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Abstract

In this study, five different fuel blends were prepared by mixing biodiesel obtained from olive oil wastes using transesteri-
fication method, waste transformer oil, and Euro diesel in different ratios. The important physicochemical properties of the
prepared fuel blends and produced biodiesel were determined by gas chromatography, Fourier transform infrared spectros-
copy, and thermogravimetric analysis/differential scanning calorimetry analyses, and their characterizations were carried
out. Then, the effects of the prepared fuel blends on engine performance and emission characteristics were investigated in a
compression ignition engine. The experiments were performed with five different fuel blends (TD30, TD30B10, TD30B20,
TD30B30, and D100) at 1000, 1500, 2000, and 2500 rpm. At all speeds, each fuel blend produced an average torque value
that was highest for D100 fuel and lowest for TD30 fuel The average BP value produced by each fuel at all engine speeds
was highest in D100 fuel and lowest in TD30 fuel. The results of the experiments showed that there was a 23.98% decrease
in the average NO, emissions of TD30 fuel blend compared to the average NO, emissions of D100 fuel at all engine speeds.
It was observed that all important fuel properties such as density, kinematic viscosity, and pour and cloud points of all fuel
blends met the fuel standards.
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D100 100% Euro diesel

TD30 30% Waste transformer oil, 70% Euro
diesel fuel

TD30B10 27% Waste transformer oil, 63% Euro
diesel fuel, 10% biodiesel

TD30B20 24% Waste transformer oil, 56% Euro
diesel fuel, 20% biodiesel

TD30B30 21% Waste transformer oil, 49% Euro
diesel fuel, 30% biodiesel

°C Degrees Celsius

CO Carbon monoxide

Cco, Carbon dioxide

NO, Nitrous oxide

NO Nitrogen monoxide

SO, Sulfur dioxide

HC Hydrocarbon

UHC Unburned hydrocarbon

CH,0OH Methanol

NaOH Sodium hydroxide

rpm Rounds per minute

Nm Newton meter

gk 'W='h™!  Grams/kilowatt hour

mL Milliliter

kKIk'W='h™!  Kilojoule/kilowatt hour

Introduction

The world meets the majority of its energy needs with fossil
fuels. As the world's population continues to increase every
year, the use of fossil fuels also increases. As the use of fos-
sil fuel sources continues to increase, it is predicted that the
number of reserves found will decrease within a century. The
limited and highly probable exhaustion of fossil fuel reserves
can make energy supply an economic and political issue for
countries. The decrease in fossil fuel reserves, the increasing
damage to nature and the environment, the constant rise in
oil prices, and the harmful emissions released by burning
oil-based fuels leading to air pollution have caused countries
to turn to alternative energy sources.

In developed countries, the use of biological fuels such as
biogas, synthetic fuels, and vegetable oils has gained impor-
tance. It has been proven that biological fuels have similar
properties to diesel fuel, which is derived from petroleum,
and can be used directly as a substitute for diesel fuel or with
some improvements [1].

Biodiesel, a derivative of renewable energy sources,
has many advantages over other energy sources in terms
of being environmentally friendly, containing oxygen,
reducing particulate and carbon monoxide emissions,
allowing vegetable waste oil to be used as fuel, and hav-
ing similar properties to diesel fuel. Biological additives
have attracted attention due to their advantages in reducing
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exhaust emissions by being biodegradable and non-toxic
in nature [2]. In addition to these advantages, the ability to
be blended with diesel fuel at certain ratios also increases
the use of biodiesel [3].

The main raw materials used in the production of bio-
diesel are animal and vegetable oils. Rudolph DIESEL
demonstrated the usability of vegetable oils as fuel by run-
ning a diesel engine with peanut oil for the first time in
the 1900s. Studies are being conducted to utilize various
wastes as fuel, such as waste vegetable oils [4—13], waste
plastics [14], waste tires [15], plastic oil blends [16—19],
used engine oils [20], and waste transformer oils [21-24].
Biodiesel production from waste vegetable oils is carried
out by the transesterification method. The biodiesel pro-
duced can be used as fuel in compression ignition engines
without any modifications. Unlike waste vegetable oils,
fuel is obtained from waste engine oils and used tires using
the pyrolysis method [25].

Belkhode et al. [24] investigated the use of waste trans-
former oil, which has been exposed to long-term thermal
stress in transformers, as an alternative fuel type by sub-
jecting it to atmospheric pressure distillation in their study.
It was observed that waste transformer oil yielded better
results at lower mixture ratios [24].

Basha et al. [26] review of studies investigated the
production of biodiesel from different sources and its
effects on engine performance. According to their find-
ings, using vegetable oils as fuel in compression ignition
engines resulted in good performance in engine tests, but
led to lubricating oil contamination and excessive carbon
accumulation in the engine when it ran for long periods.
To address this issue, they recommended mixing diesel
fuel with biodiesel in certain proportions. Biodiesel pro-
duced from vegetable oils exhibited properties similar to
diesel fuel, with a higher ignition pressure, higher igni-
tion temperature, and shorter ignition delay times when
mixed with diesel fuel. They also observed that the engine
power was equivalent to that of diesel fuel and that more
effective alternative fuels could be obtained through the
use of certain catalysts and enzymes in the production of
biodiesel [26].

Balat and Balat [22] produced a biodiesel with properties
similar to petroleum-derived diesel from rapeseed, soybean,
and waste cooking oils. However, the viscosities of these
oils are very high, which can damage engine injection sys-
tems. To address this problem, transesterification is used
as a conversion process to produce biodiesel. Other meth-
ods such as pyrolysis, dilution, and microemulsion can also
be applied. Transesterification is the most commonly used
method. Methyl esters produced by transesterification of
vegetable oils have lower viscosity, a higher cetane number,
and an improved calorific value compared to pure vegetable
oils. Due to these properties, engine tests resulted in shorter
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ignition delays, longer burning times, and lower particulate
emissions [27].

Prasanna et al. [28] conducted study on the use of waste
transformer oil as a fuel in a compression ignition engine
in order to address environmental issues associated with its
disposal. They utilized catalytic cracking to break down the
waste transformer oil, resulting in waste oil and catalyst resi-
due products. The use of activated volatile ash as a catalyst
showed that the catalytic cracking process could occur at
lower reaction temperatures, between 350 and 400 °C. The
waste oil produced through catalytic cracking met ASTM
standards. The engine tests showed that CCWTO 50 (50%
diesel, 50% catalytically cracked waste transformer oil) had
a 7.4% increase in brake thermal efficiency compared to
diesel fuel and exhibited improved combustion characteris-
tics. However, NO, emissions increased, while HC, CO, and
smoke emissions decreased [28].

