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Abstract. The core focus of the present investigation is regarding biodiesel production from industrial hemp
seed oil applying single-stage homogenous catalyzed transesteriﬁcation process obtaining high yield of methyl
ester. The engine tests were carried out on a single-cylinder, four-stroke, water-cooled, unmodiﬁed diesel engine
operating with hemp seed oil methyl ester as well as its blends with conventional diesel fuel. The experimental
ﬁndings of the test fuels were compared with those from diesel. The results pointed out that the performance
and combustion behaviors of biodiesel fuels are just about in line with those of diesel fuel propensity. The speciﬁc fuel consumption for 5% biodiesel blend (0.291 kg/kW h), 10% biodiesel blend (0.305 kg/kW h), and 20%
biodiesel blend (0.312 kg/kW h) blends at full load was closer to diesel (0.275 kg/kW h). In the meantime, the
thermal efﬁciency for biodiesel was found to be at the range of 15.98–24.97% and it was slightly lower than that
of diesel (18.10–29.85%) at the working loads. On the other hand, the harmful pollutant characteristics of carbon monoxide, hydrocarbon, and smoke opacity for biodiesel and its blends were observed to be lower in comparison with diesel during the trials. However, the oxides of nitrogen emissions for biodiesel were monitored to
be as 6.85–15.40 g/kW h which was remarkably higher than that of diesel (4.71–8.63 g/kW h). Besides that, the
combustion behaviors of biodiesel and its blends with diesel showed much the same followed those of diesel.
Namely, the duration of ignition delay of biodiesel–diesel blends was shorter than that of diesel fuel because
of the higher cetane number speciﬁcation of the methyl ester. The highest gas pressures inside the cylinder
as well as the rates of the heat release of biodiesel including test fuels are lower in contrast to the diesel due
to the shorter ignition delay. It could be concluded that the utilization of biodiesel produced from industrial
hemp seed oil in the diesel engine up to 20% (by vol.) will decrease the consumption of diesel and environmental
pollution, especially in developing countries.
Key words: Industrial-grade hemp, Biodiesel, Engine performance, Exhaust emissions, Combustion behaviors.

Nomenclature
BSFC
BSEC
B100
B10
EGT
CO2
UHC
CP
CPmax

Brake Speciﬁc Fuel Consumption
Brake Speciﬁc Energy Consumption
100% biodiesel
90% diesel fuel + 10% biodiesel (by vol.)
Exhaust Gas Temperature
Carbon dioxide
Unburned Hydrocarbon
In-cylinder gas pressure
Maximum in-cylinder gas pressure
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AHRRmax
KOH
RSM
GA
h
P
CHR
ACHRmax
MFB
m
Dh
EOC

Angle of maximum Heat Release Rate
Potassium Hydroxide
Response Surface Methodology
Genetic Algorithm
Crank angle
Pressure of the cylinder
Cumulative Heat Release
Angle of maximum Cumulative Heat
Release
Mass Fraction Burned
Adjustable parameter
Total combustion duration
End of Combustion
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Start of the Injection process
Maximum Pressure Rise Rate
Angle of maximum Increase Pressure
Gas constant
Engine speed
Force
Mass ﬂow rate of the fuel
Mean gas temperature
Cylinder volume
Reference pressure
Uncertainty degree of the results
Independent variables
Crank angle where the combustion starts
Ringing Intensity
Angle of maximum Mean Gas
Temperature
Brake Power
Brake Thermal Efﬁciency
95% diesel fuel + 5% biodiesel (by vol.)
80% diesel fuel + 20% biodiesel (by vol.)
Oxides of nitrogen
Carbon monoxide
Oxygen
Angle of maximum in-cylinder gas
pressure
Rate of the Heat Release
Maximum Rate of Heat Release
Sodium hydroxide
Artiﬁcial Neural Network
Amount of energy
Constant polytrophic exponent
Volume of the cylinder
Maximum Cumulative Heat Release
Fuel Line Pressure
Adjustable parameter
Beginning of the combustion
Start of Combustion
Ignition Delay Period
Pressure Rise Rate
Maximum cylinder gas pressure
Maximum gas temperature in the
cylinder
Correlation constant
Brake torque
Energy supplied from the fuel
Lower Heating Value
Pressure
Reference temperature
Reference volume
Crank angle where the fuel injects
Uncertainty values for the independent
variables
Dependent factor related to the independent variables

MGT
MGTmax

Mean Gas Temperature
Maximum Mean Gas Temperature

1 Introduction
In the course of the date, energy has been one of the most
basic necessities as a means to keep going any activity in
casual life [1]. However, energy usage and demand all over
the world have been swiftly expanding caused by modernization, industrialization, growing population, and enhancements in the living standards of humans from the time of
the 21st century [2–4]. Contrary to the year 2016, the
consumption of primary energy in the world rose by 2.2%
in 2017. Correspondingly, fossil-based fuels have been the
most predominant energy resource in terms of the rate of
85% [5]. That rate has not varied in the last century and
is predicted that it could not change for a more few decades
[6]. The present resources of fossil-based fuels like petroleum
and coal have been diminishing rapidly. Unfortunately, the
available reserves of fossil-based fuels are ﬁnite since they
are not renewable energy resources. In this regard, it is
forecasted that fossil-based fuel reserves will be totally
exhausted in near future [7–9].
Internal combustion engines (especially compressionignition engines) have performed a considerable role in
most sectors such as agriculture, transportation, power
generation, etc. [10, 11]. Because of environmental issues,
high cost, and permanent expenditure of petroleum-based
non-renewable fuels, the requisition for renewable, and
sustainable fuel resources has come into view. In another
word, the aforementioned annoyances have quickened the
shifting to alternating energy sources that can be employed
in place of petroleum-based fuels [12–14]. For that reason,
some attempts have been made to decline the elevated
dependency on fossil-based fuels all over the world in recent
years. In conclusion, the scientiﬁc society has embarked
upon searching for developed and alternative energy
resources that might help to bring down global warming
worldwide and to overcome the environmental pollution
affairs [15, 16].
Biodiesel is an alternative fuel for diesel engine applications synthesized from the reaction of vegetable oils, animal
fats, waste cooking oils, algae oils, etc. [17, 18] in the existence of a catalyst (homogenous, heterogeneous, and
enzymes) with alcohol (generally lower-order alcohol) such
as ethanol or methanol [19, 20]. Biodiesel is non-toxic,
biodegradable, and free of sulfur [21]. Additionally, it is
an environmentally friendly fuel because it can release fewer
emissions compared to those arising from the burning of
fossil-based fuels [22–24]. On one hand, the oxygen content
of their chemical structures is approximately 10–11% [25],
on the other hand, the cetane numbers are between 49
and 62 in general [26]. With the assistance of the surplus
amount of oxygen in their chemical bonds, they happen
to improve the oxygen concentration of the fuel blend by
mixing with diesel fuel and hence enhance the combustion
quality [27–29].
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The performance of the engine has exceedingly pertained to the qualiﬁcation of the sprayed fuel into the cylinder, the formation of the atomization and vaporization,
fuel/air ratio in the combustion chamber, and the characteristics (viscosity, density, etc.) of the used fuel [30]. A
collection of properties like energy content, cetane number,
etc. are also mightily interconnected with the fuel density.
As is well-known, the viscosity and density of the fuel inﬂuence the injection characteristics, and therefore, they
happen a great effect on the combustion behaviors, engine
performance, and emission proﬁles [31]. Indeed, the regular
utilization of biodiesel fuels in many countries can reduce
subjection to the fuels provided from petroleum bought
from other countries, especially where the countries do
not have reserves. Therefore, these countries would be less
inﬂuenced by the sudden cost variation resulting in a probable oil crisis that can happen in the next term. In addition,
this situation includes the back demand to affect the
countries’ economies positively [3, 32].
For the above-mentioned grounds, biodiesel fuels have
lots of advantages and great potency in respect of alternative fuels both in the present and future. On top of this,
the disposition to biodiesel is an encouraging technique to
descend the fuel reliance of the countries. The non-edible
raw materials involve the Pongamia pinnata [33], Jatropha
curcas [33], Calophyllum inophyllum [34], Brucea javanica
[35], Madhuca indica [36], Raphnus raphanistrum [37],
Brassica juncea [38], Styrax ofﬁcinalis [39], Sinapis alba
[40], Brassica nigra [41], Hevea brasiliensis [42] and Crambe
abyssinica [43] have been used as a remarkable fuel source
for the synthesis of biodiesel in the recent literature. In this
context, industrial hemp (Cannabis sativa L.) seed oil can
be subjected to be one of the most signiﬁcant non-edible
raw materials in the production of biodiesel for Turkey. It
is to be highlighted that a limited number of researches
carried out regarding the hemp seed oil methyl ester and
its blends with diesel fuel in the current literature [44–46].
Li et al. [47] produced biodiesel from industrial hemp seed
oil via base-catalyzed transesteriﬁcation reaction. The yield
of the product was observed to be at 97% while the ester
conversion rate was found to be 99.5%. The researchers
implemented several tests for determining the quality of
the derived biodiesel, including ﬂash point, kinematic
viscosity, acid number, sulfur content, etc. the pronounced
characteristics of the hemp seed oil biodiesel was kinematic
viscosity (3.48 mm2/s) and cloud point (5 °C). As a consequence, hemp seed oil biodiesel became competitive and
engaging due to the above-stated properties. A distinct
study was carried out by Gupta and co-workers [48] who
developed a solar energy-assisted transesteriﬁcation process
using Fresnel lens solar concentrator and compared the
results with the conventional heating approach for hemp
seed oil biodiesel production considering various process
parameters. The researchers monitored that the maximum
biodiesel yield was achieved as 97.37% using Fresnel lens
solar concentrator at catalyst amount of 0.9 wt.%, alcohol
to oil molar ratio of 4.5:1, stirring speed of 200 rpm, and
temperature of 60 °C. In the meantime, the highest product
yield of 21.3% using the conventional heating approach
was observed at the aforementioned optimized reaction
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conditions. Stamenković et al. [49] optimized the reaction
variables of the transesteriﬁcation process using methanol
in the presence of KOH by the Response Surface Methodology (RSM) and Artiﬁcial Neural Network model along with
the Genetic Algorithm (ANN-GA). Consequently, the highest biodiesel yield was estimated to be 99.8% applying the
RSM model while 99.8% using the ANN-GA model.
Ravichandra et al. [50] investigated the biodiesel derived
from Deccan hemp seed oil and its blends aiming to run
on the diesel engine. The experimental ﬁndings demonstrated that the BTE was enhanced by 4.15% by using
B50 in comparison with the conventional diesel fuel. The
emission results showed that the biodiesel decreased UHC,
CO, and NOX while increasing the carbon dioxide (CO2)
and smoke opacities with the rise in the biodiesel percentage
in the fuel blend. The Ignition Delay Period (IDP) and
duration of the combustion were observed longer with using
biodiesel in contrast to the diesel fuel’s entire loading conditions. Jayaraman et al. [51] studied the inﬂuence of hydrogen infusion into the Deccan hemp seed oil and its biodiesel
product on the emissions, performance, and combustion
characteristics of a compression-ignition engine operated
at part load and full load conditions with a constant speed
of 1500 rpm. The researchers found that the BTE values
were increased from 27.3 to 29.6% and 29.7 to 32.6% under
a full loading condition of the tested engine powered by
hydrogen doped biodiesel and virgin vegetable oil. UHC,
CO, and smoke opacity emissions descended for all test fuels
about the unmodiﬁed diesel fuel while an increase in the
NOX emissions was monitored because hydrogen addition
led to high rates of combustion and high temperature inside
the cylinder. Ahmad et al. [44] analyzed the physical and
chemical properties of produced hemp seed oil biodiesel at
the optimized reaction conditions. The conversion yield of
the oil to the biodiesel was detected to be 75.90% under
the methanol to oil molar ratio of 6:1, reaction temperature
of 60 °C, and using potassium hydroxide (KOH) concentration of 0.67%. The fuel properties of hemp seed oil biodiesel
met within the range of the ASTM D6751. John and Raja
[45] investigated the exhaust emissions (CO, HC, NOX,
smoke), engine performance (thermal efﬁciency, speciﬁc fuel
consumption, mechanical efﬁciency), and combustion
behaviors (cylinder pressure, heat release rate) of a diesel
engine fueled with hemp seed oil biodiesel blends (10, 20,
30, 40, and 50%). The ﬁndings indicated the industrial
hemp seed oil biodiesel could be used as a raw material in
the production of biodiesel and also B30 gave the optimal
outcomes based on the combustion, performance, and
exhaust emission attributes. Mohammed et al. [46] measured some properties such as TGA, DSC, UV–Vis, and
FT–IR of hemp seed oil biodiesel blends with diesel, diethyl
ether, and butanol to discuss the characteristics with standards. As observed from discussed literature above, just
about limited parameters, especially in combustion characteristics, were examined and the researchers did not use
pure biodiesel in the engine. It is, therefore, investigated
systemically the inﬂuences of the engine performance, combustion behaviors, and exhaust emission levels by doping
hemp seed oil methyl ester into the mineral diesel fuel in
the present paper. In addition, the results were compared
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with the other studies. In this way, this work supports that
the suitability of the hemp seed oil methyl ester and its
blends as a nature-friendly alternate fuel for CI engines.
Due to the limited number of studies, it is recommended
that related studies shall be further investigated.

