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Abstract: The use of biofuel is one method for limiting the harmful impact of diesel engines on the
environment. It is also a way of gradually becoming less dependent on the depleting petroleum
resources. New resources for producing biodiesel are currently being sought. The authors produced
esters from animal fat waste, obtaining a fuel that can power diesel engines and identifying a way
to utilise unnecessary waste. The animal fat methyl ester (AME) was produced using a reactor
constructed for non-industrial ester production. The aim underlying this paper was to determine
whether a diesel engine can be fuelled with AME biodiesel and to test this fuel’s impact on exhaust
gas composition and fuel consumption. Fuelling a Perkins 1104D-44TA engine with AME biodiesel
led to a reduction in the smoke opacity of the exhaust gas as well as in carbohydrate, particulate
matter, and carbon monoxide concentrations. The carbon dioxide concentrations were similar for
biodiesel and diesel fuel. Slight increases in nitrogen oxides concentrations and brake-specific fuel
consumption were found for AMEs. An engine can be fuelled with AME biodiesel, but it is necessary
to improve its low-temperature properties.

Keywords: animal fat waste; biodiesel; second-generation biofuel; animal fat esters; diesel engine;
fuel consumption; exhaust gas composition

1. Introduction

In the literature, many important reasons justifying the need to use biofuels are
mentioned [1–8]. The most important ones are the need to limit greenhouse gas emissions,
the depletion of fossil fuel resources, and the need to reduce dependence on states with
fossil fuel resources. Furthermore, it is possible to introduce a new generation of fuels, the
production of which will not affect food prices [9–15].

Plants have the ability to store solar energy in organic matter, to some degree. Veg-
etable biomass can be referred to as a primary biomass and is obtained when photosynthesis
reacts with carbon dioxide and water using solar energy. Animal biomass can be referred to
as a secondary biomass; it is easier and definitely more effective to use vegetable biomass.
However, animal biomass is often a waste product of the food industry and is difficult to
utilise. It can therefore be used for fuel production, as proposed in this paper.

There are two main reasons behind the search for alternate fuels to power diesel
engines. The first is limited conventional fuel resources. Moreover, these resources are
gradually being exhausted. People are aware that they may be depleted. Moreover, not
everyone has access to petroleum, natural gas, or carbon resources. The second reason
for the search and use of alternate fuels, perhaps even more important today, is the need
to limit human civilisation’s harmful impact on the environment. Energy consumption
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has a huge impact on the environment, and transport and diesel engines comprise an
extremely high proportion of this consumption. Harmful compounds are released into the
environment during the combustion of conventional fuel. The use of biofuels in transport
is meant to reduce dependence on petroleum and to limit the harmful impact of diesel
engines on the environment.

The European Union’s policy puts a strong emphasis on gradually increasing the
share of renewable energy in the total energy demand of member states [16–21] in order to
provide environmental, economic, and social benefits in the future. The most important
benefits include reducing greenhouse gas emissions and preventing climate change, re-
ducing dependence on energy resource supplies from outside the EU, and contributing to
technological and economic development. The overarching objective is to provide adequate
living conditions for current and future generations.

Currently, European road transport mainly relies on diesel engines. Fatty acid esters
can constitute an alternative fuel to power these engines. If they meet the normative
requirements, they can be used in their pure form or as an additive to diesel fuels. There are
requirements that impose the use of esters as an additive to diesel fuels. The best known
and most widely used technology is for obtaining esters from vegetable oil fatty acids.
The following oils are most often used for this purpose: rapeseed, soybean, sunflower,
and palm [22–30]. This solution is not currently promoted due to food prices. Raw
materials are being sought which are not used in food production, but which can used
for biodiesel production [31,32]. There is research being conducted on producing esters
from various plants which are unsuitable for food production [33–41]. Furthermore, the
technology of obtaining esters from algae is currently being developed [42–49]. Algae
are photosynthesising micro-organisms with low requirements for growth. In the future,
they can may become an important source of fuel. Moreover, organic matter of various
origins could be utilised in the production of biogas [50–54]. It can also be used as an
alternative fuel for powering engines [55–59]. There is also research on generating new
plant species with the use of genetic engineering. The aim is to obtain plants that will
be able to assimilate more carbon dioxide at the cultivation stage. This will increase the
capture of carbon dioxide from the atmosphere and the storage of carbon in organic matter.
In the future, this can be a good method of limiting the impact of CO2 on the greenhouse
effect and climate change.

Increasing human population, the advancement of civilisation, and better living
standards are contributing to a substantial increase in the quantity of various types of waste
generated by humans. The aim is to utilise this waste, which includes large quantities of
organic matter, in an economic manner to the greatest possible extent. One method for
utilising it is to process it into biofuels; the fuels obtained from such raw materials are
classified as second-generation biofuels.

Various types of biological waste can constitute the raw material for ester production:
the waste can derive from agriculture, food preparation, the food industry, and other
branches that utilise organic matter. This can include waste in the form of plant organic
matter and animal waste. The acquisition of biofuel from plant matter is obviously better
developed, as less research has been carried on the acquisition of biofuel from animal
fats. Some researchers [60–66] have used waste oil from food preparation. Uddin et al.
used waste coffee oil to produce esters [67]. Based on tests done on the physical and
chemical properties of the esters obtained, it was ascertained that they can constitute fuel
for diesel engines.

Esters can also be produced from animal fats [68,69]. They are produced from animal
waste [70–72]. The basic advantage of this raw material is its low cost. In [73], the raw
material for biodiesel production included chicken and pig fat residue. The tested proper-
ties of this biodiesel were compliant with the requirements of the standards ASTM D6751
and EN 14214. Alptekin et al. [74] produced corn oil esters and chicken fat esters in the
same system. Animal fat methyl esters performed slightly worse in comparison to corn
oil methyl esters. The production costs of esters obtained from animal waste were lower,
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however, which is due to the lower cost of the raw material. The authors of this paper
demonstrated similar fuel properties of the methyl esters they produced from various
raw materials. They were compliant with the requirements specified for biodiesel fuel
in the standard ASTM D6751. Encinar et al. [75] produced biodiesel from three animal
fats—slaughterhouse waste—that featured various quantities of free fatty acids. A product
with 97.3% m/m mass content of esters was obtained as a result of transesterification.
Most properties of the produced esters were compliant with the standard EN 14214. It
was demonstrated in [76] that biodiesel produced from chicken fat waste was a suitable
substitute for diesel produced from edible vegetable oils. The properties of chicken fat
methyl ester were compliant with the ASTM D6751 standard for biodiesel and it was
determined to be a suitable substitute for conventional diesel fuel. Its primary advantage
was reported to be its availability and low cost.