Ajay et al. [29] investigated waste transformer oil as an
alternative fuel. They first applied transesterification to the
waste transformer oil and refined it. The refined waste trans-
former oil (BD) was then blended with diesel fuel at certain
ratios for the engine experiments. These blends were BD100,
B10, B20, B30, B40, and D100. After conducting engine
tests on a single-cylinder compression ignition engine with
the prepared fuel blends, they concluded that the alternative
fuel blend showing the best engine performance, emission,
and combustion characteristics was B30 [29].

Sethuraman et al. [30] conducted a study on the emission
characteristics and engine performance of waste cooking oil
and waste transformer oil methyl esters mixed with diesel
in a single-cylinder water-cooled direct injection compres-
sion ignition engine. In their study, a catalyst was produced
from coconut shells and used as a catalyst to produce bio-
diesel from both waste transformer oil and waste cooking
oil through transesterification with methanol. Biodiesel
blends (B20 + D80) and (B40 + D60) were prepared from
both waste transformer oil and waste cooking oil. Accord-
ing to the experimental results, the B20 blend increased the
BTE and BSFC compared to diesel. In terms of emissions,
CO emissions decreased, while HC and NO, emissions
increased [30].

Singh and Kumar [31] conducted a study in which they
compared the engine performance and emission character-
istics of butanol-biodiesel and butanol-biodiesel—-diesel
fuel blends in diesel engines. The study found that the triple
butanol-biodiesel-diesel fuel blend resulted in a significant
decrease in engine performance compared to butanol-bio-
diesel and biodiesel-diesel fuels, but only a small decrease
compared to diesel fuel. The combustion characteristics of
the triple butanol-biodiesel-diesel fuel blend were similar
to those of the dual biodiesel-diesel fuel blend. The study
also found that the triple butanol-biodiesel—diesel fuel blend
provided the best reduction in emissions. As a result, the

study concluded that butanol has the potential to help reduce
engine performance and emissions. They observed that a
butanol-diesel fuel blend containing 20% butanol provided
better engine performance results than diesel fuel [31].

Oztiirk [32] investigated the engine performance, emis-
sion, injection, and combustion characteristics of blends
of diesel fuel with biodiesel produced from canola oil and
hazelnut soapstock in a diesel engine. In the study, biodiesel
produced from canola oil and hazelnut soapstock was mixed
with diesel fuel to improve biodiesel properties and reduce
fuel costs. Engine tests were performed with a single-cyl-
inder direct injection diesel engine using fuel blends con-
taining 5% and 10% biodiesel and diesel fuel samples. The
experimental results showed that the addition of biodiesel
to diesel fuel reduced injection and ignition delays and
maximum heat release rates, while increasing injection and
combustion durations. They proved that the fuel blend that
exhibited the best combustion characteristics contained 5%
biodiesel. They also observed that the fuel blend containing
10% biodiesel disrupted combustion due to its high density
and viscosity [32].

Dehghan et al. [33] conducted a study on the micro-
wave-assisted transesterification of olive oil for biodiesel
production. The variables of the transesterification reac-
tion affected the yields, physicochemical properties, and
purity of methyl esters. The variables of the reaction were
reaction time (3—15 min), methanol-oil molar ratio (3/15),
microwave power level (100900 W), and catalyst concen-
tration (0.4-2.0%). The results showed that the yield and
purity of methyl esters in biodiesel increased parallel to the
increase in catalyst amount, reaction time, methanol-to-oil
molar ratio, and power level. The microwave-assisted trans-
esterification method can increase the yield of methyl esters
more than the traditional magnetic stirrer transesterification
method and reduce the reaction time and energy consump-
tion. Therefore, the microwave-assisted transesterification
method can be used as a fast method for biodiesel production
from olive oil [33].

In the literature, it is seen that obtaining alternative fuels
from recycled materials and vegetable waste is more impor-
tant than researching new fuels as an alternative to diesel.
In this study, alternative fuels were produced by blending
biodiesel fuel obtained from olive oil wastes with the trans-
esterification method in different ratios with used waste
transformer oils at the end of their service lives. Firstly,
the alternative fuels produced were characterized by vari-
ous analyses such as GC, TG-DSC, FTIR, density, viscos-
ity, cloud point, pour point, and acid value. Based on these
analyses, it was concluded that all blends were similar to
diesel fuel and could be used for diesel engines. Afterward,
engine performance and exhaust emission tests were con-
ducted on all fuel samples using a compression ignition (CI)
engine. With this experimental study, the recycling of olive
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oil wastes and used transformer oils was achieved, and low-
unit energy cost fuel production was realized. Additionally,
an economically advantageous alternative to diesel fuel was
produced. Thus, the aim was to minimize the damage to the
environment by recycling waste products.

Objectives

This manuscript aims to present the findings of an experi-
mental investigation into the feasibility and efficacy of utiliz-
ing olive oil wastes and waste transformer oils as alternative
fuel sources in compression ignition engines. The specific
objectives pursued in this study are as follows:

Exploration of Alternative Fuel Types: The primary
objective is to assess the viability of incorporating olive oil
wastes and waste transformer oils as alternative fuels for
compression ignition engines, both within the context of
Turkey and on a broader global scale.

Low-Unit Energy Cost Fuel Production: This study seeks
to contribute to the discourse on sustainable energy prac-
tices by investigating methodologies for repurposing olive
oil wastes and waste transformer oils to produce low-cost
fuels. By doing so, the aim is to enable the recycling of these
waste materials, thereby potentially mitigating environmen-
tal burdens while offering economically viable fuel options.

Characterization of Fuel Properties: A fundamental
aspect of this research involves characterizing the thermo-
chemical and physicochemical properties of biodiesel, waste
transformer oil, and diesel blends. Through comprehensive
analysis, the objective is to elucidate crucial parameters such
as viscosity, calorific value, density, and chemical composi-
tion to assess the suitability of these blends for use in com-
pression ignition engines.

Evaluation of Engine Performance and Emissions: The
manuscript endeavors to provide insights into the perfor-
mance and exhaust emissions of blends derived from olive
oil wastes, waste transformer oils, and conventional diesel.
By evaluating factors such as power output, fuel efficiency,
combustion characteristics, and emission profiles, the aim
is to ascertain the overall effectiveness and environmental
impact of utilizing these alternative fuel blends.

By addressing these aims, the manuscript endeavors to
contribute to the body of knowledge surrounding sustain-
able energy solutions, offering valuable insights into the
potential utilization of waste-derived fuels in compression
ignition engines. Ultimately, it is anticipated that the find-
ings presented herein will inform future research endeavors
and policy initiatives aimed at advancing sustainable energy
practices and mitigating environmental challenges.
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Materials and methods

In this study, biodiesel, waste transformer oil, and euro
diesel (D100) fuel blends were prepared. First, the ther-
modynamic and physicochemical properties of these fuel
blends were determined, and their characterization was
carried out. Then, engine performance and exhaust emis-
sion tests were conducted. Detailed information is pro-
vided on the devices and methods used for all test and
analysis procedures.

