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Abstract: This study investigated the suitability of stone fruit seed as a source of biodiesel for
transport. Stone fruit oil (SFO) was extracted from the seed and converted into biodiesel. The
biodiesel yield of 95.75% was produced using the alkaline catalysed transesterification process with a
methanol-to-oil molar ratio of 6:1, KOH catalyst concentration of 0.5 wt% (weight %), and a reaction
temperature of 55 °C for 60 min. The physicochemical properties of the produced biodiesel were
determined and found to be the closest match of standard diesel. The engine performance, emissions
and combustion behaviour of a four-cylinder diesel engine fuelled with SFO biodiesel blends of
5%, 10% and 20% with diesel, v/v basis, were tested. The testing was performed at 100% engine
load with speed ranging from 200 to 2400 rpm. The average brake specific fuel consumption and
brake thermal efficiency of SFO blends were found to be 4.7% to 15.4% higher and 3.9% to 11.4%
lower than those of diesel, respectively. The results also revealed that SFO biodiesel blends have
marginally lower in-cylinder pressure and a higher heat release rate compared to diesel. The mass
fraction burned results of SFO biodiesel blends were found to be slightly faster than those of diesel.
The SFO biodiesel 5% blend produced about 1.9% higher NOy emissions and 17.4% lower unburnt
HC with 23.4% lower particulate matter (PM) compared to diesel fuel. To summarise, SFO biodiesel
blends are recommended as a suitable transport fuel for addressing engine emissions problems and
improving combustion performance with a marginal sacrifice of engine efficiency.

Keywords: stone fruit; apricot; binary; combustion; emissions; diesel engine; biodiesel; transesterification;
and particulate matter emission

1. Introduction

Energy has become an indispensable factor for human survival and economic devel-
opment since the beginning of the technological revolution of the late 18th and early 19th
centuries. Global demand for primary oil will rise by 1.2 percent annually between 2017
and 2040, requiring an additional 32% capacity to meet this need [1]. Nevertheless, the
main energy sources can be categorised into three types: fossil, fissile and renewable. Fossil
energy sources develop over a long period of time and are not renewable. Plutonium and
thorium are the primary fissile energy source materials that can be broken into zero kinetic
energy neutrons. Renewable energy is derived from natural sources, including biomass, so-
lar, air, wind, geothermal, marine and hydrogen energy sources. Fossil energy is the largest
single energy source, fulfilling 88% of the world’s total energy demand, whereas renewable
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energy sources represent only 5% [2]. However, considering the current consumption rate,
fossil energy is depleting rapidly and cannot be replaced because of its non-renewable
nature. It is also largely responsible for producing harmful pollutants and contributing to
global warming. Moreover, CO, emissions from energy consumption are expected to rise
to almost 10% by the year 2040 [1]. The creation of sustainable, alternative, non-fossil-based
energy sources is therefore paramount given the current energy scenario and to ensure that
energy consumption needs and environmental challenges are met well into the future. As a
consequence, the uses of alternative energy sources, including biofuels [3-7], solar [8-10],
wind [11,12] and hydrogen [13,14], are increasing; these are not only renewable but also
offer many socio-economic advantages over conventional fossil energy.

Biodiesel is a type of biofuel that has gained enormous global attention in recent
decades as a renewable alternative to fossil-based fuels. It is a diesel-like fuel obtained from
biomass-based bio-oil, vegetable oil or animal fat feedstock through the transesterification
chemical process, which is required to meet the quality parameters of international biodiesel
standards [15,16]. It can be used directly in conventional diesel engines without requiring
any engine modification and also offers many benefits over fossil diesel. Some of the
main benefits of using biodiesel are its safe, organic, non-toxic and biodegradable nature,
and that it is a more effective lubricant, prolonging the life of the engine through the
reduction in wear and tear of moving engine parts [17]. Biodiesels are biodegradable and
cause little environmental pollution even during accidental spillage. They can significantly
reduce unburned carbon monoxides, particulate matter, hydrocarbons, and sulphur dioxide
emissions compared to petroleum diesel when running in the same engine. Particulate
matter in biodiesel exhaust emissions is around 30% less compared to that in emissions of
fossil diesel. Total biodiesel hydrocarbon emissions are 93% lower than fossil fuels [18-20].

Growing of biodiesel feedstock resources relies heavily on temperature, local soil
conditions and availability; therefore, different regions are targeting different types of
biodiesel feedstock. The extensive use of soybeans for food in the United States has led
to the rise of soybean biodiesel there. Rapeseeds are Europe’s most common feedstock
for biodiesel production. The jatropha tree is used in the production of biodiesel in India
and South East Asia. Palm oil is used as a major source of biodiesel in Malaysia and
Indonesia. However, current biodiesel industries mostly depend on feedstocks made from
food “feedstuffs”, and these are known as first-generation biodiesel [21]. Although the
available biodiesel spectrum shows the versatility and popularity of the biodiesel industry,
this capability has not been fully adopted by first-generation biodiesel systems due to
some social and environmental concerns. The main disadvantage of the first-generation
biofuel is that it is made from edible oils, which has the effect of increasing food prices
and also creates undue pressure on land use for food production. This issue is widely
referred to as the “Food vs. Fuel” debate. Supply and demand determine that increasing
production of biodiesel from food crops would increase the costs of food, a problem already
faced by countries such as Malaysia. This topic was discussed globally as a result of
the global food price crisis of 2007-2008 [22]. There are several other reasons for this
problem and there is still much speculation around the increased use of biodiesel, food
shortages and resulting price spikes. The proven advantages of biofuel and its ability to
minimise reliance on fossil fuels has increased its demand; however, this should not lead to
famine. Despite this, it is considered unlikely that this first-generation form of biodiesel
will sustainably achieve its potential to contribute to socio-economic development. As a
result, alternative feedstocks need to be explored to address the major supply limitations of
first-generation biodiesels. Second-generation biodiesels are coming into focus in order to
address this issue. These feedstocks are typically not edible, comprising non-food crops,
forest residues and other biomass sources. Consequently, oil companies, governments
and non-governmental organisations are beginning to invest more research funds in the
development of second-generation biodiesels [23,24].

