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Abstract: The production of biofuel from olive mill wastewater (OMWW) may be one of the promising
techniques for use in diesel engines. In this study, biofuel was produced from the hydrothermal
liquefaction of OMWW using a methanol-water co-solvent. Biofuel blends of 10% (B10), 20% (B20)
and 30% (B30) by volume of biofuel, were prepared. The chemical and physical properties of biofuel
blends are mostly similar to those of conventional diesel fuel. The engine speed was kept constant
(1500 rpm) throughout the tests under different engine loads (25, 50, 75 and 100%). The effects of
biofuel-diesel blends on exhaust emissions and engine performance were investigated. The results
show that the in-cylinder pressure follows almost the same trend for all fuels. However, at high
loads, with increasing biofuel blend, the combustion duration tends to become longer. The B10 blend
provided close results to diesel fuel in terms of performance and polluting emissions. Moreover, the
use of B10 resulted in reduced emission levels, with 11% of unburned hydrocarbons, 12% of particles
and 26% of carbon dioxide compared to the other blends.

Keywords: olive mill wastewater; biofuel blend; diesel engine; combustion analysis; pollutant emissions

1. Introduction

In recent years, the growing concerns about the availability of fossil fuel resources
have increased interest in the search for alternative fuels [1,2]. It has been accelerated owing
to the increasing energy demand and limited fossil fuel reserves. The use of biomass as
a renewable energy source to produce second-generation biofuels has been proposed as
a promising solution to reduce greenhouse gas emissions and minimize the competition
between food and fuel production [3].

The United States, Brazil, and the European Union account for approximately 90%
of global biofuel production. However, if development programs in other nations like
Malaysia and China are successful, production could become more widely distributed In
these countries, corn, sugar, and vegetable oils are the primary raw materials used for
biofuel production [4].

Biomass obtained from organic waste, such as sewage sludge and sorted domestic
organic waste, exists in different forms and is highly perishable. This is due to their high
moisture content ranging from 50 to 80% [5]. In the case where these raw materials are not
properly disposed of, they often cause serious environmental problems.

The industrial extraction of olive oil is associated with certain negative effects on the
environment such as pollution of water bodies, atmospheric emissions, soil contamination
and underground seepage, as a result of the production of a large amount of liquid and
solid wastes [6]. The generated liquid waste called olive mill wastewater (OMWW) varies
between 0.3 and 1.1 m3 per ton of processed olives, depending on the extraction technology
employed [7]. OMWW is acidic and contains many suspended solids, organic compounds
and high levels of pollutants such as heavy metals. In addition, the high concentration
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of phenolic compounds contained in OMWW could have a severe environmental impact.
Their strong antioxidant activity is primarily attributed to their ability to donate the hydro-
gen atom of the phenolic hydroxyl group to free radicals [8]. In this context, if properly
converted, OMWW could be considered a sustainable feedstock for biofuel production
due to lack of the competition with food and feed use [9]. According to the literature, few
studies have been carried out on the recovery of energy from this waste by thermochemical
conversion. Various processes such as gasification [10], pyrolysis [11], combustion [12] and
hydrothermal carbonization [13] have been investigated for OMWW conversion leading
to different types of chemicals. However, the high humidity of OMWW (more than 80%)
represents the main limitation for processes such as pyrolysis or combustion because of
the high energy consumption. Among the conversion techniques, which are suitable for
the production of biofuels, is the hydrothermal liquefaction (HTL) process. It is the most
practical since it does not require the drying of the biomass upstream. Targeting the produc-
tion of liquid biofuels, the HTL process is carried out in general at moderate temperatures
(250 and 400 ◦C) under pressure conditions ranging from 5 to 24 MPa [1,13]. The lique-
faction mechanism includes several consecutive steps, which start when the biomass is
depolymerized to form water-soluble monomers. This step is followed by the degradation
of monomer by deamination, dehydration and decarboxylation reactions [14]. After that,
the reactive fragments are recombined to form the bio-oil. However, if the reaction time
is prolonged further, polymerization reactions accrued to form char [5,15]. Therefore, the
HTL process was favored for the conversion of OMWW to biofuel [9,16]. In addition, it was
reported that the higher heating value (HHV) of biofuel obtained from HTL of OMWW
using methanol-water co-solvent was 43.20 MJ/kg resulting in better physicochemical
properties [9]. Despite the growing interest in the use of OMWW as a potential feedstock
for biofuel production, only a limited number of studies have investigated the applica-
tion of other technologies for this purpose. Among them, Haddad et al. [17] conducted
a study on the pyrolysis of impregnated sawdust with OMWW and reported a biofuel
yield of approximately 25%. In addition, Elleuch et al. [18] have used OMWW sludge
as a feedstock to produce upgraded biofuel through a combination of pyrolysis and the
esterification process.