Production of biodiesel from olive oil wastes using
the transesterification method

The procedure for biodiesel production involves the reac-
tion of a vegetable oil with methanol, in the presence of
a catalyst (NaOH), to produce fatty acid alkyl esters (bio-
diesel) and glycerol through a process called transesterifi-
cation. The steps involved in the transesterification method
are illustrated in Fig. 1 and were carried out in the Food
Processing Laboratory of the Atatiirk University Technical
Sciences Vocational School. Sodium hydroxide (NaOH)
was used as the catalyst and methanol (CH;OH) as the
alcohol for the transesterification process. The chemical
and physical properties of NaOH and methanol are shown
in Table 1. Olive oil wastes were used as the vegetable
waste oil in this method.

The first step of the transesterification method involved
dissolving 10 g of sodium hydroxide (NaOH) catalyst in
333 g of methyl alcohol in a glass reactor equipped with
a heating magnetic stirrer at 30-40 °C for 30 min until
completely dissolved. This resulted in the formation of a
CH;OH-NaOH solution (Fig. 1a). To avoid any loss, olive
oil wastes and olive seed oil were added to a glass reactor
equipped with a reflux condenser. The reactor was heated
to 60 °C to promote the reaction. Then, the heated waste
vegetable oils were slowly added to the two-necked glass
reactor along with the catalyst/alcohol (CH;0OH-NaOH)
mixture while being stirred. The reaction was maintained
at 60 °C for 5 h. The experimental setup for the reaction
is shown in Fig. 1b.

After the completion of the reaction, the resulting
products were separated using a separating funnel. After
waiting for a certain time at room temperature, biodiesel
was found to be on top due to its density, while glycerol
settled at the bottom. The glycerol that settled at the bot-
tom was drained. However, it was observed that a small
amount of glycerol remained in the biodiesel. To remove
the glycerol, the mixture was washed twice with warm
(30-35 °C) water, and the glycerol that settled at the bot-
tom was drained again. As a result of this process, pure
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Fig. 1 Transesterification method experiment setup

Table 1 Some properties of sodium hydroxide (NaOH) and methanol
(CH;0H)

Properties NaOH CH;0H
Molecular mass 39.9771 g mol™! 32.04 g mol™!
Density (15 °C) 213 gcm™ 0.792 g cm™
Boiling point 1388 °C 64.7 °C
Melting point 323 °C -97.6 °C

pH value 13,5 7

Purity 99% 99.5%

biodiesel was obtained from the reaction vessel (Fig. 1c).
After the separation of biodiesel and glycerol phases, the
remaining methyl alcohol in biodiesel and glycerol was
removed using the distillation method by taking advantage
of the difference in boiling points (Fig. 1d). The resulting
biodiesel (B100) is shown in Fig. 2.

Waste transformer oil

The waste transformer oil, which is one of the alternative
fuel blends used in the experiment, was obtained from the
TEIAS Erzurum Regional Directorate. The obtained waste
transformer oil (T100) is shown in Fig. 2.
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The obtained waste transformer oil was purified from
water and sediment before being used in the experiment and
made ready for use. Afterward, test sample blends were pre-
pared by mixing the waste transformer oil with the produced
biodiesel and diesel fuel in the ratios given in Table 2.

Preparation of biodiesel, waste transformer oil,
and euro diesel fuel blends

In the experimental study, fuel blend samples were prepared
according to the volume percentages given in Table 2. When
preparing the fuel blends, all fuel types were passed through
a filter.

During the experiment, fuel blend samples were prepared
according to the volumetric percentages given in Table 2.
All fuel types were passed through a filter during preparation
of the fuel blends.

The fuel blend samples were prepared to include biodiesel
proportions of 10%, 20%, and 30% of the total volume. The
proportion of waste transformer oil and Euro diesel fuel in
the fuel blends was, for example, 10% biodiesel by volume,
while the remaining 90% of the fuel blend was composed of
30% waste transformer oil and 70% Euro diesel fuel, as in
test sample 3. The overall volume percentage of Euro diesel
fuel in the samples was 100%, 70%, 63%, 56%, and 49%,
respectively.. As can be seen, by keeping the proportion of
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Fig.2 Waste transformer oil, biodiesel, and euro diesel fuels and blends

Table 2 Biodiesel, waste transformer oil, and Euro diesel fuel blend amount and ratio

Sample no  Sample name  Rate of total Waste transformer Euro die- Biodiesel ~Waste transformer Euro die- Biodiesel (BD)
(WTO+ED/ oil (WTO) /% sel (ED) (BD) oil (WTO) /mL sel (ED) /mL
total)-(BD/ 1% 1% /mL
Total)/%

1 D100 - 0 100 0 0 3200 0

2 TD30 100-0 30 70 0 960 2240 0

3 TD30B10 90-10 30 70 10 864 2016 320

4 TD30B20 80-20 30 70 20 768 1792 640

5 TD30B30 70-30 30 70 30 672 1568 960

Euro diesel fuel high in the fuel blends, knock-free com-
bustion formation was achieved, and engine tests were per-
formed. Figure 4 shows the seven different fuels and fuel
blends prepared from waste transformer oil, biodiesel, and
Euro diesel fuel.

Characterization of biodiesel, euro diesel, waste
transformer oil, and fuel blends

Biodiesel, diesel, waste transformer oil, and ternary fuel
blends were tested for some physicochemical properties
(density, kinematic viscosity, and pour and cloud points)
according to ASTM D6751 and EN 14214 standards. Addi-
tionally, the fatty acid composition of biodiesel produced
from olive oil wastes was determined. Details of the various
analyses performed on the samples are provided in Table 3.

The fatty acid composition of the biodiesel was deter-
mined by gas chromatography (GC) at an initial oven
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temperature of 140 °C for 5 min. Then, the oven tempera-
ture was increased to 240 °C at a rate of 3 °C/min and
held at this temperature for 17 min. FTIR analysis was
performed in the range of 4000-400cm™".

TG/DSC analysis was carried out in an air atmosphere
at a heating rate of 10 °C/min in the range of 25-600 °C.

The acid values of the triple fuel blends containing bio-
diesel were determined by the titration method using a
KOH-ethanol solution. Samples weighing 5-10 g were
dissolved in diethyl ether in an Erlenmeyer flask. After
adding 3—4 drops of phenolphthalein indicator, the solu-
tion was titrated with 0.1 N KOH (a solution containing
5.61 g KOH in 100 mL of ethanol) until a pink color was
obtained. The amount of KOH solution used was recorded,
and the acid value was calculated using formula 1.

