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Abstract: Fossil fuels are depended upon often in the transport sector. The use of diesel engines in
all areas produce pollutants, such as NOx and CO, which cause serious environmental pollution
and hazards, such as global climate change and breathing difficulties. Conventional fuel usage
should be reduced, and there should be a shift toward alternative fuels. For compression ignition
(CI) engines, microalgae biodiesel has been promoted as a clean, sustainable fuel. This is because
it possesses desired traits, such as a quick rate of development, high productivity, and the capacity
to turn CO2 into fuel. When algal biodiesel is used, pollutants, such as CO, UBHC, and smoke, are
typically reduced, whereas NOx emissions are typically increased. The adoption of an exhaust gas
recirculation technology and the advancement or delay of injection timing can effectively reduce
NOx formation. Incorporating antioxidant chemicals such as butylated hydroxyl anisole (BHA) into
fuel also minimizes NOx formation. In this study, the use of microalgae biodiesel as a substitute fuel
for CI engines was investigated by altering the injection timing and adding each antioxidant in two
doses. According to ASTM standard test procedures for biodiesel, the fuel qualities of various blends
of algal biodiesel with antioxidants were tested and compared with the diesel fuel. The experiments
were conducted using CI engines, and parameters were examined, such UBHC, CO, NOx, and
smoke opacity. In comparison to diesel fuel, B20 + 30% BHA (21 bTDC) blends produced 49% lower
oxides of nitrogen. The smoke, HC, and CO emissions of fuel blend B20 + 30% BHA (25 bTDC) were
reduced by 33.33%, 32.37%, and 11.21%, respectively, compared with those of diesel fuel. The fuel
blend B20 + 30% BHA (25 bTDC) showed the highest brake thermal efficiency of 14.52% at peak load
condition. A multi-output regression deep long short-term memory (MDLSTM) model was designed
to predict the performance and emissions of CI engines operating with varied fuel mixtures. The
average RMSE and R2 values for the proposed MDLSTM were 0.38 and 0.9579, respectively.

Keywords: machine learning; injection timing; BHA; MDLSTM; RSME; antioxidants

1. Introduction

Increasing energy consumption and pollution make research on renewable energy
sources increasingly crucial [1]. The usage of fossil fuel in internal combustion engines leads
to a number of environmental problems [2]. A fuel called biodiesel is created using catalysts
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and vegetable oils. The majority of developing nations experience environmental pollution
due to fossil fuel usage, and biodiesel provides a solution to this issue [3]. Researchers
selected biodiesel after taking into account its economic, environmental, and sustainable
characteristics [4]. In order to make biodiesel commercially viable, it is essential to weigh
the benefits of using a low-cost, nonedible oil to reduce production costs [5].

“The use of vegetable oil for engine fuel may appear minor today but such oil may
become, in the course of time, as vital as petroleum”, wrote Rudolf Diesel regarding his
engine that ran on peanut oil [6]. Fossil fuels are mostly found in a few locations worldwide,
as is generally known. Many researchers have worked diligently to use vegetable oils as a
motor fuel as they cut down on pollution and the demand for fossil fuels. Vegetable oils
are renewable and emit no emissions; therefore, they are the most significant and have the
most potential as fossil fuel substitutes [7].

They have a poor heat capacity and high viscosity, which leads to gum formation,
thermal oxidization, and reduced engine endurance. Engines may run poorly and sustain
harm if these oils are used without any changes. Contamination develops and sticks to
piston rings due to the direct use of vegetable oil. Therefore, some preparation work
is needed before using vegetable oils as fuel. Vegetable oils can be made useable by
using a variety of techniques. The most well-liked of these is transesterification. There
are two methods to extract algae oil: one is solvent extraction, and the other one is the
transesterification process. The solvent extraction method uses the alcohol n-hexane as
the solvent and was used to obtain algae oil. Using this method, dry algae biomass was
converted to 28% of the algae oil. Algae biodiesel was produced by adding methanol and
potassium hydroxide to the transesterification process. The optimum results obtained with
20% biodiesel were then compared with all other tested fuels. Then, the increased brake
thermal efficiency (BTE) and the brake-specific energy consumption (BSEC) from the B20
blend were compared with mineral diesel fuels. B20 was also compared with mineral diesel
fuel based on its ability to gradually reduce nitrogen oxides and smoke characteristics in
a diesel engine (the B50 biodiesel blend is similar to and interchangeable with the B20
mix) [8–11]. If biodiesel from different strains is used, some pollutants can be reduced, but
an increase in nitrogen oxides is frequently seen, which is linked to greater combustion
chamber temperatures. Emulsions offer a viable option with considerable reductions in
CO2 and NOx when used in place of blends or straight biodiesel. The blends designated as
B20, B30, B40, and B100 were used in the studies, which involved biodiesel in five ratios.
Compared to diesel fuel, the tested blend B20’s brake-specific fuel consumption (BSFC) at
full load was nearly identical to that of the basic diesel fuel’s BTE, and vice versa [12–22].