This paper’s authors encountered a problem related to the utilisation of animal waste:
there are not many publications that present the results of tests of commonly used engines
fuelled with esters produced from animal waste. Mikulski et al. [68] obtained methyl esters
from pig lard in a laboratory. The physical and chemical properties of some ester mixtures
and diesel fuel (DF) were tested—B25, B50, B75—as were pure esters and DF. An engine
test bench was used to fuel a four-cylinder engine with the mixtures and with DF.

Whilst other researchers usually obtain esters from new raw materials under labora-
tory conditions, this paper’s authors produced esters from animal fat waste. The owner
of a plant processing animal hides pointed to the problem of residual waste. The authors
decided to use this waste as the raw material for ester production. Esters were produced
with the use of a reactor built and patented by Grzegorz Wcisło, one of the co-authors of
the paper (Patent Office of the Republic of Poland, Patent No. 218554); they were tagged
with the abbreviation AME. The esters, in their pure form without any additives, were
used to fuel a diesel engine. The main objective of the first tests conducted by the authors
on the AMEs used as fuel was to determine the possibility of fuelling an engine as well
as their impact on the engine’s fuel consumption and concentration of primary harmful
exhaust gas components.

2. Materials and Methods
2.1. Tested Fuel

The tested esters were obtained from animal fats. The raw material used for ester
production was waste remaining after the processing of animal hides used in the shoe and
clothing industries. The remaining fatty waste is difficult to utilise and would otherwise
require disposal. This paper’s authors used this waste to produce fuel that can then be used
to fuel diesel engines. Methyl alcohol and a KOH alkaline catalyst were used, resulting in
animal methyl esters. The tested selected physical and chemical properties of the AMEs
and of the DF used for engine testing are presented in Table 1. The AMEs have a much
higher cetane number than commercial fuel. Their heating value is approximately 10.87%
lower, which results from the content of oxygen atoms in the ester particles. Furthermore,
they are characterised by a substantially higher viscosity and slightly greater density. The
AMEs have a substantially higher flash point, which means that they are safer to use. On
the other hand, they contain more water and have substantially worse low-temperature
properties than DF. Engine testing was conducted using esters without any additives to
improve their physical and chemical properties, including low-temperature properties. The
cold filter plugging point (CFPP) of the tested DF was −27 ◦C, whereas the esters’ CFPP
was 13 ◦C. This means that the possibility of fuelling an engine with pure AMEs is limited
unless additives to reduce the cold filter plugging point are used. It seems that biodiesel
obtained from animal fatty acids features large quantities of palmitic acids. These acids are
integrated at a temperature of +25 ◦C. During engine testing, the esters were heated up
and maintained at a temperature of 40 ◦C.
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Table 1. Physical and chemical properties of AME biodiesel and diesel fuel used in the research.

Property Method
Value

Diesel Fuel AME

Cetane number (CN) EN ISO 5165 51.7 55.4
Higher heating value, MJ/kg PN-C-04375-3 46.32 42.23
Lower heating value, MJ/kg PN-C-04375-3 43.34 38.67

Viscosity at 40 ◦C, mm2/s PN-EN ISO 3104 2.11 4.32
Density at 15 ◦C, g/cm3 PN-EN ISO 12185 0.828 0.883

Flash point, ◦C EN ISO 2719 A 58.5 116.2
Water content, mg/kg EN ISO 12937 24 84

Cold filter plugging point, ◦C EN 116 –27 13
Lubricity (WSD), µm PN-EN ISO 12,156 (1) 408 614

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,
AME-PN-EN 14103) 0.1 100

The esters from animal fat waste were produced at the “BioEnergia” Małopolskie
Centre for Renewable Energy Sources. The GW-200 reactor [77] built by one of this paper
co-authors was used for this purpose. The reactor (Figure 1) can be used to produce
esters from various raw materials on a non-industrial scale and is mainly dedicated for
individuals, farmers, transport companies, and others. The basic technical data of the
GW-200 reactor are shown in Table 2.

Figure 1. GW 200 reactor making vegetable oil esters to fuel diesel engines [77].

Table 2. Technical data of the GW-200 reactor.

Parameter Unit Value

Efficiency per cycle dm3 50
Production time per cycle h 1.5

Supply voltage V 230
Process temperature ◦C 60/120

Rated power per cycle kWh 5.24/5.15
Type of catalyst - basic/acidic

Process - periodic or semi-continuous
Type of process - single-stage or two-stage

The properties of vegetable oils and animal fats depend on the composition and
system of fatty acids included in the structure of the triglycerides. In order to determine
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the fatty acid composition, the waste fat obtained from animal hides was subjected to
chromatographic tests, carried out on a stand equipped with a Thermo Scientific TRACE
GC Ultra gas chromatograph and a chromatographic column. The exact composition
of the animal hide fatty acids is shown in Figure 2. As results from the data contained
in this figure, three fatty acids—palmitic, stearic, and linoleic—constitute about 91% of
the acids contained in the fat from which the biofuel was produced. Figure 3 presents a
model of the transesterification process on the basis of which the stoichiometric amount
of substrates needed for the production of AME biodiesel was determined. The model
contains a triglyceride particle from which the fat used in the production of biodiesel
is composed.

The degree of conversion of waste fat from the leather industry into esters through
the authors’ proprietary fatty acid methyl ester (FAME) production technology and the
GW-200 reactor was 98.7% (m/m). This proves that very high purity esters were obtained
that meet the requirements of EN-PN 14214, which states that the FAME content of the fuel
must be at least 96.5% (m/m).