In a recent report, Anwar et. al., [25] carried out a detailed screening on different
types of second-generation biodiesel feedstocks in relation to their compositional and
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physicochemical characteristics. Rapeseed, beauty leaf, papaya, apricot, jatropha and waste
cooking oil were the feedstocks examined in their study. Twelve physiochemical qualities
were selected as parameters for the rating of biodiesel. This investigation found that apricot
kernel oil was the best choice for the production of second-generation biodiesel among
the examined feedstocks, followed by papaya oil. Apricot (Prunus armeniaca), belonging
to the Rosaceae family, is widely grown around Australia, particularly in South Australia
and Victoria. The fruits of apricot trees are also called stone fruits. From October to April,
Australia grows approximately 100,000 tonnes of stone fruits per year. The fruits develop
from a green fruit bud and mature to orange- and purple-coloured fruits with soft flesh
covering a hard kernel. The fruits are usually round with a diameter of 15-25 mm; the
orange flesh is separated in processing (tinned apricots), while the hard seed kernels are
generally discarded during fruit processing due to the presence of hydro-cyanic acid [26].
However, this stone fruit kernel contains over 50% non-edible bio-oil that can be processed
for biodiesel production [27]. Hence, stone fruit oil (SFO) has gained a large amount
of research interest and a number of studies have therefore attempted to investigate the
feasibility of inedible SFO for second-generation biodiesel. Wang and Yu [28] analysed the
potential of SFO biodiesel and concluded that it provides a low-cost, high-oil and low-acid
feedstock option for biodiesel production. Anwar et al. [29] studied the physicochemical
properties of SFO biodiesel and found that it had high quality, comparable to that of
commercially available biodiesel and concluded that SFO biodiesel satisfies both the ASTM
D6751 and EN14214 standards in all terms of quality parameters. Singh Gurau et al. [30]
studied the storage and oxidation stability of SFO biodiesel. They reported that SFO
biodiesel is able to meet the requirements of ASTM D6751, IS15607 and EN14214 biodiesel
specifications without the addition of an antioxidant, even after six months of storage in
dark and sunlight conditions.

These results show that SFO has significant potential to become a low-cost feedstock
for second-generation biodiesel production, and thus help to overcome the potential socio-
economic challenges mentioned above. However, in order to establish a new feedstock
for biodiesel production and also to start production at an industrial scale, it is necessary
to confirm that this biodiesel can be used in diesel engines without any requirement for
engine modifications.

Scientists have worked tirelessly in recent years to enhance engine performance and
combustion efficiency, and to minimise exhaust gas emissions by investigating biodiesel—-
diesel blends of non-edible SFO. However, apricot-based SFO biodiesel has been com-
paratively less explored. An attempt was made by Gumus and Kasifoglu [31] when
investigating engine performance and exhaust emissions using SFO biodiesel as fuel. SFO
from Turkey was used as the feedstock for biodiesel production. A single cylinder diesel
engine operated successfully using the SFO biodiesel without any modifications to the
original diesel engine. This study found a better engine performance and lower exhaust
emissions with SFO biodiesel compared to conventional diesel. However, this investigation
was limited in presenting the experimental results from a single-cylinder small engine
(0.395 dm?) and did not measure the particulate matter (PM) emissions, which are a criti-
cal concern in modern automobile engines [18]. Hazar et al. [32] conducted experiments
on a three-cylinder 1.4 dm? direct injection diesel engine with SFO biodiesel as fuel and
showed that this biodiesel is also capable of being used in place of fossil diesel. This study
also used SFO from Turkey for biodiesel production and did not record any experimental
emission results for the PM count. In a recent study, Karishma et al. [33] carried out an
investigation of different proportions of SFO biodiesel-diesel blends in a single-cylinder
diesel engine. Their target was to find the best blend proportion that can partially replace
the diesel fuel in a CI engine. Data from the investigations of several engine performance
and emissions characteristics were taken into consideration to reach a conclusion. Finally,
they found that 20% SFO biodiesel with 80% diesel was the combination that provided
the best engine performance and emissions. However, investigation of the PM was also
absent in their study. In order to fully understand the combustion characteristics of SFO
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biodiesel, it is necessary to run a full-sized, automobile diesel engine on SFO biodiesel as
part of the investigation of stringent performance and emission indicators. The information
provided in the current literature is limited in this regard, and this may be a factor that
has contributed to the lack of apricot-based SFO biodiesel production being established
on a commercial scale. Therefore, this study aimed to fill the knowledge gap by providing
an in-depth examination of SFO biodiesel in a diesel engine. Comprehensive thermody-
namic and emission analyses on SFO biodiesel combustion were performed on important
parameters including particulate matter emissions. This study is also a first in investigating
apricot-based SFO biodiesel having an Australian origin. The results presented herein are
therefore expected to advance the development of the regional energy sector through the
creation of new scientific information based on low-cost SFO with significant potential as a
sustainable second-generation biodiesel feedstock.