2 Industrial hemp (Cannabis sativa L.)
Cannabis (commonly known as hemp) belongs to the family
of the Cannabaceae and its scientiﬁc name is “Cannabis
sativa L.” [45]. The systematic position of hemp is given as
follows: “Kingdom – Plantae (Plants), Subkingdom –
Tracheobionta (Vascular plants), Superdivision – Spermatophyta (Seed plants), Division – Magnoliophyta (Flowering
plants), Class – Magnoliopsida (Dicotyledons), Subclass –
Hamamelididae, Order – Urticales, Family – Cannabaceae
(Hemp family), Genus – Cannabis L., Species – Cannabis
sativa L.” [52]. The hemp plant picture was demonstrated in the Supplementary data ﬁle (Fig. 1S) in
Section A.
Hemp is a kind of herbaceous plant and the usage of this
plant leans in its oilseed, industrial-grade ﬁber, medicine,
recreation, and food [53, 54]. It is stated that the native
hemp plant, an annual crop, is in Western and Central
Asia. In addition, hemp can be seen in Sub-Himalayan
regions of India. It has been grown in wasteland places
[45]. As is well-known, hemp has been utilized as a raw
material in the textile industry for centuries. Moreover, it
has been pointed out that hemp could be used in various
sectors like automotive, paper, high-quality absorbents,
personal cleaning, plastics, agriculture, medicine, paints
carpets, insulation, household goods, varnish, and construction materials [55]. However, the extractions of narcotics,
crude oil, and ﬁber are the particular objectives in the production of these plants. In recent years, non-edible oil
extracted from industrial-grade hemp seeds commenced
having great importance for countries. On the other hand,
the above-mentioned literature survey indicated that a
few works were performed with the goal of biodiesel production from hemp seed oil. Measuring the physical and chemical characteristics for assessing the attributes of the hemp
seed oil biodiesel has been investigated and it has been highlighted that the free fatty acid number of the hemp seed oil
was found to be lower than 2% [44]. Since hemp seed has
26–38% oil content, it has been taken into consideration
as an eventual raw material for the production of biodiesel.
Besides that, its ﬁber has 20–30% carbohydrates, 20–25%
protein, 10–15% insoluble ﬁber, and rich content of minerals [45].
Although hemp seed oil has a non-edible characteristic,
there is no commercial biodiesel production from this oil all
over the world to the best of the authors’ knowledge.
Nevertheless, hemp seeds have been consumed after being
roasted (called “kavurga” in Turkey) by people in Anatolia
for a long time [56]. Due to the above-reported stronger
reasons, hemp seed oil can be evaluated as a promising feedstock in the production of biodiesel. Considerable physicochemical properties of hemp seed oil biodiesel such as
kinematic viscosity, caloriﬁc value, density, speciﬁc gravity,

ﬂash point, ﬁre point, cold ﬂow properties, etc. have been
addressed. They resemble most of the other biodiesel fuels
synthesized from different vegetable oils. Therefore, this
paper concentrates on the derivation of biodiesel from crude
oil extracted from hemp seeds thanks to a cold press apparatus and examines systematically the performance,
exhaust emissions, and combustion characteristics of a compression-ignition engine fueled with hemp seed oil biodiesel
and its blends with conventional diesel fuel at different
percentages. In this context, this study is a pioneer in this
ﬁeld.

3 The scope of the study
On the reports of the surveyed literature studies, previously
conducted works have been mostly performed to monitor
the optimization of the reaction conditions in the biodiesel
production and to determine the physicochemical speciﬁcations of the hemp seed oil methyl ester. On the other hand,
it can be observed that the researches performed with hemp
seed oil methyl ester in the reviewed literature are contemplated to detect the engine characteristics and combustion
behaviors at various engine operating conditions. For the
aforementioned reasons, it has believed by the authors that
this article has stateliness as a means to deliver a direction
to future studies on the combustion characteristics, emission proﬁles, and engine performance parameters of blending hemp seed oil methyl ester into the mineral diesel fuel.
In addition to this, industrial hemp has strategic signiﬁcance since it has started to be supported by the government. The core objective of the present study is to
establish experimentally the effects on the neat hemp seed
oil methyl ester and its blends with conventional diesel fuel
about the engine performance, combustion behaviors, and
harmful pollutant features at various engine loading conditions (25%, 50%, 75%, and 100% corresponding to 8.35,
16.70, 24.82, and 33.39 Nm, respectively) for various biodiesel–diesel fuel blends (B5, B10, B20, and B100) and reference fuel (diesel fuel).

4 Materials and experimental procedures
4.1 Materials and reagents
The seeds of the industrial-grade hemp plant used in this
experimental research were purchased from a commercial
local market located in Konya, Turkey. The distribution
of the hemp plant growing places in the world and the
regions allowed by the government for cultivating hemp
plants in Turkey are shown in the Supplementary data ﬁle
(Fig. 2S) in Section A.
The chemicals and reagents employed in the present
experimental study were selected on basis of convenience
and ease of attainment. To produce biodiesel, the transesteriﬁcation technique was selected in this study because this
method is more dependable and advantageous on account
of its low cost, short reaction duration, direct conversion
process, need low pressure and temperature, and gives high
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(c)

Fig. 1. The steps belonging to the extraction of the hemp seed unreﬁned oil (a: Hemp seeds, b: Oil extraction stage, and c: Filtered
oil).

product yield [57]. In the transesteriﬁcation process, methanol (lower-order alcohol that purity of 99.9%) was chosen as
alcohol, and KOH (purity of higher than 90%) was selected
as an alkali catalyst because of its reaction activity. Alcohol
was procured from Merck Chemical Company (Darmstadt,
Germany) and KOH pellet was supplied from Tekkim
Chemical Company (Bursa, Turkey). The qualitative ﬁlter
paper (125 mm) was used for the ﬁltration of biodiesel and
crude oil after the cold pressing process was bought from
S&H Labware (Ankara, Turkey). For measuring the free
fatty acid content (oleic %) and acid number (mg/KOHg)
of the samples, KOH solution (0.1N) and phenolphthalein
indicator (1%) were purchased from Norateks Chemical
Company (Istanbul, Turkey), diethyl ether (purity
of > 99.5%) was taken from Isolab (Wertheim, Germany),
and ethanol (purity of > 99.5%) was purchased from
Sigma-Aldrich Chemical Company (St. Louis, Missouri,
USA). The reference standards of the fatty acid methyl
esters (purity of > 99%) were also bought from SigmaAldrich Chemical Company (St. Louis, Missouri, USA).
The whole reagents used in the experimental stages were
employed as received forms, namely so as not to implement
any more puriﬁcation stages on the grounds of their analytical class. In the stage of the washing process of the biodiesel, the distilled water was obtained thanks to a convenient
apparatus (the Millipore brand Direct-Q 8UV model).
Besides that, other kinds of equipment such as spoons,
magnetic stirrer bars, glassware, etc. used in the trials were
ensured from a regional market that has EN ISO 17025
accreditation and ISO 9001 Quality Management
certiﬁcates.
4.2 Experimental procedures
4.2.1 The extraction of crude oil from industrial grade
hemp seeds
The procured seeds of the hemp plant shown in Figure 1a
were cleaned from impurities manually. Afterward, the
seeds were dried under the sunlight for one week to decrease
the moisture content. A screw press machine was used
for obtaining the hemp seed crude oil demonstrated in

Figure 1b. The hemp seed crude oil was put in a sealed glass
container and rested for three weeks to subside the oil cake
particles with the help of the gravity impact and density
difference. After waiting, the upper part of the oil phase
was poured out of an identical container and then the
coarse ﬁltering process was carried out to this crude oil in
a view to remove the suspended oil cake particles with
the aid of cloth material. Afterward, the ﬁne ﬁltering process was applied to the crude oil using a qualitative ﬁlter
paper. In conclusion, ﬁltered and clean oil was employed
in the production stage of biodiesel. The obtained hemp
seed crude oil was illustrated in Figure 1c. However, the
alternating fuel preferred as an engine fuel must be inexpensive and eco-friendly [58]. The above-reported problem can
be solved by converting this unreﬁned oil into biodiesel fuel
at which its speciﬁcations and performance are almost
similar to those of conventional diesel fuel [59].
The physical and chemical characterizations of the
hemp seed crude oil used in the production of methyl ester
were presented in Table 1. In addition to this, the aforesaid
properties compared with those of different vegetable-based
oils preferred frequently in the production of biodiesel were
also summarized in the same table. Details have been shown
in Table 1 that give out the fuel properties of hemp seed
crude oil as nearly in line with other raw materials referred
to in the recent literature. As observed, the oils originating
from vegetables have higher kinematic viscosity, lower
energy content, and higher density. For that reason, the utilization of neat vegetable oils in the compression-ignition
engines has led to the occurrence of several difﬁculties such
as the formation of gum, engine choking, piston sticking,
and clogging of the fuel injector. In conclusion, it can be
easily stated that vegetable oils are not appropriate alternating fuels for compression-ignition engines for long-term
applications due to the above-mentioned problems [60].
4.2.2 The production of hemp seed oil methyl ester
It is well-known that transesteriﬁcation is the process of
replacing the organic R group of an ester with the organic
R group of an alcohol. That reaction is usually catalyzed
by the induction of a base or acid catalyst. The mechanism
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Table 1. The physical and chemical characterizations of hemp seed crude oil and their comparison with other vegetable
oils used in the production of biodiesel.
Property

Density at 15 °C
Kinematic
viscosity at 40 °C
Flash point
Acid value
FFA content
Gross caloriﬁc
value
Cetane number
Pour point
Water content

Unit

Styrax
Hemp Hemp Hemp
ofﬁcinalis
seed
seed
seed
oil [46] oil [47] seed oil [39]
oil

Safﬂower
oil [61]

Juliﬂora
seed
oil [62]

Linseed Palm Honne Rubber
oil [63]
oil oil [64] seed
oil [65]
[60]

0.930
26.95

927.9
27.28

918 909 (at 20 °C)
26.46
–

921.03
32.102

930 (at 40 °C)
37.784

924
16.23

913
40.55

910
32.48

910
76.4

°C
>150
mg KOH/g 3.5
oleic %
1.75
MJ/kg
38.50

–
3.857
–
–

232
0.67
–
–

228
3.88
1.94
38.652

229
–
–
40.468

181
–
4
37.6

108
–
–
39.75

290
–
–
39.22

224
4.76
2.38
–

198
53
–
–

–
°C
ppm

–
22
–

–
–
–

–
–
–

–
6
–

–
–
–

35
–5
–

46
–
–

–
–
–

–
–
–

kg/m3
mm2/s

–
–
<500

of the transesteriﬁcation reaction is illustrated in the
Supplementary data ﬁle (Fig. 3S) in Section A.
The entity of moisture in the oil used for biodiesel production may cause adverse impacts on the rate of the
methyl ester conversion [66]. For that reason, there is a
need to implement a pre-heating process for the oil to be
used in the transesteriﬁcation reaction. In this study, the
pre-heating process was performed above 100 °C to eliminate the moisture content in the hemp seed crude oil. Then,
the free fatty acid content of the hemp seed oil was measured to decide the number of stages in the transesteriﬁcation reaction using an acid-base titration method. Due to
having lower than 2% free fatty acid content, the hemp seed
oil was directly converted to the methyl ester without the
need for any pre-improvement stage. If the fatty acid concentration was higher than the limit value [67], the two-step
transesteriﬁcation method (acid transesteriﬁcation reaction
followed by the alkali transesteriﬁcation reaction) will be
performed to obtain methyl ester. Since the fatty acid content of hemp seed oil is below 2%, the extra cost and time
are also saved.
The base-catalyzed transesteriﬁcation reaction was conducted directly to the hemp seed oil because of the abovementioned reasons. In the present work, the methyl ester
synthesis from hemp seed oil was effectuated in the Biofuel
Laboratory of the Department of Mechanical Engineering
of Yozgat Bozok University (Turkey). To obtain the methyl
ester from the oil, a small-scale laboratory-type biodiesel
production reactor was used. This reactor has composed
of a three-necked and ﬂat bottom ﬂask mounted with a
reﬂux condenser on account of preventing the vaporization
of the alcohol throughout the reaction. The prepared reactor was put down on the magnetic stirrer with a hot plate
(Scilogex brand MS7-H550-Pro model), and there is a condensation system and sampling outlet. In the reaction,
KOH was selected as a base catalyst with the object of mitigating the unsaturated fatty acids in the biodiesel. The
alkali transesteriﬁcation process was performed several
times at various reaction parameters because of achieving