2.2. Purpose and Scope of Experimental Testing

The tests compared an engine fuelled with either pure AMEs or DF on an engine test
bench. The tests aimed to find the effect of using second-generation biofuel, i.e., methyl
esters obtained from animal fat waste, on Perkins 1104D-44TA engine fuel consumption
and emissions. The engine’s operating indicators when fuelled with AMEs were compared
to those obtained when fuelled with DF, for which the engine was initially adapted. During
the tests, the engine was operating according to the load specification for two crankshaft
rotation speeds: 1400 and 2200 rpm. The former is the crankshaft rotation speed, at which
the engine has maximum torque. The latter shows the crankshaft speed, at which the
engine produces the maximum output. The measurements were taken for the whole engine
load range at 1400 and 2200 rpm crankshaft rotation speeds. Under the established engine
operating conditions, which were the same for AMEs and DF, the following exhaust gas
concentrations were measured: carbon monoxide (CO), carbon dioxide (CO2), nitrogen
oxides (NOx), total hydrocarbon content (THC), particulate matter (PM), and oxygen (O2).
Furthermore, the smoke opacity of the exhaust gas was measured. For testing of the
particulate matter concentration, the measurements were conducted separately for the
content of soot and soluble organic fractions in the exhaust gasses. The measurements
were conducted under the exact same engine operating conditions in order to compare the
concentrations of exhaust gas components in the engine fuelled with AMEs versus DF.

Figure 2. Average fatty acid composition of waste fat obtained from animal hides.
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Figure 3. Model of obtaining AME esters from typical triglyceride from animal fat composed of
palmitic, stearic and linoleic acids.

2.3. Engine Selected for Testing

The experimental testing was conducted with a Perkins 1104D-44TA engine, a four-
cylinder diesel engine for off-road vehicles. The engine satisfies the requirements of Stage
IIIA and EPA Tier 3 standards. The engine is used in tractors and various types of working
machinery, among other purposes. The basic specifications of the Perkins 1104D-44TA
engine are shown in Table 3.

Table 3. Basic technical data of the Perkins 1104D-44TA diesel engine [78].

Parameter Value

Cylinder layout Inline
Cylinder count 4
Injection type Direct

Power supply type Delphi DP310 rotary pump
Maximum engine power 75 kW

Maximum power rotational speed 2200 rpm
Maximum engine torque 416.0 Nm

Maximum torque rotational speed 1400 rpm
Engine displacement 4.4·10−3 m3

Cylinder diameter 105 mm
Piston stroke 127 mm

Compression ratio 18.2
Air supply system Turbocharger, intercooler
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2.4. Experimental Setup

The testing was conducted on an engine test bench with a Perkins 1104D-44TA diesel
engine and an AMX-200/6000 eddy current brake from ELEKTROMEX CENTRUM. A
common frame was used to accommodate the engine, the brake, the controls, and the
engine operation supporting systems. The brake can receive an output of 200 kW from the
engine and can transfer 700 Nm of torque. A desktop computer was installed on the engine
test bench. The computer software made it possible to control and visualise the course
of the test. The engine’s fuel consumption was measured by a mass fuel dosimeter from
Automex. Air consumption measurements were taken with a mass flowmeter from ABB.
The diagrams of the engine test bench used in the investigations are shown in Figure 4. The
Perkins 1104D-44TA engine’s operation was controlled via a control module and computer.
The engine test bench’s control module allows the engine’s operating speed and load
conditions to be adjusted. It controls the operating conditions of the engine and the brake
and diagnoses the station’s correct operation. The computer allows the tested engine’s
operating parameters to be recorded and archived. The basic metrological parameters of
the test bench are shown in Table 4.

Figure 4. Set-up of the test stand: 1—Perkins 1104D-44TA engine, 2—Automex AMX-200/6000
brake, 3—measurement module, 4—measurement cabinet with the control system, 5—Horiba Mexa
1230PM particulate analyser, 6—Horiba Mexa 1600DEGR exhaust gas analyser, 7—computer for
the control of the Mexa 1230PM analyser operation, 8—computer used to coordinate the exhaust
measurements analysis and archive the results of emission measurements, 9—Horiba AFR Mexa-730
Analyser λ device for measuring the excess air coefficient, 10—AVL engine cylinder pressure sensor,
11—AVL 365C engine crank angle encoder, 12—AVL Indicom 612 dynamic variable quantity indexing
system, 13—computer used to control the measurements of rapidly varying quantities and to archive
measurement results, 14—computer used to control the stand parameters and to archive test results,
15—fuel mass dosing device Automex ATMX2040, 16–SENSYFOLW iG air flow meter by ABB [78].

Table 4. Basic metrological parameters of the experimental stand [78].

Measured Parameter Measurement Range Measurement Accuracy Measurement Resolution

Rotation speed 0–6000 rpm ≤1 rpm 1 rpm
Torque 0–700 Nm 1% of full scale 0.001 Nm

Fuel consumption 0–180 kg/h 0.1% of measured value 0.001 g/s
Air consumption 0–750 kg/h 0.2% of measured value 0.001 kg/h

2.5. Measurement Instrumentation

The measurements of the component concentrations of engine exhaust gas were taken
during the bench testing using exhaust gas test analysers from Horiba: MEXA-1600 DEGR
and MEXA-1230PM. The MEXA-1600DEGR analyser is used for continuous measurements
of the concentrations of five components of diesel exhaust gas, namely CO, CO2, THC,
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NOx, and O2 in real time. The MEXA-1230 PM analyser from Horiba can measure the
mass concentration of particulate matter: soluble organic fractions (SOF), soot, and the
total mass of soot and soluble organic fractions (PM). The analysers’ exhaust gas sampling
paths were compliant with the requirements of the ISO-8178 standard. The measurement
of the CO and CO2 content of the exhaust gas in the MEXA-1600 DEGR measurement
system was conducted by an analyser operating according to the non-dispersive infrared
radiation absorption method (NDIR). The THC was measured with a flame ionisation
detector. The NOx concentrations were measured based on the chemiluminescence detector
(CLD) method. The O2 content of the exhaust gas was measured using a paramagnetic
detector (PMD). The measurement of the mass soot concentration in the MEXA-1230PM
analyser was conducted according to the diffusion charging method using a Model 3070A
electric aerosol detector. Soluble organic fractions were measured using the flame ionisation
method with two heated flame ionisation detector (FID) detectors, as the remainder of their
signals for the exhaust gas tested at 47 and 191 ◦C. The metrological parameters used for
the analyser testing are presented in Table 5.