Acid value = Vx—561
m

mgKOH/g(sample) ¢))
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Table 3 Equipment and methods used in characterization of samples

Equipment

Brand, model

Density (at 15 °C)

Kinematic viscosity (at 40 °C)
viscosity bath

Cloud point
Pour point
Fatty acid composition

Fourier transform infrared (FTIR) analysis
TG /DSC analysis

Automatic density meter

Digital constant temperature kinematic

Cloud and pour point bath
Cloud and pour point bath

Gas chromatograph (GC) system
equipped with an auto-injector

FTIR spectrophotometer
Simultaneous thermal analyzer

Rudolph Research Analytical, DDM 2909
Koehler KV4000 series

SETA (11010-2)
SETA (11010-2)

SHIMADZU, QP 2010 and the RESTEK Rtx-
Wax capillary column (60 mx0.25 mm id.,
0.25)

Bruker VERTEX 70v
Netzsch STA 409

Here, V is the amount of consumption during titration
(mL) and m is the mass of the sample (g).

The physical and chemical properties of the waste trans-
former oil, Euro diesel fuel obtained from Erzurum Shell
Petroleum, and the produced biodiesel were determined in
the Atatiirk University Department of Chemical Engineer-
ing laboratory.

Compression ignition test engine characteristics,
engine performance, and emissions

The engine tests were conducted at the Engine Laboratory
of the Department of Mechanical Engineering at Dicle Uni-
versity. The tests were performed on an Antor (4 LD 820)
engine, which is a compression ignition, four-stroke, single-
cylinder, air-cooled engine. The fuel samples were prepared

and tested in this engine. During the tests, it was observed
that the engine operated smoothly without approaching the
knock limit. The tests were conducted at full load and at four
different speeds (1000, 1500, 2000, and 2500 rpm).

Compression ignition engine characteristics and control
unit

The experiment was carried out by performing engine per-
formance and exhaust emission analyses using a compres-
sion ignition, four-stroke, single-cylinder, and air-cooled
Antor (4 LD 820) brand engine. A water brake dynamometer
was connected to the compression ignition engine to adjust
the engine loads or speeds. An electronic control and meas-
urement device were used to measure the engine speed (rev/
min), torque (kgm), and brake power (kW). The electronic
control panel used is shown in Fig. 3. The measurement

Fig.3 Engine test rig and com-
ponents [34]

1)
2)
3)
4)

5) Load cell

Engine chassis

Exhaust gas analysis probe
Exhaust gas analyzer
Single cylinder diesel engine

6) Dynamometer
7) Tachometer
8) Control unit
9) Fuel burette
10) Fuel container
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accuracy of the engine speed and brake power of the elec-
tronic control unit is + 5 rev/min and + 0.5055, respectively.

After the prepared fuel blends were poured into the fuel
tank, they were passed through a tube with a valve control
and a 50 and 100 mL glass fuel burette with a control valve
(Fig. 3). The combustion time of a 50 mL fuel sample in
the compression ignition experiment engine was measured
using a stopwatch. Before the engine tests of the experiment
samples, the engine was run for 10 min using Euro diesel
(D100) fuel to stabilize the engine. Figure 3 shows the com-
pression ignition test engine, dynamometer, and schematic
representation.

The engine performance and exhaust emission values
were measured for each test sample. The experiments were
first run at 3000 rpm to allow the engine to reach a sta-
ble state, and then the load applied to the test engine was
increased using the water brake dynamometer. As a result,
the engine speed was reduced to 2500, 2000, 1500, and
1000 rpm, and the test data were measured. The technical
specifications of the compression ignition test engine are
shown in Table 4.

Exhaust analyzer

For measuring the exhaust emissions (CO, NO,, and exhaust
gas temperature) released from the compression ignition
test engine, a Testo 350 exhaust gas analyzer was used. The
Testo 350 device consists of three parts, as seen in Fig. 3:
the body, the control unit, and the probe. With this device,
CO, NO,, and SO, emissions can be measured with 10%
accuracy, NO, emissions with 5% accuracy, and exhaust gas
temperature with + 1 °C accuracy. The technical specifica-
tions of the device's exhaust gas measurement are shown in
Table 5.

Table 4 Characteristics of the compression ignition test engine

Engine model Antor 4 LD 820

Engine type Four-stroke

Fuel type Diesel

Bore 102 mm

Stroke 100 mm

Swept volume 817 cm®
Compression ratio 17:01

Cooling type Air-cooled
Maximum engine speed 3000 rpm

Maximum power 12.7 kW at 3000 rpm
Maximum torque 50 N.m at 1600 rpm
Injection pressure 20 MPa

Specific fuel consumption 255 g k=' W=L.h™! at 2800 rpm
Engine position Vertical

@ Springer

Table 5 Testo 350 exhaust gas emission meter features

Parameter Measuring range Sensibility
Cco 0-10000 ppm +10%
SO, 0-5000 ppm +10%
NO 0-4000 ppm +10%
NM, 0-500 ppm +5%
Exhaust gas temperature ~ —200-+ 1370 °C +1°C

/°C

When the compression ignition test engine reached its
operating temperature for each test sample, the exhaust
emission measurement probe was placed in the hole of the
exhaust pipe. The emission values were measured with the
probe, and this measurement was repeated twice. The meas-
urement results were recorded in the measurement device,
and after the experimental procedures for all samples were
completed, the measurement values taken at 2500, 2000,
1500, and 1000 rpm were printed from the device's printer.

Compression ignition engine performance and calculations

The engine performance and characteristics were examined
for each fuel sample in a compression ignition test engine at
four different speeds (2500, 2000, 1500, and 1000 rpm). Per-
formance parameters such as torque (T), brake power (BP),
and brake specific fuel consumption (BSFC) were analyzed
for each fuel sample. Torque is the rotational force generated
by the crankshaft of an engine. The more torque an engine
produces, the greater its ability to do work. The torque value
can be calculated using formula 2.

T=Fxd )

T is the torque (Nm), F is the force (N), and d indicates the
distance in meters (m) from the center of the rotor.

The break power provided by the compression ignition
engine and absorbed by the water brake dynamometer is
calculated by the equation in formula 3.

2X T XwXT
BP=~—""—"""""
1000 )

where BP is the break power (kW), o represents the angular
velocity (rad s7h

The ratio of the unit value of fuel consumed by the engine
at the time of operation to the resulting engine power in
g k! W= h™! gives the specific fuel consumption. Brake
specific fuel consumption (BSFC) is calculated by formula
4.
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BSFC = 2% x 10° )
BP

BSFC is the brake specific fuel consumption
(gk~'w='h™h, m is the fuel mass flow (kg hh.

Results and Discussion

Chemical and physical properties analysis
of prepared fuel blends

In this section, gas chromatography (GC), some important
fuel properties of the samples, and the results of FTIR and
TG/DSC analyses are examined.