the maximum conversion rate. The transesteriﬁcation reaction of vegetable oils has been affected by dissimilar variables such as catalyst loading, nature of the catalyst, the
temperature of the reaction, alcohol type, and its molar
ratio to the oil. Experimental duration also plays a considerable role in acquiring methyl ester with the needed purity
[59]. Most of the parameters which were indicated above
were investigated for optimizing the methyl ester production process. As a consequence, the production of methyl
ester from hemp seed oil was realized under the optimized
reaction conditions. However, the temperature of the reaction was considered as below 64.7 °C because of the boiling
point of the selected alcohol. The comprehensive biodiesel
production stages were explained in the next paragraph
for a better understanding of this process.
In the ﬁrst place, 0.75 wt.% of KOH was dissolved in the
alcohol (methanol) for 20 min at room temperature to avoid
the alcohol’s evaporation. After preparing the experimental
apparatus, the hemp seed oil was discharged into the reactor for a single-step transesteriﬁcation reaction. When the
temperature of the oil reached the wanted reaction temperature, the prepared methoxide solution was put into the
biodiesel reactor to commence the reaction. During the
reaction, the agitation intensity was kept constant at
500 rpm. In the aftermath of the transesteriﬁcation reaction, the mixture was poured into a separation funnel without waiting and settled a minimum of 8 h for subsiding the
glycerol phase. Figure 4S (a) in the Supplementary data ﬁle
Section A shows a photographic sight of the phase separation. Following this, the precipitated phase was taken with
the aid of a drainage valve, and the resultant upper phase
was discharged in a similar ﬂask. Then, the temperature
of the product was increased up to the boiling point of
the alcohol to remove the excessive amount of alcohol that
has been found in the biodiesel. Directly after, the product
was again poured into the separation funnel and waited to
descend the temperature to 55 °C. The washing process was
implemented to the product at the same temperature as the
distilled water. An image captured right after the washing
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process was also shown in Figure 4S (b) in the Supplementary data ﬁle Section A. The washed methyl ester was
rested for approximately 12 h to sink the wastewater, next
it was heated above 120 °C by 2 h to remove the surplus
water by courtesy of evaporation in the biodiesel. In the
end, waiting for the temperature of the fuel to drop and
the ﬁnal product was stored for further studies and recognition in a glass bottle at a medium that does not see light.
The production stages from the hemp seed to the
methyl ester were brieﬂy illustrated as in the ﬂowchart
given in Figure 2.
4.2.3 Preparation of tested fuel samples
The synthesized hemp seed oil methyl ester was blended
with commercially available mineral diesel fuel with particular concentrations to acquire the test fuel samples that
were projected to be employed in the experimental step of
the current research. Fundamentally, neat hemp seed oil
methyl ester and its three different proportions into the diesel fuel were experienced in the tests. The produced methyl
ester was doped into the conventional diesel fuel at the proportions of 5%, 10%, and 20% on a volume basis applying
splash blending technique with the help of a calibrated beaker having an accuracy of ± 0.5 mL to ensure the precise
blending ratios. Besides that, the trials were also performed
using conventional diesel fuel in order how to inﬂuence
methyl ester on the engine performance, harmful pollutants,
and combustion behaviors. The abbreviations of the biodiesel–diesel fuel blends were denominated to be at DxBy in
which D and B have referred to the name of the diesel fuel
and biodiesel, respectively while x and y have ascribed to
the proportions of diesel fuel and biodiesel of total volume,
respectively. For the simplicity of the presentment and
understanding in this work, however, D was deleted, and
just By presentation was used. In this regard, the abbreviations of the test fuel samples that were used in this study
and their blending concentrations were tabulated in
Table 1S in the Supplementary data ﬁle Section B.
The entire test fuel specimens one after another have
been constituted and warehoused in different sealed glass
containers at the dark place under the laboratory climates
for two weeks on account of monitoring whether the phase
segregation issues are or not. Following the storage period,
the authors have not seen any phase separation in the fuel
mixtures. Each respective prepared test fuel sample was
more than adequate convenient at the laboratory conditions. Before the engine tests, on the other hand, each speciﬁc fuel sample was shufﬂed in the fuel tank to remove any
possible phase separation in terms of prevention errors and
faults. A photographic appearance of hemp seed oil methyl
ester, conventional diesel fuel, and their binary blends (B5,
B10, and B20) has been shown in Figure 5S in the Supplementary data ﬁle Section A. Table 2 presents some of the
signiﬁcant physical and chemical characteristics of the test
fuel samples.
4.2.4 Engine test set-up
In the present experimental study, the engine parameters
including performance, harmful pollutants, and combustion

Fig. 2. Flowchart of biodiesel production stages from hemp
seed in this work.

behaviors for the obtained test fuel samples (biodiesel and
its blends with conventional diesel fuel) were experienced
on the engine test set-up located in Automotive Laboratory,
Department of Automotive Technology, Kırıkkale Vocational School, Kırıkkale University, Kırıkkale, Turkey.
The engine experiments were carried out on a four-stroke,
single-cylinder, water-cooled, naturally-aspirated, directinjection, multi-fuel research engine fabricated by Apex
Innovations Pvt. Ltd. in India. The stroke and bore of the
tested engine were 110 mm and 87.50 mm, respectively.
The detailed engine speciﬁcations were displayed in
Table 2S in the Supplementary data ﬁle Section B.
An AC (Active Current) dynamometer with air-cooled
(Galen-Tech brand) having a loading unit was connected
to the crankshaft of the researched engine and operated
for loading the engine to change the engine loads with increments of 25% from 0 to 100%. By the way, Siemens make
the Sinamics G120 PM250 power module with regenerative
type constant speed was used as a dynamometer loading
unit. A ﬁxed engine speed of 1500 rpm was supplied for each
fuel type during the experiment. The fuel consumption of
the engine was measured by recording the volume deciphered for 60 s with the aid of an assembly standard burette. For noting the fuel consumption duration, a
standard stopwatch was employed. The measurement of
the airﬂow rate taken into the engine cylinder was determined using a standard air tank framework including a
manometer and an oriﬁce meter apparatus. To measure
the temperatures from different parts of the engine, K-type
thermocouples were mounted on suitable locations. In this
study, the combustion characteristics of the engine running
on the prepared test fuel samples at various engine loading
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Table 2. Some of the signiﬁcant physical and chemical characteristics of the test fuel samples.
Property

Unit

Chemical formula
Density at 15 °C
Cetane number
Kinematic viscosity at 40 °C
Caloriﬁc value
Carbon
Hydrogen
Oxygen
Carbon/Hydrogen
Flash point
Water content
Copper strip corrosion (3 h at 50 °C)
pH
Ash content
Group I metals (Na + K)
Group II metals (Ca + Mg)
Total contamination
Acid value
Linolenic acid methyl ester
Polyunsaturated (4 double bonds) methyl esters
Saponiﬁcation value
Iodine value
Cloud point
Cold ﬁlter plugging point
Pour point
Oxidation stability
P content
Mn content
Distillation – 250 °C
Distillation – 350 °C
Distillation – 95% recovered at °C
Sulfur

–
kg/m3
–
mm2/s
kJ/kg
wt.%
wt.%
wt.%
–
°C
ppm
Degree of corrosion
–
% (m/m)
mg/kg
mg/kg
mg/kg
mg KOH/g
% (m/m)
% (m/m)
mg KOH/g
g I2/100 g
°C
°C
°C
hour
mg/kg
mg/kg
% (v/v)
% (v/v)
°C
mg/kg

*
a

Diesel fuel

B100

C14H25
823.1a
53.5*,a
2.645
43850
87.05
12.95
–
6.722
59a
80a
1A
7.0
0.01
–
–
<12a
0.2
–
–
–
–
8
25a
35
–
–
–
47.2a
93.9a
355a
5.6a

C17.60H30.47O2
875
36.498
3.429
38737
77.18
11.13
11.69
6.934
>120
<500
1A
6.5
0.01
133.1
16.23
–
0.4
17.84
0
200.616
164.482
1.56
7.08
8.52
9.757
90.17
0.08
–
–
–
–

Cetane index.
These values were adopted from the supplier.

conditions were also analyzed comprehensively. In this context, a pressure sensor (PCB Piezotronics brand S111A22
model) is diaphragm stainless steel type and hermetic
sealed. The measurement range of the aforesaid transducer
is 5000 psi with a sensitivity of 1.0 mV/psi. Also, a low noise
cable was used to avoid the environmental noise effect on
the signals. A crank angle encoder (Kubler make 8.
KIS40.1361.0360 model) with a TDC pulse was placed to
measure the position of the crankshaft and the resolution
of the encoder is provided from the supplier as 1 deg. The
acquired cylinder gas pressure and crank angle coming from
the tests for each fuel type at various engine loads were
recorded to decipher the rate of the heat release and other
combustion parameters such as ignition delay period, mass
fraction burnt, etc. with the help of a National Instrument
make NI USB-6210 bus-powered M series multifunction

data acquisition device. Supplementary data ﬁles about
the details of the engine instrumentations which were used
in the present work (Table 3S) were tabulated in Section B.
The exhaust emission proﬁles of the biodiesel and its
blends with mineral diesel fuel on the engine such as Carbon
Monoxide (CO), Unburned Hydrocarbon (UHC), Oxygen
(O2), Carbon Dioxide (CO2), and Oxides of Nitrogen
(NOX) were recorded thanks to a Bilsa brand MOD 2210
model (ﬁve gas analyzer). The smoke opacity measurements
were performed by using a Bosch brand BEA 350 model
having RTM 430 model smoke meter kit. The technical
speciﬁcations of the exhaust emissions measurement device
and smoke opacity meter were given in Table 4S in
Section B of the Supplementary data ﬁle.
In conclusion, software-originated engine performance
appraisals have been taken into consideration, and thence
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Fig. 3. A schematic diagram of the test engine and related pieces of equipment layout.

the outcomes have been constituted coming from the analyses. The achieved data with regards to the experimental
research have been laid up for further assessments of the
engine performance, combustion characteristics, and harmful pollutant proﬁles of the aforesaid tested fuel specimens.
The exhaust gases were, on the other hand, immediately
released to the atmosphere via a stainless steel pipe without
any dilution technique. A schematic diagram of the
researched engine and related pieces of equipment was displayed in Figure 3 and a photographic view of the test setup
was exhibited in Figure 6S in Section A of the Supplementary data ﬁle.
4.2.5 Methodology of the engine tests
Preliminary to commencing the researched engine, the
levels of fuel and lubricating oil were checked out intending
to guarantee they were in the appropriate levels. Then, to
facilitate the experiments, the engine was operated with
conventional diesel fuel aiming to warm up the engine for
30 min. The temperature of the cooling water has come
to 60 °C in the aftermath of the warm-up duration where
engine trials for various engine loads were changed by
selecting the convenient load with the help of an active
current dynamometer in the steps of 3.7 kg from 3.7 kg to
14.9 kg which was corresponding to 25% from 25% to
100%. The engine speed and wanted brake power generation were kept constant for each situation by the governor
of the engine. In an attempt to enhance the reliability of the
ﬁndings obtained from the experimental tests, the rate of
fuel consumption was detected thanks to a stopwatch

and standard burette equipment. In this way, the engine
performance and exhaust emission tests were conducted.
The engine cooling water ﬂow rate was kept ﬁxed to be
250 L/h during the experiments. These experiments were
repeated three times and subsequently; the average values
of the outcomes were taken into account in this work.
Afterward, the engine operating indicators, i.e., brake
power (Pe), Brake Thermal Efﬁciency (BTE), Brake Speciﬁc Fuel Consumption (BSFC), and Brake Speciﬁc Energy
Consumption (BSEC) with regards to the engine loads were
determined and noted down for each fuel type. After
obtaining the experimental data in the trials, some of the
engine performance values were determined with the help
of using equations (1)–(6) represented underneath [68, 69]:
Pe ¼

2pNT
;
60  1000

T ¼ F  0:230;
BTE ¼

Pe
;
Q

_ f  LHV;
Q¼m

ð2Þ
ð3Þ
ð4Þ

_f
m
;
Pe

ð5Þ

_ f  LHV
m
;
Pe

ð6Þ

BSFC ¼
BSEC ¼

ð1Þ
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where N shows the engine speed, T indicates the engine
torque, F is the force, Q demonstrates the energy supplied
_ f is the mass ﬂow rate of the tested
from the tested fuel, m
fuel, and LHV is the lower heating value of the fuel.
Exhaust Gas Temperature (EGT) was also measured
and compared with each other. Additionally, exhaust gas
emissions, namely, UHC, CO2, CO, O2, NOX, and smoke
opacity values were monitored using an exhaust gas
analyzer device and smoke opacity meter. Before starting
the measurement of the harmful pollutants, the devices
were calibrated using reference gases to ﬁgure out the righteousness of the recorded data. In addition, the smoke opacity measurement device was arranged to its zero point
before measurement. All of the experimentations referring
to the assessment of the characteristics were carried out
in steady-state conditions of the engine.
As soon as the preliminary experimentations were over,
the fundamental tests were executed using hemp seed oil
biodiesel and its blends with conventional diesel fuel to evaluate the performance, combustion, and emission characteristics of the diesel engine after all deﬁciencies were removed.
For entire the trials, the engine was commenced ﬁrstly with
mineral diesel fuel and put up with stabilizing for 30 min.
Succeeding the tested engine was warmed up, the test fuels
(B5, B10, B20, and B100) were ﬁlled out to the fuel tank.
The engine characteristics of low percentage biodiesel–diesel
fuel mixtures such as B5 and B10 displayed an almost identical trend to baseline diesel fuel on account of facilitating
proportion on higher blend percentages for the experimentations. Achieving the end of the test, the fuel tank was discharged and then, ﬁlled with diesel fuel. Next, the engine
was re-operated for a while to scrub off the tested fuels from
the injection system as well as the fuel lines, and then, it
was closed. Through this, it helped prevent cold start problems to some extent. Throughout the experimentations, the
relative humidity and the ambient temperature were
observed to be 55–60% and 19–21 °C, respectively. The
unmodiﬁed mineral diesel fuel has been used as a reference
fuel to acquire comparative results.
The gas pressure outcomes inside the cylinder of the
researched compression-ignition engine have been noted
down for each engine working cycle from beginning to
720° crank angle in each one-degree crank angle step at
all of the engine loading conditions as above mentioned.
Furthermore, the mean cylinder gas pressure values for
entire test fuel samples have been considered after applying
an appropriate ﬁltering technique accounting for at least
50 engine cycles. “ICEngineSoft” which is a Lab view-based
engine performance analysis software packaged program
was employed to obtain and evaluate the performance
and combustion results.
The augmentation of the internal energy during the
combustion process occurring in the cylinder and the rate
of the Heat Release (HRR) ﬁgures that convert to the
mechanical net-work agreeing with the crank angle have
been estimated taking into consideration equation (7) based
on the 1st law of thermodynamics [70]:
dQ net
c
dV
1
dP
P
þ
V
;
¼
c  1 dh c  1 dh
dh