The interest in biofuel production for internal combustion engines has increased
sharply since the 1970s. Burning fossil fuels results in the emission of carbon dioxide and
other greenhouse gases, which in turn trap heat in our atmosphere, causing them to be
the main contributors to global warming and climate change. However, renewable hydro-
carbon biofuels produced from biomass sources are the only alternative energy source for
transportation fuel. Since they meet the same ASTM fuel quality standards as the petroleum
fuels they replace, these biofuels can be used in existing engines and infrastructure.

Generally, when using biofuel/diesel blends, the alternative fuel is externally blended
with diesel using different blending ratios. Nevertheless, the dual-injection strategy offers
greater flexibility when using biofuels. This is due to the variation of blending ratios which
can be used by separately injecting different quantities into the engine [19].

The produced biofuels have different properties owing to the feedstock and thermo-
chemical process used. Nonetheless, there are still some relevant problems to be addressed
regarding the use of biofuel blends on diesel engines.

Diesel engines are a significant source of various types of air pollutants, including
particulate matter (PM), nitrogen oxides (NOx), carbon monoxide (CO), carbon dioxide
(CO2), and other harmful compounds. Engine development is increasingly focused on
reducing emissions due to the heightened awareness of environmental pollution and the
stricter government regulations on exhaust emissions. The reduction of engine emissions
has become a crucial research objective to address these concerns. During the last years,
experimental studies about using biofuel blends in diesel engines have appeared in nu-
merous published papers which are available in the literature [20–23]. It was reported
that an increase in biofuel percentage in fuel blends results in a decrease in emissions of
carbon monoxide (CO), smoke/particulate matter (PM), and unburned hydrocarbons, as
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well as a moderate increase in nitrogen oxides (NOx) emissions during both steady-state
and transient operation [24,25]. Recently, Karthikeyan et al. [26] investigated the effect of
blends of biofuel/diesel fuel (B20, B50, B75 and B100) on the performance of diesel engines.
This biofuel was produced from S. Marginatum macroalgae. It was observed that B20
(20% of biofuel in the blend) performed more effective combustion at high loads as well.
Similarly, Kumar et al. [27] conducted diesel engine tests using a biofuel derived from the
transesterification of Jatropha oil, by varying fuel injection pressure. They reported the
thermal efficiency of the biofuel-powered engine increased at maximum load as the fuel
injection pressure increased. This was explained by an enhancement of the combustion
process due to the oxygen content in the biofuel [28]. In addition, biocrude from hydrother-
mal conversion of Pinus radiate wood floor was investigated by blending with diesel for
engine experiments, at an engine speed of 2000 rpm [29]. Five engine loads (0%, 25%, 50%,
75% and 100%) were considered. Authors reported a maximum of 13% higher specific total
hydrocarbon emissions with a 20% blend. Additionally, compared to diesel fuel, particulate
matter emissions were lower for all biofuel blends.

According to the literature review above, no study has yet investigated the utilization
of biofuel derived from the HTL process using methanol-water co-solvent in stationary
generation applications using diesel engines. This motivates our research to explore the
performance of biofuel obtained from HTL of OMWW on engine performance.

The current study aims to investigate the effect of biofuel blended with diesel fuel on
existing engine emissions. The biofuel was produced from OMWW using the HTL process.
The physicochemical properties of blends were measured in order to determine the quality
of fuel mixtures. Moreover, combustion and exhaust gas emissions have been investigated
with neat diesel fuel and biofuel/diesel blends based on experimental engine tests. Engine
performance and emissions for three different blends (10%, 20% and 30% by volume) were
examined. The analysis focuses on examining how the use of biofuel blends affects the
exhaust emissions of a diesel engine operating at various engine loads. Specifically, the
emissions of CO, CO2, NOx and HC are documented and then compared with diesel fuel.

2. Materials and Methods
2.1. Biofuel Production

In this study, the feedstock used was OMWW, which was obtained from a traditional
oil mill located in the northern region of Algeria. The diesel fuel used in the experiment
was procured from a gas station. The raw material was subjected to analyzes and physico-
chemical properties (proximate, biochemical and elemental analysis, etc.) were determined
and depicted in Table 1.

Table 1. Analysis of OMWW Composition through proximate, ultimate, and chemical composition.

Proximate Analysis (wt.%) Ultimate Analysis
(On Dry Basis, wt.%)

Chemical Composition
(On Dry Basis, wt.%)

Moisture, as received 78.50 C 46.87 Hemicellulose 36.90
Ash (on a dry basis) 21.87 H 6.88 Cellulose 19.47

Volatiles 58.70 N 2.40 Lignin 28.55
Fixed carbon 24.26 S n.d b Fat, as received 14.30

O a 21.98 HHV (MJ/kg) 24.26
a By difference. b Not detected.