2. Materials and Methods
2.1. Production of SFO Biodiesel and Its Blends

The stone fruits were collected from the southern part of Australia and the fleshy
sections were removed by hand. The seeds were separated and soaked in water for about
half an hour in order to effectively remove the hard shells from the kernels. The kernels
were then gathered and dried under sunlight for about 12 days to reduce the moisture
content. Then, all the kernels were ground using a shredder to produce a particle size
of <1 mm. A Soxhlet apparatus was used to extract oil from these ground kernels. The
apparatus was operated at 60 °C and petroleum ether was used as solvent. The process
was continued for 6-8 h until the extraction was completed. Then, the extracted oil was
placed in a rotary evaporator to evaporate the petroleum ether. To remove any remaining
solvent, an oven was utilised to heat the oil at 60 °C for about 60 min. Whatman 541 filter
paper was also used to filter the oil. After filtering, the SFO was sealed in a container. The
obtained SFO was then converted to biodiesel through the transesterification process using
a 1 L three-neck laboratory reactor. Two chemicals, namely, methanol (MeOH, purity 99.9%)
and potassium hydroxide (KOH pellets, purity 99%), were used in this conversion process.
A mixture was prepared by dissolving KOH in MeOH. This mixture was added to the
obtained SFO. The solution was prepared in a MeOH-to-SFO molar ratio of 6:1 and KOH
catalyst concentration of 0.5 weight % (wt%). Then, this solution was poured into the reactor.
The reactor was operated at 55 °C for about 40 min. To separate biodiesel from glycerol, the
solution was collected in a separate funnel and cooled to room temperature. The thicker
layer of glycerol that had collected at the bottom of the funnel was then separated. The
produced biodiesel was washed with warm distilled water and reheated to 110 °C for
15 min to remove any water residue. The final conversion yield of biodiesel was 95.8%.
Before being stored for characterisation, it was filtered through Whatman® qualitative
Grade 1 paper. Figure 1 illustrates the SFO biodiesel production process.

The SFO biodiesel and its binary blends with diesel were made in accordance with
the experimental design. The binary blends of SFO5, SFO10 and SFO20 were made by
combining 5%, 10% and 20% vol. of SFO biodiesel with 95%, 90% and 80% vol. of diesel,
respectively. Each binary blend was agitated for 60 min at 600 rpm using a magnetic
stirrer. For each blend, a homogeneous mixture was observed, ensuring that no phase shift
occurred for any binary blends.

The physicochemical properties of the obtained SFO biodiesel and its blends with
diesel were determined by appropriate American standard of testing materials (ASTM)
standards. Table 1 lists the measured properties along with respective ASTM standards
and measuring tools.

In addition, a gas chromatograph (GC), model Thermo Scientific Trace 1310GC was
used for fatty acid composition analysis and a Spectrum 100 FTIR spectrometer was used
to determine Fourier transform infrared (FTIR) spectroscopy.
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Figure 1. SFO biodiesel production process.
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Table 1. Physicochemical properties, ASTM standards and measuring tools.

ASTM Standard Measuring Tool

D240 6100EF semi-auto bomb calorimeter
NVB classic

Properties

Calorific value

Kinematic viscosity D445
Density D1298 DM40 LiquiPhysics™
Acid value D664 Automation titration Rondo20
Flash point D93 NPM 440 Pensky-Martens
Oxidation stability D2274 873 Rancimat

2.2. Engine Setup and Experimental Procedure
A four-stroke, four-cylinder and naturally aspirated diesel engine (Kubota V3300,
Kubota Australia, Osaka, Japan) was used in this study. Table 2 presents the details of the

tested diesel engine specifications.

Table 2. Test engine specifications.

Items Specifications
Model Kubota V3300
Type Vertical, 4 cycle liquid cooled diesel
No. of cylinders 4
Total displacement (m?) 3318
Bore x Stroke (mm) 98 x 110
Combustion type Spherical type [E-TVCS (Three vortex combustion system)]
Intake system Naturally aspirated
Rated power output (kW.rpm 1) 53.90/2600
Rated torque (Nm.rpm~1) 230/1400
Compression ratio 22.60:1
Fuel injection timing 16° before top dead centre (TDC)
13.73

Injection pressure (MPa)
Emissions certification Tier 2

The V3300 engine was coupled with an eddy current dynamometer manufactured
by Dyno Dynamics (Melbourne, Australia). A TFX control system was used for data
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acquisition. A CODA 5 gas analyser and a MAHA MPM-4M particulate matter meter were
used for measuring exhaust gas emissions. The combustion characteristics were monitored
using a piezoelectric pressure transducer and crank angle encoder. Figure 2 shows the
schematic diagram of the experimental setup used in the present study.

Air in

Exhaust Air
Compressor Flowmeter

Injector

Pressure
Transducer

Charge
Amplifier

Injection Pump

Flowmeter

Encoder

Electric
Engine | Dynamometer

Computer

Figure 2. Schematic diagram of the experimental setup used in the present study.

Three binary SFO fuel samples along with reference diesel were tested in this engine.
The tests were performed at 100% load and different engine speeds ranging from 1200 to
2400 rpm, at a 200 rpm interval. Each data collection was replicated three times and the
average data were taken to prevent potential errors. Shortly after each experiment was
completed, the engine was rinsed with pure diesel.

2.3. Error and Uncertainty

Errors or uncertainties in measurements may occur due to many factors related to
instrument parts, calibration, observation or experimental condition, and procedure. To
ensure the accuracy of the measurements, it is critical to analyse the uncertainties inherent
in the measured values. In this study, the total uncertainty was calculated using Holman'’s
technique [34], which was based on the method of propagating errors. Table 3 lists the
errors and uncertainties associated with the instruments utilised in this study.