Table 5. Metrological parameters of the analysers employed in the tests [78].

Component
Measured Method Measurement Ranges

Min/Max Repeatability Measurement
Resolution Response Time

CO NDIR 0–100/3000 ppm ±1% of full scale 0.1 ppm 3.0 s
CO2 NDIR 0–1/16% ±1% of full scale 0.01% 2.0 s
THC Hot-FID 0–100/20,000 ppm ±1% of full scale 0.1 ppm 2.0 s
NOx CLD 0–100/5000 ppm ±1% of full scale 0.1 ppm 3.0 s
O2 MPD 0–10/25%% ±1% of full scale 0.01% 2.5 s

PM Soot: DCSOF:
dual-FID 0–300 mg/m3 ±1% of full scale 0.01 mg/m3 3.0 s

The tested diesel engine’s exhaust gas smoke opacity was measured with an AVL
DiCom 4000 PL analyser. This analyser allows for measurement of exhaust gas smoke
opacity with the use of the optical method. The exhaust gas smoke opacity is expressed as
a percentage of exhaust gas opacity reduction, on a scale of 0% to 100%, with a resolution
of 0.1%, or via the radiation absorption coefficient k on a scale of 0 to 99.99 m−1, with a
resolution of 0.01 m−1.

The test bench was equipped with an AVL IndiSmart 612 system for measuring fast-
changing quantities. It can measure the pressure of the working medium in the cylinder of
the tested engine. That is expressed as the function of the crankshaft rotation angle. The
cylinder indication set used in the tests consisted of a data acquisition system, a piezoelectric
pressure sensor in the engine’s cylinder, and an engine crankshaft rotation angle encoder.
The system utilised an AVL 365C photoelectric encoder with a resolution of 720 electric
pulses per rotation cycle. This means that the measurements were taken every 0.5◦ of
crankshaft rotation. The system allows for multiplication of the signals, thereby enabling
an increase in the measurement resolution to 0.1◦ of crankshaft rotation. Furthermore, the
system features the AVL Indicom Mobile 2012 programme. It is required for the system to
operate and for visualisation, archiving, and analysis of the indicator charts.

2.6. Development Methodology of the Experimental Test Results

The engine operating indicators are arithmetic means from measurements taken
under the established engine operating conditions. All engine operating indicators and
parameters were recorded at the same time after the engine operating conditions were set
for a given measurement point. The exhaust gas components were measured by MEXA-
1600 DEGR at a sampling frequency of five measurements per second. The particulate
matter content in the exhaust gas was determined once per second with MEXA-1230 PM.
The exhaust gas component values were saved in separate files for each set of established
operating conditions. Other engine operating indicators and parameters, namely torque,
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output, hourly fuel consumption, crankshaft rotation speed, temperature and pressure in
the engine functional systems—were measured in real time. The result files were saved
for successive established measurement conditions. Once the engine operating conditions
were set at each measurement point, the measurements were taken for approximately sixty
seconds. The standard uncertainty of the arithmetic mean was calculated for the measured
quantities x:

∆x =

[
1

n(n − 1)

n

∑
i=1

(xi − x)2

] 1
2

(1)

where x is the measured quantity average value, xi are the measured quantity successive
measurements, and n is the number of the quantity measurements in a set.

The brake-specific fuel consumption (BSFC) of the Perkins 1104D-44TA engine fuelled
with AMEs and DF was calculated as follows:

BSFC =
FC

P∗1000
(2)

where P is the engine power and FC is the hourly fuel consumption.
The brake thermal efficiency (BTE) of the Perkins 1104D-44TA engine, fuelled with

AMEs and DF, was computed using the following formula:

BTE =
3600∗P

FC ∗ LHV
(3)

where P is the engine power, FC is the hourly fuel consumption, and LHV is the lower
heating value.

The following combined uncertainty was designated for the calculated quantities:

∆(w)c =

[
n

∑
i=1

(
δw
δxi

∗∆xi

)2
] 1

2

(4)

where w is the calculated quantity, n is the number of measured constituents, xi is the
measured constituent, and ∆xi are the standard uncertainties of the measured constituents.

The measurements, conducted under exactly the same engine operating conditions,
allowed a comparison of the exhaust gas component concentrations in the tested engine be-
tween second-generation biofuel and DF. The calculations encompassed relative changes in
the AME/DF exhaust gas component concentrations between the two fuels. The following
dependency was used for this purpose:

∆i =
iAME − iDF

iDF
· 100% (5)

where ∆i is the relative change in the i component concentration in the exhaust gas of
the engine fuelled with AMEs compared with the engine fuelled with DF, iAME is the i
component concentration in the exhaust gas of the engine fuelled with AMEs, and iDF is
the i component concentration in the exhaust gas of the engine fuelled with DF.

3. Test Results and Analysis

The testing of the operating indicators for the Perkins 1104D-44TA engine fuelled
with AME biodiesel and conventional DF for comparison purposes was conducted under
selected engine operating conditions. The hourly fuel consumption was measured under
these conditions at the test bench with the use of the mass fuel flowmeter. The quantities,
measured for the AME biodiesel, are compared with the DF quantities in Figure 5. The
charts show that slightly higher fuel consumption was achieved for esters than for DF. This
is a result of the lower heating value of esters, which generate oxygen atoms regardless
of the raw material. Table 1 shows that the heating value of AMEs is 10.87% lower than
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the heating value of DF. The engine’s brake specific fuel consumption was calculated by
dividing fuel consumption by effective output at particular measurement points. The BSFC
quantities calculated for the engine fuelled with AMEs and DF are presented in Figure 6. It
is clear that the BSFC quantities are higher for AME biodiesel at each measurement point.
An average increase in BSFC of 8.4% was recorded for the engine fuelled with AMEs at
1400 rpm, and an increase of 14.9% was found at 2200 rpm. This complies with what other
researchers reported when fuelling an engine with vegetable fat esters in comparison to an
engine fuelled with DF or DF and ester mixtures [79–81].