The experiments of liquefaction were carried out in an unstirred cylindrical batch
reactor (volume of 998 mL), which was made of stainless steel. In our previous work,
methanol was utilized as a co-solvent in a 50/50% ratio with water [9]. For each experiment,
methanol-water co-solvent was blended with OMWW (as received), containing 32 wt.%
of dry biomass, to make 100 g of feedstock. In a typical run, the reactor was filled with
OMWW at the optimal ratio of 50/50 (%, w/w) of methanol-water co-solvent [9]. Residue
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air was removed by purging N2 for 10 min. When the temperature reached the reaction
temperature of 280 ◦C, it was maintained for 30 min as reaction time.

To effectively separate the bio-oil from the water phase, the gaseous product was
collected from the reactor headspace into a gas-sampling bag and analyzed using a Micro-
GC analyzer. To open the reactor, the valve assembly was removed, and the reaction
content was carefully retrieved. The resulting mixture was then transferred to a vessel for
the separation process. The reactor was subsequently cleaned three times with CH2Cl2 to
ensure the complete retrieval of all contents. Roughly 250 mL of CH2Cl2 (including the
washing solution) was added to the reaction mixture, which was then subjected to vacuum
filtration through a Buchner funnel. The liquid phase was transferred to a separatory
funnel, where the solvent fraction was separated from the aqueous phase. Furthermore,
the solvent was eliminated under vacuum using a rotary evaporator, and the remaining
product was classified as the “biofuel” fraction. The solid residue was dried at 105 ◦C for
12 h in an oven, and its weight and composition were analyzed. The aqueous phase was
dried at 70 ◦C for 12 h in the oven, and the resulting material was classified as water-soluble
products. Further information on optimizing biofuel production was reported in previous
work [9].

2.2. Physicochemical Properties of Biofuel Blends

In order to investigate the engine performance and pollutant emissions of a diesel
engine utilizing the produced biofuel, various volume proportions of biofuel/diesel blend
fuels were prepared. For crude biofuel, 70:30 (v/v, B30), 20:80 (v/v, B20), 10:90 (v/v, B10),
in addition to 100% 0# diesel (B0), which served as the baseline (reference) fuel.

Fuel properties play a crucial role in the determination of the quality of fuel blending
and the combustion process. Researchers often highlight properties such as calorific value,
viscosity, flash point and cetane number to describe the effects of biofuel additives on the
combustion process, performance, and emission characteristics of a diesel engine [30,31].

Fuel properties are crucial in determining the quality of fuel blends and the combustion
process. Researchers have consistently identified properties such as calorific value, flash
point, density, cetane number, and viscosity as key factors in describing the effects of biofuel
blending on the performance, emissions, and combustion of a diesel engine [32,33]. In
this fact, Figure 1 shows the physicochemical properties of conventional diesel fuel and
biofuel/diesel blends, which are determined based on the ASTM standard.
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The physicochemical properties indicate the good quality of biofuel blended for its
combustion in the diesel engine by its density values (ranging from 838 to 848 kg/m3) close
to that of diesel (852 kg/m3). Viscosity plays a similar role as density to define the quality
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of atomization, penetration through the injection system, and the size of the fuel droplet are
all factors that influence the performance and emissions of an engine, and therefore affect
the overall quality of combustion. The increase of diesel content in blends led to enhancing
the viscosity of the biofuel blends. In addition, the cetane number is a significant property
that affects the quality of fuel combustion in diesel engines. Indeed, a low cetane number
induces a longer ignition delay and an increased tendency to knock. The biofuel blends
have a cetane number close to conventional diesel varying between 57 and 60. Moreover,
the blend’s flash points, indicating the presence of volatile materials, are similar to that of
diesel fuel. This property does not greatly affect the quality of combustion. Nevertheless,
with regard to the transport, storage and handling of fuel, this parameter is essential. The
lower heating value (LHV), defined as the energy content of the fuel, was also measured.
In the present study, the blends have LHV values similar to those of diesel fuel.