Compared with diesel fuels, the B20 blend had somewhat lower emissions charac-
teristics for smoke, nitrogen oxides, and hydrocarbons [23]. To lessen the fuel’s density
and viscosity, biodiesel was extracted using the traditional transesterification procedure.
Kar-bia seed was used to create a B20 fuel blend, which was then tested in a traditional
engine. Compared with diesel fuels, B20’s performance attributes improved. The B20 blend
fuel’s emissions characteristics, specifically its carbon monoxide and particle emissions,
could be reduced, with the exception of nitrogen oxide pollution. Finally, it can be said that
B20 fuel, which is made from used cooking oil, has the potential to lessen environmental
pollution [24].

Numerous studies are now concentrating on biodiesel with antioxidant compounds
to improve performance and emissions characteristics. The n-octanol additive agents can
be blended with fossil fuel and then contrasted with mineral diesel fuel. When n-octanol
fuel was added to biodiesel, the BTE went up, while the BSFC went down. When n-octanol
was added to biodiesel, the emissions characteristics of nitrogen oxides, carbon monoxide,
and hydrocarbons decreased. The results were then compared with those of base diesel
fuel [25].

Waste plastic oil was recovered by applying the pyrolysis method, and then biodiesel
and n-butanol were combined to drive a standard diesel engine. Waste plastic oil was mixed
with n-butanol. The results were then compared with those of diesel fuel after the addition
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of 10% n-butanol to the fuel to lower the oxides of nitrogen. Soot emissions dropped,
whereas hydrocarbon emissions increased. When n-butanol was added, performance traits
such as BTE improved. Then, they were compared with those of diesel fuel [26]. An
increase in n-propanal caused the smoke opacity to decrease, and the use of PR10, PR20,
and PR30 blend fuels caused the smoke opacity to decrease by 13.33%, 33.33%, and 60%,
respectively. In contrast, as the exhaust gas recirculation (EGR) rates increased, the smoke
opacity also increased.

The results of these three blends were compared with those of pure diesel fuel as they
demonstrated that the oxides of nitrogen increased without EGR and dropped when EGR
rates increased. Finally, it was determined that, compared with plain diesel, adding n-
propanal to fuel might lower CO, HC, and NOx emissions [27]. The three concentration vol-
umes with percentages of 10%, 20%, 30%, and 45% were used to test the n-pentanol/diesel
fuel blends. According to the test results, using 45% n-pentanol/diesel in a conventional
diesel engine significantly reduced smoke and nitrogen oxide emissions. When EGR
rates increased, nitrogen oxides reduced relative to clean diesel, whereas smoke emissions
increased by 20%.

Parameters of diesel engines, such as injection timing and injection pressure, are
another area of interest for researchers. Modifications to the piston, such as heat barrier
coating and piston design characteristics, have been the subject of research. The current
study focuses on the diesel engine’s injection time to lower nitrogen oxide emissions.
Dual biofuel (rubber seed and jatropha) was used in a single-cylinder diesel engine by
delaying the injection timing from the standard 24◦ to 21◦. The percentages of biodiesel
added to regular fossil diesel were 20% (B20), 40% (B40), and 60% (B60). The effect of
various injection times on the diesel engines was determined in this study using a dual
biofuels system.

