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Abstract: Biodiesel has gained popularity in diesel engines as a result of the rapid decline of fossil
fuels and population growth. The processing of biodiesel from non-edible Moringa Oleifera was in-
vestigated using a single-step transesterification technique. Both fuels had their key physicochemical
properties measured and investigated. In a common-rail diesel engine, the effects of MB50 fuel blend
on the symmetric characteristics of engine-out responses were evaluated under five load settings and
at 1000 rpm. As compared to standard diesel, MB50 increased brake thermal efficiency (BTE), and
nitrogen oxides (NOx) emissions while lowering brake specific fuel consumption (BSFC), and smoke
emissions for all engine loads. A further study of injection pressure and start of injection (SOI) timing
for MB50 fuel was optimized using response surface methodology (RSM). The RSM optimization
resulted in improved combustion dynamics due to symmetry operating parameters, resulting in a
simultaneous decrease in NOx and smoke emissions without sacrificing BTE. RSM is an efficient
optimization method for achieving optimal fuel injection parameter settings, as can be deduced. As a
result, a clearer understanding of the use of MB50 fuel in diesel engines can be given, allowing for
the best possible engine efficiency.

Keywords: renewable fuels; moringa biodiesel; common-rail; combustion; optimization; alternative
fuel; response surface methodology; sustainability

1. Introduction

The exponential growth in the global population has caused a boom in energy demand,
resulting in global energy supply crisis. This insufficiency will adversely impact the energy-
dependent global economy. There is no doubt that fossil fuel was known as the main source
of energy generation for many years. Unfortunately, these fossil fuels are non-renewable
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resources that have a limited supply. Therefore, the production of fossil fuels is becoming
one of the most prominent challenges in the imminent future, particularly to meet the
future demand in transport application [1]. This has prompted a search for renewable and
environmentally friendly alternative energy sources.

Over the past few months, the COVID-19 pandemic outbreak has significantly im-
pacted all aspects of life, including the energy sector [2]. Despite this crisis, the worldwide
renewable energy demand is expected to continue rise, albeit at a steadily lower rate,
according to the IEA [3]. Owing to the diminishing rate of fossil fuel supplies and its many
benefits, biodiesel has recently received a lot of publicity [4–6]. Biodiesel use is expected
to reduce dependence on fossil fuels while also speeding up renewable energy transfor-
mations. Nevertheless, the extensive utilization of food-based crops for fuel production
may cause another significant problem of food versus fuel competition. Accordingly, there
is an immediate demand for alternative, sustainable fuels, and feedstocks to substitute
food-based feedstocks. For the past few years, several researches [7–10] discovered that
Moringa oleifera seed oil had given promising results as a non-edible feedstock in biodiesel
production. The oil is regarded as non-edible oil and therefore oil extraction for biodiesel
production becomes one of the foremost biofuel option to mitigate the on-going argument
of food versus fuel crisis [11,12]. Moreover, since the oil does not clash with the available
edible feedstock, which is mostly used as a food supply, it does not use additional land or
impact food prices [13,14].

Recently, biodiesel production from non-food sources such as Moringa oleifera have
drawn many researcher’s attention, and most of them were focused on the application of
this fuel in existing unmodified diesel engines [15–20]. Recently, Teoh et al. [18] reported
the effect of utilization of symmetric blend of Moringa Oil Biodiesel (MB) and baseline
diesel fuel on particulate matter emission and brake thermal efficiency in an unmodified
diesel engine. Besides, another study performed by Mofijur et al. [21] to compare the phys-
iochemical properties and engine performance of MB in a single-cylinder unmodified diesel
engine. According to research, MB fuel has comparable performance to palm biodiesel
and emits less pollutants than diesel fuel. Aside from that, the MB was found to have high
thermo-oxidative stability, indicating that it is resistant to oxidative degradation [8,10,22].

Optimization was typically carried out in the parameter analysis in diesel engines
using a multi-objective optimization approach containing multiple goals, such as minimiz-
ing brake specific fuel consumption (BSFC), nitrogen dioxide (NOx), and smoke emissions
while optimizing brake thermal efficiency (BTE). The injection parameters of a modern
common rail fuel injection system can be modified to improve diesel engine efficiency and
emissions. These injection parameters include injection timing, injection pressure, and
split injection scheme. Nevertheless, the most significant parameter for tuning is injection
timing. Different combustion and performance features will be created by the difference in
start of injection (SOI) and injection length. Various experiments have shown that retarda-
tion of injection timing decreases NOx pollution [23–26]. This was because by delaying the
injection timing, the average combustion temperature and pressure in the cylinder were
reduced, and hence the formation of NOx was reduced. Ironically, with advanced injection
timing, the emission of unburned hydrocarbon (HC) and carbon monoxide (CO) decreased.
According to a report performed by Agarwal et al. [27] on the effect of fuel injection timing
using fossil diesel on a single-cylinder diesel engine, advanced injection timing reduced HC
and CO emissions while significantly increasing NOx emissions. In diesel engines using
a higher biodiesel blend (i.e., B50), injection parameters like injection fuel rail pressure
and SOI timing can be adjusted to improve engine performance and fuel combustion. The
optimization can be possibly performed using the technique of RSM. Conventionally, the
optimization process has been carried out by varying a single factor and monitoring its
impact on the result. The only disadvantage of this method is that it ignores the interactive
effects of the tested variables. Multivariate statistical methods are, however, more favored.
RSM is the most widely used multivariate technique in optimization. This technique has
been widely used in a variety of engineering fields, including energy applications [28], the
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food industry [29], analytical chemistry [30], and process and product optimization [31].
Yashvir Singh et al. [32] used RSM to increase the performance and emission parameters of
pongamia methyl ester indirect injection diesel engines. The study found that by improving
injection pressure, SOI timing, bio-diesel blends ratio, and engine load, the responses of
engine BTE, HC, and NOx emissions can be improved.