Table 3. Errors and uncertainties in the measurements created by different instruments.

Measuring Parameter Range Accuracy
Engine load 0-15 kg +0.01 kg
Engine speed 0 rpm to 3000 rpm £5rpm
Crank angle 0-360° +1°
Temperature 1-2000 °C +1°C
Pressure 0.5-100 bar £0.01 bar
Air flow rate 16.00-32.00 kg-hr~? +0.01 kg-hr !
Fuel flow rate 0.1-1.5 kg-hr ! +0.01 kg-hr !
NOx 0-5000 ppm +1.0 ppm
HC 0-30000 ppm +1.0 ppm
Cco 0-15% £0.02%
CO, 0-20% +0.30%

PM <100 nm to >10 um 4+0.10 nm
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Table 3. Cont.

Calculated Parameter Range Uncertainty
Brake power (BP) - 0.90%
Torque - 0.90%
Brake specific fuel } 1.15%
consumption (BSFC) ’
Brake thermal efficiency (BTE) - 1.15%

3. Results and Discussion
3.1. Characterisation Properties and Fatty Acid Composition of SFO Biodiesel and Its Blends

SFO biodiesel blend properties are shown in Table 4. Normally, biodiesel has higher
density and viscosity than diesel; the results of this study were in agreement with this, as
the produced SFO biodiesel has 3.36% higher density and 31.8% higher viscosity compared
with the reference diesel. Higher density can increase the energy concentration of fuel
and causes higher viscosity, which leads to poor combustion, in addition to lower engine
performance with excessive exhaust emissions [35]. Some research found that the higher
viscosity of biodiesel can enhance the fuel spray penetration, resulting in improvement
in the air—fuel mixture, which explains the recovery of brake power (BP) and torque in
comparison with diesel [36-38]. Other contradictory findings also claimed that higher
viscosity of fuel resulted in producing lower BP and decreased combustion efficiency due
to poor fuel injection atomisation [39,40].

Table 4. Fuel properties of SFO biodiesel blends compared with international standards.

. Viscosity at . Calorific Iodine Value Oxidation
Fuels (Ee‘nsttgf) 40°C, A“fgﬁll“f'l N Cf’tan(eCN) Value, Flash Point, °C av) Stability
gm mm?.s-1 me & umber MJ-Kg1 mgl,-100 g-1 (0S),h
SFO 855.0 426 0.25 50.45 39.64 105 104.70 7.15
SFO5 827.2 3.28 0.06 48.12 45.02 70.33 41.62 37.41
SFO10 829.9 3.33 0.07 48.25 44.73 72.15 44.94 35.82
SFO20 832.7 3.44 0.09 48.49 4417 75.80 51.58 32.63
Ref. diesel 827.2 3.23 0.05 48.00 45.30 68.5 38.3 39.0
ASTM D6751 880.0 1.9~6.0 max. 0.5 min. 47 - 100~170 - min. 3
EN14214 860~ or ~900 3.5~5.0 max. 0.5 min. 51 35 min. 101 max. 120 min. 6
AU Standard 860~ or ~890 3.5~5.0 max. 0.8 min. 51 - min. 120 max. 120 min. 6

The acid value found for SFO biodiesel was 0.25 mg KOH.g~!, which indicates the
free fatty acid (FFA) contents. Both ASTM and EN standards have the highest limit of
0.5 mg KOH/g, whereas the Australian standard is for a maximum of 0.8 mg KOH.g~!.

Higher acid values can cause corrosion of a diesel engine and its parts, and is detri-
mental to the longevity of the engine. The cetane number (CN) directly relates to ignition
delay (ID), with higher CN ensuring shorter ID and enhanced combustion. The literature
shows that biodiesels usually exhibit a higher CN compared to diesel fuel due to long-chain
HC groups [35]. SFO biodiesel has a 5.1% higher CN than the reference diesel in this study.
The calorific value of any fuel is the most influential parameter, as it denotes the releasing
energy available for producing work. A lower BP was found due to lower calorific value
for any biodiesel blends.

The calorific value of the produced SFO biodiesel is 12.5% lower than that of diesel.
Furthermore, the flash point of a fuel plays an important role in transportation, storage and
handling. A higher flash point ensures the greater safety of the fuel. The SFO biodiesel has
a 53.3% higher flash point, which indicates the methanol content and viscosity are related to
unreacted triglycerides. The iodine value found for SFO biodiesel was 104.70 mgl, /100 g,
which sits within the limits of the EN and Australian standards. SFO biodiesel has an
iodine value that is more than 2.7 times higher; this ensures a better fuel quality due to a
more saturated double bond than that of diesel. The oxidation stability (OS) of SFO was
recorded at 7.15 h, which is higher than the minimum set values from ASTM, EN and AU
standards. The higher OS ensures a better quality of the fuel.
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Figure 3 shows the chromatogram of the SFO and its formation of methyl esters, i.e.,
biodiesel. The presence of derivatives of C 16:0 (palmitic acid), C 18:0 (stearic acid), C
18:1 (oleic acid), C 18:2 (linoleic acid), C 18:3 (linolenic acid) and C 22:1 (behenic acid) is
evident in the GC profile. Fatty acid composition (FAC) depends on several factors such as
feedstock quality, its growing conditions, climatic conditions and location. FAC determines
the quality of the oil and its properties.
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Figure 3. GC profile of SFO biodiesel.