ð7Þ

where Qnet refers to the amount of energy, h shows the
crank angle, c indicates the constant polytrophic exponent, P is the cylinder gas pressure, and lastly, V is the
volume of the cylinder. In the calculation of the HRR values, the heat losses from the cylinder wall were not taken
into consideration. By the way, c was kept constant
during the analyses to be 1.35.
The Cumulative Heat Release (CHR) can be identiﬁed as
the integral of heat release over a limited crank angle gap.
The CHR results for each type of tested fuel were calculated
considering equation (8), as given underneath [71]:
Z
Z
c dV
1 dP
þV
;
ð8Þ
Q cum ¼ Q net ¼ P
c  1 dh
c  1 dh
where Qcum demonstrates the cumulative heat release.
In this study, the rate of the Pressure Rise (PRR) was
found considering a numerical derivative method applied
to the ﬁltered pressure data coming from the analyses.
The Mass Fraction Burned (MFB) values were also taken
into consideration for an expressive combustion evaluation
in terms of a better understanding of the subject. The MFB
is a key parameter for dissimilar combustion process phases
that take place in a compression-ignition engine concerning
the crank angle position. In different words, the MFB can
be described as the aggregated released heat output in
sequential crank angles at the intervals of commencing
and ﬁnishing of the combustion process by overall heat
released in the total duration of the combustion. The
MFB values with regards to the crank angle for each tested
fuel sample were computed using the following formula [72]:
" 
mþ1 #
h  h0
;
ð9Þ
MFB ¼ 1  exp a
h
where a and m indicate the adjustable parameters, h0
shows the beginning of the combustion, and Dh refers to
the total combustion duration.
The other remarkable combustion parameters were also
taken into account for each fuel type at various engine loading conditions. The Start of the Combustion (SOC) and the
End of the Combustion (EOC) were obtained to be kept in
view the 5% and 90% of the total heat release, respectively.
The interval from SOC to EOC was considered to be the
duration of the combustion process (CD). The Start of
the Injection (SOI) process can be described as the crank
angle where the fuel injector arrives at the nozzle opening
pressure which was monitored to be approximately
200 bar. The Ignition Delay Period (IDP) is determined
to be the difference between the SOI and SOC. To ﬁnd
the IDP, most of the researchers have recommended the
following formula [73–75]:
IDP ¼ hCS  hIN ;

ð10Þ

where hCS is the crank angle where the combustion comcurve as it varies
mences and it is acquired from the dP
dh
its shape when the burning was occurred. hIN is the standard fuel injection timing and it was taken from the speciﬁcations of the supplier. In this study, the standard fuel
injection timing was applied to be 23° before TDC.
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In this work, to evaluate the trend of the knock for the
researched compression-ignition engine [76], the Ringing
Intensity (RIN), also named as the ringing index, for each
tested fuel sample at different engine loads was estimated
using the following formula which was recommended by
Soloiu et al. [77, 78]. RIN has been taken into consideration
for the DI compression-ignition engine by Wei et al. [79]
even though this index has been completely implemented
as the basic indicator to monitor the knock inclination for
the homogenous charge compression-ignition engines. It is
highlighted that the considerable advantage of the RIN formula has been reported that it can be appraised on account
of measuring the knock in the simulation of the tested
engine with ease because such models suggested by
researchers cannot give high-frequency oscillations [80]:
h   i2
dP
1 b dt max pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
cRT max
ð11Þ
RIN ¼
2c
P max
 
in its equation, dP
shows the maximum PRR, Pmax
dt max
refers to the maximum cylinder gas pressure occurred
inside the cylinder, Tmax demonstrates the maximum gas
temperature in the engine cylinder. R and b are a gas constant and a correlation constant, respectively. A correlation constant is generally taken to be as 0.05 ms [80] even
though it can be changed according to the engine
geometry.
In addition, the mean gas temperature is calculated
from equation (12) derived from the ideal gas law [81]:
T ref
:
ð12Þ
T i ¼ PiV i
P ref V ref
In the above-mentioned formula, Ti, Pi, and Vi show the
mean gas temperature, pressure, and cylinder volume while
Tref, Pref, and Vref indicate the reference values at any point
of the polytrophic curve of expansion.
4.2.6 Error analysis
It is to be noticed that the overall uncertainty of the current
scrutinizations has been examined by computing the accuracies for the dissimilar measuring pieces of equipment connected to the engine set-up. The repeatability for the
measurements was observed to be reasonably dissimilar.
This case can be because of the observation, reading, environmental conditions, standardization, quality of the apparatus, sequence of tests, irregularities, and so on. Based on
the uncertainty for the apparatus, the uncertainty analysis
was carried out using the technique of distribution of the
errors, as suggested by Holman [82]. The formula for estimating the uncertainties is shown below:
"
2 
2

2 #12
@R
@R
@R
wR ¼
w1 þ
w2 þ . . . þ
wn
ð13Þ
@x 1
@x 2
@x n
here, wR points out the uncertainty degree of the results.
R indicates a dependent factor and it is related to the
independent variables. x1, x2, . . ., xn are the independent
variables meanwhile w1, w2, . . ., wn are the corresponding
uncertainty values.

The uncertainties of the measured and computed parameters based on equation (13) were displayed in Table 3.
The overall percentage uncertainty for the present
experiment was found using the following formula [83–85]:
The total uncertainty of the experiment performed in this study


2
¼ square root of ðuncertainty of pressure sensorÞ
2

þ ðuncertainty of encoderÞ þ ðuncertainty of COÞ
2

þ ðuncertainty of CO2 Þ þ ðuncertainty of UHCÞ

2

2

þ ðuncertainty of O2 Þ2 þ ðuncertainty of NOX Þ2
þ ðuncertainty of smoke opacityÞ
þ ðuncertainty of temperatureÞ

2

2

þ ðuncertainty of burette systemÞ

2

þ ðuncertainty of stop watchÞ2
2

þ ðuncertainty of manometerÞ þ ðuncertainty of loadÞ

2

2

þðuncertainty of speedÞ Þ

2
¼ square root of ð0:53Þ
2

2

2

2

2

þ ð1:0Þ þ ð0:75Þ þ ð0:64Þ þ ð0:98Þ þ ð0:48Þ
2

2

2

2

þ ð0:92Þ þ ð0:51Þ þ ð0:72Þ þ ð1:0Þ þ ð0:2Þ
þ ð0:78Þ2 þ ð0:83Þ2 þ ð0:067Þ2 Þ:

2

ð14Þ

In conclusion, the total uncertainty for the performed
experiment was acquired to ±2.722%.

5 Results and discussions
The combustion characteristics, harmful pollutants, and
performance experiments were carried out on a singlecylinder, four-stroke, water-cooled, DI compression-ignition
engine at a stable engine speed of 1500 rpm with various
engine loading conditions (from 0 to 25% to full load at
the steps of 25%) using hemp seed oil methyl ester and its
blends with traditional diesel fuel (B5, B10, and B20). The
outcomes obtained from the research such as BTE, BSFC,
BSEC, EGT, CO, CO2, O2, NOX, UHC, smoke opacity,
cylinder gas pressure, HRR, CHR, PRR, MFB, IDP, and
other combustion parameters for the above-stated tested
fuel samples were systematically investigated in detail and
compared with those from reference diesel fuel operation
for better understanding the inﬂuence of alternating biodiesel fuels on the aforesaid engine characteristics.
5.1 Combustion and injection characteristics
In the following subsections, the injection and combustion
behaviors of an unamended DI compression-ignition engine
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Table 3. The uncertainties of the remarkable parameters.
Instrument

Percentage uncertainty (%)

Temperature indicator
Speed sensor
Pressure sensor
Fuel ﬂow burette
Air ﬂow rate
Time
Crank angle encoder
Load indicator
Engine power
Fuel consumption
Thermal efﬁciency
Exhaust gas analyzer

Range

Accuracy

CO
CO2
UHC
O2
NOX
Smoke intensity (k)

0–10%
0–19.99%
0–10000 ppm
0–25%
0–5000 ppm
0–9.99 1/m

0.001%
0.001%
1 ppm
0.01%
1 ppm
0.01 1/m

powered by hemp seed oil methyl ester, conventional diesel
fuel, and its binary blends (B5, B10, and B20) have been
observed under distinct engine loading conditions (from
25% to full load at the intervals of 25%) on account of
understanding the mechanisms and processes of the combustion reactions takes place in the combustion chamber
of the tested engine where the researched fuel specimens
were combusted for constituting heat energy that depends
up expressly on the physicochemical properties and intermolecular structures as well. In this context, cylinder gas
pressure, the highest cylinder gas pressure, HRR, the peak
HRR, CHR, PRR, IDP, RIN, and other remarkable combustion parameters have been meticulously addressed and
discussed taking into account the ﬁndings surveyed in the
present literature.
5.1.1 In-cylinder gas pressure
The in-cylinder gas pressure is a remarkable parameter that
is imperative to investigate the characteristics of the combustion process in the combustion chamber, and further,
for evaluating the engine performance. Figure 4 portrays
the in-cylinder gas pressure results for hemp seed oil biodiesel and its blends with traditional diesel fuel according to
the crank angle at the maximum engine loading condition.
As is well-known, the physicochemical speciﬁcations of the
fuels immensely inﬂuence the combustion behaviors of
the compression-ignition engines. It is to be noted that
the hemp seed oil biodiesel and its various binary blends
with diesel fuel have followed up a close trend of diesel fuel
operation at all working conditions. It can be recognized
from Figure 4 that the peak in-cylinder gas pressure ascends
with rising the engine load for each type of fuel since more
fuel amount is sprayed into the combustion chamber

±
±
±
±
±
±
±
±
±
±
±

0.72
0.067
0.53
1.00
0.78
0.20
1.00
0.83
0.72
0.48
0.86

±
±
±
±
±
±

0.75
0.64
0.98
0.48
0.92
0.51

and burned at higher loading conditions. To conclude, the
highest in-cylinder gas pressure ﬁgures which were seen at
the full load for baseline diesel fuel, B5, B10, B20, and
B100 were found to be 85.44 bar, 83.42 bar, 83.04 bar,
82.72 bar, and 80.85 bar, respectively. As observed, diesel
had the highest in-Cylinder Pressure (CP). In the meantime, hemp seed oil methyl ester reached a 4° after TDC
where is the maximum gas pressure amongst the alternating fuel samples. It was approximately 5.68% lower than
that of diesel operation mode at the maximum engine load.
At higher engine loading conditions, temperature also augments in the matter of pressure, leading to a higher rate of
evaporation and a preferable combustion process. This case
was also explained by [86]. Chauhan et al. [87] pointed out
that the earlier commencing of biodiesel-originated alternating fuel samples ignition and the peak in-cylinder gas
pressure was monitored to be lower in comparison with
the conventional diesel fuel. In addition, Qi et al. [88]
reported that the maximum in-cylinder gas pressure was
observed to be almost similar for all tested fuels. Asokan
et al. [62] found that the highest in-cylinder gas pressure
for juliﬂora oil biodiesel was 73.53 bar at the maximum
engine load and it attained a 6° after TDC, while diesel
had 73.91 bar.
5.1.2 Apparent heat release rate
The comparison of the apparent HRR values with regard to
the crank angle for tested fuel samples at the highest engine
loading condition was clearly illustrated in Figure 5. The
net HRR curve helps to identify the quantity of heat energy
that might be converted to beneﬁcial work throughout the
combustion process of the fuel. Similar to the in-cylinder
pressure curves, the net HRR ﬁgures were increased

13

The Author(s): Science and Technology for Energy Transition 77, 15 (2022)
100

In-cylinder pressure (bar)

80

Diesel fuel
B5
B10
B20
B100

60

40

20

0

260

280

300

320

340

360

380

400

420

440

460

Crank angle (degree)

Fig. 4. The comparison of the in-cylinder gas pressure results with respect to the crank angle for each tested fuel at full load engine
working condition.

with the augmentation of the engine load because of the
aforementioned reasons. In this regard, the peak HRR
values for traditional diesel fuel, B5, B10, B20, and
B100 were calculated using the related formula to be
77.82 J/deg, 76.79 J/deg, 75.46 J/deg, 69.53 J/deg, and
66.73 J/deg, respectively. As predicted, the heat emitted
during the diesel fuel operation was monitored to be higher
than those of alternating biodiesel blends. Otherwise, the
second-highest heat was released from the blend of B5.
The B5 fuel blend and unmodiﬁed diesel fuel demonstrated
a slight difference with a high rate of heat release in contrast
to the other tested fuels. This can be addressed to be as the
pressure is ascended considerably during the beginning
phase of the combustion and the burning phase continued
for a long time when the engine was fueled with biodiesel
blends [62]. Besides that, the maximum apparent HRR
ﬁgures for B5, B10, and B20 had nearly similar inclination
with baseline diesel fuel under all engine loads whereas, the
neat hemp seed oil biodiesel (B100) shows a progressive
decrement in the maximum HRR. It is to be noted that
pure biodiesel was 14.25% lower than that of traditional
diesel fuel. This case is because of some important reasons.
The lower apparent HRR of hemp seed oil biodiesel in comparison with the diesel fuel is owing to the shorter IDP and
extended duration of the combustion process and also
because of a lower heating value, high viscosity, and density
speciﬁcations of the pure biodiesel. Additionally, biodiesel
has a higher cetane rating than that of tested diesel fuel.
The cetane number of the used fuel in the experimentations
is fundamentally responsible for the process of the ignition
[89] and for that reason, the SOC was observed to be a little
bit earlier for biodiesel and its blends because their cetane
numbers are slightly higher than that of traditional diesel
fuel, as tabulated in Table 2. The shorter IDP leads to
the accumulation of a lower amount of fuel at the stage
of the pre-mixed combustion region. This brings about a

decline in the highest HRR. In this framework, diesel fuel
operation constitutes a longer pre-mixed combustion process which is accountable for a higher maximum in-cylinder
gas pressure resulting in a higher PRR than hemp seed oil
methyl ester. Chauhan et al. [87], for instance, indicated a
higher maximum in-cylinder gas pressure meanwhile Qi
et al. [88] showed the maximum net HRR for entire the
tested fuel samples to be almost similar at low engine loading conditions, however, diesel fuel was slightly higher than
those of biodiesel and its blends at high engine loads.
Asokan et al. [58] highlighted that the net HRR of neat biodiesel was calculated to be low as compared to the diesel at
higher engine loading conditions to worse spray behaviors
and higher viscosity of biodiesel. To the top of this, the
CHR curves, as given in the next subsection, have been
plotted for better clearness and understanding of the aforesaid subject.
5.1.3 Cumulative Heat Release rate
Figure 6 plots the Cumulative Heat Release (CHR)
concerning the crack angle at the engine load of 100% for
traditional diesel fuel, hemp seed oil biodiesel, and their
different binary blends. As observed, the maximum CHR
values for diesel fuel, B5, B10, B20, and B100 were estimated to be 1.12 kJ, 1.0 kJ, 0.82 kJ, 0.78 kJ, and
0.76 kJ, respectively. The ﬁndings understandably point
out that the maximal difference between diesel fuel and
B100 is around 32%. On the other hand, diesel fuel released
high CHR amongst the other biodiesel blends. The reason
for this case can be explained as the poor transformation
of heat energy to the crankshaft power in the mixture of
biodiesel blends otherwise the conversion efﬁciency of the
pure B100 fuel was monitored to be lower than those of
other alternating tested fuel blends. This is presumably
because of biodiesel’s high density, low caloriﬁc value, high
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Fig. 5. The comparison of the apparent HRR results with respect to the crank angle for each tested fuel at full load engine working
condition.