2.3. Experimental Engine Test

The tests were carried out on a LISTER-PETTER engine test bench at the IMT Atlan-
tique laboratory. It is single cylinder with an output power of 4.5 kW at 1500 rpm. The
engine is connected to an automatically controlled eddy current dynamometer. To analyze
the combustion and the pollutant emissions, the engine test bench is equipped with several
instruments, such as an exhaust gas analyzer, flow meters, thermocouples, pressure sensors,
etc. Figure 2 illustrates the experimental setup. More details about instrumentation and
data acquisition system were reported in our previous works [34,35]. Measurements of
in-cylinder pressure from 100 consecutive cycles were recorded at a sampling interval of
0.2 crank angle (CA). The injection timing is fixed at 13 ◦CA before top dead center (TDC),
as mentioned in the specifications of the manufacturer. The engine was calibrated before
starting the test series. Experiments have been carried out at 25, 50, 75 and 100% full load,
at a constant engine speed of 1500 rpm.
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Two systems are used for engine control and signal acquisition. The first system
controls the engine test rig and is used to record measurements at low frequency (125 Hz),
such as pressure and temperature in the intake manifold, torque, engine speed, as well as
exhaust emissions. The second data acquisition system measures high-frequency signals
(90 kHz) such as cylinder pressure, injection pressure and crankshaft angular position.
Cylinder pressure data was measured over 100 cycles at a sampling interval of 0.2 degrees
crank angle (CA) using a water-cooled piezoelectric pressure sensor (AVL QH32D). A
piezoelectric pressure transducer (AVL QH33D) is used to measure the injection pressure. It
is located between the injection pump and the fuel injector. The crankshaft angular position
is measured by an encoder (AVL 364C) placed on the flywheel. The air mass flow rate at the
intake is measured by a differential pressure transmitter (LPX 5481), while the liquid fuel
mass flow rate is measured using a Coriolis mass flowmeter (RHM015). Moreover, the test
engine is equipped with a series of K-type thermocouples for temperature measurements.
An exhaust gas analyser (crystal COSMA 500) placed on the exhaust manifold is used
to measure the main pollutant gases (NOx, CO, HC, CO2). Particulate emissions (PM)
are measured using a particle sensor (type PPS-M). The particle sensor allows real-time,
continuous and high-sensitivity measurements of raw exhausts PM emissions without
diluting the exhaust gas. The engine specifications and the different types of sensors are
shown in Tables 2 and 3 respectively. Uncertainty calculation is based on the method
reported by Bora et al. [36].

Table 2. Specifications of Lister-Petter (TS1) engine.

Bore × stroke 95.3 mm × 88.9 mm
Cooling system Air-cooled

Compression ratio 18:1
General details 4-Stroke, single cylinder, naturally aspirated,

Injection system Direct injection
Orifices × diameter 4 × 0.25 mm

Connecting rod length 165.3 mm
Piston type Cylindrical bowl (diameter: 45 mm and depth: 15 mm)

Displacement volume 630 cm3

injection timing 13◦ BTDC
injection pressure 240 bar

Rated power output 4.5 kW at 1500 rpm

EVO 76◦CA BBDC
IVC 69◦CA ABDC
IVO 36◦CA BTDC
EVC 32◦CA ATDC

Table 3. Accuracy and uncertainties of the measurements in the calculated results.

Measurements Sensor Type Accuracy

Torque Effort sensor (FN 3148) ±0.1 N·m
Speed AVL 365C ±3 rpm

Injection timing AVL 365C ±0.05 ◦CA
Intake air flow rate Differential pressure transmitter (LPX5841) ±1.0%

Temperature of
exhaust gas K type ±1.6 ◦C

Temperature of
ambient air HD 2012 TC/150 ±0.2 ◦C

Temperature of
injected fuel K type ±1.6 ◦C

Cylinder pressure Piezo-electric (AVL QH32D) ±2 bars
Injection pressure Piezo-electric (AVL QH33D) ±2 bars

Fuel mass flow rate Coriolis type (RHM015)(RHM015) ±0.5%
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Table 3. Cont.

Measurements Sensor Type Accuracy

NOx chemiluminescence (TOPAZE 32M) ±100 ppm
HC FID (Graphite 52M) ±10 ppm

CO, CO2, O2 Infra-red detector (MIR 2M) ±50 ppm
Particulates Electric (Pegasor Particle Sensor) ±1 µg/m3

Calculated results Uncertainty range (%)

Air/Fuel equivalence ratio 1.1
BSFC 0.6–2.0
BTE 0.7–2.0

Brake power 0.4–1.9

2.4. Model for Combustion Analysis

Before analyzing the combustion, it is important to process the pressure data. Indeed,
the pressure data present a noisy tendency between successive values. In this study,
smoothing was established using the smoothing equation for instantaneous pressure data
used by several researchers reported in the literature [36].

Subsequently, the analysis of the combustion was performed by examining the heat
release rate (HRR) which is determined by an analytical calculation model. The latter is
based on the first law of thermodynamics and the ideal gas law. HRR depends on changes
in cylinder pressure and combustion chamber volume [35,37]. It is calculated as follows in
Equation (1):

dQnet/dθ = dQc/dθ − dQw/dθ =
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is fixed at
1.35 [34]. The P is the cylinder pressure and V is the volume of the combustion chamber,
which depends on the crankshaft angle (θ) and the geometric parameters of the engine. It
is obtained in Equation (2) as shown below:

V(θ) = Vd [(Cr/Cr − 1) − ((1 − cosθ)/2) + 1/2 ((2L/C)2 − sin2θ))(1/2) (2)

where Vd, Cr, L and C are displacement, compression ratio, rod length and stroke, respectively.

3. Results and Discussion

In this part, we present the results of the different blends tested in terms of in-cylinder
pressure, ignition delay (ID), HRR, polluting emissions and brake thermal efficiency compared
with those of conventional diesel fuel at different loads. The engine speed and the injection
timing are kept constant throughout the test’s series at 1500 rpm and 13 ◦CA respectively.