The FAC of SFO biodiesel or methyl ester profile is presented in Table 5. SFO biodiesels
are mainly comprised of oleic acid (63.8%) and linoleic acid (25.3%). The saturated fatty
acid content was found to be 9.02% and total unsaturated (mono- and poly-) fatty acid
content was found to be 89.7%. The degree of unsaturation was recorded at 115.5 °C, and
this has a substantial effect on combustion profiles and exhaust gases. A higher saturation
relates to the higher CN of the biodiesel. The unsaturated biodiesels produce higher NOx
and lower HC emissions than those of saturated biodiesels [41,42].

Table 5. The fatty acid composition of SFO biodiesel.

Fatty Acids Formula Molecular Weight Structure wt%
Palmitic C16H3,0, 256 16:0 5.85
Stearic C18H3607 284 18:0 2.51
Oleic C18H3402 282 18:1 63.8
Linoleic Cq18H3,0, 280 18:2 25.3
Linolenic C18H3002 278 18:3 0.51
Behenic C22H4402 340 22:0 0.66
Others 1.29

Total Saturated Fatty Acids (SFA) 9.02

Total Monounsaturated Fatty Acids (MUFA) 63.84

Total Polyunsaturated Fatty Acids (PUFA) 25.85

The Degree of Unsaturation (DU) 115.5

Long Chain Saturated Factor (LCSF) 2.83
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The FTIR spectrum of SFO biodiesel is presented in Figure 4. The asymmetric stretch-
ing of -CHj3 was found to be present at 1435.8 cm~!. The CHj3 asymmetric stretching
vibration was observed in the 2800-3000 cm ™! region. The stretching of the carbonyl group
(-C=0) was at 1742 cm ! in the region of 1800-1700 cm ™!, which confirms with the ester
formation. Details of the FTIR spectrum results can be found in Anwar et al. [41]. FTIR
results confirm the conversion of triglycerides to methyl esters.

[ T — N\ TN e S e

4000.0 3600 3200 2800 2400 2000 1800 1600 1400 1200 1000 800 650.0
cm-1

Figure 4. Fourier transform infrared (FTIR) spectrum of SFO biodiesel.

3.2. Engine Performance

Figure 5i illustrates the variation of BP with engine speeds for all four blends at 100%
engine load level. With the rise in engine speeds, the BP gradually improved across all
fuel blending. The lower the amount of biodiesel present in the blend, the higher the BP
value [39,43,44]. The diesel showed the highest BP value under all specified engine speeds,
followed by SFO5, SFO10 and SFO20. The average BP values for SFO5, SFO10, SFO20
and diesel were 38.34, 37.9, 37.42 and 39.25 kW, respectively. The average BP reduction
for SFO5, SFO10 and SFO20 was 2.3%, 3.4% and 4.67%, respectively, compared with that
of diesel, due to higher density/viscosity, and lower calorific values of biodiesel; this is
evidenced by other researchers [45-48]. Higher viscosity reduced the combustion efficiency
due to the poor fuel injection atomisation, resulting in a lower BP value [39,40].

Figure 5ii represents engine torque vs. speed at 100% loading condition. It was
observed that torque increased with engine speed up to 1400 rpm and decreased gradually
with increases to 2400 rpm for all four blends due to friction loss and reduction in volumetric
efficiency [45,49,50]. Torque decreased when the amount of biodiesel in the blends was
increased [51]. In contrast, diesel showed the highest torque at all engine speeds as
compared with SFO5, SFO10 and SFO20. The average torque recorded values were 205.42,
203.16, 200.5 and 207.86 Nm for SFO5, SFO10, SFO20 and diesel, respectively. The average
decreases in torque values for SFO5, SFO10 and SFO20 were 1.17%, 2.26% and 3.54%,
respectively. Researchers have found that, due to higher calorific values, lower densities
and viscosities of diesel, the engine torque was higher [47,49,50].

Figure 5iii indicates that the brake specific fuel consumption (BSFC) increases with
engine speeds. Ong et al. [52] reported that the degradation in combustion occurs at higher
BSFCs and friction heat losses arise at higher speed. Other researchers have suggested
that the injection system, density, viscosity and calorific value have significant impacts on
BSFC [53-55]. A higher BSFC was observed due to lower calorific value of biodiesel, which
required more fuel to achieve the same power as diesel. Yet again, diesel showed the lowest
BSFC as compared to SFO5, SFO10 and SFO20 for all engine speeds. The average BSFC
values for SFO5, SFO10, SFO20 and diesel were 268.67, 276.12, 296.05, and 256.54 g.kWh’l,
respectively. The average increases in BSFC for SFO5, SFO10 and SFO20 were 4.73%, 7.63%
and 15.4%, respectively, in comparison with diesel.
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Figure 5. Variation in engine performance with engine speeds.

The variations in brake thermal efficiency (BTE) vs. speed for all four blends at 100%
load condition are seen in Figure 5iv. This shows that BTE decreased when engine speed
increased. Researchers have indicated that, at higher engine speeds, BTE decreases due
to a lack of sufficient air resulting in incomplete combustion [56,57]. Again, higher BTE
is observed due to higher calorific value, and lower density and viscosity. A higher BTE

improved air—fuel mixtures are ensured, resulting in better combustion [52,58].

is found at a lower biodiesel content due to the higher calorific value and lower fuel
consumption. Again, some studies have found that, due to lower viscosity and reduced

stability,

SFO10 and SFO20 at all

SFO20 and diesel were 30.08%,

% and 31.33%, respectively. The average BTE decreases for SFO5, SFO10 and

SFO20 relative to diesel were 3.97%, 5.98% and 11.41%, respectively.