Brake-specific fuel consumption, CO (carbon monoxide), NOX (nitrogen oxides), and
UHC were the performance and emissions characteristics taken into consideration for the
tests (unburned hydrocarbon). The results showed that the SFC content of the B20 blend
was lower than that of pure diesel fuel, whereas the SFC content of the B40 and B60 blends
was greater than the B20 blend. In addition, it was found that the emissions of CO and
UHC reduced, but those of NOx increased as the biodiesel content of the fuel mixture
increased. The authors conducted their research with a variety of different fuels, including
mineral diesel, alcohol, and biodiesel.

Increased thermal efficiency, increased fuel efficiency, reduced CO emissions, and
increased NOx emissions were all reported when diesel fuel injection timing was opti-
mized. Reduced cylinder pressure, low peak temperature, and delayed injection timing all
contributed to decreased NOx emissions. As fuel injection was delayed, both combustion
time and cylinder peak pressure diminished, which resulted in lower fuel efficiency and
higher fuel consumption. However, enhanced combustion, greater fuel efficiency, the fuel’s
capacity for oxidation, and increased cylinder temperatures led to a decrease in O2, carbon,
and UBHC emissions.

Diesel–biodiesel fuel blends often resulted in greater CO and HC emissions; however,
the NOx emissions reduced when the timing of the injection was delayed. To investigate
combustion and performance parameters, evaluated biodiesel–diesel–ethanol blends in
CI engines with altered injection times. The fuel blends were tested in this experiment
using a Euro III multi-cylinder diesel engine. The test engine’s fuel consumption rate then
decreased by 4% with modified injection timing, and a 20% reduction in fuel consumption
was noted for high torque conditions. Beginning with a ratifying specific fuel consumption
trend, the ethanol blend increased up to 30% for injection time adjustment. When tested
with CI and spark-ignition (SI) engines, the ethanol produced specific energetic fuel con-
sumptions between 7.1 and 12.6 MJ/kWh for the CI engine and a spectrum range between
10.7 and 13.5 MJ/kWh for the SI engine. The engine’s injection timing changed due to the
presence of ethanol, and the optimized timing predicted the correct trend. The 1◦ advance
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in timing resulted in a 5% increase in the amount of ethanol that was present in the test
fuel mixes.

Predicting engine performance and emissions using advanced artificial intelligence
serves as a useful tool to reduce the number of experiments and simulations analyzed.
Ref. [28] investigated the effect of an orange peel biofuel blend augmented with graphene
oxide nanoparticles on the performance characteristics of a CI engine. BTE, BSEC, and
emissions for different fuel blends were evaluated using an experimental approach. Finally,
an artificial neural network (ANN) prediction model was developed which used the experi-
mental data to predict the BTE, BSEC, and emissions of different fuel blends. The developed
ANN model showed a good prediction accuracy with the mean absolute percentage error
ranging from 0.84 to 4.12. Ref. [16] investigated the emissions performance of a micro gas
turbine that operated with different blends of jet fuel with microalgae blends (20% and
30%). In total, 51 fuel combinations were experimentally evaluated to find the performance
and emissions characteristics. A decrease in CO, CO2, and NOx emissions was observed
for certain fuel blends. A long short-term memory (LSTM) network was developed using
the experimental data to predict the performance and emissions characteristics of the micro
gas turbine for different fuel blends.

The literature review demonstrated that biodiesel’s performance was enhanced and
harmful pollutants were reduced owing to the use of various additives. Normally, in a
diesel engine, the oxides of nitrogen, HC, and CO are high when using injection timing
techniques. To overcome this problem, some additives, such as p-phenylenediamine
(PPDA), A-tocopheryl acetate, L-ascorbic acid, and butylated hydroxyanisole (BHA), can
be added. Many studies have been done using p-phenylenediamine (PPDA), A-tocopheryl
acetate, and L-ascorbic acid, but only a few studies have been done using BHA. The
novelty of this work includes increasing the performance of the engine to cut down the
pollution coming out from the exhaust. Algae biodiesel played a very important role in
this investigation. The percentage of antioxidants was increased to get optimum results.
Many studies already considered the addition of 30% antioxidants with biodiesel to achieve
optimum results. The diesel engine’s performance and emissions characteristics were
improved by adjusting the injection timing and adding fuel additives. The current study
used different injection timings, such as 21◦, 23◦, and 25 ◦bTDC, algal biodiesel, as well as
some antioxidant compounds in the diesel engine. The outcomes were compared with those
of diesel fuel. Furthermore, a multi-output regression deep LSTM (MDLSTM) model was
developed to predict the CI engine performance and emissions characteristics of different
fuel additive ratios.