As the literature studies on the new non-edible biodiesel feedstock as a substitute for
conventional diesel fuel in a common-rail direct-injection diesel engine are studied, it is
found that there are not enough researches on the impact of edible biodiesel on engine
performance and exhaust emissions. In addition, despite several prior studies reported
on engine operation fueled with biodiesel blends in existing unmodified diesel engines,
none of them referred to fuel injection parameters optimization particularly with a higher
proportion of MB blend reaching the B50 level. As most of the countries have moved toward
cleaner fuel and vehicles in the future, thus it is expected that high biodiesel blending levels
will be regulated by the local government and this may raise concerns of fuel adaptability
in exiting unmodified diesel engines. As a result, the innovation of this study is to use RSM
as a systemic method to refine the fuel injection parameters of a common-rail diesel engine
fueled by a high proportion of non-edible biodiesel blend fuel of MB50 (50% biodiesel, 50%
petroleum diesel) in order to fill this research gap. Besides, another significant of this study
is the employment of innovative radars plot of normalized results to effectively visual
interpretation of data bearing multiple dimensions and subsequently helping researchers
in making trade-off decisions.

2. Experimental Procedure and Design of Experiments
2.1. Experimental Procedure

The experiments in this study are run at a constant engine speed of 1000 rpm. The
experiment program generally consists of two sets of studies to assess the effect of biodiesel
on engine performance, combustion, and emission characteristics. Firstly, the experiment
was performed with differing engine torque (i.e., 5, 10, 15, 20, and 25 Nm) while injection
rail pressure and timing of injection were retained at constant stock values of 600 bar and
7◦BTDC, respectively. The above five test points were selected as the most representative of
a wide range of engine loads. For comparison purposes, diesel fuel was originally used as
the reference fuel. Following that, a 50% volumetric proportion of diesel and methyl ester
was measured. When fueled with MB50, the engine operates decently during the entire
examination, which was conducted at room temperature of 25 ◦C and pressure of 1 atm,
with no starting problems. Tests were conducted at a steady state along with a moderately
warmed water coolant and temperature exhaust gas. Each evaluation point was redone
two times for the calculation of average results.

As the engine was initially designed for diesel fuel, thus some optimization on injection
parameters has to be carried out for engine operating with MB50 so that the engine
performance is not affected by meeting emissions requirements or vice-versa when it fueled
with MB50. Various fuel injection parameters have been identified to have a significant
effect on BSFC, BTE, NOx, and smoke emission, thus they must be carefully optimized
when operating with MB50. The input factor of fuel injection parameters that vary during
the latter part of the experiments are engine torque setting, fuel injection pressures (FIP),
and fuel injection timings. A custom-made programmable engine control unit (ECU) was
used to precisely control injection variables such as SOI timing, injection time, and FIP.

2.2. Design of Experiments

In this study, the RSM, which is a feature available in Design-Expert®® software (Stat-
Ease Inc., Minneapolis, MN, USA), is adopted to analyze the interaction results between
the engine-out responses and the input variables. A typical RSM design tool called Central
Composite Design (CCD) is considered to investigate the influence of variation of injection
parameters on engine-out responses. Three independent variables are A: Torque setting
(10–20 Nm), B: SOI timing (5–9◦BTDC), and C: FIP (400–800 bars). There are four critical
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responses chosen, and it consists of BSFC, BTE, NOx, and Smoke. The ranges and degrees
of independent parameters studied are listed, as shown in Table 1, along with actual and
coded levels of each variable. This present research fixed the α value at 1.68, which is
the span of the axial point from the center that enables the design to rotate. Each design
variable was examined at five separate coded stages (i.e., −1.68, −1, 0, 1, 1.68).

Table 1. Levels of the injection parameters and torque conditions.

Variables Coding Units
Actual Values for the Coded Levels

−α

(−1.68) −1 0 +1 +α
(+1.68)

Torque
Setting A Nm 6.59 10 15 20 23.41

SOI B ◦BTDC 3.625 5 7 9 10.38
FIP C bar 264 400 600 800 936

2.3. Statistical Analysis and Response Surface Optimization

The experimental results attained from CCD were evaluated by applying RSM. In
the optimization stage, the experimental reaction can be evaluated using second-order
polynomial as expressed in Equation (1).

ypred = βo + ∑k
i βixi + ∑k

i βiix2
i + ∑k−1

i ∑k
j=i+1 βijxixj + ε (1)

where ypred are the predicted variables, xi and xj are the independent variables, βo is the
coefficient of constant, βi, βii, and βij are the interaction coefficients of linear, quadratic, and
second-order terms, respectively, and ε is the error. Regarding the fitting of the response
surfaces, the models’ level of fit was assessed using coefficients of determination (R2), and
the coefficient regression relevant (analysis of variances (ANOVA)) was validated using
Fisher’s test (F-test) [33]. After verification, these models were adopted for later evaluation
of result and lastly for optimization.

2.4. Setup of Engine Testbed and Instrumentation

Figure 1 presents the experimental setup and instrumentation system. The study’s
research engine is a modified single-cylinder compression ignition diesel engine with the
specifications listed in Table 2. The author’s previous work covered the major engine
changes on this engine’s fuel distribution mechanism, the test engine’s dynamics, and
the overall test configuration [34]. Injection timing phasing is one of the most effective
ways to minimize NOx emissions in diesel engines. In the olden days, mechanical fuel
injection systems were initially incorporated with variable injection timing. Recently, as
modern digitalization gaining more widespread use in diesel engine control, fuel injection
controlled through electronics became the choice of realizing variable injection timing that
delivers unparalleled flexibility in injection timings controls. The present study managed
fuel injection parameters through a programmable microcontroller and interfacing with
LabVIEW program. The control unit was designed to enable the modification of numerous
main engine operation variables which includes the SOI timing, fuel rail pressure, injection
event per cycle, and injection quantity.
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Figure 1. Experimental setup and instrumentation system used in the study.