4

As predicted, diesel showed the highest BTE compared to SFO5

engine speeds. The average BTE values for SFO5,

29.56%, 27.75

SFO10,

3.3. Emission Characteristics

Figure 6i indicates differences in exhaust gas temperature (EGT) vs. engine speed for

the SFO biodiesel and diesel blends. The trend of the EGT profile increases with speed

due to the higher fuel quantity required per unit of time to achieve higher heat energy in

the combustion chamber, which was observed by Ong et al. [59]. Conversely, the higher
the amount of biodiesel in the mix, the greater the EGT. Once again, pure biodiesel (100%)

has lower heating values, and higher density and viscosity, resulting in a reduction in

atomisation and incomplete combustion, leading to higher EGTs [52,60]. Ong et al. [59]
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stated that diesel has a lower EGT in comparison with all the tested fuels due to higher
heating value and shorter combustion period. The average EGTs were reported as 577.54,

592.93, 607.86 and 572.60 °C for SFO5, SFO10, SFO20 and diesel, respectively. The average

B Diesel

SF020

asrFol10

BSFOS

B P R A ]

increases in EGT for SFO5, SFO10 and SFO20 were 0.87%, 3.56% and 6.16%, respectively,

relative to diesel.

500

BSFO10  @SFO20 @ Diesel

BSFOS

B e e o e e o e )

2200 2400

1400 1600 1800 2000

1200

1400 1600 1800 2000 2200 2400

1200

Speed (rpm)

Speed (rpm)

(ii)

(@)

BSFO10 SFO20  @Diesel

BSFOS

ERCRTIERTD

2

1

BSFO10 SFO20  BEDiesel

BSFOS5

= = =

(%°10A) OD

15

(2%104) 20D

1400 1600 1800 2000 2200 2400

1200

1400 1600 1800 2000 2200 2400

1200

Speed (rpm)

Speed (rpm)
(iii)

(iv)

)
2
L
a
]
[
o
(@]
1=
w2
]
=
o
=5
w2
o
w
o
=%}
w2 r
[
[ o O O o o o o O
(=] O <+ A O oo O <+ A
S =2 a=
(fur/Swr) N
PSS EEEL]
ruEEEEEEEEEY
)
2
2
a
[~}
[
[
(@]
—
w2
5]
= 0
o
e
w2
a
w
o
B
v
-]
o0 <t [ O o
(] o (g8 ] — —
(udd) DH

1800 2000 2200 2400

1400 1600

1200

1400 1600 1800 2000 2200 2400
Speed (rpm)

1200

Speed (rpm)

(vi)

W)

Figure 6. Variation in engine emissions with engine speeds.
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NOy emissions are produced due to peak in-cylinder temperature and oxygen con-
centration. Generally, biodiesels have higher oxygen content, which is a cause of higher
NOx emissions. The NOy increases with engine speeds due to high in-cylinder turbulence,
higher combustion temperatures and stoichiometry of the mixture; this increase results in a
homogenous air-fuel mixture [55,61]. At 100% engine load, the air—fuel ratio improved,
which culminated in higher gas temperatures in the chamber and the production of more
NOx emissions [62,63]. The changes in NOx emissions with speed for the SFO blends with
diesel at 100% engine load are seen in Figure 6ii. Higher biodiesel content in blends results
in higher NOy emissions due to higher viscosity, density and bulk modulus, which lead to
early fuel injection. This causes early combustion and results in increased NOx output [64].
Other researchers [31,62] also concluded that higher contents of biodiesel in blends cause
increased NOy emissions. However, the higher cetane content of low biodiesel blends
may have caused a short ignition delay (ID), which induced the combustion temperature
and pressure, hence resulting in less NOy output [65]. The average concentrations of NOx
emitted by SFO5, SFO10, SFO20 and diesel were respectively 344.43, 353.72, 361.72 and
337.86 ppm. The average NOy pollution increases for SFO5, SFO10 and SFO20 relative to
diesel were 1.95%, 4.69% and 7.06%.

CO, emissions are a significant parameter indicating a fuel’s combustion efficiency, as
higher CO; corresponds to better combustion [36]. Figure 6iii shows the CO, emissions
of the tested fuels across all engine speeds. At a maximum rated torque of 1400 rpm, the
highest CO, emissions for all blends were recorded. The higher the amount of biodiesel in
the blend, the higher the CO, emissions, which contributed to the higher level of oxygen
and CN in the biodiesel mixtures. Other researchers also reported higher CO, emissions
due to more efficient combustion [66,67]. The total CO, emissions of SFO5, SFO10, SFO20
and diesel were 12.64%, 12.93%, 13.21% and 12.15%, respectively. The average increases
in CO, emissions for SFO5, SFO10 and SFO20 were 4.09%, 6.45% and 8.72%, respectively,
relative to diesel.

The CO emissions relate specifically to fuel type, engine speed, air—fuel mix, injection
pressure and timing [31,44]. Biodiesel blends typically have a higher O, content and CN,
which allows combustion to be completed and results in lower CO emissions compared
to diesel [68-70]. Figure 6iv indicates the variation in CO emissions across the range of
engine speeds. With the rise in engine speeds, the CO emissions drop significantly, with
the maximum emissions recorded at 1200 rpm; these are significantly reduced by 1400 rpm,
then become insignificant at higher engine speeds. This is attributed to better mixtures of
air-fuel happening at the higher engine speeds [68,71,72]. The average CO emissions from
SFO5, SFO10, SFO20 and diesel were 0.194%, 0.191%, 0.155% and 0.202%, respectively. The
average decreases in CO emissions for SFO5, SFO10 and SFO20 were 3.87%, 5.25% and
23.05%, respectively, relative to diesel.