3.1. Combustion Characteristics
3.1.1. Cylinder Pressure

The variation of the cylinder pressure during the engine cycle, as a function of crank
angle, is illustrated in Figure 3. At medium load, it was noted that the curves coincide
perfectly and tend to detach in the expansion phase. This could be explained by the
difference in the combustion process during the diffusion phase and the thermal losses. At
the same load, the peak cylinder pressure of the blends varies between 75 bars and 78 bars.
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At full load, the B10 had a greater maximum cylinder pressure than that of B20 and
B30 with a value of about 85 bars. Moreover, the cylinder pressure curve of the B10 was the
closest to that of the diesel with a value of about 87 bars. The curves were similar during
the three phases namely: the intake, the expansion and the exhaust phases.

This behavior could be explained by several parameters, such as viscosity, cetane
number, the latent heat of vaporization and fuel oxygen content [38]. A combination of
these factors can explain the behavior of in-cylinder pressure. In fact, it has been reported
in the literature that the heat release rate depends on viscosity (affecting fuel atomization
and vaporization) and latent heat of vaporization (directly affecting ignition delay and
combustion cooling [39]. It is also important to note that there is no significant change in
the position of the cylinder pressure peak. This information is essential to ensure the proper
functioning of the engine. Indeed, for a maximum pressure in the immediate vicinity of
TDC, the risk of degradation of engine performance is probable. Moreover, as reported by
Nour et al. [40], the high cetane number and the low flash point lead to the reduction of the
ignition delay, which consequently gives a lower cylinder pressure.

Moreover, the combustion efficiency was affected by the higher viscosity of biofuel,
compared to that of diesel fuel, due to the bad fuel atomization, which leads to insufficient
fuel-air blending. Therefore, since a lower proportion of fuel is burned in the premixing
stage, more fuel is burned in the diffusion stage. This results in incomplete oxidation of
unburned hydrocarbons before the exhaust valve opens [40].

3.1.2. Heat Release Rate (HRR)

As reported by Heywood [41], the combustion process in compression ignition engines
is divided into three stages. It starts with ignition delay, followed by premixed combustion
and finally diffusion combustion. Figure 4 depicts the evolution of the HRR versus the
crank angle for the studied blends (B10, B20 and B30). Comparing the results with those for
diesel fuel, it can be noted that higher HRR peaks are observed in the premixed phase of
B20 at medium and high loads. This can be explained by the accumulation of fuel burned
at a higher rate during the premixing phase of combustion, resulting in higher peak HRR
values [41].

At full loads, the B30 exhibited the lowest HRR in the diffusion combustion phase
among the tested blends. This is due to the worsening atomization of the tested fuel, which
leads to inadequate fuel-air blending and therefore affects the combustion efficiency. Thus,
more fuel is burnt in the diffusion combustion phase resulting in incomplete oxidation, of
the unburned hydrocarbons before the exhaust valve opens, as reported by Nour et al. [40].
Moreover, at medium loads, the biofuels tested showed a similar HRR variation in the
diffusion phase. On the other hand, the HRR curves are mostly similar during the first stage
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of the combustion process, where a sharp increase in the rate of combustion is observed.
Figure 5 presents the cumulative heat release (Figure 5a) and the combustion duration
(Figure 5b) under different loads for all the tested fuels. It can be observed that B20 presents
a higher cumulative heat release rate, while B10 showed a similar trend as diesel fuel
(Figure 5a). The combustion duration is by definition, the period between the moment
where the HRR takes a positive value and the moment at which 90% of the net heat is
released, as reported in the literature [41]. It can be seen that the combustion duration of
B30 is longer than that of the other fuels tested, at low and medium loads. However, at full
loads, B20 showed a longer burn time than the other cases tested. Moreover, as observed in
Figure 5a, the B20 has the highest cumulative heat release rate. In addition, the cumulative
heat release rate of the B10 is similar to that of the B0.

Energies 2023, 16, x FOR PEER REVIEW 9 of 17 
 

 

the closest to that of the diesel with a value of about 87 bars. The curves were similar 
during the three phases namely: the intake, the expansion and the exhaust phases. 

This behavior could be explained by several parameters, such as viscosity, cetane 
number, the latent heat of vaporization and fuel oxygen content [38]. A combination of 
these factors can explain the behavior of in-cylinder pressure. In fact, it has been reported 
in the literature that the heat release rate depends on viscosity (affecting fuel atomization 
and vaporization) and latent heat of vaporization (directly affecting ignition delay and 
combustion cooling [39]. It is also important to note that there is no significant change in 
the position of the cylinder pressure peak. This information is essential to ensure the 
proper functioning of the engine. Indeed, for a maximum pressure in the immediate vi-
cinity of TDC, the risk of degradation of engine performance is probable. Moreover, as 
reported by Nour et al. [40], the high cetane number and the low flash point lead to the 
reduction of the ignition delay, which consequently gives a lower cylinder pressure. 