Gas chromatography analysis

A biodiesel sample produced from olive oil wastes was ana-
lyzed for fatty acid methyl ester composition using gas chro-
matography (GC). Figure 4 shows the gas chromatogram of
the biodiesel sample, and Table 6 lists the major compounds
present in the sample. The biodiesel produced from olive
oil wastes consists of both saturated (palmitic acid C16:0,
stearic acid C18:0) and unsaturated (oleic acid C18:1, lin-
oleic acid C18:2, palmitoleic acid) fatty acid methyl esters
(FAMES). The predominance of unsaturated fatty acids in
the biodiesel sample is due to its vegetable oil origin. The

Analysis of fuel properties of samples

Some physicochemical properties of biodiesel, diesel, waste
transformer oil, and fuel blends were examined, and the
results are given in Table 7.

Fuel density is one of the important fuel properties that
affects engine performance. Fuel injection systems measure
fuel on a volume basis, so a higher or lower fuel mass is
injected depending on the density [38]. When Table 7 is
examined, it can be seen that the densities of all samples
except B100 vary in the range of 830-880 and all values
comply with ASTM standards. The density of B100, which
has the highest density, is slightly above both standard
ranges with a value of 912.4. This value is expected for bio-
diesel produced from olive oil [39].

Kinematic viscosity is an important fuel property that
indicates the flowability of the fuel. High viscosity will
reduce the fluidity of the fuel and negatively affect the
operation of fuel injection equipment and spray atomiza-
tion [34]. As seen in Table 7, the kinematic viscosity
values of all samples except T100 and B100 vary between
3 and 5.8 mm? s~!, and meet the standards. The kinematic

Table 6 Fatty acid methyl ester composition of biodiesel produced
from olive oil wastes

Fatty acid methyl ester composition Concentration

o . . . /% by mass
most abundant unsaturated fatty acid is oleic acid (approxi- il
mately 70%). Olive oil is a rich source of oleic acid [35]. Stearic acid (C18:0) 3.45
Therefore, it is expected that the percentage of oleic acid will ~ Oleic acid (C18:1n9c) 68.78
be high in biodiesel derived from olive oil. As it is known, Linoleic acid (C18:2n6c) 7.46
the fatty acid profile of biodiesel with high levels of fatty = Palmitic acid (C16:0) 14.92
acids affects important fuel properties such as density, vis-  Palmitoleic acid (C16:1) 2.26
cosity, pour point, and cloud point [36, 37]. Others 3.13
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Table 7 Some physicochemical properties of fuel samples

Properties of fuel D100 TD30 TD30B10 TD30B20 TD30B30 T100 B100 Europe ASTM
EN 14214 D 6751
Density/kg m~(at 15 °C) 8323 845.6 851.9 854.1 862.1 876.5 912.4 860 -900 575-900
Kinematic viscosity/ 3 4.3 52 55 5.8 10.6 34.1 3.5-5.0 1.9-6.0
mm? sn~! (at 40 °C)
Cloud point/°C 2 -5 —-16 -14 -11 -20 4 - -3to+12
Pour point/°C -35 <-40 -24 -22 -20 <-40 -8 - -15to+10
Acid value/mgKOH ¢! - - 2.06 3.48 5.49 - 19.51 <0.5 <0.8
viscosity values of T100 and B100 are 10.6 mm? s~ and  FTIR analysis

34.1 mm?® s~!, respectively. Although these values are
outside the standard range, they are also quite high. It is
known that waste transformer oils are mixed with diesel
fuel in different ratios for use due to their high viscosity
values [40]. The high viscosity of the biodiesel sample
derived from olive oil is also an expected result. Similar
results were also obtained in the study by Ayadi et al.
[41].

Cloud point and pour point are the most important cold
flow properties of fuels. The cloud point is the tempera-
ture at which the first solid crystals begin to form in the
fuel during cooling. At this temperature, a cloudy sus-
pension begins to form in the fuel that has the potential
to clog filters. Pour point, on the other hand, is the tem-
perature at which there is sufficient wax in the solution
for the fuel to gel as cooling continues. At this tempera-
ture, the fuel becomes too thick to be pumped [42]. As
seen in Table 7, the cloud point (+4 °C) and pour point
(—8 °C) of B100, which has the highest kinematic vis-
cosity, are not very low temperatures. The pour points of
D100, T100, and TD30 samples are — 35 °C, <—40 °C,
and < —40 °C, respectively, which are quite low tempera-
tures. However, it is observed that as the biodiesel content
increases in the triple fuel blends (TD30B 10, TD30B20,
TD30B30), the cloud point and pour point increase. This
is due to the poor cold flow properties of B100, which
also negatively affect the triple fuel blends mixed with it.
Since no standard range is specified for pour point and
cloud point, all samples are considered acceptable.

High acid value increases corrosion and is undesirable
in fuels. Biodiesel contains fatty acids due to its structure
[43]. In this study, it is observed that the acid value of
B100 is very high, at 19.51 mgKOH g~'. In addition, it is
observed that the acid values of the samples mixed with
biodiesel (TD30B10, TD30B20, TD30B30) increase as
the biodiesel ratio in the blends increases, and the acid
values are much higher than the standard ranges (Table 7).
This is again due to the very high acid value of B100.
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FTIR plots provide a fingerprint-like view of the molecule,
indicating the presence of various functional groups. The
infrared spectra of biodiesel (B100), diesel (D100), waste
transformer oil (T100), and their blends are shown in Fig. 5
in this study.

The presence of various peaks and dips throughout the
spectrum denotes several functional groups. Accordingly,
it was observed that all samples gave peaks at 2921 cm™!,
2852 cm™, and 1463 cm™'. Peaks around 3000-2900 cm™'
are attributed to due to C—H stretching (associated with
alkanes or aromatics). Strong peaks showing the C=0
stretching vibration of ester carbonyl groups at 1743 cm™!
were observed in biodiesel (B100) and its triple blends
(TD30B10, TD30B20, and TD30B10).The absorption band
intervals and the functional groups attributed to them are
shown in Table 8 for all samples [42].

TG/DSC analysis

The TG-DSC analysis of TD30B 10 sample, which exhibited
the best combustion performance, was performed, and the
resulting TGA curve is shown in Fig. 6. The experiments
were conducted in an air environment at a heating rate of
10 °C/min and in the temperature range of 25-600 °C. It is
observed that the sample has completely reacted after this
period. A weak exothermic peak is seen in the DSC curve
for this reaction. The reaction starting temperature for the
TD30B10 sample is around 55 °C, and the reaction ending
temperature is around 280 °C.