The unburned hydrocarbon (HC) emissions primarily arise due to incomplete com-
bustion as flame quenching occurs on the wall of the cylinder and in-cylinder crevices. For
all four blends, the difference in HC emissions with engine speed are seen in Figure 6v at
full (100%) loading operation. The HC emissions decrease as the engine speed increases.
Kocak et al. [73] stated that higher fuel density and viscosity have a critical impact on fuel
atomisation and ignition in the combustion chamber at lower engine speeds, resulting in
higher HC emissions levels. Other researchers reported that an increase in chain length
or biodiesel saturation level can lead to a greater reduction in HC emissions [74]. Lower
HC emissions likely occur because of the higher oxygen content in biodiesel [31,43]. A
higher cetane number of any biodiesel can reduce the burning delay, also resulting in lower
HC emissions [75,76]. The average emissions of HC produced by SFO5, SFO10, SFO20
and diesel were respectively 18.64, 17.14, 16.67 and 22.57 ppm. The average decreases
in HC emissions for SFO5, SFO10 and SFO20 relative to diesel were 17.4%, 24.06% and
26.14%, respectively.

In biodiesel blends, PM emissions are usually lower than in diesel due to lower
volatility and higher oxygen content [77]. Figure 6vi demonstrates the variability in the PM
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emissions over engine speeds for all four fuel blends at 100% engine load conditions. The
PM emissions decrease when the engine speed rises [71,78]. Lin et al. [79] stated that the
higher CN in biodiesel blends may cause a shorter ignition delay and longer combustion,
resulting in lower PM emissions. The average concentrations of PM produced by SFO5,
SFO10, SFO20 and diesel were, respectively, 43, 41.33, 37.86 and 56.18 mg.m*3. The average
decreases in PM emissions for SFO5, SFO10 and SFO20 were 23.43%, 26.43% and 32.62%,
respectively, relative to diesel.

3.4. Combustion Behaviour

Figure 7i indicates variations in pressure inside the combustion chamber due to
adjustments in the angle of the crankshaft at 100% engine load and at 1400 rpm (the rpm at
which the engine generates the highest torque) and at maximum engine speed (2400 rpm).
Figure 8i allows three torque ranges to be distinguished. At 1400 rpm, pure diesel generates
the maximum pressure. Lowest pressure is created by SFO20, whereas SFO5 and SFO10
generate very similar pressures. Murillo et al. [80] found that, because diesel LHV is
13.5% higher than that of SFO20, SFO20 provided the lower in-cylinder pressure (CP)
relative to pure diesel at maximum load. The literature shows that diesel blends with lower
concentrations of biodiesel result in a slightly reduction in CP; this decrement was almost
unnoticeable [36].
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Figure 7. Variations in in-cylinder pressure with crank angle for SFO blends and diesel under 100%
engine load at speeds of (i) 1400 rpm and (ii) 2400 rpm.
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Figure 8. CA corresponding to the maximum in-cylinder pressure for the studied fuels at speeds of
1400 and 2400 rpm.
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Figure 7ii shows that two pressure ranges could be distinguished at 2400 rpm. Pure
diesel can be seen to produce more pressure inside the cylinder than all of the biodiesel
blends, and this is due to diesel having a higher LHV compared to the biodiesel blends. All
three biodiesel blends, however, had the same average pressure inside the cylinder and
the difference between them was not great. This action may be related to the fact that, due
to the high viscosity and high density of biodiesel and the lack of appropriate injection
pressure for fuel atomisation at 2400 rpm, combustion is incomplete and the CP does not
change with the change in the percentage of biodiesel in the blends [67].

Comparing the two sets of statistics, it can be observed that the height of the in-cylinder
pressure at 1400 rpm occurs at the mixing-regulated combustion time, which is about 67 bar,
whereas this value is about 55 bar at 2400 rpm. Since combustion in the mixing-controlled
period is even more critical than the pre-mixed period, this results in increased torque [81].

Figure 8 shows the corresponding crank angle to the maximum pressure (CAMCP).
As can be seen, with the increase from 1400 to 2400 rpm, the maximum pressure occurred at
angles closer to the top dead centre (TDC). An increase in engine speed improves injection,
which reduces combustion duration (CD), and the crank angle (CA) of maximum cylinder
pressure (CP) will be closer to TDC [82]. Moreover, there is a significant difference between
SFO20 and the other fuels, with the CA for SFO20 being sharply reduced. For SFO20 fuel,
the CA of the peak CP is closer to TDC, and this is attributed to the fact that the positive
effects of SFO20 properties, such as the high oxygen content and the low flash point, result
in early combustion [83].

Figure 9 shows the changes in the HRR for different fuels at 100% engine load, and
at 1400 and 2400 rpm. Figure 9i,ii show that the SFO20 blend has the highest amount of
HRR. At 1400 and 2400 rpm, the highest peak HRR for SFO20 was measured as roughly
200]. °CA~! at 16° after top dead centre (ATDC) and as 250 (J. °CA~1) at 14° ATDC. A
complete burning of this air-fuel mixture in-chamber may lead to an increase in the heat
release rate (HRR) due to additional oxygen molecules in the biodiesels [84,85]. The internal
air velocity of the engine combustion chamber increases if the engine speed increases.
Higher engine speeds result in faster in-cylinder charge motions, superior fuel-air mixing,
more complete combustion and higher HRR [86].
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Figure 9. The variations in HRR for SFO blends and diesel under 100% engine load at speeds of
(i) 1400 rpm and (ii) 2400 rpm.