Moreover, the combustion efficiency was affected by the higher viscosity of biofuel, 
compared to that of diesel fuel, due to the bad fuel atomization, which leads to insufficient 
fuel-air blending. Therefore, since a lower proportion of fuel is burned in the premixing 
stage, more fuel is burned in the diffusion stage. This results in incomplete oxidation of 
unburned hydrocarbons before the exhaust valve opens [40]. 

3.1.2. Heat Release Rate (HRR) 
As reported by Heywood [41], the combustion process in compression ignition en-

gines is divided into three stages. It starts with ignition delay, followed by premixed com-
bustion and finally diffusion combustion. Figure 4 depicts the evolution of the HRR versus 
the crank angle for the studied blends (B10, B20 and B30). Comparing the results with 
those for diesel fuel, it can be noted that higher HRR peaks are observed in the premixed 
phase of B20 at medium and high loads. This can be explained by the accumulation of fuel 
burned at a higher rate during the premixing phase of combustion, resulting in higher 
peak HRR values [41]. 

-20 -15 -10 -5 0 5 10 15 20 25 30
0

10

20

30

40

50
(a)

Crank angle (°CA)

Load : 50%

H
ea

t r
el

ea
se

 ra
te

 (J
/°C

A)

 Diesel B0
 B10
 B20
 B30

 
-20 -15 -10 -5 0 5 10 15 20 25 30

0

10

20

30

40

50
(b)

H
ea

t r
el

ea
se

 ra
te

 (J
/°C

A)

Crank angle (°CA)

Load : 100%

 Diesel B0
 B10
 B20
 B30

 

Figure 4. The heat release rate for diesel fuel and biofuel-diesel blends, (a) load 50%; (b) load 100%. 

At full loads, the B30 exhibited the lowest HRR in the diffusion combustion phase 
among the tested blends. This is due to the worsening atomization of the tested fuel, which 
leads to inadequate fuel-air blending and therefore affects the combustion efficiency. 
Thus, more fuel is burnt in the diffusion combustion phase resulting in incomplete oxida-
tion, of the unburned hydrocarbons before the exhaust valve opens, as reported by Nour 
et al. [40]. Moreover, at medium loads, the biofuels tested showed a similar HRR variation 
in the diffusion phase. On the other hand, the HRR curves are mostly similar during the 
first stage of the combustion process, where a sharp increase in the rate of combustion is 
observed. Figure 5 presents the cumulative heat release (Figure 5a) and the combustion 

Figure 4. The heat release rate for diesel fuel and biofuel-diesel blends, (a) load 50%; (b) load 100%.

Energies 2023, 16, x FOR PEER REVIEW 10 of 17 
 

 

duration (Figure 5b) under different loads for all the tested fuels. It can be observed that 
B20 presents a higher cumulative heat release rate, while B10 showed a similar trend as 
diesel fuel (Figure 5a). The combustion duration is by definition, the period between the 
moment where the HRR takes a positive value and the moment at which 90% of the net 
heat is released, as reported in the literature [41]. It can be seen that the combustion dura-
tion of B30 is longer than that of the other fuels tested, at low and medium loads. How-
ever, at full loads, B20 showed a longer burn time than the other cases tested. Moreover, 
as observed in Figure 5a, the B20 has the highest cumulative heat release rate. In addition, 
the cumulative heat release rate of the B10 is similar to that of the B0. 

  
(a) (b) 

Figure 5. Cumulative heat release rate (a) and combustion duration (b) for diesel fuel and biofuel-
diesel blends. 

3.1.3. Ignition Delay 
Figure 6 shows the change in ID as a function of the power output of the test fuel. 

From the literature, this parameter is the time interval from the start of fuel injection to 
the start of combustion. It participates in the analysis of combustion and explains the HHR 
behavior and of the cylinder pressure curves. It is composed of two periods: the physical 
delay period, where the air is blended with the fuel, during which air mixes with the fuel 
during atomization, vaporization, and the chemical lag time, which is the time it takes for 
the reactive combustion to start [37]. 

 
Figure 6. Ignition delay relative variation versus power output. 

Figure 5. Cumulative heat release rate (a) and combustion duration (b) for diesel fuel and biofuel-
diesel blends.