The TGA curve shows a significant decrease in mass
starting at around 100 °C and ending around 500 °C. This
suggests that the sample undergoes a major decomposition
process within this temperature range, losing about 99% of
its initial mass. In particular, the material decomposed sig-
nificantly around 220-230 °C, losing most of its mass in the
process. On the other hand, the DSC curve shows a broad
peak around 220-230 °C. This peak likely corresponds to
the same decomposition process observed in the TGA curve.
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Fig.5 Infrared spectra of
biodiesel (B100), euro diesel B100
(D100), waste transformer oil D100
(T100) and its blends
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Engine performance tests

Five different fuel blends were prepared and their engine
performance tests were conducted on a compressed spark
ignition, direct injection, four-stroke, single-cylinder, air-
cooled engine. The ratios and amounts of the prepared fuel
blends are shown in Table 2. The characteristics and sche-
matic image of the compressed spark ignition engine are
shown in Table 4 and Fig. 3, respectively. With these engine
tests, the performance properties of 5 different fuel blends
(D100, TD30, TD30B10, TD30B20, and TD30B30) such as
torque (T), brake power (BP), and brake specific fuel con-
sumption (BSFC) were examined. During the engine tests
of the prepared fuel blends, the compression ignition engine
was first operated for a certain period of time with Euro
diesel (D100) until the engine stabilized. First, all perfor-
mance and emission measurements were taken for Euro die-
sel (D100) at 2500 rpm. These processes were then repeated
for Euro diesel (D100) fuel sample at 2000 rpm, 1500 rpm,
and 1000 rpm, respectively. After the measurements for the
Euro diesel (D100) fuel sample, the same measurements
were taken for the other fuel samples (TD30, TD30B10,
TD30B20, and TD30B30) in Table 2, while each fuel sample
was operated with Euro diesel (D100) at idle for 30 min to
clean the previous fuel from the engine fuel line and cool
the engine before each engine test. In this way, the measure-
ments were taken with a lower error rate.

In the engine performance experiments conducted on the
compression ignition engine, a water brake dynamometer
was used to measure load and torque. After the engine was
started and heated, the engine speed was fixed at 3000 rpm,
and then, with the help of the water brake, the engine load
was increased, and steady-state conditions were established
for each of the following speeds: 2500 rpm, 2000 rpm,

T T
2500 2000
Wavenumber/cm™

1500 rpm, and 1000 rpm. After reaching steady-state con-
ditions, measurements were made for each speed for engine
performance and emission parameters. Subsequently, the
measured values were plotted and each engine perfor-
mance parameter was interpreted separately based on the
calculations.

Torque (T)

Torque values produced at four different engine speeds of
five different fuel blends made in a compression ignition test
engine are shown in the graph in Fig. 7.

The graph in Fig. 7 shows that Euro diesel (D100) fuel
had the highest torque values compared to other fuel blends,
except for the TD30B30 fuel blend at 1000 rpm, at all engine
speeds tested. For all fuel blends, the torque value decreases
as the engine speed increases.

The highest torque values of all fuel blends were obtained
at the low engine speed of 1000 rpm. The results were meas-
ured as 36.53 Nm for D100 fuel, 33.40 Nm for TD30 fuel
blend, 35.41 Nm for TD30B10, 35.17 Nm for TD30B20 fuel
blend, and 36.74Nm for TD30B30 fuel blend. According to
the measurements, it was found that the torque values were
quite close to each other. According to the fuel blends, it
was determined that the torque values were higher for the
fuel blends TD30B10, TD30B20, and TD30B30, which
were created by adding biodiesel fuel to the TD30 fuel
blend, compared to the TD30 fuel blend. It was observed
that the torque values increased by adding biodiesel to the
fuel blends.

When the average torque values of fuel blends are com-
pared with the average torque values of Euro diesel (D100)
at all engine speeds, it was determined that there was a
decrease of 11.27% in TD30 fuel blend, 6.48% in TD30B10

@ Springer



M. Biyiikoglu et al.

Table 8 Absorbance band range of biodiesel (B100), Euro diesel
(D100), waste transformer oil (T100), and blends

Absorbance
bands /cm™!

Type of samples  Functional group

3000-2900 B100
D100
T100
TD30
TD30B10
TD30B20
TD30B30
B100
D100
T100
TD30
TD30B10
TD30B20
TD30B30
B100
TD30B10
TD30B20
TD30B30
B100
D100
T100
TD30
TD30B10
TD30B20
TD30B30
B100
TD30B30
B100
TD30B20
TD30B30

C-H stretching vibration

2900-2850 CH, asymmetric and symmetric

vibration

1750-1700 C =0 Stretching vibration (Ester)

1500-1400 CH, Scissoring vibration

0-1000 C-O-C symmetric stretching

vibration

900-700 CH, rocking vibration

Fig.6 TG (mass loss %) and TG/%

DSC curves of TD30B10

100 -
sample

80 |

60 -

40

20 4

fuel blend, 8.23% in TD30B20 fuel blend, and 9.67% in
TD30B30 fuel blend.

The reason for this is that diesel, waste transfer oil, and
waste seed oil methyl ester mixtures have higher density
and viscosity and lower calorific value and pour point com-
pared to diesel fuel. Additionally, as engine speed increases,
mechanical friction increases and brake power and torque
decrease rapidly [44].

Brake power (BP)

The five different fuel blends tested in the compression igni-
tion test engine were measured in terms of produced brake
power at four different engine speeds. Brake power, also
known as useful power of the engine, was measured by the
dynamometer through the force it measures, and the val-
ues were recorded electronically and plotted on the graph
in Fig. 8.

When examining the graph in Fig. 8, it can be seen
that the Euro diesel (D100) fuel has achieved the highest
brake power values compared to other fuel blends in all
experiments conducted at all engine speeds except for the
TD30B30 fuel blend at 1000 rpm. For all fuel blends, the
brake power increased as the engine speed increased.

When examining the fuel blends, it has been determined
that the addition of biodiesel fuel to TD30 fuel blend to cre-
ate TD30B10, TD30B20, and TD30B30 fuel blends results
in higher brake power values compared to TD30 fuel blend.
The average brake power values of fuel blends at all engine
speeds were compared with the average brake power value
of Euro diesel (D100) fuel. It was determined that there was
a decrease of 13.59% in the TD30 fuel blend, a decrease of
8.93% in the TD30B10 fuel blend, a decrease of 11.30%
in the TD30B20 fuel blend, and a decrease of 13.37% in
the TD30B30 fuel blend. It is observed that the uneven

100
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Fig. 7 Variations of Torque (T) for 1000 rpm, 1500 rpm, 2000 rpm,
and 2500 rpm of different fuel blends

Brake power/kW
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Fig.8 Variations of brake power (BP) for 1000 rpm, 1500 rpm, 2000
rpm, and 2500 rpm of different fuel blends

combustion characteristics of fuel blends particularly caused
a significant decrease in engine power at 2500 rpm.

The maximum BP for fuel blends is lower than for pure
diesel fuel. This is due to the combined effects of high
relative fuel density, viscosity and low heating value. BP
and braking torque decrease more rapidly as engine speed
increases due to the increased value of high mechanical fric-
tions. Poor spray properties of fuel mixtures reduce BP by
affecting the homogeneity of the air/fuel mixture [44].