kinematic viscosity, and native oxygen molecules in its
molecular structure. Similar arguments were also clariﬁed
by Asokan et al. [62] and Agarwal and Dhar [90].
5.1.4 Pressure Rise Rate
The variations of the pressure Rise Rate (PRR) curves for
tested fuel samples with regards to the crank angle were
shown in Figure 7. The maximum PRR has been taken into
consideration to analyze the behavior of the knocking generation in the diesel engine. Moreover, the maximum PRR
is used to establish the formation of NOX emissions
impended from the compression-ignition engines [91, 92].
It is to be noticed that the maximum PRR values ascended
with the augmentation of the engine loads from 25% to

100%. In this context, at full load, the highest PRR was
noted to be 6.2 bar/deg, 5.7 bar/deg, 6.1 bar/deg,
5.8 bar/deg, and 5.8 bar/deg for conventional diesel fuel,
B100, B5, B10, and B20. In the case of the entire engine
working conditions, the maximum PRR ﬁgures for pure biodiesel and its blends with diesel fuel declined than diesel fuel
and were postponed further with besides rising concentrations of biodiesel in the tested fuel samples. In other words,
diesel fuel operations led to a higher PRR than those of biodiesel blends at all engine loading conditions. The combustion process commenced earlier for biodiesel/diesel fuel
blends owing to the shorter IDP, and for this reason, a
few quantities of the mixtures were stayed at the end of
the IDP, causing comparatively lower PRR [84, 93, 94]. It
can be concluded that the usage of alternating biodiesel
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blends is pervasive to the tendency of knocking in contrast
to the mineral diesel fuel.
5.1.5 Ignition delay
One of the most signiﬁcant parameters that affect the combustion process in the cylinder is the Ignition Delay Period
(IDP). IDP can be identiﬁed as the ranging of the duration
from the beginning of the fuel injected into the cylinder and
the inception of the burning of fuel [84]. As known, it is a
mandatory indicator employed on account of determining
the ignition quality that has a straight affect on the delay

of the ignition as well as the propensity to the knock for
the used fuel. Figure 8 illustrates the alteration of the
IDP according to the engine load for various test fuels. As
reported earlier, a fuel having a higher cetane rating will
bring about a shorter IDP and preferable diffusion phase
process as compared to the pre-mixed combustion stage.
That is to say, the cetane number of the fuel is inversely
proportional to the IDP [95–97]. Commonly, biodiesel fuels
and also their blends with diesel fuel possess higher cetane
ratings in comparison to diesel fuel. However, the cetane
number of the biodiesel synthesized from industrial-grade
hemp seed oil was found to be lower than that of the
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baseline diesel fuel. In this study, the cetane values of the
tested fuel samples were tabulated in Table 2. Considering
the cetane numbers of the used fuels, it could be recorded
that the IDP was longer for B100 and its blends when compared with traditional diesel fuel. This can be because of the
lower cetane ratings of biodiesel and its blends. The second
reason might be the presence of the oxygen molecule in the
molecular structure of the biodiesel [98]. Furthermore, it
was observed that there were degradations in the IDP for
all test fuel samples with ascending the engine load. In
conclusion, at 100% load operating condition, the IDP
values for conventional diesel fuel, B100, B5, B10, and

B20 were calculated to be 7 deg, 10 deg, 8 deg, 8 deg,
and 9 deg, respectively.
5.1.6 Combustion duration
The change in the duration of the combustion process (CD)
for different tested fuel samples according to the engine load
was plotted in Figure 9. The experimental ﬁndings
indicated that the CD values for biodiesel fuel blends were
monitored to be slightly higher in comparison with the diesel fuel at all engine loads. The dispersion of the droplet
dimension of the injected fuel sprayed ascended because
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of the higher kinematic viscosity and lower volatility
speciﬁcations of the biodiesel. In this perspective, the less
volatile fuels including grand size droplets continue a
longer duration to atomize the fuel and to mix with air.
In this way, the further combustion process and also
remarks are noteworthy throughout the late burning stage
[84]. To conclude, the CD values would be comparatively
increased when the infusion of even a small percentage of
biodiesel fuel into the diesel. At 100% engine loading
condition, the CD values were calculated to be 60 deg for
conventional diesel fuel, 64 deg for B100, 61 deg for B5,
61 deg for B10, and 62 deg for B20. Pretty much identical
outcomes were monitored by Shrivastava et al. [84]
who found that both the usage of neat biodiesel and the
addition of biodiesel into the diesel fuel would lead to
an increase of the CD.
5.1.7 Mass fraction burned
The Mass Fraction Burned (MFB) is a normalized parameter with a scale from zero to one or 0–100% for each cycle
of the engine, deﬁning the process of emitted chemical
energy depending upon the crank angle [99]. The behavior
of the MFB for any fuel in an engine is also a basic index
of the combustion process [13]. The cetane number, engine
load, oxygen content, and the enthalpy of the vaporization
are the reasons for the higher inﬂuence on the MFB framework [100]. In other words, the MFB is the quantity of fuel
burnt in the combustion chamber. For the calculation of the
MFB, the partial pressure rise method has been implemented in this analysis. The comparison of MFB concerning the crank angle for all tested fuel samples at the
engine load of 100% was shown in Figure 10. The MFB
plays a considerable role in understanding the pollutants
released from the exhaust, efﬁciency, and total performance
of the tested engine. It can be monitored that the MFB
jumped in slightly up with ascending of the biodiesel concentration. This is ascribed to the high proportion of oxygen
atoms in the blend of biodiesel, resulting in a high rate of
combustion. By the way, the locations of 5% and 90% of
the MFB graphs have been utilized to determine the SOC
and EOC positions, respectively. Because of this, the intervals between the crank angle situations of 5% MFB and
90% MFB were used to deﬁne the CD, as above-mentioned.
When Figure 10 was examined, it can be seen that diesel
fuel showed a lower MFB in comparison with other tested
fuel samples, however, the region regarding the ﬂame out
converged with other fuel blends 7 deg late crank angle.
As a result, rich air/fuel mixture conditions are happened
in the combustion chamber due to the lower oxygen
content of diesel fuel. For that reason, a delayed or longer
duration is necessary to occur enough pressure on account
of burning the fuel massive thoroughly. Due to the inherent
oxygen content in the ester bonds, B100 results in the
earlier SOC generating higher MFB at positions of lower
crank angles. In addition, at lower engine loads, some irregularities were monitored for biodiesel blends. The creation
of charge-rich regions in the combustion chamber, low
cetane ratings, and poor fuel atomization characteristics
can be attached to the above-stated inconsistencies. Similar
results were also found by Ramesh et al. [101] using

Fig. 10. The variation of MFB with respect to the engine load
for tested fuels.

Calophyllum inophyllum biodiesel in a compression-ignition
engine at various loads.
5.1.8 Mean gas temperature
Figure 11 shows the variation of the Mean Gas Temperature (MGT) of the tested fuels according to the crank angle
at various engine loads. When the curves of the MGT were
comprehensively evaluated, almost similar tendencies were
observed with the EGT graph. The increase in the engine
load caused to increase in the MGT for all tested fuels.
Accordingly, the peak MGT values for the conventional diesel fuel, B5, B10, B20, and B100 were found to be 1244 °C,
1261 °C, 1351 °C, and 1479 °C respectively. As hoped, the
maximum MGT ﬁgures of the biodiesel blends have been
observed to be higher than unmodiﬁed diesel fuel due to
the enhancement of the combustion process with the
increase in the oxygen concentration in the combustion
chamber coming from the biodiesel. The other reason for
the high outcome of the biodiesel blends is that the CD
values of the tested fuel samples are very close to each
other [76].
5.1.9 Ringing intensity
A ringing operation with an extreme level leads to a higher
combustion noise in the internal combustion engines. This
case can result in detriments on various parts of the engine.
Therefore, it is understandably remarkable to address the
characteristics of the Ringing Intensity (RIN) since it
expresses the combustion noise in the engine. Figure 12
illustrates the change in the RIN values at various engine
loading conditions for tested fuel samples. It was suggested
by Maurya and Saxena [102] that the RIN results should be
lower than a speciﬁc value (5 MW/m2), resulting in a convenient combustion noise level as well as free of operation
from the knock event. Accordingly, the aforesaid grade
has been used to be THE highest limit for receivable
noise in the combustion process. In addition, the RIN is
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dependent upon the engine load, engine speed, maximum
in-cylinder gas pressure, and peak PRR patterns [103]. As
can be seen in Figure 12, the augmentation in the engine
loads led to an increase of the RIN ﬁgures. The current
work showed that the maximum RIN ﬁndings for conventional diesel fuel, B5, B10, B20, and B100 were computed
to be 4.40 MW/m2, 4.39 MW/m2, 4.10 MW/m2,
4.14 MW/m2, and 4.23 MW/m2, respectively. As observed,
the highest RIN values at full load operation were monitored when the tested engine operated with traditional diesel fuel because of its high apparent HRR characteristics, as
pointed out by Soloiu et al. [78]. As anticipated, the induction of alternating biodiesel fuel to the traditional diesel fuel

provided reductions in the RIN values owing to the biodiesel’s lubrication feature. Uludamar et al. [104], in their
experimental research, for instance, remarked that the noise
and vibration ﬁgures of the diesel engine deteriorated with
the ascending percentages of biodiesel fuel in the tested mixtures. Overall, according to the present RIN outcomes, this
present work demonstrated that the biodiesel produced
from hemp seed crude oil caused to a reduction in vibration
and noise as compared to diesel fuel operation. In addition,
the authors have observed this event when the engine was
operated with biodiesel. Erdoğan et al. [71] and Yesilyurt
[105] reported that the RIN ﬁgures were achieved lower
when the engine was fueled with biodiesel in comparison
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with the diesel fuel because of the above-indicated reason.
Soloiu et al. [106] stated that a lower RIN happened when
the engine run on the neat biodiesel synthesized from
cottonseed oil since the PRR for biodiesel fuel was lower
by 20% than that of No. 2 diesel fuel. Uyumaz [8] pointed
out that the RIN values descended with the rise of mustard
oil biodiesel concentration in the fuel blends and the lowest
RIN value was predicted with using diesel fuel. It could be
accounted for the reason as the lower energy content of
biodiesel led to a more consistent combustion process taking
place in the engine cylinder.
To sum up, the considerable ﬁndings achieved from the
present experiments regarding the combustion and ignition
characteristics of the researched compression-ignition
engine operating with the hemp seed oil methyl ester and
its blends with diesel fuel appeared in Table 4 in detail.
The following table also gives out the relative air-fuel ratio
(k) for all test fuels at various engine loading conditions
with a constant engine speed of 1500 rpm. As observed,
k declined with loading because of the stable build-up
operation. Initially, the stoichiometric air-fuel ratios for
hemp seed oil methyl ester and conventional diesel fuel were
computed to be 14.40 and. . ., respectively. In this regard,
the combustion equation for the above-stated tested neat
fuels were exhibited below.