Figure 5. Hourly fuel consumption of the engine fuelled with AME and DF and operating at a load specification of 1400
and 2200 rpm.

Figure 6. Brake specific fuel consumption of the engine fuelled with AME and DF and operating at a load specification of
1400 and 2200 rpm.

Brake thermal efficiency gives the assessment of the utilisation of energy supplied to
engine cylinders with fuel. The BTEs of the Perkins 1104D-44TA engine fuelled with AMEs
and DF were calculated. A comparison of BTEs at 1400 and 2200 rpm, as well as under
various engine loads, is shown in Figure 7. Similar BTE values were obtained when fuelling
the engine with the tested fuels. The average BTE was found to be 3.5% higher for AMEs
at 1400 rpm in comparison with the quantities recorded for DF. On the other hand, the
average BTE was 2.3% lower for AMEs at 2200 rpm than for DF. The results obtained were
probably affected by the change in crankshaft rotation speed. That alters the conditions of
the formation of fuel-air mixture and its subsequent combustion. It is most likely that less
favourable conditions prevailed for AME fuel at 2200 rpm. Modification of the injection
process parameters would perhaps improve the energy efficiency when the engine is
powered with AME esters. Further research aimed at optimising fuel injection parameters
and developing optimal mixtures can be undertaken to improve energy efficiency when
fuelling an engine with AMEs. The engine used in the testing was intended for use with DF.

The carbon monoxide content of the exhaust gas suggests an incomplete burning of the
carbon included in the fuel’s fractions. Figure 8 compares carbon monoxide concentrations
in the exhaust from the Perkins 1104D-44TA engine fuelled with AMEs and DF. Lower CO
concentrations in the exhaust gas of the tested engine were achieved at most measurement
points when it was fuelled with AMEs. Higher CO quantities for AMEs when compared to
DF were achieved only in the case of 1400 rpm and high engine loads of 350 and 400 Nm.
However, taking into account the results for all measurement points at 1400 rpm, the
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average reduction in CO concentration for AMEs amounted to approximately 7.2%. On
the other hand, at 2200 rpm, the average reduction in CO concentrations amounted to
approximately 13.4% when fuelling the engine with AME biodiesel. These results suggest
that AMEs burn more completely in an engine cylinder. Carbon monoxide oxidises better
into carbon dioxide. This is related to the fact that esters feature oxygen atoms in their
particles, and that oxygen is more readily available during the burning. Moreover, its
content in ester particles increases the oxygen surplus in the fuel–air mixture prepared for
combustion. This results from the slightly higher oxygen content in the exhaust gas when
the engine is fuelled with AMEs. Figure 9 presents a comparison of oxygen concentrations
in the exhaust gas when the engine is fuelled with AMEs versus DF. For measurements at
1400 rpm, the average O2 concentration was approximately 1.6% higher when the engine
was fuelled with AME biodiesel when compared to DF. On the other hand, at 2200 rpm,
the average oxygen concentration was approximately 3.2% higher. Other research has also
confirmed the reduction in CO concentrations in the exhaust gas of engines fuelled with
pure esters or esters mixed with DF [82–88].

Figure 7. Brake thermal efficiencies of the engine fuelled with AME and DF and operating at a load specification of 1400
and 2200 rpm.

Figure 8. Comparison of CO concentrations in the exhaust gas of the engine fuelled with AME and DF and operating at a
load specification of 1400 and 2200 rpm.

Figure 9. Comparison of O2 concentrations in the exhaust gas of the engine fuelled with AME and DF and operating at a
load specification of 1400 and 2200 rpm.
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Carbon dioxide in exhaust gas is a product of complete carbon combustion. It is the
factor most responsible for the increase in the greenhouse effect and climate change. The
aim is to limit the quantities of CO2 introduced into the atmosphere through transport
vehicles. The use of vegetable biofuel can help balance carbon dioxide emissions. One
can assume that in the case of fuels obtained from animal organic matter, the balance will
be less favourable. Figure 10 presents the measurement results of CO2 concentrations in
the exhaust gas of the Perkins 1104D-44TA engine fuelled with AMEs and DF. The CO2
concentrations measured in the tests were very similar for AMEs and DF. For measurements
at 1400 rpm, the CO2 concentration was slightly lower when fuelling the engine with
AMEs, whilst at 2200 rpm the average concentration was approximately 2% higher when
fuelling the engine with AMEs in comparison to DF. Other publications have presented test
results demonstrating a reduction in CO2 concentrations when using esters as an engine
fuel [83,89,90]. There are also test results pointing to an increase in CO2 concentrations
when using esters as an engine fuel [91,92]. These reported differences are not great or
unequivocal. They may depend on the engine’s operating conditions, the way it is adjusted,
the type of power supply system, the composition of the tested fuels, or other factors.

Figure 10. Comparison of CO2 concentrations in the exhaust gas of the engine fuelled with AME and DF and operating at a
load specification of 1400 and 2200 rpm.

Nitrogen oxides emission is the primary problem of contemporary diesel engines. The
use of esters usually contributes to increased nitrogen oxides emission [77,93–96]. The
literature also features test results demonstrating a reduction in NOx concentrations when
fuelling engines with esters [97,98]. Figure 11 provides a comparison of NOx concentrations
in the exhaust gas of the Perkins 1104D-44TA engine fuelled with AMEs versus DF. At
1400 rpm, the average increase in NOx concentration in the exhaust gas amounted to
approximately 15.6%. On the other hand, at 2200 rpm and under various loads, a slightly
lower NOx concentration was achieved at most measurement points when the engine
was fuelled with AME biodiesel in comparison with DF. For measurements conducted at
2200 rpm and with AME fuel, the average reduction in NOx concentrations amounted to
approximately 4.4%. The high cetane number and oxygen content in the ester particles affect
the combustion of AMEs. These parameters contribute to a reduction in the fuel self-ignition
delay and an acceleration of the combustion process. This in turn results in higher pressures.
The differences in pressure waveforms are especially visible at small loads and slower
rotation speeds. The duration of processes occurring in the engine’s cylinder is reduced for
higher rotation speeds, and these parameters do not contribute as much to the differences in
AME and DF combustion. Figure 12 illustrates these conclusions with examples of engine
cylinder pressure waveforms using AMEs and DF at selected measurement points. Similar
observations were also confirmed by the NOx concentrations for esters and DF presented
in [78]. The charts in Figure 11 clearly show that NOx concentrations for the selected fuels
at a rotation speed of 1400 rpm are substantially higher than those at 2200 rpm.

