantities Measured Directly

∆T
(Nm)

∆P
(kW)

∆FC
(kg/h)

∆pmax
(MPa)

∆αpmax
(CA)

∆dp/dα
(MPa/CA)

∆α 5%
(CA)

∆α 10%
(CA)

∆α 50%
(CA)

∆α 90%
(CA)

20 0.0101 0.0015 0.0062 0.0461 0.0407 0.0133 0.0692 0.0112 0.0150 0.0346
50 0.0101 0.0016 0.0091 0.0716 0.0712 0.0960 0.0101 0.0122 0.0273 0.0462

100 0.0120 0.0019 0.0063 0.0850 0.0687 0.0202 0.0172 0.0148 0.0284 0.0519
150 0.0133 0.0022 0.0027 0.0746 0.0711 0.0271 0.0145 0.0125 0.0300 0.0606
200 0.0157 0.0042 0.0020 0.0085 0.0198 0.0187 0.0086 0.0093 0.0228 0.0591
250 0.0206 0.0053 0.0052 0.0123 0.0029 0.0256 0.0126 0.0109 0.0205 0.0577
300 0.0159 0.0065 0.0186 0.0434 0.0078 0.0158 0.0125 0.0123 0.0208 0.0548
350 0.0171 0.0054 0.0025 0.0590 0.0017 0.0977 0.0112 0.0163 0.0232 0.0698
400 0.0242 0.0091 0.0079 0.0664 0.0077 0.0217 0.0114 0.0139 0.0213 0.0806

Table 8. Standard deviations of arithmetic means of measured and calculated indicators and parame-
ters of engine operation at n = 2200 rpm and feeding it with AMEs.

T
(Nm)

Quantities Measured Directly

∆T
(Nm)

∆P
(kW)

∆FC
(kg/h)

∆pmax
(MPa)

∆αpmax
(CA)

∆dp/dα
(MPa/CA)

∆α 5%
(CA)

∆α 10%
(CA)

∆α 50%
(CA)

∆α 90%
(CA)

20 0.0097 0.0231 0.0318 0.0677 0.080 0.0614 0.0585 0.0220 0.0368 0.0673
50 0.0106 0.0253 0.0165 0.0769 0.084 0.0176 0.0681 0.0124 0.0330 0.0655

100 0.0115 0.0286 0.0363 0.0646 0.051 0.0249 0.0498 0.0210 0.0385 0.0631
150 0.0190 0.0459 0.0410 0.0160 0.039 0.0201 0.0579 0.0246 0.0424 0.0932
200 0.0119 0.0313 0.0343 0.0115 0.021 0.0169 0.0390 0.0147 0.0266 0.0819
250 0.0138 0.0351 0.0251 0.0130 0.027 0.0193 0.0867 0.0142 0.0289 0.0922
300 0.0154 0.0664 0.0684 0.0133 0.060 0.0185 0.0378 0.0163 0.0249 0.0963
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4. Conclusions

The research presented in this article, along with its results and analysis, made it pos-
sible to determine the effect on the combustion process of feeding a Perkins 1104D-E44TA
compression ignition engine with animal waste ethyl esters (AMEs), compared to feeding
it with diesel fuel (DF). The analysis of the test results showed that feeding the engine with
AMEs results in a decrease in the maximum torque at 1400 rpm from 440 to 400 Nm. At
2200 rpm, the torque dropped from 350 Nm for DF to 300 Nm for AME. The decrease in torque
when feeding the engine with AMEs may be due to increased viscosity negatively affecting
the course of combustible mixture formation and combustion, which is also confirmed by
studies [55–57,67–74] and the lower heating value of this fuel. The decrease in torque when
burning AMEs can significantly limit its use as a fuel for heavily loaded engines. In addition,
feeding the engine with AMEs, increases fuel consumption by a maximum of 15% compared
to DF. Only at certain measurement points is it very close to DF.

When feeding the engine with AMEs at 1400 rpm in the low and high load ranges, an
approximately 10% higher pmax was obtained compared to DF; this is strongly dependent on
engine load. At a characteristic of 2200 rpm at low loads, the relationship is similar, while as the
load increases, the pmax values for both fuels are similar. Moreover, for AMEs at 1400 rpm for
low and medium loads up to T = 100 Nm, the maximum pressure pmax occurred slightly earlier
compared to DF by about 2◦ CA. For higher loads, the relationship is reversed.

For 2200 rpm characteristics, the relationships are similar to those for 1400 rpm, but
the differences in αpmax values are greater at lower loads. For loads from 20 to 50 Nm when
feeding the AME engine, the maximum combustion pressure occurred earlier compared to
DF by about 10◦ CA. For other loads, the relationship is reversed. The analysis of rising
pressure during the combustion process showed that feeding the engine with AMEs for
most loads causes much higher maximum pressure rises during the combustion process
compared to those obtained by feeding it DF. These values are higher for AMEs by up
to 40%. This is due to the earlier start of the combustion process and the higher oxygen
content of AMEs compared to DF. Larger pressure increases during the combustion process
can negatively affect the durability of the engine’s crank–piston components. HRmax
characteristics drawn up from the pressure profile showed that they are slightly higher
at low loads when feeding the engine with AMEs compared to those obtained with DF.
For most of the measurement points for the two load characteristics, the HRmax values are
larger when feeding the engine DF by a maximum of about 20%, which is due to the lower
calorific value of AMEs compared to DF. In the case of heat release rate, these values are
higher for DF compared to AMEs by a maximum of about 44%.

The analysis of the values of the maximum heat release rate HRRmax at 1400 rpm as
well as 2200 rpm revealed that feeding the engine with AME fuel results in lower heat
release rate values. This sis particularly pronounced for small and medium engine loads
in the range from 20 to 200–250 Nm. The values are higher for DF by up to 44%, with
larger differences for 1400 rpm. Only for a few loads were the values larger for AMEs, by
about 7%. The smaller HRRmax value for AMEs are due to the lower heating value of this
fuel as well as its density and viscosity. The analysis of the angular values of the burnout
of individual fuel dose percentages showed that for most loads, feeding the engine with
AMEs results in a faster burnout of the fuel dose compared to DF, from 3◦ to 6◦ CA for
1400 rpm. For the 2200 rpm characteristic, the biggest differences occur for the burnout
of 10% of the fuel dose and amount to a maximum of 10◦ CA. This is due to the shorter
auto-ignition delay for biofuels, but also high oxygen content.
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Nomenclature

AME animal methyl esters
BTE brake thermal efficiency
BSFC brake-specific fuel consumption
HVO hydrotreated vegetable oil
RME rapeseed Oil Methyl Esters
CA crank angle, deg
DF diesel fuel
dp/dα degree of pressure build-up, MPa/CA
HR amount of heat release, kJ/m3

HRR heat release rates, kJ/m3 CA
HRmax maximum heat release, kJ/m3

HRRmax maximum heat release rates, kJ/m3 CA
p cylinder pressure, MPa
pmax maximum combustion pressure, MPa
T torque, Nm
α5% burnout angle of 5% fuel dose, CA
α10% burnout angle of 10% fuel dose, CA
α50% burnout angle of 50% fuel dose, CA
α90% burnout angle of 90% fuel dose, CA
αpmax angle of onset of maximum cylinder pressure, CA
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Kielce, Poland, 2010. (In Polish)
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50. Kamela, W.; Wojs, M.K.; Orliński, P. Calculation Method for Assessing the Storage Capacity of Nitrogen Compounds in LNT

Reactors. Energies 2022, 15, 7819. [CrossRef]
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