The combustion equation of hemp seed oil methyl
ester:
C17:60 H30:47 O2 þ 25:2175ðO2 þ 3:76N2 Þ
! 17:60CO2 þ 15:235H2 O þ 94:8178N2

ð15Þ

 The combustion equation of conventional diesel fuel:
C14 H25 þ 20:25ðO2 þ 3:76N2 Þ
! 14CO2 þ 12:5H2 O þ 76:14N2

ð16Þ

It is to be noted that the chemical formula of the conventional diesel fuel was adopted from Özgür [107] while the
chemical formula of the hemp seed oil biodiesel was estimated from its fatty acid composition proﬁle. In this context, the maximum relative air-fuel ratio was obtained to
be 3.96 for base fuel under the lowest engine loading condition. The hemp seed oil biodiesel, as well as the test fuel
mixtures, possessed lower k values, corresponding to
boosted consumption of fuel.
5.2 Harmful pollutant characteristics
In the following division of the present paper, the distinct
harmful pollutant parameters like Carbon Monoxide
(CO), Oxides of Nitrogen (NOX), Carbon Dioxide (CO2),
Unburned Hydrocarbon (UHC), Oxygen (O2), and smoke
opacity emissions of a compression-ignition engine fueled
with B100, B5, B10, and B20 have been investigated in
detail and discussed in the point of the latest published
papers in the literature. Furthermore, the results of the
tested alternating fuels were compared with the traditional
diesel fuel for better evaluations.
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5.2.1 Carbon monoxide emission
Carbon Monoxide (CO) emission, which is one of the most
considerable exhaust gases in the internal combustion engines, is an indicator of the deﬁcient combustion process
inside the cylinder on account of an insufﬁcient ﬁgure of
air in the fuel/air mixture or inadequate duration in the
cycle for the achievement of the combustion reaction in
the engine. Namely, it means brieﬂy that the concentration
of the CO emission is largely dependent on the working conditions of the engine and fuel/air ratio as well [108, 109].
Brieﬂy, the combustion process with unsatisfactory procurement of oxygen happens in the formation of CO from
the exhaust. The alteration of the CO emission values for
B100 and its blends with conventional diesel fuel concerning
the engine load is depicted in Figure 13. Based on the graph
given in Figure 13, biodiesel-added diesel fuel blends emitted a lower amount of CO emission than that of baseline
diesel fuel. Accordingly, the CO emission values for diesel
fuel, B100, B5, B10, and B20 were measured to be on
average 9.49 g/kW h, 4.91 g/kW h, 8.41 g/kW h,
7.31 g/kW h, and 6.17 g/kW h, respectively. As predicted,
the augmentation of the biodiesel concentration in the fuel
resulted in a lower amount of CO emission because of the
presence of the oxygen molecule in the molecular structure
of the biodiesel. The available ﬁndings match with those
previously conducted research by various researchers.
Damanik et al. [110], for instance, reviewed the relevance
of the biodiesel blends for compression-ignition engines
given their lower CO emission characteristics in the exhaust
of the diesel engine. Qi et al. [88] pointed out that the CO
emissions of biodiesel and its blends with diesel fuel were
measured to be low owing to the existence of additional
oxygen molecules in the chemical structure of the tested
biodiesel. It was approximately 40% lower than diesel fuel.
Chauhan et al. [87] reported that a smaller amount of CO
emissions was emitted from the exhaust when the diesel
engine was fueled with Jatropha oil methyl ester and its
blends with diesel fuel during the experimentations as
compared to neat diesel fuel. Similarly, Silitonga et al.
[111] highlighted that the CO emissions were measured to
be lower when the engine operated with bioethanol–
biodiesel–diesel fuel alternating blends under a full-throttle
opening condition.
5.2.2 Oxides of nitrogen emission
Figure 14 portrayed the alteration in the Oxides of
Nitrogen (NOX) by all tested fuel samples at different engine
loading conditions. When the graph was examined, it was to
be noticed that the pure biodiesel and its blends formed a
higher amount of NOX emission by approximately 16.54–
65.87% in contrast to the conventional diesel fuel at the
load of 25% to full load. On average, entire biodiesel–diesel
test fuels used in this experimental research produced
higher NOX emissions in comparison with the base fuel.
Accordingly, the averaged NOX emissions for diesel fuel,
B5, B10, B20, and B100 were found to be at 6.83 g/kW h,
7.96 g/kW h, 8.85 g/kW h, 9.76 g/kW h, and
11.34 g/kW h, respectively. This can be explained as the
inﬂuence of the excessive amount of oxygen molecules in
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Table 4. The considerable injection and combustion parameters coming from the analyses in this study.
Fuel
types

SOI
(deg)

FLPmax
(bar)

IDP
(deg)

25%

D100
B5
B10
B20
B100

337
338
337
337
337

212.36
206.52
221.07
218.71
227.21

12
12
13
13
14

349
350
350
350
351

409
411
411
412
413

365
366
368
368
370

64.91
62.99
61.70
59.95
59.24

354
354
354
354
354

3.7
3.3
3.4
3.2
3.1

1124
1082
1154
1093
1165

373
374
375
374
375

1.86
1.33
1.26
1.19
1.13

354
354
354
354
354

46.3
40.7
41.1
39.8
39.6

477
476
421
422
418

1.15
1.12
0.75
0.74
0.73

50%

D100
B5
B10
B20
B100

336
337
336
337
336

217.82
202.89
209.72
215.78
235.31

10
10
11
11
12

346
347
347
348
348

406
408
408
409
410

363
365
368
369
369

73.06
70.60
71.59
69.73
68.64

351
352
352
352
352

5.7
4.7
4.9
5.3
5.1

1133
1252
1315
1273
1346

375
375
375
375
376

1.85
1.79
1.77
1.59
1.54

351
352
352
352
352

47.3
47.1
46.9
44.2
41.5

476
475
421
422
412

1.42
1.38
0.83
0.82
0.82

75%

D100
B5
B10
B20
B100

336
337
336
337
336

219.11
213.54
207.37
212.81
223.16

8
9
10
10
11

344
346
346
347
347

405
407
408
409
410

366
366
367
368
390

79.74
77.58
75.78
76.43
75.18

351
351
351
351
351

5.7
5.4
5.3
5.2
5.2

1333
1410
1397
1415
1463

376
375
375
375
375

2.57
2.46
2.42
2.04
2.02

351
351
351
351
351

50.3
50.1
48.5
47.3
46.5

477
476
418
427
419

1.21
1.13
1.11
1.01
0.91

100%

D100
B5
B10
B20
B100

337
337
337
337
337

223.39
230.91
234.69
230.01
234.23

7
8
8
9
10

344
345
345
346
347

404
406
406
408
411

366
367
367
368
368

85.44
83.28
83.04
82.72
80.85

365
365
365
366
366

6.2
6.1
5.8
5.8
5.7

1244
1261
1351
1374
1479

367
369
369
369
371

3.46
3.41
3.35
2.78
2.68

350
350
350
350
351

77.82
76.79
75.46
69.53
66.73

475
474
419
423
415

1.12
1.00
0.82
0.78
0.76

SOC EOC ACPmax CPmax AIPmax
(deg)
(deg)
(bar)
(deg)

HRRmax ACHRmax CHRmax
(J/deg)
(deg)
(kJ)

The Author(s): Science and Technology for Energy Transition 77, 15 (2022)

PRRmax MGTmax AMGTmax k AHRRmax
(bar/deg) (°C)
(deg)
(–)
(deg)

Engine
load

The Author(s): Science and Technology for Energy Transition 77, 15 (2022)

21

16

Diesel fuel
B5
B10
B20
B100

14

CO emission (g/kWh)

12
10
8
6
4
2
0
25

50

75

100

Engine load (%)

Fig. 13. The change in the CO emissions at various engine loading conditions for tested fuel samples.
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Fig. 14. Variation of NOX emission values in relation to engine load for tested fuels.

the combustion chamber of the engine coming from the
biodiesel utilization that improved the combustion efﬁciency
resulting in the increase of the combustion temperature in
the cylinder. Besides that, the NOX emissions increased
because of the augmented temperature inside the cylinder
at higher engine loads in comparison with the lower loads.
The above-mentioned reason can be veriﬁed when in-cylinder gas temperature and exhaust gas temperature were
examined. It is to be noted that more fuel was consumed
during the combustion reaction inside the cylinder because
more oxygen molecule is ensured to the cylinder on account
of the infusion of biodiesel as an oxygenated additive. As is
well-known, one of the most signiﬁcant parameters that

affect nitrogen oxides formation is temperature. The other
parameter on the generation of nitrogen oxides is the longer
duration of the combustion process inside the cylinder [112].
The oxides of nitrogen emissions formation by combining
oxygen and nitrogen depend upon the oxygen concentration, residual time, and combustion temperature which have
been explained in the Zeldovich mechanism [113]. As will be
mentioned in the following sections, BSFC ﬁgures for biodiesel and its blends were higher than that of base fuel which
indicated the occurrence of a higher cylinder temperature
for biodiesel and its mixtures in comparison with the diesel
fuel. The EGT curves can be an indicator of this knowledge.
Additionally, the quantity of the produced nitrogen oxides
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Fig. 15. Variation of O2 emission values in relation to engine load for tested fuels.

emissions was also susceptible to the place within the combustion chamber. Accordingly, the maximum generation
generally occurs close to the fuel injector since the pressure
and temperature have been highest in there. In other words,
nitrogen oxides emissions increase because of the reaction
between oxygen and nitrogen at elevated temperature conditions depending on the ascending temperature in the
chamber of the combustion [114]. The outcomes coming
from the present measurements are in line with the monitoring of various authors. Asokan et al. [62], for instance, found
that juliﬂora oil biodiesel produced slightly higher NOX
emissions as compared to diesel fuel at the highest engine
loading condition. Özener et al. [115] followed that the generation of NOX for biodiesel fuel was found to be 17.62%
higher than diesel fuel under full loading. Chauhan et al.
[87] indicated that the NOX emissions emitted from the
diesel engine running on the Jatropha oil biodiesel and its
blends as higher than those of diesel fuel. Nabi et al. [116]
pointed out that the formation of NOX emissions was augmented using biodiesel in contrast to the conventional diesel
fuel because of the higher concentration of oxygen content
located in the chemical structure of the biodiesel. Canakci
[117] showed that the utilization of biodiesel and its blends
in the diesel engine led to an increase of the NOX emissions
by approximately 11.2%.
5.2.3 Oxygen emission
Figure 15 presented the variation of the O2 emissions for
biodiesel and its blends with diesel fuel across several
engine loads with a constant speed of 1500 rpm. As
observed from the graph, the O2 emission values were
obtained quite low because of the more complete combustion reaction taking place inside the cylinder. The average
O2 emissions for B100, B5, B10, B20, and mineral diesel fuel
were found to be at 495.01 g/kW h, 425.62 g/kW h,
446.44 g/kW h, 458.75 g/kW h, and 411.47 g/kW h

respectively. The use of biodiesel and the addition of a
higher amount of biodiesel into diesel led to generating a
higher concentration of O2 emission because of the inherent
oxygen molecules of biodiesel [118].
5.2.4 Unburned hydrocarbon emission
The Unburned Hydrocarbon (UHC) emission or more
appropriately organic emissions have been pointed out as
a by-product considering the uncompleted combustion
reaction of the hydrocarbon fuel in the cylinder [119]. As
a matter of fact that the UHC emission has referred to
the lost chemical energy at which cannot completely convert to the available work in the internal combustion engines [120]. Furthermore, the UHC emission level in the
exhaust gases was speciﬁed given the total hydrocarbon
in general [119]. What is more, UHC emission is the major
contributor to photochemical smog and ozone pollution as
well [112]. The change in the unburned HC emissions
released from the tested compression-ignition engine when
it was run on biodiesel and its blends with diesel fuel at a
load ranging from low to high for 1500 rpm were depicted
in Figure 16. The basic reason for the generation of UHC
is a lower cylinder temperature and deﬁcient combustion
process [62]. As can be seen in the graph given underneath,
it showed a ﬂuctuating trend reaching the maximum
load and the highest measurements were realized at the
load of 100% for all tested fuels. Moreover, the usage of biodiesel and its blends resulted in a decrement in the UHC
emission levels as compared to base fuel. At the highest
engine load, the maximum UHC emission values for base
fuel, B5, B10, B20, and B100 were found to be at
0.82 g/kW h, 0.65 g/kW h, 0.35 g/kW h, 0.20 g/kW h,
and 0.10 g/kW h, respectively. If all the obtained results
from 25% to full load were evaluated according to the diesel
fuel, 5%, 10%, and 20% biodiesel addition into diesel caused
reductions approximately by 29.54%, 47.07%, and 63.15%,
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Fig. 16. Variation of UHC emission values in relation to engine load for tested fuels.

respectively. In addition, it was observed that the smallest
value was measured for B100 amongst other tested fuels.
This case may be explained that when biodiesel blends were
used in the engine, more oxygen atoms enter the combustion reaction because biodiesel has an excessive amount of
oxygen in its chemical bond, as stated in Table 2. Accordingly, the higher oxygen concentration in the combustion
chamber causes more complete burning of the fuel [62].
The results and their arguments were also consistent with
the outcomes presented by previous researchers. Some of
them were brieﬂy explained as follows: Chauhan et al.
[87], for instance, indicated that the UHC emissions from
the compression-ignition engine operating with Jatropha
oil biodiesel and its blends were observed to be less than diesel fuel operation. Enweremadu and Rutto [121] reviewed
that the usage of used cooking oil biodiesel resulted in a
lower concentration of UHC from the engine. Pinzi et al.
[122] pointed out a decrement in UHC emission as the
consequence of the augmented proportion of short-chain
and saturated fatty acid methyl esters in the composition
of biodiesel. Damanik et al. [110] approved in their considerable review paper that most of the biodiesel blends have
exhibited substantial reductions in the UHC emissions of
the compression-ignition engine.
5.2.5 Carbon dioxide emission
The Carbon Dioxide (CO2) emission is accepted as one of
the undesired emissions in terms of its remarkable contribution to global warming. On the other hand, CO2 emission is
a very important gas for internal combustion engines
because it implies the complete combustion process. The
effect of the variation of biodiesel concentration in the
blend and engine load for test engine on the CO2 emission
changing were illustrated in Figure 17. From the graph, it
is to be noted that the generation of CO2 emission for used

fuels in this study is less sensitive to the increase in the
engine load along with the biodiesel fraction in the blend.
In other words, base diesel fuel and biodiesel–diesel fuel
blends generated almost similar CO2 emission levels in all
engine loading conditions, and hence, there is no statistically apparent inﬂuence by the infusion of biodiesel fuel into
the diesel on the CO2 emission up to 20% ratios by volume.
On average, the CO2 emission ﬁgures for traditional diesel
fuel, B5, B10, B20, and B100 were achieved to be
240.96 g/kW h, 250.08 g/kW h, 263.10 g/kW h,
278.66 g/kW h, and 389.14 g/kW h, respectively. As estimated, the CO2 emissions trends were found to be similar
for each fuel sample. Restated brieﬂy, the treatment of base
fuel with the application of hemp seed oil biodiesel caused
to increase in the oxygen molecules in the mixtures due to
the excess amount of oxygen content in the biodiesel resulting in less UHC and CO emissions but increased the CO2
emission. From a different point of view, the CO2 gas is
not taken into account as a harmful pollutant since it can
natively be recycled and generate oxygen, however, if the
concentration of the CO2 level overlaps the recommended
limit, which is 5000 ppm, then it poses a potential health
hazard [123]. Ascending in the CO2 emission is owing to
the inﬂuence of oxygen concentration rises that contributes
to increasing the ratio of the complete combustion reaction.
As a result, the increase of oxygen atoms in the combustion
chamber will lead to more carbon which can be transformed
into CO2 gases [119]. Numerous researches were carried out
by using biodiesel synthesized various types of raw materials in the recent literature. Some of them were summarized
to validate the present ﬁndings as follows: Uyumaz [63], for
example, reported that CO2 and CO emissions were enormously affected by the infusion of biodiesel, and the higher
oxygen content of biodiesel in its chemical structure caused
to decline the CO and increase CO2 emissions because the
oxidation process enhanced depending upon the oxygen
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Fig. 17. Variation of CO2 emission values in relation to engine load for tested fuels.