Figure 13 presents a comparison of the total hydrocarbon content in the exhaust gas
of the Perkins 1104D-44TA engine fuelled with AME biodiesel and DF, operating at two
different crankshaft rotation speeds and under various loads. The charts clearly show that
an engine fuelled with AMEs causes the exhaust gas to have substantially fewer unburned
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hydrocarbons than in the case of DF. At 1400 rpm and with the use of AMEs, the THC
was 45.7% lower on average. At 2200 rpm and with the use of AMEs, THC in the engine’s
exhaust gas was approximately 45.5% lower on average. Numerous tests of engines fuelled
with various pure esters and mixtures of esters and DF have demonstrated a reduction in
the concentrations of unburned hydrocarbons in the exhaust gas [27,65,78,82,84,95]. The
high cetane number and oxygen content of esters causes combustion to take place at higher
temperatures. This favours fuel burning and lowers the THC in the exhaust gas.

Figure 11. Comparison NOx concentrations in the exhaust gas of the engine fuelled with AME and DF and operating at a
load specification of 1400 and 2200 rpm.

Figure 12. Comparison of engine cylinder pressure waveforms for the burning process with AME and DF fuelling.

Figure 13. Comparison of THC concentrations in the exhaust gas of the engine fuelled with AME and DF and operating at a
load specification of 1400 and 2200 rpm.
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The Mexa 1230PM analyser from Horiba measures soluble organic fractions, soot, and
the total content of particulate matter in exhaust gas. Figure 14 presents a comparison of
the soot content in the exhaust gas of the test engine fuelled with AMEs versus DF. For
measurements conducted at 1400 rpm and with AMEs, the average soot concentration was
approximately 17.9% lower in comparison to DF. The average soot concentration in the
exhaust gas of the engine operating at 2200 rpm and fuelled with AMEs was 30% lower.
Lemaire et al. demonstrated that the addition of esters to DF causes the soot generated
during combustion to oxidise more quickly [99]. The second component of particulate
matter is the soluble organic fractions. The SOF concentrations in the exhaust gas of the
engine fuelled with AMEs and with DF are presented in Figure 15. Substantially lower SOF
concentrations were found for AME biodiesel than for DF. The average SOF concentrations
for AMEs were 76.2% and 65.3% lower at 1400 rpm and 2200 rpm, respectively. The
comparison of PM concentrations in the exhaust gas of the Perkins 1104D-44TA engine
fuelled with AMEs versus DF is presented in Figure 16. The PM concentration for AMEs
was on average 36.5% and 39.7% lower in measurements conducted at 1400 and 2200 rpm,
respectively, than that of DF. The lower PM concentrations for AME biodiesel in comparison
with DF derive from the oxygen contained in the ester particles and the good self-ignition
properties and higher temperatures of the combustion process. The authors of other studies
have also demonstrated that the use of various esters causes a substantial reduction in PM
concentrations in the exhaust gasses of diesel engines [26,78,100,101]. The authors of this
paper demonstrated the same property for esters obtained from animal waste.

The smoke opacity of the engine exhaust gas does not provide information on the
composition of the gas, but it does offer an indirect indication of the quality of the combus-
tion process. This also depends on the type and properties of the fuel used. As presented
in Figure 17, the use of AME biodiesel for fuelling the 1104D-44TA engine operating at
a specified load of 1400 and 2200 rpm led to a substantially lower smoke opacity of the
exhaust gas in comparison with the smoke opacity of the engine fuelled with DF. With
the AME biodiesel, the smoke opacity of the exhaust gas was on average 44.9% and 42.0%
lower at 1400 and 2200 rpm, respectively. These results are correlated with the THC, SOF,
soot, and total PM results. Other researchers have also demonstrated lower exhaust gas
smoke opacity when fuelling an engine with esters [27,82].

Figure 14. Comparison of soot concentrations in the exhaust gas of the engine fuelled with AME and DF and operating at a
load specification of 1400 and 2200 rpm.

Figure 15. Comparison of SOF concentrations in the exhaust gas of the engine fuelled with AME and DF and operating at a
load specification of 1400 and 2200 rpm.
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Figure 16. Comparison of PM concentrations in the exhaust gas of the engine fuelled with AME and DF and operating at a
load specification of 1400 and 2200 rpm.

Figure 17. Comparison of the exhaust gas smoke opacity in the engine operating at a load specification of 1400 and 2200
rpm when fuelled with AME and DF.

Figure 18 presents the average relative changes in the analysed operating indicators of
the Perkins 1104D-44TA engine fuelled with AMEs in comparison with those of the engine
when fuelled with DF over the entire tested load range for 1400 and 2200 rpm. Most of the
engine operating indicators were more favourable for AMEs than for DF.

Figure 18. Average relative changes in the operating indicators of the engine fuelled with AME operating at a load
specification of 1400 and 2200 rpm in relation to DF over the entire tested load range for 1400 and 2200 rpm.

A measurement uncertainty analysis was conducted for the measured and calculated
engine operating indicators. The formulae presented in Section 2.5 were used to calculate
the standard uncertainties of the arithmetic means of the operating indicators, as well as the
combined uncertainties of the calculated operating indicators of the Perkins 1104D-44TA
engine fuelled with the two fuels. The results can be seen in Tables 6–9.
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Table 6. Standard uncertainties of the measured arithmetic means of the operating indicators and combined uncertainties of
calculated operating indicators of the Perkins 1104D-44TA engine fuelled with AME and operating at n = 1400 rpm.