To apply torque and adjust the engine’s rpm, an A.C. synchronous dynamometer
was used. A gear wheel flow meter was used to determine the rate of fuel consumption
in the engine. The prototype engine had sensors for measuring symmetric combustion
pressure and detecting fuel injection events. A Kistler 6125B style pressure sensor was used
to determine the symmetric combustion chamber pressure, and the charge signal output
from the sensor was processed with an in-line charge converter and signal conditioner. The
rotational angle of the engine crankshaft was measured using a rotary shaft encoder of 720
pulses per revolution. The injector current measurement was quantified through the use of
a Hall Effect current sensor in order to measure and validate the injection duration and
SOI timing for the injector.

Table 2. Specifications of single-cylinder engine.

Parameter Units Values

Displacement cm3 638
Bore mm 92
Stroke mm 96
Compression ratio 17.7:1
Rated power kW 7.8
Rated speed rpm 2400
Combustion chamber Re-entrant type

In addition, a computer with a high-speed simultaneous sampling data acquisition
system with a sampling rate of 2 MS/s, a resolution of 14 bits, and four analogue input
channels are used to acquire signals on cylinder friction, injector current and encoder at the
same time. Matlab software was used to further processes and analyze the received data.
For every test, pressure data from 100 combustion cycles were obtained, and the averaged
was computed. Matlab programming was utilized to process the combustion information,
namely location of peak pressure and heat release rate (HRR), ignition delay, rate of heat
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release, and peak pressure magnitude. An AVL DICOM 4000 gas analyzer and an AVL
DiSmoke 4000 were used to test NOx concentration and smoke opacity, respectively, in
terms of exhaust parameters. Table 3 shows the resolution and measurement range of
both instruments.

Table 3. Measurement specifications of the gas and smoke analyzer.

Analyzer Measurement
Technique Element Measurement

Range Resolution

Gas analyzer Electrochemical Nitrogen oxides
(NOx, ppm) 0–5000 1

Smoke opacimeter Photodiode detector Opacity (%) 0–100 0.1

2.5. Methods of Calculation and Formula

In this study, the symmetric characteristics of engine performance of BSFC and BTE
were evaluated and calculated by using Equations (2) and (3).

BSFC (g/kWhr) =
Fuel Consumption

Brake Power
(2)

BTE (%) =
Brake Power × 100

Calorific Value × Fuel Consumption
(3)

For the combustion analysis, the HRR results were used to evaluate the impacts of
engine operating conditions, engine design changes, fuel type, and fuel injection system on
the engine efficiency and combustion process [35]. The HRR ( dQ

dθ ) calculations based on the
first law of thermodynamics could be calculated with the following Equation (4).

dQ
dθ

=
γ

γ − 1
P

dV
dθ

+
1

γ − 1
V

dP
dθ

(4)

where γ = specific heat ratio, P = instantaneous cylinder pressure (Pa), and V = instanta-
neous cylinder volume (m3).

3. Results and Discussion
3.1. Test Fuels and Fuel Properties Analysis

The fossil diesel fuel and Moringa Oleifera oil used in this study were obtained from
a local Malaysian supplier. In general, there are many methods to convert vegetable oil
into biodiesel, namely transesterification, microemulsion, dilution, and pyrolysis [36].
Nonetheless, the transesterification process remains the most popular and economical
method [37]. As a result, this method has been commonly used to reduce the viscosity of
crude vegetable oil as well as to extract ester and glycerol from triglycerides. In this study,
transesterification along with the related post-treatment (purification and drying) processes
is considered for the conversion of oil to MB and the steps involved are sequentially
explained below.

In this study, the esterification process is not required for pre-treatment of the oil
because of the considerably low acid value (about 5–10 mg KOH/gm). Before starting the
transesterification process, a measuring cylinder and density meter were used to carefully
measure the volume and density of crude Moringa Oleifera oil, respectively. The oil was
then moved to a jacketed reactor, where the temperature was held at 60 ◦C with the aid of
a heating circulator water tank. Then, once the catalyst is fully dissolved, methanol (9:1
methanol to oil ratio) and alkali catalyst (1 percent wt. KOH) are combined homogeneously.
The mixtures were then applied to the preheated esterified oil before being stirred for
2 h with an overhead electric motor stirrer at a constant speed of 800 rpm. During the
stirring operation, the reactor’s temperature was kept at 60 ◦C. The fatty acid methyl ester
(FAME) was carefully washed with purified water at 40 ◦C to remove impurities during
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step separation of glycerol. Under standard room conditions, the blend was left to settle in
a separated funnel for 2 to 3 h. The layer at the bottom, which is made up of impurities,
was extracted out and discarded. Finally, the liquid was evaporated at 65 ◦C for 30 min to
clear the excess methanol and water using a rotary evaporator.

Table 4 illustrated the details on the primary physicochemical properties of the con-
verted neat MB relative to ASTM D6751 standard, in addition to the key properties of
MB50 and petroleum diesel. It seems that MB’s physicochemical properties are adequate
to conform with ASTM biodiesel requirements. In fact, a remarkable improvement was
observed for the kinematic viscosity of the transesterified Moringa Oleifera oil. However,
it is marginally higher than petroleum diesel. Moreover, the resultant MB flash point was
comparatively higher relative to petroleum diesel and are ideal for transportation fuel use.
Still, the MB calorific value is lower compared to that of conventional diesel. The cetane
number of fuels is another main feature that greatly affects the engine efficiency, combus-
tion, and emissions characteristics. It is found that MB has a greater cetane number relative
to petroleum fuels. A single diesel-MB blend, MB50 (50% biodiesel + 50% petroleum diesel)
by volume, is considered and tested in a common-rail direct injection diesel engine in this
analysis. In general, biodiesel can be used in a diesel engine either alone or in combination
with petroleum diesel. In this report, higher blends of up to 50% are considered because
they provide a reasonable combination of engine efficiency, emissions, production cost,
cold-weather performance, and materials compatibility.