In Tables 1 and 2, two symbols are used, including an upward symbol and a downward
symbol. The upward symbol represents an increase, and the downward symbol represents
a decrease.

Table 1. Previous studies showing the performance and emissions characteristics using biodiesel and
injection timing.

No. Fuel BTE BSFC CO NOx HC Smoke
Opacity Ref.

1. Waste oil methyl ester
(24 ◦bTDC) ↑ ↑ ↓ ↓ ↓ ↓ [29]

2. Algae oil methyl ester
(25 ◦bTDC) ↑ ↓ ↓ ↑ ↓ ↓ [30]

3. Karanja oil
(24 ◦bTDC) ↑ ↓ ↑ ↓ ↓ [31]

4. Mahua oil
(25 ◦bTDC) ↑ ↑ ↓ ↓ ↓ ↓ [32]

5. Roselle biodiesel oil
(19–25 ◦bTDC) ↓ ↓ ↓ ↑ ↓ ↓ [33]
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Table 2. Properties of fuels.

Properties Diesel Algae Biodiesel (B20)

Density (kg/m3) at 15 ◦C 830 836.5

Viscosity (mm2/s) at 40 ◦C 2.9 3.26

Cetane Number 45–55 48.88

Calorific Value (MJ/kg) 42.5 42.2

Flash Point (◦C) 76 86.6

C (%) 87 84.9

H (%) 12.5 12.45

O (%) 0.4 2.48

2. Outline of Algae Biodiesel

Improving the biomass per acre of algae is essential to use it as a renewable fuel.
According to some researchers, algae may be 10–100 times more productive than bioenergy
feedstock. Realizing the potential of sustainable and affordable algal biofuels demands high
production in the real world. Algae may be transformed into fuels for automobiles, trains,
planes, and trucks. Carbohydrates, proteins, and lipids or natural oils are the three primary
components that make up the biomass of algae. The majority of natural oil produced
by microalgae is in the form of triacylglycerol, which is an appropriate kind of oil to use
when manufacturing biodiesel; therefore, microalgae are the exclusive focus of attention for
preparing biodiesel in the field of algae. In addition to biodiesel, microalgae have potential
to produce a variety of other forms of usable energy. Certain types of algae are capable of
producing hydrogen gas, given the right cultivation circumstances. In addition, biomass
from algae can be burned like wood, or it can be digested anaerobically to produce methane,
which can then be used to generate heat and electricity. Pyrolysis is another method that
can be used to process algal biomass to produce crude bio-oil.

2.1. Production of Algae Biodiesel

A number of algae generation methods are currently being worked on, including
open lakes, closed photo-bioreactors, maturation tanks, half-breed frameworks, and other
techniques that combine these different techniques. Basically, there is no single approach to
develop algae on a large scale, and this adaptability is one of algae’s best qualities.

Most of the time, the methodology chosen is structured exclusively to boost algae
growth and development to then create fuel, synthetic substances, or other modern items.
How precisely these frameworks work depends on where they are found and the ideal end
result. This study investigates a few imaginative green growth development frameworks
that are currently being studied in the United States. Figure 1 shows the production of
algae biodiesel.

2.2. Prepared Fuels

The world’s fastest-growing species are algae. Open ponds, photobioreactors, and
closed systems are industrial reactors for algae culture. Algae are a crucial source of biomass.
One day, algae will be a competitive source of biofuel. Algae can serve as a more efficient
and disadvantage-free alternative to oil-based fuels. Algae are among the plants with the
highest rate of growth, and nearly half of their weight is oil. Biodiesel is derived from algae
plants with help from the transesterification process. The density and viscosity of biodiesel
are very close to those of diesel fuel. The prepared biodiesel blend B20 (which uses 20%
biodiesel + 80% diesel) is added along with the antioxidant agents. The antioxidant agents
are added to the biodiesel in different proportions of butylated hydroxyanisole, such as
30 ppm. The fuel blend prepared includes B20 (20% biodiesel + 80% diesel + 30 ppm
BHA) to find the effect of injection timing on the performance, combustion, and emissions



Sustainability 2023, 15, 603 6 of 19

characteristics of diesel engines operated under a full-load condition. These results were
compared with mineral diesel fuels. Table 2 shows the properties of the prepared fuel.