molecules. Yesilyurt [105] highlighted that neat peanut oil
methyl ester emitted the highest CO2 emissions among
the tested fuels at all operating conditions while the mineral
diesel released the lowest one because of its higher energy
content, improved the efﬁciency characteristics and even
atomization behaviors of the fuel’s droplet size led to a
decrease of the CO2 emission levels. Özener et al. [115]
observed that fueling the tested engine with pure soybean oil biodiesel ascended the CO2 formation by approximately 5.63% and fueling with the B50 ascended the CO2
formation by approximately 2.77% while the usage of B10
and B20 blends did not have a considerable inﬂuence on
the CO2 emission levels according to the diesel fuel
operation.
5.2.6 Smoke opacity
Smoke is the outcome of the incomplete combustion reaction and is generated at the region having a rich zone in
the combustion chamber [124]. Figure 18 displays the alteration of smoke opacity values about the engine loads for
tested fuels of biodiesel, diesel fuel, and their various binary
blends. As known, the amount of the smoke emitted from
the compression-ignition engines’ exhaust can be computed
as a smoke opacity. The oxygen content of the fuel is the
key parameter that inﬂuences the smoke opacity. A large
amount of smoke is spread out through the agency of the
exhaust as a consequence of the oxygen throughout the
combustion process. In the present study, the mean smoke
opacity values at the ranged operating condition for conventional diesel fuel, B5, B10, B20, and neat hemp seed
oil biodiesel were measured to be 1.23 1/m, 0.98 1/m,
0.62 1/m, 0.48 1/m, and 0.43 1/m, respectively. Contrary
to the reference fuel, the smoke opacity ﬁgures were
observed to be lower for biodiesel blends at all engine operating statuses. This is due to the presence of the oxygen

molecule in the molecular structure of the hemp seed oil
biodiesel, which helps the fracture of the aromatic contents
[62]. Silitonga et al. [111] indicated that the utilization of
biodiesel–bioethanol–diesel alternating blends in the diesel
engine caused to decrease in the smoke opacity values when
the tested engine operated at full throttle condition. However, the usage of pure biodiesel in the engine resulted in
augmented aromatics, which gave higher smoke.
5.3 Performance characteristics
The variation of the engine performance characteristics by
different loading conditions has been performed by the
evaluation of the following parameters: Brake Speciﬁc Fuel
Consumption (BSFC), Brake Speciﬁc Energy Consumption
(BSEC), and Exhaust Gas Temperature (EGT). By the
way, an important point needs to be mentioned that the
engine speed was selected to be 1500 rpm which is the
provided speed from the manufacturer. The engine torque
can be described as the ability to do work for the engines.
Since the charging rate into the cylinder is less as well as
the conditions of the combustion process happen suboptimal at low and high engine speed, the torque value occurs
low in the internal combustion engines. Therefore, the most
beneﬁcial operating conditions can be acquired at medium
engine speeds. From this perspective, the present study
was conducted at a particular engine speed of 1500 rpm.
The ﬁndings of the above-mentioned parameters have
been discussed in detail in the subsections as given underneath for all the test fuel specimens (diesel, B5, B10, B20,
and B100) taking into consideration the latest literature
knowledge. Additionally, it could be monitored that the
utilization of pure hemp seed oil biodiesel did not cause that
the tested engine was commenced difﬁculty. On the other
hand, the engine operated irregularly at higher engine
speeds.
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Fig. 18. Variation of smoke opacity values in relation to engine load for tested fuels.

5.3.1 Brake speciﬁc fuel consumption
The Brake Speciﬁc Fuel Consumption (BSFC) is characterized as the quantity of necessary fuel to effectuate 1 kW of
brake power in 1 h; namely, it clariﬁes the efﬁciency of the
used fuel for any internal combustion engine. For this reason, BSFC plays a vital role in the selection of parameters
for any recommended fuel specimen. The BSFC ﬁgures of
the tested fuels for the current study were calculated using
equation (5). Figure 19 illustrates the alteration of the
BSFC results for pure biodiesel fuel and its different blends
with the baseline diesel fuel according to the various engine
load conditions. The BSFC outcomes for all test fuels
dropped when the engine was loaded from 25% to 100%
in the steps of 25%. Accordingly, the lowest BSFC values
were obtained to be the highest engine load. Besides that,
in the conducted trials, it was detected that the highest
BSFC ﬁgures were monitored with B100 alternating fuel
meanwhile the least BSFC results were observed with diesel
fuel. This is because of the lower energy content of the biodiesel. As seen in Table 2, the lower caloriﬁc value of the reference diesel fuel (43.850 MJ/kg) is much higher than that
of biodiesel (38.737 MJ/kg). In light of this knowledge, the
biodiesel concentration in the fuel blend inﬂuenced the fuel
consumption of the tested compression-ignition engine.
Because the lower caloriﬁc value of diesel is approximately
1.13 times higher than biodiesel, it was determined that the
BSFC ascended to ensure the identical network outlet in
the engine as the biodiesel proportion in the mixture augmented from 5% to 100%. It is to be noted that the minimum BSFC values for diesel, B5, B10, B20, and B100
were found to be at 0.275 kg/kW h, 0.291 kg/kW h,
0.305 kg/kW h, 0.312 kg/kW h, and 0.372 kg/kW h,
respectively. As assumed, the energy content of the fuels
ensured a major contribution to discuss the consumption
of fuel. As is well-known, biodiesel fuels have a higher percentage of oxygen content in their chemical structure, as

described in Table 2. Asokan et al. [62] reported that the
usage of clear juliﬂora oil biodiesel was greater than that
of diesel fuel owing to the lower energy content of biodiesel.
Another reason for occurring higher BSFC in the use of
biodiesel has been presented by Moﬁjur et al. [125]. The
researchers marked that the BSFC ﬁgures for neat biodiesel
and its blends were calculated to be higher than diesel fuel
because of the integrated inﬂuences of viscosity, density,
and the energy content of the tested fuels. Interestingly,
Canakci [117] observed the BSFC for pure soybean oil
biodiesel as slightly higher than reference diesel fuel. Özener
et al. [115] reported that the increase of soybean oil biodiesel
concentration in the test fuel from 10% to 100% resulted in
ascending on BSFC by 2–9% in comparison with the diesel
fuel. Chauhan et al. [87] exhibited the higher values in the
BSFC for Jatropha oil biodiesel and its blends as compared
to diesel fuel because of the higher density feature of the
biodiesel.
5.3.2 Brake speciﬁc energy consumption
The Brake Speciﬁc Energy Consumption (BSEC) can be
identiﬁed as the ratio of the energy ensured by employing
fuel during 1 h to the composing unit net power [126].
The main characteristic that distinguishes BSEC from
BSFC is the most certain factor to make comparison the
capacity of any internal combustion engine operating with
the various alternating fuel specimens including several
thermal values and densities as well. As stated, BSEC can
directly correlate with the BSFC ﬁgures for the test fuels.
To sum up, the BSEC can be found considering the energy
content and BSFC results for each fuel [127, 128]. To
give an instance, the BSEC can be calculated using
equation (6). The change in the BSEC ﬁgures for all tested
fuel samples (pure biodiesel, B5, B10, B20, and conventional diesel fuel) regarding the engine load was portrayed
in Figure 20. As hoped, the trend of the BSEC values
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Fig. 19. Comparison of BSFC versus engine load for different fuels.

declined with the augmentation of engine load since the
identical gradients were also monitored for the BSFC
graphs as seen in Figure 19. In addition, the BSEC outcomes aligned with the opposite contour of the brake
thermal efﬁciency, which was elaborately explained in the
following section. As assumed, it is to be noticed that the
BSEC ﬁndings for diesel fuel were the least by the other
tested fuels across entire engine loading conditions. On
the other hand, it is evident from the ﬁgure that the biodiesel and its blends had higher BSEC values because of the
higher BSFC results, as observed in Figure 19. The lowest
BSEC ﬁgures were found to be at the engine load of
100% as 12.06 MJ/kW h for conventional diesel fuel,
12.68 MJ/kW h for B5, 13.20 MJ/kW h for B10,
13.69 MJ/kW h for B20, and 14.42 MJ/kW h for B100.
To the best of the authors’ knowledge, there is a limited
number of studies concerning the BSEC outcomes for alternative fuel blends in the literature. On the other hand, a few
of them would be brieﬂy explained as follows: Feng et al.
[129], however, mentioned that positive ﬁndings regarding
the BSEC, engine torque, HC emission, and CO emission
were obtained from the tested engine with the application
of 35% butanol and 1% H2O when using the modiﬁed ignition timing. The researchers also stated that the BSEC was
inﬂuenced by engine working conditions and fuel speciﬁcations; nonetheless, this outcome was restricted to the used
engine, thus it is necessary to be further research to verify
by more investigations.
5.3.3 Brake thermal efﬁciency
The Brake Thermal Efﬁciency (BTE) or sometimes called
energetic efﬁciency deﬁnes the cases of the regular transformation operation of the heat energy to the useful mechanical network. The BTE of hemp seed oil biodiesel,
conventional diesel fuel, and their binary blends at different
engine working conditions are presented in Figure 21.

As observed, the BTE curves for all tested fuels increased
gradually with the increase in the load. A higher density,
higher viscosity, and lower air/fuel mixture of the biodiesel
fuel lead to a decrease of the BTE in the modes of using a
higher percentage of biodiesel in the blend in comparison
with the diesel fuel operation because of its aforesaid speciﬁcations which could be the reason to acquire a lower BTE
at lower engine loads [62]. On the other hand, the BTE
values for all tested fuel samples exhibited a similar tendency at higher engine loads. In this regard, the maximum
BTE ﬁgures were obtained to be at the maximum engine
load of 100%. In this load, the BTE for hemp seed oil biodiesel, diesel fuel, and their blends of B5, B10, and B20 were
calculated to be 24.97%, 29.85%, 28.40%, 27.28%, and
26.91%, respectively. These ﬁndings and their related
reasons were well matched with researches performed by
Silitonga et al. [130] and Asokan et al. [62]. The BTE outcomes for lower concentration biodiesel blends were very
close to diesel fuel and ascribed to the presence of inherent
oxygen content of the biodiesel fuel, resulting in the
improvement of the combustion efﬁciency in the engine.
In addition, the elevated temperature of the air under
higher engine loading conditions also leads to a mixing
and better evaporation for biodiesel.
5.3.4 Exhaust gas temperature
The fuel properties such as density, energy content, cetane
number, and kinematic viscosity have a potential inﬂuence
on the Exhaust Gas Temperature (EGT) [131]. On the
other, the EGT is a remarkable factor that affects harmful
pollutants [132]. Figure 22 exhibits the EGT distribution
with the operated engine loads for B100, traditional diesel
fuel, and their different blends (B5, B10, and B20). It was
monitored that the EGT ascends with the increase in the
engine load gradually for all tested fuels. Previous studies
have also presented an increase in the EGT ﬁgures with
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Fig. 21. Comparison of BTE versus engine load for different fuels.

an increase in engine speed as well as engine load [133–135].
This case can be explained that the amount of the test fuel
injected into the combustion chamber boosts with regards
to the load ascends and it leads to a higher temperature
in the cylinder [136]. However, there was no considerable
change in the EGT ﬁgure at each load for test fuel samples.
Ramadhas et al. [67] also reported that the EGT was seen
to be very close to that of baseline diesel fuel when the utilization of rubber seed oil as a fuel in the compression-ignition engine. The biodiesel content in the blend resulted in
increasing the EGT because of more complete combustion
process takes place inside the cylinder due to the excessive
amount of oxygen concentration located in the chemical

structure of the biodiesel. At the highest engine load, the
EGT ﬁgures for mineral diesel fuel, B5, B10, B20, and
B100 were found to be at 439.7 °C, 442.5 °C, 444.0 °C,
451.8 °C, and 454.6 °C, respectively. The heavier molecules
of alternating biodiesel fuel cause a continuous combustion
phase even throughout the exhaust stroke which results in a
higher EGT [137, 138]. Panwar et al. [139] and Devan and
Mahalakshmi [140] pointed out that the high viscosity
properties of biodiesel/diesel fuel blends resulted in becoming poor combustion characteristics. For that reason, higher
EGT could be happened owing to the increase in the
duration of the burning stage. Onoji et al. [42] indicated
that the EGT proﬁle of various biodiesel/diesel fuel blends
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Table 5. Comparative analyses of the experimental outcomes (from highest to lowest).
Characteristic

Parameter

Combustion behavior

Peak in-cylinder pressure
Peak heat release rate
Ignition delay period
Oxides of nitrogen
Carbon dioxide
Smoke opacity
Unburned hydrocarbon
Oxygen
Carbon monoxide
Brake thermal efﬁciency
Brake speciﬁc fuel consumption
Brake speciﬁc energy consumption
Exhaust gas temperature

Harmful pollutants

Engine performance

demonstrated an upward trend with an increasing biodiesel
percentage in the mixture because the ester molecule
includes oxygen atoms which improve the combustion process. It is to be notiﬁed by Asokan et al. [58] that owing to
the high viscosity speciﬁcation of biodiesel, traces of
unburnt fuel would be existent in the premixed burning
stage that would proceed to burn and hence the EGT will
increase progressively.