Table 4. The physicochemical properties of petroleum diesel, MB, and MB50 biodiesel blend.

Properties Diesel Fuel MB50

Biodiesel

MBLimit (ASTM
D6751) Test Method

Kinematic viscosity @ 40 ◦C (mm2/s) 3.34 4.05 1.9–6.0 D445 4.59
Density @ 15 ◦C (kg/m3) 838.20 851.80 880 D127 885.50
Acid number (mg KOH/g) 0.12 0.180 <0.50 D664 0.24
Calorific value (MJ/kg) 45.31 42.11 - D240 39.80
Flash point (◦C) 71.5 98 >130 D93 189
Pour point (◦C) 1 12 - D2500 18
Cloud point (◦C) 8 13 - D2500 19
Oxidation stability @ 100 ◦C (h) >100 25 >3 EN14112 6.50
Cetane number 52 55 >47 D6890 57

The fatty acid composition result for neat biodiesel is presented in Table 5. The oil
was discovered to have a higher amount of unsaturated fatty acid (80.9 percent) relative
to saturated fatty acid (19.1 percent). Fundamentally, the proportion of fatty acid content
has a significant effect on biodiesel’s physicochemical properties. A majority of non-
edible oils consist of a higher degree of double carbon chain, which could influence the
biodiesel’s main properties, namely kinematic viscosity, the heat of combustion, oxidation
stability, and cetane number [38]. In particular, the increase in carbon chain length could
increase the calorific value, which dramatically modifies the biodiesel’s cold properties [39].
Additionally, higher levels of unsaturated fatty acids will notably increase biodiesel’s
plugging points in the cold filter and its cloud point [40].
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Table 5. Fatty acid composition of the biodiesel.

Sr. No. Type Fatty Acid Name (Systematic) Systematic Name MB (wt%)

1

Saturated fatty acid

C4:0 (Butyric) Butanoic 0.50
2 C10:0 (Capric) Decanoic 0.28
3 C12:0 (Lauric) Dodecanoic 0.72
4 C14:0 (Myristic) Tetradecanoic 0.45
5 C15:0 (Pentadecylic) Pentadecanoic 12.26
6 C16:0 (Palmitic) Hexadecanoic 0.50
7 C18:0 (Stearic) Octadecanoic 4.39
8

Unsaturated fatty acid

C18:1n9c (Oleic) (9Z)-Octadec-9-enoic acid 26.99
9 C18:2n6c (Linoleic) (9Z,12Z)-9,12-Octadecadienoic acid 46.68

10 C18:3n6 (γ-linoleic) all-cis-6,9,12-octadecatrienoic id 0.86

11 C18:3n3 (α-linolenic) (9Z,12Z,15Z)-9,12,15-
Octadecatrienoic 5.95

12 C20:3n6 (Dihomo-γ-linolenic) cis,cis,cis-8,11,14-Eicosatrienoic 0.42

Saturated fatty acid 19.10

Unsaturated fatty acid 80.90

Total 100.00

3.2. Engine-Out-Responses with Stock Setting
3.2.1. Engine Performance Analysis

Figure 2 presents the BSFC of the MB50 blended fuel and baseline diesel compared
under various load conditions. The proportion of the fuel consumption rate to the brake
power output is defined as BSFC. According to the findings, base-line diesel and MB50 have
the lowest BSFC of 267.8 g/kWhr and 267.3 g/kWhr, respectively, at higher engine torque
of 25 Nm. Furthermore, the overall pattern suggests that the MB50 blend consistently
produced lower BSFC than the baseline diesel at all loading settings. A lower value in
BSFC of MB50 indicates that lower fuel consumption is necessary to produce the equivalent
level of power which is to be foreseen due to the better combustion performance of the
MB50 relative to that of petroleum diesel.
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Figure 2. MB50 and diesel fuel’s BSFC at different engine loads.

The BTE of an engine is a measure of its mechanical performance and net thermal
efficiency. Similarly, BTE can be calculated by dividing the brake power output by the
total energy input to the device. Owing to the effect of various failure causes, such as
heat transfer, mechanical inertia, exhaust blowdown, combustion inefficiency, and flow,
the BTE of an individual operating diesel cycle is typically below 50% and is often much
lower [41]. The reduction of heat transfer is a large fraction of these losses, and it varies
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with the average piston speed and the combustion properties of the fuel. Figure 3 shows
the variation in BTE versus engine load for both fuel samples. As the engine load is
increased, the BTE for both samples usually increases. This tendency can be attributed to
the simultaneous effects of increased braking power and reduced wall heat loss as engine
load increases [42,43]. Furthermore, for MB50, an average of 9% rise in BTE was observed
overall in engine loads.
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Figure 3. MB50 and diesel fuel’s BTE at different engine loads.