Brake specific fuel consumption (BSFC)
The brake specific fuel consumption (BSFC) represents the

fuel consumption per unit power, and as a result, the amount
of fuel required for all blends to produce the same power

output has been determined. The BSFC values for five dif-
ferent fuel blends tested on a compression ignition engine at
four different engine speeds are shown in Fig. 9.

Upon examining the graph in Fig. 9, it can be seen that
Euro diesel (D100) fuel has the lowest specific fuel con-
sumption value compared to other fuel blends at all engine
speeds in the experiments conducted. For all fuel blends,
except for the 1500 rpm engine speed, specific fuel con-
sumption values have increased as the engine speeds
increased.

Looking at the fuel blends, it has been determined that the
specific fuel consumption values of TD30B 10, TD30B20,
and TD30B30 fuel blends, which were created by adding
biodiesel fuel to the TD30 fuel blend, are generally lower
than TD30 fuel at all engine speeds. When the average spe-
cific fuel consumption values of fuel blends were compared
with the average specific fuel consumption value of Euro
diesel (D100) at all engine speeds, it was determined that
there was an increase of 25.4% in the TD30 fuel blend, 18%
in the TD30B10 fuel blend, 20.1% in the TD30B20 fuel
blend, and 24.8% in the TD30B30 fuel blend.

Compared to pure diesel fuel, fuel blends have higher
density and lower heating values, which are the main rea-
sons for the decrease in BP and torque. Hence, difference
in fuel densities affects BSFC, BP, and torque. It will be
necessary to obtain the same power when spraying when all
other conditions remain the same. The delicate distribution
of fuel/air “packets” within the sprays can be higher for all
fuel blends than pure diesel fuel, increasing the fuel required
per cycle [44].

Exhaust emissions

During the engine test of the five different fuel blends pre-
pared, emission measurements were taken using the Testo

400
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[ ] TD30B20

[ TD30B30
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Fig.9 Variations of brake specific fuel consumption (BSFC) for 1000
rpm, 1500 rpm, 2000 rpm, and 2500 rpm of different fuel blends
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350 exhaust emission measurement device shown in Fig. 3,
and the measurements were recorded in the device. Engine
performance values were taken for each fuel blend at four
different speeds under the heading of engine performance
analysis, and after the engine performance and emission
measurements of all fuel samples were completed, the
exhaust emission measurement values of all fuel samples
were printed from the printer of the complex device. After-
ward, the measurement values obtained were plotted and
separately interpreted for each emission under this heading.

CO emissions

CO (carbon monoxide) is odorless and colorless, and it hin-
ders the transportation of oxygen in the bloodstream when
inhaled. This leads to severe functional disorders in the heart
and brain. The reason why the combustion products should
not contain CO molecules is due to the insufficient oxygen
in the combustion chamber [45]. Figure 10 shows the vari-
ations in CO emissions for all fuel blends at 1000, 1500,
2000, and 2500 rpm engine speeds.

When examining the graph in Fig. 10, it can be seen that
as the engine speed increases, the CO emission value tends
to decrease for all fuel blends tested. When compared with
the CO emission values of Euro diesel (D100) fuel, it is
observed that the CO emission value of TD30 fuel blend
is high at 1000 and 1500 rpm engine speeds, while it is
lower at other speeds. The reason for the high CO emis-
sion values for all fuel blends at 1000 rpm engine speeds
can be explained by insufficient air and combustion at high
temperatures [46]. As a result of increased air movements at
high engine speeds, combustion occurred more efficiently,
and the CO emission value decreased. When the average
CO emissions measured at all engine speeds for each fuel
blend were compared with Euro diesel (D100) fuel, it was
determined that there was a 4.61% increase in TD30 fuel

CO/ppm

1000 1500 2000 2500
Engine speed/rpm

Fig. 10 Variations of CO emissions values for 1000 rpm, 1500 rpm,
2000 rpm, and 2500 rpm of different fuel blends
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blend, an 11.8% decrease in TD30B 10 fuel blend, a 23.87%
decrease in TD30B20 fuel blend, and a 37.78% decrease in
TD30B30 fuel blend. As the biodiesel ratio in the blends
increased and the percentage of waste transformer oil
decreased, CO emission levels gradually decreased at 1000
and 1500 rpm engine speeds. At 2000 and 2500 rpm engine
speeds, the rate of decrease in CO emission levels remained
approximately the same. As a result of the investigation, it
was observed that TD30B 10, TD30B20, and TD30B30 fuel
blends obtained very good results due to the oxygen present
in the structure of biodiesel, compared to the average CO
emission values measured for Euro diesel (D100) fuel at
all engine speeds. In Fig. 10, while the engine speed was
reduced from 2500 to 1000 rpm, the CO rate increased for
all fuel samples. It is seen that as the biodiesel ratio in the
TD30 sample increases, the CO ratio decreases. It is thought
that this decrease depends on the amount of oxygen in bio-
diesel. This situation is seen at all engine speeds.

Higher CO emissions for fuel mixtures at low speeds
compared to pure diesel fuel can be attributed to local rich
zones and lean mixture formation in some parts of the com-
bustion chamber. This is likely a result of poor spray atomi-
zation and non-uniform mixing formation of ternary fuel
mixtures [47, 48].

NO, emissions

The graph in Fig. 11 shows the changes in NO, emissions
for all fuel blends at 1000, 1500, 2000, and 2500 rpm engine
speeds. The main reason for the release of NO, during com-
bustion is the excessively high oxygen content in the air
taken into the combustion chamber during combustion at
high temperatures [45]. When the combustion process takes
place at a temperature above 1800 K, the oxygen and nitro-
gen in the air combine chemically to form the NO, molecule

NO, /ppm

1000 1500 2000 2500
Engine speed/rpm

Fig. 11 Variations of NO, emissions values for 1000 rpm, 1500 rpm,
2000 rpm, and 2500 rpm of different fuel blends
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[49]. This mechanism of NO, formation is also referred to
as the Zeldovich mechanism [46]. When diesel and gasoline
fueled engines are compared, the amount of NO, emissions
released is 123.71 and 18.42 kg per ton, respectively [50].

When Fig. 11 is examined, it is seen that the NO, emis-
sion values of triple fuel blends are lower than the NO, val-
ues of Euro diesel (D100) fuel at almost all engine speeds.

In the engine tests, when the NO, emission values of
the TD30B10 and TD30B30 fuel blends were compared
with the Euro diesel fuel NO, emission values at 1000 rpm
engine speed, an increase of 1.3% and 13% was observed,
respectively. The reason for this is the occurrence of bad
combustion with excessive load and insufficient air at low
engine speeds. At 1000 rpm engine speed, the highest NO,
formation was in the TD30B30 fuel blend, and the lowest
NO, formation was in the TD30 fuel blend. The highest
NO, formation was observed in Euro diesel (D100) fuel at
all other engine speeds. With the increase in the biodiesel
ratio in the blends and the decrease in the waste transformer
oil percentage, the NO, emission levels increased slightly at
the 1000 and 1500 rpm engine speeds, while the NO, emis-
sion level gradually decreased at the 2000 and 2500 rpm
engine speeds. At 2000 and 2500 rpm engine speeds, the
temperature decreased under low load condition and with
increasing air movements. As a result, a high reduction in
NO, emission levels was achieved.