Figure 1. Production of algae biodiesel.

2.3. Injection Timing Adjustments

Typically, injection time is changed to increase engine power. Power can be increased
by moving the injection time forward. Timing may occasionally be changed to the reverse
direction to address smoke or latency issues. Advancing an engine’s timing moves combus-
tion forward in time (i.e., modifying the timing makes ignition happen sooner). The reverse
of advancing an engine’s timing is retarding it. It occurs when timing is adjusted so that
ignition happens later than the manufacturer’s original recommended time. Depending on
the type and year of the engine, a person can change injection timing in a number of ways.
The ECM must be programmed, the fuel injection pump must be adjusted, the camshaft
must be replaced, and the cam followers or gaskets must be replaced.

2.4. Engine Setup

Figure 2 shows an experimental single-cylinder, air-cooled, vertical, direct-injection
diesel engine. It generates 4.4 kW at 1500 rpm and is linked to an eddy current dynamome-
ter. An anti-pulsating drum, an air heater, and air temperature measuring equipment are
on the engine’s inlet components. An EGT indicator, an exhaust gas analyzer, and a smoke
sampler are engine exhaust components. A separate fuel-measuring device assesses algae
biodiesel blend usage. The test setup includes a 64-bit DAQ system to measure crank angle
and cylinder pressure [34–37]. The data systems are used to find the combustion parame-
ters. An AVL exhaust analyzer was used to determine the smoke opacity. Uncertainty was
calculated in this study.
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Figure 2. Engine setup.

3. Result and Discussion
3.1. Oxides of Nitrogen

The variation in oxides of nitrogen and all the tested fuels related to brake load under
a full-load condition are shown in Figure 3. In general, the diesel engine produces lower
oxides of nitrogen at starting load condition, and they increase under full-load condition.
After adding the BHA antioxidants to the fuel, the oxides of nitrogen increase gradually
compared with the neat diesel fuel because of increased oxygen content in the fuel [38]. The
fuel blend B20 + 30% BHA (23 ◦bTDC) shows reduced oxides of nitrogen by 43% compared
with the conventional fuel (D100) under peak load condition. This is the result of the cooling
impact generated by high latent vaporization heat of BHA and greater oxygen content
which produce a low peak temperature during the combustion process. B20 + 30% BHA
(21 ◦bTDC) had 49% less oxides of nitrogen than diesel fuel as a result of the antioxidants’
ability to inhibit the formation of peroxyl-free radicals by reacting with aromatic amines.
The fuel blend B20 + 30% BHA (25 ◦bTDC) had 9.9% greater NOx emissions compared
with diesel fuels, which may be attributed to the creation of peroxyl-free radical forms and
an increase in the combustion temperature. An unpaired electron in a molecule, known as
a free radical, determines the rate of oxidation for that molecule.

3.2. Smoke

The variation in smoke opacity and all the tested fuels related to brake load at full-load
condition is shown in Figure 4. Smoke opacity emissions are high in the neat biodiesel
compared with all the tested fuels. In previous studies, algae biodiesel showed a high
smoke opacity [6,26]. Smoke opacity decreases when BHA antioxidants are combined
with algae biodiesel and diesel fuel due to an increase in fuel oxygen in the blends and
oxygen concentration, even in fuel-rich regions. At 23 ◦bTDC, diesel fuel shows less smoke
opacity than B20 + 10% BHA–21 ◦bTDC fuel with standard injection timing. That could
be due to the greater cetane number of diesel and the delay period resulting from the
different injection timings of 23◦ and 21 ◦bTDC. At maximum engine loads, the 25 ◦bTDC
fuel shows reduced smoke emissions compared with other fuels. The reason for minimal
emissions is that the engine operated with the maximum extent of injection timing of
25 ◦bTDC, which increases the residence time for fuel and air mixing and results in clean,
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regulated combustion [39–43]. These combined actions finally reduce the smoke emitted
by the advanced injection timing.

Figure 3. Variations in brake power and oxides of nitrogen in all fuel blends.

Figure 4. Variations in brake power and smoke in all fuel blends.