3.2.2. Exhaust Emissions Analysis

NOx formation of vehicle exhaust is largely determined by engine working conditions
as well as the type and properties of the fuel [44]. The majority of research literature
claims that using methyl ester blended gasoline increases NOx emissions [45–47]. The
explanations given are primarily based on the higher oxygen content, which results in a
higher combustion temperature, which facilitates the formation of thermal NOx. According
to Figure 4, the NOx generated by MB50 is higher than baseline diesel at all engine loads.
The greatest increase recorded in NOx formation was about 5.9% when the engine which
was fueled with MB50 blend, operates at a load of 10 Nm. This increment can be associated
with the comparatively higher content of MB50 fuel burned at mixing controlled and
late combustion process and, subsequently, a higher average temperature of in-cylinder
combustion [48,49]. Figure 5 depicts this effect. The graph shows the calculated in-cylinder
combustion average temperature, injector current profile, and HRR of a 15 Nm engine
using MB50 fuels and baseline diesel. As shown, an engine fueled with MB50 had a
significant impact on the engine combustion characteristics that follows a pattern similar
to the baseline diesel. It is found that MB50 fuel utilization gives off higher average
combustion. Besides, the in-cylinder combustion temperature peak was shifted later
toward the expansion stroke with the use of MB50 blend. The general combustion phases
take place much later in the expansion stroke relative to those of baseline diesel which, in
turn, enables the combustion yields to have longer residence time at high temperatures and
raises the emission of NOx. Another plausible explanation can be attributed to a drop in
heat dissipation through radiation as a result of the significant decrement of soot produced
from biodiesel use (see Figure 6), leading to higher NOx formation [50].
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Figure 4. MB50 and diesel fuel’s NOx emission at different engine loads.

Symmetry 2021, 13, x FOR PEER REVIEW 10 of 23 
 

 

Figure 4. MB50 and diesel fuel’s NOx emission at different engine loads. 

 

Figure 5. In-cylinder combustion average temperature, HRR, and injector current profiles for die-

sel and MB50 fuel at 15 Nm. 

Figure 6 depicts the opacity of smoke emission for each of the measured fuels. In 

terms of the effect of engine load on smoke opacity, it was discovered that as engine load 

increases, the opacity level continues to rise. Furthermore, the smoke emissions of the 

MB50 are consistently smaller than those of the benchmark diesel for all engine loads. The 

maximum reduction with MB50 was 37.5 percent at a 5 Nm engine load, according to the 

researchers. The decreased opacity of smoke is thought to be due to the cumulative effects 

of lower sulphur, lower impurities, and higher oxygen content in methyl ester oils [42]. 

200

300

400

500

600

700

800

900

1000

1100

5 10 15 20 25

N
O

x
(p

p
m

)

Torque (Nm)

Diesel

MB50

SOI

TDC

-5

15

35

55

75

95

115

135

155

600

700

800

900

1000

1100

1200

1300

1400

-10 -5 0 5 10 15 20 25

H
ea

t 
R

el
ea

se
 R

a
te

, 
H

R
R

 (
J
/°

C
A

)/

In
je

ct
o
r 

C
u

rr
en

t 
(A

)

In
-C

y
li

n
d

er
 A

v
er

a
g
e 

T
em

p
er

a
tu

re
 

(K
)

Crank Angle (°ATDC)

Diesel

MB50

Temperature

Inj. Current

HRR

Ignition

Delay

Premixed

Combustion

Phase
Mixing Controlled

Combustion Phase
Late

Combustion Phase

Figure 5. In-cylinder combustion average temperature, HRR, and injector current profiles for diesel
and MB50 fuel at 15 Nm.
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Figure 6. MB50 and diesel fuel’s smoke emission at different engine loads.

Figure 6 depicts the opacity of smoke emission for each of the measured fuels. In
terms of the effect of engine load on smoke opacity, it was discovered that as engine load
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increases, the opacity level continues to rise. Furthermore, the smoke emissions of the
MB50 are consistently smaller than those of the benchmark diesel for all engine loads. The
maximum reduction with MB50 was 37.5 percent at a 5 Nm engine load, according to the
researchers. The decreased opacity of smoke is thought to be due to the cumulative effects
of lower sulphur, lower impurities, and higher oxygen content in methyl ester oils [42].

3.3. Response Surface Analysis

A second-order reaction surface model involving 19 experiments with MB50 was
fitted using a five-level three-factor CCD, which consisted of 8 factorial points for the 5
replicates from 14 complete factorial design CCD, 6 axial points, and 3 parameters at the
centre points. The five replicates at the design centre point were used to calculate the data
reproducibility and the experimental error. Table 6 depicts the experiment matrix and the
corresponding responses. The tests were performed randomly to reduce systematic errors
of the variables.

Table 6. Experimental results of five replicates of the center points for the three independent variables for MB50 fuel.

Std. Order Point Type

Coded Independent Variable Levels Experimental Results of the Responses

A: Torque
Setting (Nm)

B: SOI
(◦BTDC) C: FIP (bar) BSFC

(g/kWhr) BTE (%) NOx (ppm) Smoke (%)

1 Fact 10 (−1) 5 (−1) 400 (−1) 364.2 23.5 413 2.2
2 Fact 20 (1) 5 (−1) 400 (−1) 282.5 30.3 530 6.2
3 Fact 10 (−1) 9 (1) 400 (−1) 356.9 24.0 637 1.8
4 Fact 20 (1) 9 (1) 400 (−1) 280.7 30.5 846 5.8
5 Fact 10 (−1) 5 (−1) 800 (1) 376.2 22.7 696 0.6
6 Fact 20 (1) 5 (−1) 800 (1) 293.9 29.1 993 5.4
7 Fact 10 (−1) 9 (1) 800 (1) 368.3 23.2 1037 1.1
8 Fact 20 (1) 9 (1) 800 (1) 285.7 29.9 1582 5.0
9 Axial 6.6 (−1.68) 7 (0) 600 (0) 457.1 18.7 400 1.4
10 Axial 23.4 (+1.68) 7 (0) 600 (0) 278.8 30.7 989 7.2
11 Axial 15 (0) 3.625 (−1.68) 600 (0) 316.5 27.0 573 3.9
12 Axial 15 (0) 10.375 (+1.68) 600 (0) 305.0 28.0 1222 3.2
13 Axial 15 (0) 7 (0) 265 (−1.68) 305.1 28.0 436 4.5
14 Axial 15 (0) 7 (0) 935 (+1.68) 318.8 26.8 1192 2.5
15 Center 15 (0) 7 (0) 600 (0) 311.7 27.4 839 3.0
16 Center 15 (0) 7 (0) 600 (0) 308.7 27.7 834 3.0
17 Center 15 (0) 7 (0) 600 (0) 309.4 27.6 850 3.1
18 Center 15 (0) 7 (0) 600 (0) 309.2 27.7 859 3.0
19 Center 15 (0) 7 (0) 600 (0) 310.3 27.6 856 3.1