When the average values of NO, emissions at all engine
speeds are compared with the average values of Euro diesel
(D100) fuel, it is observed that there is a 23.98% decrease in
TD30 fuel blend, 14.92% decrease in TD30B 10 fuel blend,
and 18.78% decrease in TD30B20 fuel blend and TD30B30
fuel blend. It was determined that there was a decrease
of 14.03%. Normally, the amount of water in biodiesel is
expected to increase NO, formation by increasing the pres-
sure and temperature after combustion.

Higher density fuels generally contain more oxygen,
which can result in higher combustion temperatures and
more NO, formation. High-density fuels can burn more
quickly and completely, which can increase NO, emissions.
Additionally, higher viscosity in fuels can often reduce
combustion efficiency because atomization and mixing of
the fuel may become difficult. In this case, there may be
more partial combustion or non-combustion reactions during
combustion, which may increase NO, formation. For these
reasons, it is thought that the amount of NO, increases in
blends where the biodiesel ratio increases due to its high
density and kinematic viscosity, especially at low speeds
close to idle speed (1000-1500 rpm).

NO, formation depends on the amount of oxygen in the
environment, combustion chamber temperature and expo-
sure time [51]. When Fig. 11 is examined, it is seen that
NO, formation increases depending on the biodiesel ratio
at 1000 rpm when the engine is at maximum load. It is

thought that this situation is due to the oxygen present in the
structure of biodiesel and the fact that the fuel-air mixture
remains in the combustion chamber for a longer time. This
situation is supported by the literature [48].

The low calorific value of the fuel, combined with the
high latent heat of vaporization, leads to lower cylinder
flame temperatures, thus reducing NO, emissions [52]. The
calorific value of waste transformer oil is lower than that of
diesel, and its latent heat of vaporization is higher [48]. This
explains why NO, emissions are lower for TD30 samples
even though the exhaust temperature is higher.

Exhaust gas temperature (EGT)

Exhaust gas temperatures also increase in compression igni-
tion engines due to the fact that combustion occurs at very
high temperatures. It is not desired that the energy released
as a result of combustion is discharged from the exhaust as
heat energy. The explanation for this situation is that if the
temperature of the exhaust gas is high, the thermal efficiency
of the compression ignition engine decreases [53].

The changes in the exhaust gas temperatures of the five
different fuel samples prepared according to the engine
speed are shown in Fig. 12.

When the exhaust gas temperatures in Fig. 12 are exam-
ined, it is seen that the exhaust gas temperature increases
in direct proportion as a result of the increase in the engine
speed for all fuel blends. Due to the presence of water in the
biodiesel, increasing of biodiesel in mixtures reduces EGT
because the heat of the latent water quenches the chamber
due to evaporation [19]. Exhaust gas temperatures for all
different fuel blends are higher than for Diesel fuel except
for the TD30 fuel blend at 2500 rpm only. Higher exhaust
gas temperatures are an indication of a higher work release
[53]. When the changes in EGT and NOx are examined, it
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Fig. 12 Variations of exhaust gas temperature (EGT) for 1000 rpm,
1500 rpm, 2000 rpm, and 2500 rpm of different fuel blends
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can be said that EGT and NO, formation are similar only at
high speeds (2000 and 2500 rpm).

Conclusions and recommendations

In this study, five different fuel samples were prepared by
mixing olive oil wastes biodiesel and waste transformer oil
with Euro diesel fuel through transesterification method.
First, the thermochemical characterization of the prepared
fuel blends was performed, and then, engine performance
and exhaust emission tests were conducted on a single-cyl-
inder compression ignition direct injection engine at four
different engine speeds (2500, 2000, 1500, and 1000 rpm).
The results obtained from this study are summarized briefly
in the following points.

e While the high viscosity and specific gravity values of
the olive oil wastes biodiesel and waste transformer oil
blend were a disadvantage, their similar characteristics to
diesel fuel provided an advantage. It has been observed
that all fuel blends meet important fuel properties such as
density, viscosity, pour point, and cloud point according
to ASTM or EN standards.

e FEuro diesel fuel, waste transformer oil, and biodiesel
blends can be used in compression ignition diesel engines
without any modifications.

e The TG-DSC analysis result of the TD30B 10 fuel blend
confirms its good combustion performance, which is also
supported by positive results obtained from engine tests.

e At all engine speeds, the average torque value produced
by each fuel blend was highest for D100 fuel and lowest
for TD30 fuel. Among the fuel blends, TD30B10 had
the best average torque value with a decrease of 6.48%
compared to D100 fuel.

e At all engine speeds, the average BP produced by each
fuel was highest for D100 and lowest for TD30. Among
the fuel blends, TD30B10 had the highest average BP
value. The maximum BP value for TD30B10 fuel was
reached at 2000 rpm.

e According to the engine experiment, the average specific
fuel consumption of all fuel blends produced at all engine
speeds was compared with the average specific fuel con-
sumption of D100 fuel at all speeds, and it was found
that TD30 fuel blend had a 25.4% increase, TD30B10
fuel blend had an 18% increase, TD30B20 fuel blend
had a 20.1% increase, and TD30B30 fuel blend had a
24.8% increase. When these values are examined, the
best performing fuel blend is TD30B10.

¢ As the engine speed increases, it is generally observed
that the CO emission value decreases for all prepared
fuel blends. When the fuel blends are compared with
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the CO emission values of D100 fuel, it is seen that
the CO emission value of TD30 fuel blend is high at
1000 and 1500 rpm engine speeds, while it is low at
other speeds. The reason for the high CO emission val-
ues in all fuel blends at 1000 rpm engine speed is the
insufficient air and high temperature combustion, which
has increased the CO emission amount at low engine
speeds.

e When the average values of NO, emissions for all fuel
blends were compared with the average values of NO,
emissions for D100 fuel at all engine speeds, it was deter-
mined that there was a 23.98% decrease in TD30 fuel
blend, a 14.92% decrease in TD30B10 fuel blend, an
18.78% decrease in TD30B20 fuel blend, and a 14.03%
decrease in TD30B30 fuel blend.

The use of waste transformer oil with diesel fuel by mix-
ing it with vegetable waste olive seed biodiesel is important
in terms of making the harmful wastes less harmful to the
environment by using them in internal combustion engines.

As a suggestion for future studies, the use of end-of-life
waste transformer oil together with biodiesels obtained from
different vegetable waste oils can be considered. Addition-
ally, different mixtures can be prepared by adding different
nanoparticles to binary or ternary mixtures, and the engine
performance and exhaust emission parameters of these mix-
tures can be investigated.
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