T
(Nm)

Quantities Measured Directly Calculated
Quantities

∆CO
(ppm)

∆CO2
(%)

∆NOx
(ppm)

∆O2
(%)

∆THC
(ppm)

∆Soot
(mg/m3)

∆SOF
(mg/m3)

∆PM
(mg/m3)

∆T
(Nm)

∆P
(kW)

∆FC
(kg/h)

∆(BSFC)c
(g/kWh)

∆(BTE)c
(%)

20 0.094 0.012 1.241 0.041 1.603 0.327 0.059 0.344 0.102 0.015 0.049 16.950 0.358
50 0.071 0.013 1.448 0.023 0.486 0.212 0.015 0.212 0.101 0.015 0.009 1.449 0.093
100 0.067 0.008 3.314 0.018 0.564 0.276 0.012 0.280 0.129 0.021 0.057 3.895 0.421
150 0.112 0.011 2.582 0.020 0.307 0.741 0.088 0.716 0.129 0.021 0.028 1.297 0.178
200 0.059 0.005 30.005 0.016 1.437 0.817 0.038 0.832 0.158 0.039 0.020 0.759 0.108
250 0.075 0.000 1.410 0.020 0.414 0.375 0.207 0.461 0.202 0.047 0.039 1.109 0.173
300 0.071 0.000 2.731 0.021 0.238 0.272 0.224 0.397 0.153 0.053 0.137 3.116 0.522
350 0.086 0.000 2.053 0.015 1.511 0.605 0.055 0.588 0.175 0.049 0.197 3.843 0.649
400 0.122 0.000 3.453 0.023 0.315 0.688 0.050 0.659 0.263 0.091 0.053 0.972 0.167

Table 7. Standard uncertainties of the measured arithmetic means of the operating indicators and combined uncertainties of
calculated operating indicators of the Perkins 1104D-44TA engine fuelled with AME and operating at n = 2200 rpm.

T
(Nm)

Quantities Measured Directly Calculated
Quantities

∆CO
(ppm)

∆CO2
(%)

∆NOx
(ppm)

∆O2
(%)

∆THC
(ppm)

∆Soot
(mg/m3)

∆SOF
(mg/m3)

∆PM
(mg/m3)

∆T
(Nm)

∆P
(kW)

∆FC
(kg/h)

∆(BSFC)c
(g/kWh)

∆(BTE)c
(%)

20 0.043 0.011 0.621 0.058 1.215 0.335 0.227 0.499 0.108 0.025 0.018 6.079 0.073
50 0.108 0.028 0.597 0.069 0.901 0.235 0.037 0.244 0.106 0.024 0.016 1.640 0.085
100 0.047 0.026 1.526 0.024 0.614 0.316 0.141 0.421 0.123 0.028 0.023 1.091 0.091
150 0.048 0.017 2.997 0.038 0.393 0.334 0.132 0.447 0.177 0.040 0.034 1.045 0.106
200 0.050 0.007 1.809 0.012 0.275 0.229 0.064 0.223 0.119 0.030 0.034 0.762 0.081
250 0.000 0.005 2.527 0.012 0.407 0.834 0.108 0.863 0.145 0.033 0.197 3.422 0.328
300 0.048 0.000 1.588 0.018 1.067 1.053 1.408 1.179 0.153 0.062 0.057 0.860 0.113

Table 8. Standard uncertainties of the measured arithmetic means of the operating indicators and combined uncertainties of
calculated operating indicators of the Perkins 1104D-44TA engine fuelled with DF and operating at n = 1400 rpm.

T
(Nm)

Quantities Measured Directly Calculated
Quantities

∆CO
(ppm)

∆CO2
(%)

∆NOx
(ppm)

∆O2
(%)

∆THC
(ppm)

∆Soot
(mg/m3)

∆SOF
(mg/m3)

∆PM
(mg/m3)

∆T
(Nm)

∆P
(kW)

∆FC
(kg/h)

∆(BSFC)c
(g/kWh)

∆(BTE)c
(%)

20 0.037 0.011 1.149 0.033 1.735 0.102 0.437 0.477 0.079 0.012 0.014 5.537 0.107
50 0.055 0.007 2.121 0.165 1.387 0.371 0.363 0.649 0.173 0.025 0.075 10.311 0.744
100 0.057 0.008 2.069 0.469 1.644 1.132 0.341 1.304 0.118 0.018 0.110 7.490 0.901
150 0.071 0.011 2.052 0.329 1.961 1.320 0.301 1.416 0.180 0.024 0.367 16.669 2.327
200 0.083 0.005 1.604 0.227 2.046 1.580 0.313 1.689 0.122 0.020 0.070 2.395 0.388
250 0.078 0.005 1.748 0.216 2.592 1.518 1.307 1.627 0.137 0.025 0.315 8.589 1.197
300 0.030 0.011 1.412 0.021 0.801 1.106 0.396 1.166 0.130 0.031 0.076 1.737 0.301
350 0.058 0.008 2.356 0.353 0.493 0.894 0.261 0.941 0.177 0.059 0.253 4.932 0.869
400 0.065 0.004 1.933 0.245 0.908 1.084 0.177 1.085 0.180 0.058 0.143 2.444 0.492

Table 9. Standard uncertainties of the measured arithmetic means of the operating indicators and combined uncertainties of
calculated operating indicators of the Perkins 1104D-44TA engine fuelled with DF and operating at n = 2200 rpm.

T
(Nm)

Quantities Measured Directly Calculated
Quantities

∆CO
(ppm)

∆CO2
(%)

∆NOx
(ppm)

∆O2
(%)

∆THC
(ppm)

∆Soot
(mg/m3)

∆SOF
(mg/m3)

∆PM
(mg/m3)

∆T
(Nm)

∆P
(kW)

∆FC
(kg/h)

∆(BSFC)c
(g/kWh)

∆(BTE)c
(%)

20 0.107 0.024 0.575 0.043 3.627 0.419 1.061 1.308 0.130 0.030 0.023 7.031 0.071
50 0.040 0.007 1.212 0.597 1.674 0.486 0.473 0.638 0.113 0.027 0.025 2.352 0.109
100 0.076 0.018 0.751 0.083 1.461 0.685 1.073 0.971 0.128 0.031 0.028 1.272 0.116
150 0.057 0.024 0.620 0.377 1.607 1.100 0.640 1.266 0.093 0.024 0.105 3.036 0.358
200 0.041 0.018 0.780 0.117 1.227 0.705 0.391 0.841 0.118 0.027 0.114 2.473 0.307
250 0.021 0.005 0.819 0.016 0.786 1.355 1.044 2.039 0.124 0.031 0.049 0.859 0.128
300 0.050 0.001 0.743 0.018 1.177 1.192 0.606 1.360 0.137 0.044 0.330 4.789 0.729
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4. Conclusions

Increasing attention is currently being paid to reducing the harmful impact of diesel
engines on the environment. One possibility is to use biofuels, as they constitute a renew-
able energy source. New-generation biofuels, whose use will not impact food prices, are
currently being sought after.