3.3.1. Model Validation

The quadratic model was selected as the best match to the answer because it has the
highest order polynomial, implying that additional terms and the model were not aliased.
The model equations are expressed with coded values (A: torque setting, B: SOI, and C: FIP)
for the BSFC, BTE, NOx, and smoke were represented by Equations (5)–(8), respectively.
Generally, the positive and negative signs before the terms indicate the synergistic and
antagonistic effects in the increment of responses, respectively [51]. For reference, the
model of Equation (5) showed that when coefficients of C is positive, A2 and AB reflected
a linear effect to raise the BSFC. However, other terms of A, B, B2, C2, AC, and BC had
counter effects that drop the BSFC value.

BSFC = 310.05 − 45.59A − 3.25B + 4.61C + 19.38A2 − 0.82B2 − 0.41C2 + 0.67AB − 0.88AC − 0.88BC. (5)

BTE = 27.59 + 3.40A + 0.27B − 0.38C − 0.99A2 + 0.01B2 − 0.03C2 + 0.01AB − 0.03AC + 0.08BC. (6)

NOx = 845.71 + 158.16A + 187.60B + 230.86C − 44.99A2 + 26.83B2 − 2.67C2 + 42.52AB + 64.42AC + 48.74BC. (7)

Smoke = 3.06 + 1.94A − 0.14B − 0.53C + 0.37A2 + 0.11B2 + 0.093C2 − 0.11AB + 0.085AC + 0.12BC. (8)

The relevance and fitness of the quadratic model, as well as the influence of relevant
individual words and their association with the chosen responses, is statistically assessed
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using an ANOVA. Table 7 contains a summary of the results. It should be noted that the
p-value (probability of error value) is used to validate the importance of each regression
coefficient, which represents the similarity of each cross-product. A lower p-value, for
example, means that the related coefficient is more important [52]. In terms of the model,
the p-value, which is less than 0.1 (outlined by the bold italic terms), statistically implies
that the specific model terms were significant. As an example, from the ANOVA outcomes,
the key model terms indicated that parameters with major effects on NOx response are
torque setting (A), SOI (B), FIP (C), and the correlation terms were discovered to be present
between the key factors (AB, AC, and BC). In contrast, significant quadratic terms were
torque setting (A2) and SOI (B2). A decrease in variation coefficient value (CV, 4.52%)
implies an increase in precision and a high degree in the experimental values’ reliability.
Other than ANOVA, the precision index values, namely ‘Adeq Precision’, ‘predicted
R2’, and ‘adjusted R2’, were also applied to validate model predictions’ similarity to
experimental data. The precision index values of various responses are listed in Table
8. ‘Adeq Precision’ determines the signal-to-noise ratio. Generally, the ‘Adeq Precision’
value, which is higher than 4, shows moderate accuracy in model prediction. The estimated
values versus experimental values for BSFC, BTE, NOx, and smoke with R2 value are
displayed in Figure 7. The estimated and actual values were in fair alignment (R2 value
approaching unity), indicating an acceptable data fit of the model and high credibility in
predicting system response in the range tested.

Table 7. Various applied models and p-values by ANOVA.

Model Terms
p-Value

BSFC BTE NOx Smoke

Model Quadratic Quadratic Quadratic Quadratic

F-value (p-value) 53.75
(<0.0001)

418.99
(<0.0001)

130.93
(<0.0001)

60.31
(<0.0001)

A <0.0001 <0.0001 <0.0001 <0.0001
B 0.1876 0.0012 <0.0001 0.1451
C 0.0737 0.0001 <0.0001 0.0002
A2 <0.0001 <0.0001 0.0017 0.0023
B2 0.7261 0.8928 0.0269 0.2317
C2 0.8626 0.6503 0.7985 0.3204
AB 0.8275 0.94 0.0108 0.3653
AC 0.7748 0.7318 0.0009 0.4801
BC 0.7735 0.3117 0.0051 0.3447
Coefficient of
variation 2.60 0.80 4.52 9.39

Lack of fit 0.0003 0.0448 0.0055 0.0007

Table 8. Precision index values of different responses.

Responses
Precision Index Values

R-Squared Adj R-Squared Pred R-Squared Adeq Precision

BSFC 0.9817 0.9635 0.8622 26.9208
BTE 0.9976 0.9952 0.9830 73.7255
NOx 0.9924 0.9848 0.9414 42.3535
Smoke 0.9837 0.9674 0.8748 27.583
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3.3.2. BSFC Model

Figure 8a,b revealed the response surface plots for the correlation between SOI timing
(B) and FIP (C) and the correlation between torque (A) and FIP (C), respectively, toward
BSFC of the MB50 engine. At a fixed torque setting of 15 Nm, the results suggest that
reduced BSFC can be attained by lowering the rail pressure and retarding the SOI timing.
This can be explained by the gradually decreases in the effect of negative work during
compression stroke with lower rail pressure and retarded SOI timing, therefore caused a
decrease in the BSFC. Besides, observations made from response surface plots indicate that
at fixed SOI timing 7◦BTDC, the BSFC drops when the torque setting is incremented at any
given rail pressure. This reduction in BSFC can be related to the continuous improvement
in combustion quality and efficiency as the engine torque setting increases with constant
rail pressure. Figure 9 presents the cylinder pressure and heat release rate curves for the
engine operated with MB50, injection timing of 7◦BTDC, the constant fuel injection pressure
of 600 bar, and various torque settings. As can be seen, higher in-cylinder pressure is due
to higher engine torque setting and injected fuel quantity, which burned more entirely and
hence consumes less fuel for every unit of brake power.
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Figure 8. Response 3D surface plots for parameters interaction effect on BSFC; (a) Torque Setting: 15 Nm, (b) SOI: 7◦BTDC.
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3.3.3. BTE Model