6 Overall evaluation of the present outcomes
with recent investigations
Table 5 presents the comparative analyses of the ﬁndings
(from highest to lowest) coming from the experimentations
of the compression-ignition engine running on the hemp

Order
Diesel fuel > B5 > B10 > B20 > B100
Diesel fuel > B5 > B10 > B20 > B100
B100 > B20 > B10 > B5 > Diesel fuel
B100 > B20 > B10 > B5 > Diesel fuel
B100 > B20 > B10 > B5 > Diesel fuel
Diesel fuel > B5 > B10 > B20 > B100
Diesel fuel > B5 > B10 > B20 > B100
B100 > B20 > B10 > B5 > Diesel fuel
Diesel fuel > B5 > B10 > B20 > B100
Diesel fuel > B5 > B10 > B20 > B100
B100 > B20 > B10 > B5 > Diesel fuel
B100 > B20 > B10 > B5 > Diesel fuel
B100 > B20 > B10 > B5 > Diesel fuel

seed oil biodiesel and its blends with traditional diesel fuel
at the engine load of 100% with a ﬁxed speed of
1500 rpm. As can be seen in Table 5, the combustion behaviors, harmful pollutants, and engine performance parameters for all test fuels have been meticulously compared
with each other. The entire parameters have been shown
in the descended order for better assessment.
In addition, the outcomes acquired from the current
research have been also compared with some similar and
previously performed investigations and they have been
tabulated in Table 6. The scrutinizations on the compression-ignition engines powered by the pure biodiesel fuels synthesized various alternating vegetable-based oils and their
blends by different concentrations with diesel fuel have been
represented on account of better evaluation of the present
motivation. There is no doubt that several combinations

Table 6. Overall comparison of the present ﬁndings with other previously conducted researches.
Present study

Uyumaz [63]

Uyumaz
et al. [141]

Das
et al. [142]

Sarıdemir and
Ağbulut [3]

Tayari
et al. [143]

Uyumaz [8]

Ashok
et al. [127]

Base fuel
Raw material used
in the biodiesel
production

Diesel fuel
Hemp seed oil

Diesel fuel
Linseed oil

Diesel fuel
Poppy seed oil

Diesel fuel
Castor oil

Diesel fuel
Cottonseed oil

Diesel fuel
Eruca sativa
seed oil

Diesel fuel
Mustard seed oil

Diesel fuel
Diesel fuel
Calophyllum
Juliﬂora seed oil
inophyllum seed oil

As binary blends

As binary blends

As binary blends

As binary blends

As binary blends

As a pure form
and binary blends

As a pure form
and binary
blends
Proportions
5, 10, 20, and 100% 10, 20, and 30%
10 and 20%
5, 10, and 20%
10, 20, and 50%
2, 5, 10, 15, and 20% 10, 20, and 30%
30, 60, and 100%
20, 30, 40, and
100%
Type of test engine Single-cylinder,
Single-cylinder,
Single-cylinder,
Single-cylinder,
Single-cylinder,
Single-cylinder,
Single-cylinder,
Single-cylinder,
Single-cylinder,
four-stroke, water- four-stroke, airfour-stroke, airfour-stroke, water- four-stroke, airfour-stroke, airfour-stroke, airfour-stroke, water- four-stroke,
cooled, naturallycooled, naturallycooled, naturallycooled, naturallycooled, naturallycooled, naturallycooled, naturallycooled, naturallywater-cooled,
aspirated, DI diesel aspirated, DI diesel aspirated, DI diesel aspirated, DI diesel aspirated, DI diesel aspirated, DI diesel aspirated, DI diesel aspirated, DI diesel naturallyengine
engine
engine
engine
engine
engine
engine
engine
aspirated,
DI diesel engine
– Various engine
– Various engine
Test conditions
– Various engine
– Various engine
– Various engine
– Various engine
– Various engine
– No load and full – Various engine
loads of 3.75, 7.5,
loads of 25%, 50%, loads of 25%,
loads of 25%, 50%, loads of 3.75, 7.5,
loads of 25%, 50%, loads of 0, 0.87,
loads of 2.5, 5, 7.5, load
11.25, 15, and
75%, and 100%
50%, 75%, and
75%, and 100%
11.25, 15, and
75%, and 100%
1.76, 2.63, and
and 10 Nm
18.75 Nm
100%
18.75 Nm
3.5 kW

Types of test fuel

BTE
BSFC
BSEC
EGT
NOX
CO2
CO
UHC
O2
Smoke opacity
CPmax
PRRmax
HRRmax
IDP
CHRmax

As a pure form and As binary blends
binary blends

Asokan
et al. [62]

– At constant
engine speed of
1500 rpm
;
"
"
"
"
"
;
;
"
;
;
Almost similar
;
"
;

– At maximum
brake torque speed
of 2200 rpm
; (Indicated
thermal efﬁciency)
"

– At constant
engine speed of
2200 rpm
; (Indicated
thermal efﬁciency)
"

– At constant
engine speed of
1500 rpm
"

Not available
Not available
"
"
;
Not available
Not available
;
"
Not available
"
"
Not available

Not available
Not available
"
"
;
Not available
Not available
;
"
Not available
"
"
Not available

Not available
;
" (for NO)
Not available
;
;
Not available
Not available
" at higher loads
Not available
Not available
Not available
Not available

;

– At constant
engine speed of
1500 rpm
Not available
"
Not available
;
Not available
Not available
Not available
Not available
Not available
Not available
"
;
;
"
Not available

– Various engine
– At maximum
speeds from 2000 to brake torque speed
3000 rpm
of 2200 rpm
_
Not available
; (Indicated
thermal efﬁciency)
" (Fuel
"
consumption)
Not available
Not available
;
Not available
;
"
"
"
;
;
;
Not available
Not available
Not available
Not available
;
Not available
;
Not available
Not available
Not available
"
Not available
"
Not available
"

– At constant
engine speed of
1500 rpm
;
"

Not
Not

Not

Not

Not

"
available
"
available
;
;
available
;
;
available
;
;
available

– At constant
engine speed of
1500 rpm
;
"
Not available
;
"
Not available
;
;
Not available
"
;
Not available
;
Not available
"

Asokan
et al. [58]

Dhar and
Agarwal [86]

Raman
et al. [144]

Diesel fuel
Mixing of papaya
and watermelon
seed oils (50:50
ratio)
As a pure form
and binary blends

Diesel fuel
Karanja seed oil

Diesel fuel
Rapeseed oil

As a pure form and
binary blends

As a pure form and
binary blends

20, 30, 40, and
100%
Single-cylinder,
four-stroke, watercooled, naturallyaspirated,
DI diesel engine

5, 10, 20, 50, and
100%
Four-cylinder in line,
four-stroke,
water-cooled,
naturally-aspirated,
DI diesel engine

25, 50, 75, and 100%
Single-cylinder,
four-stroke, watercooled, naturallyaspirated, DI diesel
engine

– Various engine
– Various engine
loads of 25%, 50%, speeds of 1200, 1500,
75%, and 100%
1800, 2100, 2400, and
2600 rpm with varying
loads (up to 6.8 bar
brake mean effective
pressure)
– At constant
engine speed of
1500 rpm
;
Almost identical at
higher loads
"
"

– Various engine
loads (up to
5.81 kW)

Not available
"
"
Not available
;
;
Not available
;
;
Not available
;
Not available
Not available

Not available
"
"
Not available
;
;
Not available
"
;
Not available
;
"
Not available

Not available
Not available
"
Not available
;
;
Not available
;
;
;
"
Not available
Not available

– At constant
engine speed of
1500 rpm
;
"
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of the tested fuel specimens including different biodiesel fuels
as an alternating and oxygenated fuel additive or neat form
in the diesel engines have been studied by various researchers. On the other hand, some of the related researches could
be taken into account for the comparative analyses. Similar
to the previously performed investigations, the current work
ﬁgured out that the hemp seed oil methyl ester blends usage
in the compression-ignition engine has caused a boost of
the CO2 emission whereas reduce the CO and UHC emissions due to the presence of the oxygen molecule in the
molecular structure of the biodiesel, resulting in more complete combustion reaction inside the cylinder. However,
another emission portrays a substantial variation that has
been observed in the speciﬁcations of the tested engine.
By all means, the remarkable enhancement was monitored
in the emissions of NOX when the engine was fueled with
hemp seed oil biodiesel and its blends. This behavior has
been also determined by most of the researchers. Moreover,
the characteristics of the combustion were achieved similar
to ﬁndings presented by different authors. To conclude,
the outcomes have demonstrated the compatibility of the
hemp seed oil as an alternating fuel as well as an oxygenated
fuel additive to the diesel fuel for compression-ignition
engine applications without any major alteration on the
engine. Besides that, it can be understood that a lot of scrutinizations have to be conducted by researchers before
accepting the hemp seed oil methyl ester as a direct utilization or a partial substitution for the diesel engines through
the agency of the appropriate technology advance regarding
the continuous harvesting of hemp plant by farmers, obtaining its crude oil, production of methyl ester, handling, storage, and other interrelated topics.

7 Conclusion
In this experimental study, biodiesel was produced by the
transesteriﬁcation method from the oil of industrial-grade
hemp seeds, which has strategic importance as of today for
most countries because it has also been supported by the
state. B5, B10, B20 and B100 were obtained by blending
biodiesel with diesel fuel in various proportions. A detailed
analysis of the effects of all fuels on combustion, emission,
and engine performance properties has been presented.
The tests were implemented at different engine loads and
constant engine speed. Combustion and injection characteristics, harmful pollutant characteristics, and performance
characteristics were investigated. The ﬁndings obtained in
the light of this study are presented stepwise as follows:


Because the FFA value of industrial-grade hemp seed
oil has less than 2%, biodiesel production was carried
out by a single-stage transesteriﬁcation process.
 When examining the BTE results at full load, B100
and binary fuel blends showed fewer results compared
to conventional diesel fuel. The BTE values of the binary blends were 4.85%, 8.61%, and 9.85% lower than
diesel fuel and 13.74%, 9.25%, and 7.77% higher than
the B100, respectively. B100 caused a reduction in
BTE as it somewhat reduced the energy content of
the blend sample.













It was observed that the lower caloriﬁc value of B100
fuel, which is 11.66% less than the reference diesel fuel,
has reducing effects on BSFC and BSEC.
The maximum EGTs were found to be 439.7 °C for
diesel fuel, 442.5 °C for B5, 444.0 °C for B10,
451.8 °C for B20, and 454.6 °C for B100.
The average CO emissions of B5, B10, and B20 were
11.38%, 22.97%, and 34.98% lower than diesel fuel,
respectively. This is due to the inﬂuence of the natural
oxygen content of the fuel mixtures tested. As a result
of the usage of biodiesel blends in the diesel engine, the
CO emissions quite decreased.
When UHC outcomes were evaluated, the biodiesel
blends decreased UHC emission from 0.82 g/kW h to
0.10 g/kW h. Because the UHC emission is the major
contributor to photochemical smog and ozone pollution, the aforementioned reduction is very signiﬁcant.
CO2 emission increased depending on the increase in
the biodiesel ratio (approximately 61.5%), however,
the released CO2 is being absorbed by plants. For that
reason, this case can be ignored when the engine is
fueled with plant-based biodiesel and its blends.
The utilization of biodiesel blends in the CI engine
resulted in a more complete combustion process inside
the cylinder because of their oxygen concentration
chemical bonds.

In conclusion, in all the results of the present experimental
study, both hemp seed oil biodiesel and its blends with diesel fuel can be evaluated for CI engine applications without
any modiﬁcation to the engine. It can be concluded that
biodiesel can be an effective oxygen additive due to the
many important beneﬁts mentioned above. However, these
tested fuel mixtures should be tested under various engine
operating conditions in further experiments. In subsequent
study will focus on thermodynamic, economic, and environmental analysis with the data to be obtained from industrial hemp seeds biodiesel, and diesel fuel and their
blends. Increasing the interest in hemp and the necessity
of blending hemp-based biodiesel fuel will increase the
demand for this plant and decrease the costs. In particular,
governments need to take steps in this regard. With the regulations to be made shortly, the production costs of hemp
oil biodiesel can be reduced and it can become competitive
with diesel fuel. However, it is clear that more research is
needed on this subject. With this and similar studies, it
can be thought that the interest in cannabis will increase.
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Figure 1S: Hemp (Cannabis sativa L.) plant (This picture was taken from a trial ﬁeld of Yozgat Bozok
University).
 Figure 2S: Distribution of the hemp plant growing
places in the world and Turkey.
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Figure 3S: The mechanism of the transesteriﬁcation
reaction [73].
 Figure 4S: Photographic views of (a) phase separation
and (b) washing process.
 Figure 5S: Tested fuel samples used in the engine trials (from left to right: B100, diesel fuel, B5, B10, and
B20).
 Figure 6S: A photographic view of test engine and
related pieces of equipment layout.
Section B: Tables


Table 1S: The test fuels using in this study along with
blending ratios.
 Table 2S: The detailed engine speciﬁcations used in
this work.
 Table 3S: Details of the engine instrumentations.
 Table 4S: The technical speciﬁcations of ﬁve gas analyzer device and smoke meter used in this work.
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