3.1.3. Ignition Delay

Figure 6 shows the change in ID as a function of the power output of the test fuel.
From the literature, this parameter is the time interval from the start of fuel injection to the
start of combustion. It participates in the analysis of combustion and explains the HHR
behavior and of the cylinder pressure curves. It is composed of two periods: the physical
delay period, where the air is blended with the fuel, during which air mixes with the fuel
during atomization, vaporization, and the chemical lag time, which is the time it takes for
the reactive combustion to start [37].
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At medium and high loads, it was noticed that diesel fuel had a longer ID in com-
parison with that of the blends tested. It could be explained by the low flash point of
diesel fuel (67 ◦C), compared to that of the biofuels blended tested, which is between
71 ◦C and 74 ◦C (as mentioned previously in Figure 1). Indeed, as reported by Rodica
Niculescu et al. [39], the components in biodiesel blends boil at higher temperatures than
conventional diesel fuel. Moreover, the conditions prevailing in the combustion chamber
(pressure, temperature, equivalence ratio, etc.) could be responsible for the lower ID of
blends. The same observation was observed by Piotr Łagowski et al. [42]. It appears that,
when burning biodiesel blends, the heat release rate and cylinder pressure values are lower
than diesel fuel alone. It can be explained by the shorter ID and lower fuel consumption.

Indeed, due to the increase in cylinder temperature and pressure and the equivalence
ratio of the mixture, the ID decreased with increasing load. B30 presented a lower ID at all
loads in comparison to diesel fuel.

Increasing the concentration of the biofuel in the blend accelerates and improves the
vaporization of the fuel studied and enhances the fuel-air blend. However, a longer ID
leads to an improvement in the second stage of HHR and higher cylinder temperature and
pressure [40], as presented in Figures 3 and 4.

3.2. Engine Performance

BTE can be calculated by the following Equation (3):

BTE = Pout/(mf LHVf) (3)

where Pout is the brake power output. mf and LHVf are the mass flow rate and the lower
heating value of the fuel respectively.

Figure 7 depicts the variation of BTE of biodiesel, with engine load at speed of
1500 rpm, in comparison to that of diesel fuel. It can be observed that blending biofuel with
diesel leads to a decrease in BTE. B30 resulted in the highest decrease of approximately
10% followed by B20 with 7%. EL Kassaby et al. [43], reported the same observation. It
turned out that the BTE of all biofuel blends was lower than that of pure diesel. Their
study was based on the operation of the engine running with cooking oil, for different
mixtures (B10, B20, B30 and B50). Also, it can be noticed from Figure 7 that B10 has a better
efficiency compared to that of B20 and B30, for all the loads studied. Effectively, the BTE
of B10 is close to that of diesel, with a maximum deviation of approximately 2.5%. This
can be explained by a better combustion efficiency for B10 as it is shown by the pollutant
emissions, especially CO and particulate matter, presented in the next section. On the other
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hand, Panwar et al. [44], have carried out a performance test on different biofuel blends at
a constant speed of 1500 rpm at various loads. It was concluded that the blends contain-
ing lower fractions of biodiesel reduced fuel consumption and improved BTE, which is
observed in the present study. Moreover, the effects of injection time and injection pressure
on the performance and emission characteristics, of DI diesel engines using methanol (5%,
10%, and 15%) as blended diesel fuel, were studied by Tanwar et al. [45]. The results
showed that the proportion of methanol in the fuel mixture increased, as BTE decreases.
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3.3. Exhaust Emissions
3.3.1. HC and CO Emissions

Figure 8 shows the relative variations of the concentration of HC and CO in the exhaust
gas, as a function of the engine load, compared to diesel fuel. According to the literature [37],
the emissions of HC and CO occur as a result of incomplete fuel combustion. It can be
noticed from Figure 8a, that the blends emit lower concentrations of HC in comparison to
diesel fuel. Moreover, at low loads, it was observed that HC emissions were almost the
same for the different cases studied.
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percentage of 10% compared to that of diesel, while B10 was the least polluting blend.
Di Y et al. [46], have observed the same behavior. Indeed, their study showed that by using
3% to 5% of their biodiesel, a slight decrease in HC emissions, compared to diesel fuel, was
noted, while a blend of 15% to 25% of biodiesel exhibited a contradictory behavior. This
difference can be attributed to a lower volatility of biodiesel than that of diesel fuel. In
addition, Cheung CS et al. [47], reported that the reduction in HC emissions from biofuel,
compared to diesel is due to the presence of an oxygen concentration in alcohol-biofuel-
diesel blends, which induces a more complete combustion. At full load, HC emissions
increase for B20 and B30 due to late combustion, as discussed previously for heat release
analysis, which is in agreement with results found in the literature [48,49].

Figure 8b shows that in the case of low and medium loads, the CO emissions have
almost the same concentration in the exhaust gases, as those of pure diesel, except B30.
Indeed, a strong increase in CO emissions was recorded for B30, under all load conditions
compared to the other cases studied. This incomplete combustion is due to a poor air-fuel
mixture and lower reactivity [50]. Also, as reported by Çakmak A et al. [51], the increase
in the concentration of CO emissions can be explained by the poor volatility and higher
viscosity. This reasoning is reinforced by the increase in particulate emissions, as shown in
the next section. In addition, this figure shows that the concentration of CO emissions of
B10 was the lowest of those recorded for the other biofuels tested (B20 and B30), at high
loads. This partly explains the good performance in terms of BTE of B10. Panua et al. [52],
have obtained the same results, as the present study by concluding that the CO emissions
were very close to those of diesel for low biodiesel blends.