Figure 10a,b revealed the response 3D surface plots for the correlation between SOI
timing (B) and FIP (C) and the correlation between torque (A) and FIP (C), respectively,
toward BTE of the MB50 engine. At a constant torque setting of 15 Nm, the results revealed
that the SOI advancement from 5 to 9◦BTDC leads to the decrease of BTE. Figure 11
indicates the variation of combustion pressure and HRR corresponding to the crank angle
with different SOI timing at 600 bar. As can be seen, the combustion process coupled very
well with the variation in SOI timing. Advancing SOI timing leads to higher pressure peak,
and its location of occurrence also shifted near to the TDC position in the expansion stroke.
Besides, at fixed SOI timing of 7◦BTDC, the increase of torque setting has dramatically
improved the BTE at any given rail pressure. Conversely, the increase of rail pressure does
not significantly improve the BTE at all torque setting levels. Figure 12 demonstrates the



Symmetry 2021, 13, 982 15 of 22

variation of combustion pressure and HRR corresponding to the crank angle for the engine
operated with MB50, 15 Nm, stock SOI of 7◦BTDC, and at various levels of FIP.
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Figure 12. Combustion pressure and HRR for MB50 fuel, 15 Nm of torque, stock SOI of 7◦BTDC, and at various levels of FIP.

3.3.4. NOx Model

Figure 13a,b revealed the response 3D surface plots for the correlation between SOI
timing (B) and FIP (C) and the correlation between torque (A) and FIP (C), respectively,
toward NOx of the MB50 engine. At a constant torque setting of 15 Nm, the results revealed
that the advancement of SOI timing from 5◦BTDC to 9◦BTDC leads to the increase of
NOx. As aforementioned, advancing SOI timing leads to a higher pressure peak, and
consequently increases the combustion temperature and NOx emission. Besides, at fixed
SOI timing of 7◦BTDC, the increase of torque setting has dramatically increased the NOx at
any given rail pressure.
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3.3.5. Smoke Model

Figure 14a,b revealed the response 3D surface plots for the correlation between SOI
timing (B) and FIP (C) and the correlation between torque (A) and FIP (C), respectively,
toward smoke emission of the MB50 engine. At a constant torque setting of 15 Nm, the
results revealed that the advancement of SOI timing from 5◦BTDC to 9◦BTDC leads to the
decrement of smoke. As aforementioned, advancing SOI timing leads to a higher pressure
peak, and consequently increases the combustion temperature and enhanced fuel oxidation,
which translated to the lower smoke emission. Besides, at fixed SOI timing of 7◦BTDC, the
increase of torque setting has dramatically increased the smoke at any given rail pressure.
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3.4. Parameters Optimization and Experiment Results Validation

As there was a trade-off between BTE, BSFC, NOx, and smoke, it was necessary to
optimize the SOI and FIP at the corresponding torque setting to reduce NOx and smoke
and maximize the BTE without compromising BSFC. The prediction process for optimized
engine operation is carried out by selecting the goal for each of the factor and response
parameters. The desired goal could be set within the specified limits as a target, equal to,
in-range, maximize and minimize. In this analysis, the optimization of engine operation
with MB50 fuel was carried out in order to seek an optimal combination of operating
conditions in which, under each torque setting, maximum BTE and minimum BSFC, NOx,
and smoke were achieved.

In this study, the desirability-based approach that is available in Design-Expert®®

software was used to find the optimum setting. All goals are merged into one desirability
function with several responses and factors, and the high desirability solution was preferred.
As tabulated in Table 9 is the optimization of BSFC, BTE, NOx dan smoke parameters for
independent input variables of SOI and FIP at various engine torque settings. As can
be seen, a very high desirability value of close to 1.0 is obtained for all cases. For each
of the torque setting, a total of three optimum solutions were generated and compared,
namely with optimized rail pressure, optimized SOI and optimized rail pressure and SOI.
The first two conditions were set for optimizing of a single factor, while the latter is for
optimizing two factors. These optimization results were then compared with the stock
condition of SOI at 7◦BTDC and FIP of 600 bar. Generally, the results revealed that the
changes in BSFC and BTE are insignificant with the variation of input parameters of SOI
and FIP at all torque settings. Besides, it can be seen that for each of the torque settings,
the most optimistic response characteristics can be observed with optimization of the
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dual factors of FIP and SOI. The results can be clearly seen with the radar plot of the
normalized optimization for all torque settings, as shown in Figure 15. When the values of
the optimized rail pressure and SOI solution are compared to the stock condition at higher
torque of 20 Nm, the response obtained was higher performance levels at 30.6% of BTE
and low BSFC of 277.2 g/kWhr, while emission levels were low at 506 ppm of NOx and
5.2% of smoke opacity.

Table 9. Optimization results for 10, 15, and 20 Nm of torque settings.