Figure 10 shows the changes in temperature inside the combustion chamber in terms
of degrees Celsius and the changes in the crankshaft circulation. Figure 10 reveals that the
upward trend in temperature is slow up to about 8° CA, and then the slope increases so
much that the temperature suddenly rises from about 800 to 1600 °C over the rotation of 25°
CA. As expected, the predicted values of the maximum temperature inside the combustion
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In-cylinder temperature (°C)

chamber for the SFO20 mixture are the highest, which corresponds to the sudden increase
in the measured NOy produced by this fuel blend. In addition to the internal temperature
of the combustion chamber, the production mechanism in the internal combustion engine
also depends on the amount of oxygen. By increasing the concentration of biodiesel from
0% to 20% (Figure 11), the combustion chamber temperature increases and the amount of
NOy increases mutually; the presence of biodiesel oxygen is more effective and causes the
decomposition of two-atom nitrogen and more production [87].
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Figure 10. The variations in in-cylinder temperature for SFO blends and diesel under 100% engine
load at speeds of (i) 1400 rpm and (ii) 2400 rpm.
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Figure 11. The average variation in the in-cylinder temperature for different fuels at 1400 and
2400 rpm.

The correlations between mass fraction burned (MFB) and CA at 1400 and 2400 rpm
for the stoichiometric mixtures are shown in Figure 12i,ii. With an increase in the crank
angle, at the start of combustion (SOC) process, there is a flame development duration
where the MFB increases until reaching the maximum constant value of approximately one
(=1). This is put down to the fact that the flame propagation is enhanced with higher engine
speed [88]. As evidence, the mass fraction burned at 2400 rpm reached the maximum of
one (1) at 70 ATDC, which is much shorter than the 85 ATDC achieved at 1400 rpm due to
the slower burning velocity. This discussion is supported by a close comparison between
Figure 13i,ii. The total combustion duration, which is the sum of flame development
duration (0—10% mass fraction burnt) and rapid burn duration (10-90% mass fraction
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burnt) starts from —5° before top dead centre (BTDC) and progresses to 85° ATDC (90°

CA) at 1400 rpm; however, at 2400 rpm; it begins at TDC and progresses to 75° after dead
centre (ADC) (75° CA).
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Figure 12. The variations in mass fraction burned (%) for SFO blends and diesel under 100% engine
load at speeds of (i) 1400 rpm and (ii) 2400 rpm.
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Figure 13. The average variation in the mass fraction burnt for different fuels at 1400 and 2400 rpm.

The average variations in the mass fraction burnt for different fuels are given in
Figure 13. The differences in mass fraction burnt for 2400 rpm are closer to each other than
for 1400 rpm, which means the higher speed resulted in the highest rate of burning and
caused the highest efficiency rate of combustion [89]. The mass fraction burnt of biodiesels
is increased with an increase in biodiesel percentage. The combustion is better sustained in

the diffusive combustion phase due to the higher oxygen content of the higher biodiesel
blends [82].

4. Conclusions

A fully instrumented four-stroke four-cylinder Kubota V3300 diesel engine was
utilised in this study to investigate the potential of SFO biodiesel as an engine fuel. Three
binary SFO biodiesel blends (5%, 10% and 20% v/v of biodiesel in diesel) and reference
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diesel were tested at 100% engine load condition. Based on the findings obtained from this
study, the following conclusions can be drawn:

e  The analysis of the physicochemical properties of SFO biodiesel revealed that it ful-
filled all international standards (ASTM D6751-2, EN 14214 and Australian biodiesel
standard). The chromatogram of SFO biodiesel confirmed the formation of methyl
esters. The fatty acid compositional analysis of SFO biodiesel indicates a high level
(89.7%) of unsaturated fatty acids with high oleic acid content (63.8%).

e  The average BP reductions for SFO5, SFO10 and SFO20 relative to diesel were 2.3%,
3.4% and 4.67%, respectively, which are attributed to higher biodiesel blends with
lower calorific values, higher viscosities and higher densities. The average decreases
in torque values for SFO5, SFO10 and SFO20 relative to diesel were 1.17%, 2.26% and
3.54%, respectively. The average increases in BSFC values for SFO5, SFO10 and SFO20
compared to diesel were 4.73%, 7.63% and 15.4%, respectively. Diesel had the highest
BTE of all engine speeds followed by SFO5, SFO10 and SFO20.

e  The average increases in EGT values for SFO5, SFO10 and SFO20 were 0.87%, 3.56%
and 6.16%, respectively, relative to diesel. The NO and CO; emissions were increased,
whereas the CO and HC emissions were decreased, with the increase in the biodiesel
percentage in the fuel blends. Due to lower volatility and higher oxygen content, the
PM emissions were also decreased and the average decreases were 23.43%, 26.43%
and 32.62%, respectively, for SFO5, SFO10 and SFO20 relative to diesel.

e  The SFO20 biodiesel blend had the highest cylinder pressure among the fuels tested.
Combustion delay time for SFO20 fuel was less than that for other fuels, whereas
diesel had the longest combustion delay. It was evident that, as the concentration of
biodiesel increased, the duration of combustion also increased. The results revealed
that SFO20 produced the highest in-cylinder temperature due to its highest HRR.
These results also demonstrated that the highest MFB was related to SFO20.
Therefore, it can be said that SFO biodiesel is an excellent choice that has the potential

to partially replace diesel fuel without any engine modifications. It can mitigate most of

the environmental emissions and also utilise the waste seeds from the processing of the
apricot fruit in the best possible way by turning fruit into an alternative energy source.
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