3.3.2. NOx and Particulates Emissions

Figure 9 illustrates that the concentration of NOx emissions, from B20 and B10, is
close to that of diesel for all the loads studied, except for the B30 fuel, which is considered
the least polluting fuel in terms of NOx. A reduction of about 15–20% was noticed in
comparison with that of diesel fuel. This can be explained by the reduction of combustion
temperature and free radical formation [53]. These results are in accordance with those
of CO emissions as shown in Figure 8b. Indeed, Heywood et al. [41] have reported that
NOx emissions and CO are inversely proportional. Also, Panua et al. [52], reported in their
study that, at higher blend concentrations, NOx emissions and performance were lower
than conventional diesel which is in good agreement with the present study.
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Figure 9b presents the variation of particulate emissions. The results show an increase
in these emissions for all the blends in comparison to diesel fuel. It can be clearly seen
that B10 emits fewer particles than B20 and B30. As a reminder, one of the main factors of
PM formation is the composition of the fuel used. In fact, the C–C bond strongly favors
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the production of this kind of emissions [41]. It can be noticed that PM emissions are
similar at high loads while B30 results in higher emissions at low and medium loads. This
is due to the increase in fuel viscosity for the higher blend ratio and hence resulted in
the poor formation of air-fuel blends [53,54]. Indeed, Alagu et al. [54] found that at full
load, biodiesel (B10 blend) had higher concentrations of soot emissions (52.8%) than when
operating with fossil diesel. This is due to the highest viscosity of fuel leading to worsening
fuel atomization resulting in the formation of large droplet size.

4. Conclusions

The focus of this study is the utilization of biofuel derived from wastewater generated
by oil mills, specifically in diesel engines. Three proportions of biofuel (B10, B20 and
B30) were tested in a single-cylinder diesel engine. A series of experimental engine tests
were performed for different loads to thoroughly study the performance, combustion and
pollutant emission characteristics of OMWW biofuel blends. From the engine tests, the
following conclusions were drawn:

• Under full load conditions, the cylinder pressure curve of B10 closely resembled that
of diesel, with a maximum value of 87 bars.

• The results showed that B10 leads to better performance compared to the other blends.
This is due to several parameters such as better fuel atomization and low viscosity.

• At high loads, a reduction of 26% of CO emissions, and 11% of HC as well as PM
emissions, were observed by using B10 blend in comparison with the B20 blend. In
addition, a 10% improvement in brake thermal efficiency was noted.

• At high loads, B10 exhibits lower polluting effects than B30, with reductions of 43% in
CO emissions, 10% in HC emissions, and 20% in particulate matter emissions.

Furthermore, even if the use of the other two biofuels, namely B20 and B30, is not
efficient and less clean compared to B10, they remain very interesting because they are
produced from waste.

Author Contributions: Conceptualization, F.Z.A., L.H. and K.L.; methodology, F.Z.A., L.H. and
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Nomenclature 
P Cylinder pressure, [bar] 
V Cylinder volume, [m3] 
ᵞ The ratio of specific heats, [-] 
OMWW Olive mill wastewater 
Q Heat, [J] 
BTE Brake thermal efficiency, [%] 
HTL Hydrothermal liquefaction  
LHV Lower heating value, [MJ/kg] 

�̇�𝑚 Mass flow rate, [kg/s] 
HHV Higher heating value, [MJ/kg] 
ID Ignition delay, [deg CA] 
Pb Brake power, [kW] 
L Connecting rod length, [m] 
TDC Top dead center 
BDC Bottom dead center 
Vd Displacement volume, [m] 
θ Crank angle, [deg CA] 

The ratio of specific heats, [-]
OMWW Olive mill wastewater
Q Heat, [J]
BTE Brake thermal efficiency, [%]
HTL Hydrothermal liquefaction
LHV Lower heating value, [MJ/kg]
.

m Mass flow rate, [kg/s]
HHV Higher heating value, [MJ/kg]
ID Ignition delay, [deg CA]
Pb Brake power, [kW]
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L Connecting rod length, [m]
TDC Top dead center
BDC Bottom dead center
Vd Displacement volume, [m]
θ Crank angle, [deg CA]
B0 100% diesel
CA Crank angle
CI Compression ignition
CO2 Carbon dioxide
C Stroke, [m]
PM Particulate matter
HC Hydrocarbon
B10 Biofuel blends of 10% by volume of biofuel
B20 Biofuel blends of 20% by volume of biofuel
B30 Biofuel blends of 30% by volume of biofuel
CR Compression ratio
NOx Nitrogen oxides
CO Carbon monoxide
Subscripts
w Wall of cylinder
c Combustion
b Brake
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