Torque
(Nm)

SOI
(◦BTDC)

Rail Pressure
(bar)

BSFC
(g/kWhr) BTE (%) NOx (ppm) Smoke (%) Desirability Remarks

10

7.000 a 600 b 366.0 23.6 653 2.0 - Stock condition

7.000 a 400 369.1 23.5 473 1.6 0.955 Optimized rail
pressure

5.000 600 b 370.3 23.5 524 1.5 0.954 Optimized SOI

5.000 400 365.3 23.7 404 1.4 0.959 Optimized rail
pressure and SOI

15

7.000 a 600 b 306.5 27.9 834 4.0 - Stock condition

7.000 a 400 305.0 27.9 612 3.5 0.973 Optimized rail
pressure

5.000 600 b 306.0 27.9 685 3.4 0.971 Optimized SOI

5.000 400 301.9 28.1 500 3.3 0.977 Optimized rail
pressure and SOI

20

7.000 a 600 b 282.6 30.3 955 7.8 - Stock condition

7.000 a 400 279.7 30.4 661 5.3 0.969 Optimized rail
pressure

5.000 600 b 280.4 30.3 756 5.3 0.966 Optimized SOI

5.000 400 277.2 30.6 506 5.2 0.974 Optimized rail
pressure and SOI

a Stock SOI timing; b Stock rail pressure setting.
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On the other hand, an experiment with optimized parameters was performed for
the confirmation of optimization results and the outcome was compared to the predicted
value. Shown in Table 10 are the experimental and predicted results. As can be seen, the
percentage error between the experimental and predicted results for most of the parameters
is less than 5%, except for the smoke result. Higher error for the smoke result can be
associated with the considerably lower exhaust smoke level which is below the instrument
detection limit and consequently results in a less stable measurement. Nevertheless, in
general, the optimum parameters suggested by the software are acceptable. In addition,
as shown in Table 11 is the comparison of engine out-responses for the optimized MB50
fuel and baseline diesel at 20 Nm. As aforementioned, the engine operating condition
for baseline diesel is set at constant stock values of 600 bar and 7◦BTDC. As can be seen,
improvement results were obtained for BTE, NOx and smoke, but with some deteriorating
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in BSFC. This has demonstrated a simultaneous reduction in NOx and smoke emissions
can be obtained without sacrificing BTE. In fact, the highest reduction of 75.3% in NOx
emission was obtained for the optimized MB50 fuel as compared to the baseline diesel and
this again demonstrated the effectiveness of the optimization approach used in this study.

Table 10. Comparison of experimental and predicted results under optimized rail pressure and SOI
at 20 Nm.

Parameter Experimental Predicted Error = Experiment−Predict
Experiment ×100%

BSFC (g/kWhr) 282.5 277.2 1.9%
BTE (%) 30.3 30.6 −1.0%
NOx (ppm) 530 506 4.5%
Smoke (%) 6.2 5.2 16.1%

Table 11. Comparison of optimized MB50 fuel and baseline diesel at 20 Nm.

Parameter MB50 Diesel Changes (%)

BSFC (g/kWhr) 282.5 278.0 1.60
BTE (%) 30.3 28.7 5.30
NOx (ppm) 530 929 −75.30
Smoke (%) 6.2 9.8 −58.10

4. Conclusions

It can be inferred from this analysis that the feasibility of Moringa Oleifera oil as a
non-edible feedstock for biodiesel production is possible. In this study, using a single-step
transesterification technique, biodiesel was successfully processed in the presence of base
catalysts. Related to fossil diesel fuel, the physicochemical properties of the MB50 blend
are found to be similar. The ASTM biodiesel requirements were met by all of the properties.
Furthermore, the effects of the MB50 blend on engine efficiency, exhaust emissions, and
combustion characteristics have been successfully assessed at 1000 rpm under different
loads. A further analysis on the optimization of fuel injection parameters for MB50 fuel was
optimized by using RSM. The SOI and FIP were included in the fuel injection parameters.
The following key findings are summarized as follows:

• As compared to the baseline diesel fuel, the use of MB50 has improved the BSFC
for engine service in stock conditions. Furthermore, the BTE of MB50 is consistently
higher than that of baseline diesel in all load conditions.

• In terms of engine-out emissions, the NOx emission for the MB50 fuel increased
relative to that of baseline diesel across all engine loads. For the MB50 at 10 Nm,
the largest increment in NOx reported was around 5.9%. On the other hand, an
improvement effect on the reduction of smoke emissions was observed with MB50
fuel across all engine loads.

• On the aspects of combustion, the MB50 fuel has produced higher in-cylinder combus-
tion average temperature and the peak has shifted later toward the expansion stroke.
This phenomenon has resulted in an extended residence period at high temperatures
and raises the emission of NOx.

• It can be inferred that RSM is an effective optimization approach for obtaining opti-
mum fuel injection parameter settings for adaptation of MB50 fuel in a common rail
injection diesel engine. The RSM optimization led optimum operating parameters in
improving combustion characteristics, resulting in a simultaneous reduction in NOx
and smoke emissions without compromising BTE. With MB50 fuel, the highest NOx
reduction of 75.3% can be obtained with optimum fuel injection parameter settings.

• The most optimistic response characteristics has been attained with optimization of
the dual factors of FIP and SOI. The optimum injection parameters to achieve higher
performance levels and cleaner exhaust emissions has been obtained with retarded
SOI of 5◦BTDC and 400 bar of injection rail pressure. Besides, the percentage error
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between the experimental and predicted results is found to be less than 5%, with the
exception for the smoke result.

Overall, the Moringa Oleifera based biodiesel blend can be considered as a suitable
and practicable biodiesel fuel for operating in diesel engine. Besides, it can be inferred that
RSM is an effective optimization approach for obtaining optimum fuel injection parameter
settings. With that, a more explicit understanding of the adaptation of MB50 fuel in diesel
engine can be provided for engine operation under the best possible conditions.
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Nomenclature

ANOVA Analysis of variances
ASTM American society for testing and materials
BSFC Brake specific fuel consumption
BTDC Before top dead centre
BTE Brake thermal efficiency
CCD Central composite design
CO Carbon monoxide
CV Coefficient of variation
ECU Engine control unit
FAME Fatty acid methyl ester
FIP Fuel injection pressures
F-test Fisher’s test
HC Unburned hydrocarbon
HRR Heat release rate
MB Moringa oil biodiesel
MB50 50% biodiesel, 50% petroleum diesel
NOx Nitrogen oxides
p-value Probability of error value
R2 Coefficients of determination
rpm Revolution per minute
RSM Response surface methodology
SOI Start of injection
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