The tests presented in this paper covered esters obtained from animal fat waste. The
authors produced animal fat methyl esters derived from waste generated in the animal
hide processing industry. The esters were produced in a reactor intended for non-industrial
ester production. The resulting fuel can be classified as a second-generation biofuel. The
production of fuel from such raw materials allows for the utilisation of residual waste.

The test results demonstrated that it is possible to fuel a diesel engine with pure
animal fatty acid esters. It was, however, necessary to ensure adequate liquidity of these
esters during testing, which was achieved by heating the esters in a tank. During normal
engine use, it would be necessary to supplement this fuel with additives in order to lower
the cloud point and cold filter plugging point. No problems with the engine’s operation
were encountered during testing; the engine operated correctly under the test conditions.

The tests of the engine fuelled with AME biodiesel demonstrated the fuel’s favourable
features in terms of reducing the engine’s impact on the environment. The primary
conclusions drawn from the tests are as follows:

• The use of pure AMEs to fuel the engine allowed for a substantial reduction in
the hydrocarbon and PM concentrations of the exhaust gas when compared to DF.
The average reduction in THC concentration of the exhaust gas over the entire load
range investigated was approximately 45% lower, whereas the average reduction in
PM concentration was approximately 36.5% lower at 1400 rpm and 39.7% lower at
2200 rpm.

• Fuelling the engine with AMEs also led to the average reduction in smoke opacity
that was over 40% lower over the entire load range investigated both for 1400 rpm
and 2200 rpm.

• The CO2 concentrations of the exhaust gas were comparable for the two fuels.
• Fuelling the engine with AMEs resulted in the average reduction in CO concentration

that was approximately 7.2% at 1400 rpm and 13.4% at 2200 rpm over the entire load
range investigated.

• Fuel consumption increased with the use of the AME fuel. The average increased
BSFC over the entire load range investigated amounted to approximately 8.4% at
1400 rpm and 15.2% at 2200 rpm. This is obviously a result of the biodiesel’s lower
heating value.

• The average increased in NOx concentrations of the exhaust gas amounted to approxi-
mately 15.9% over the entire load range investigated for 1400 rpm when the engine
was fuelled with AMEs. On the other hand, at 2200 rpm, the average reduction in
NOx concentration amounted to approximately 4.4% when the engine was fuelled
with AMEs. It can be assumed that with suitable fuel injection control, it is possible
to reduce NOx emissions at lower crankshaft rotation speeds. This aspect requires
further research.

• Similar BTE quantities were obtained when the engine was fuelled with AMEs and
with DF. AME fuel is characterised by high self-ignition capabilities. A correction in
the injection process may improve the effectiveness of the combustion process. Further
detailed testing would be required for this purpose.

When the engine was fuelled with AMEs, its negative environmental impact was
reduced. Similar indicators were achieved when engines were fuelled with esters obtained
from vegetable fatty acids [88]. The raw material for AME production is cheaper, as it is
waste that must otherwise be disposed of. Producing fuel from this waste is one way of
solving this problem.

It is necessary to carry out further research on AME esters obtained from waste fat
extracted from hides of animals prior to the tanning process. The tests should focus on a



Energies 2021, 14, 3472 18 of 22

detailed analysis of the combustion process in order to optimize the operation parameters
of the engine fuelled with AME biodiesel. Another important research issue would be
improvement of the fuel properties under low temperatures. In addition, reliability tests of
the AME- powered engine should be conducted.
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Nomenclature

AME animal methyl esters
BSFC brake specific fuel consumption, g/kWh
BTE brake thermal efficiency, %
CA crank angle, deg
CFPP cold filter plugging point
CLD chemiluminescent detector
CO carbon monoxide, ppm
CO2 carbon dioxide, %
DC diffusion charging
DF diesel fuel
FAME fatty acid methyl ester
FC hourly fuel consumption, kg/h
FID flame ionisation detector
HPLC high performance liquid chromatography
LHV lower heating value, kJ/kg
MPD paramagnetic detector
NOx nitrogen oxides, ppm
NDIR non-dispersive infrared
O2 oxygen, %
pc cylinder pressure, MPa
P engine power, kW
PM particulate matter, mg/m3

PNA polynuclear aromatic hydrocarbons
SO smoke opacity of the exhaust gas, %
SOF soluble organic fraction, mg/m3

T torque, Nm
THC total hydrocarbons, ppm
WSD wear scar diameter
∆CO standard uncertainty of the arithmetic mean of CO measurements, ppm
∆CO2x x standard uncertainty of the arithmetic mean of CO2 measurements, %
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∆NOx standard uncertainty of the arithmetic mean of NOx measurements, ppm
∆O2 standard uncertainty of the arithmetic mean of O2 measurements, %
∆THC standard uncertainty of the arithmetic mean of THC measurements, ppm
∆Soot standard uncertainty of the arithmetic mean of Soot measurements, mg/m3

∆SOF standard uncertainty of the arithmetic mean of SOF measurements, mg/m3

∆PM standard uncertainty of the arithmetic mean of PM measurements, mg/m3

∆T standard uncertainty of the arithmetic mean of T measurements, Nm
∆P standard uncertainty of the arithmetic mean of P measurements, kW
∆FC standard uncertainty of the arithmetic mean of FC measurements, kg/h
∆(BSFC)c complex uncertainty of BSFC calculations, g/kWh
∆(BTE)c complex uncertainty of BTE calculations, %
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