3.3. Carbon Monoxide

Figure 5 shows the variation of carbon monoxide and all the tested fuels related to
brake load at full-load condition. Carbon monoxide is formed in the diesel engine because of
incomplete combustion caused by the unavailability of oxygen content. Carbon monoxide
emissions increase during engine start; however, the addition of BHA antioxidants to the
fuel reduces carbon monoxide emissions in diesel engines. Owing to its short burning
time and lack of preparation time in the combustion bowl, the blend B20 + 30% BHA
(21 ◦bTDC) produces the highest carbon monoxide levels (0.21%) of all the tested fuels. The
addition of BHA antioxidants and high temperatures under high-load conditions cause the
blend B20 + 30% BHA (25 ◦bTDC) to show low emissions of 0.16% compared with diesel
fuel [44–48]. A longer delay period enhances the spray pattern and atomization of fuel,
which then enhances combustion in the cylinder.
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Figure 5. Variations in brake power and carbon monoxide for all fuel blends.

3.4. Hydrocarbon

Fluctuations in carbon monoxide and all tested fuels in relation to brake load under
full-load condition are shown in Figure 6. The presence of unsaturated hydrocarbons
that are strengthened during combustion enables neat biodiesel to generally have higher
hydrocarbon emissions compared with diesel fuel. The atomization rate is low when using
a blend of B20 and 30% BHA (21 ◦bTDC) due to partial combustion and a shorter delay
period. Standard diesel at peak load and normal timing records low HC emission. The
blend B20 + 30% BHA (25 ◦bTDC) provides low hydrocarbon emission compared with
normal diesel fuel [49–52]. Improved injection timing and a longer ignition delay and
improve evaporation and precombustion preparation of the air–fuel mixture, which results
in enhanced combustion.

3.5. Performance Characteristics (Brake Thermal Efficiency)

Deviations in BTE regarding brake power for the conflation impact of different injection
timings with B20 + 30% BHA fuel are shown in Figure 7. Raw algal biodiesel has a
low thermal efficiency compared with all other evaluated fuels due to the additional
energy required to break down the significant hydrocarbon chains and the main aromatic
compounds that comprise 40% of the algae. The BTE of B20 + 30% BHA (21◦ BTDC) is low
in this test compared with all the fuels and all injection timings. It is connected with the
retardation of fuel injection timing at 21 ◦bTDC in the engine. Fuel injection retardation has
insufficient time for air–fuel mixing, and poor combustion is noted. In contrast, advancing
the fuel injection timing at 23◦ and 25 ◦bTDC results in an improved combustion process,
and hence, a higher BTE is observed [53,54]. This is due to enough residence time for
air–fuel mixture preparation in the cylinder with a longer combustion duration.
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Figure 6. Variations in brake power and hydrocarbon in all fuel blends.

Figure 7. Variations in brake power and BTE in all fuel blends.

3.6. Brake-Specific Energy Consumption

The trend for BSFC variation in brake power for different injection timings and with
B20 + 30% BHA (21 ◦bTDC) fuels is shown in Figure 8. The calorific content exerts an
important effect on fuel consumption. At a regular injection timing of 23 ◦bTDC, the BSEC
of standard diesel fuel is comparable to that of all other fuels. B20 + 30% BHA (21 ◦bTDC)
has greater BSEC than diesel due to retarded fuel injection pressure at 21 ◦bTDC. While
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the retardation process has a higher combustion temperature and pressure, it does not
have sufficient time for complete burning. Hence, a more significant amount of fuel is
consumed during the retardation process. B20 + 30% BHA (25 ◦bTDC) has lesser BSEC
compared with B20 + 30% BHA (21 ◦bTDC) and B20 + 30% BHA (23 ◦bTDC). This result
is due to the practical usage of fuel by keeping the burning process very close to TDC,
which improves evaporation in the bowl. Hence, a lower BSEC is observed for the biodiesel
blend at peak load.

Figure 8. Variations in brake power and BSEC in all fuel blends.

3.7. Combustion Characteristics Cylinder Pressure

Figure 9 shows the differences between cylinder pressures dependent on crank angle
for B20 + 30% BHA fuels combined with diesel fuel. B20 + 30% BHA (21 ◦bTDC) shows
low peaks of combustion pressure compared with all the other fuels. The low cylinder
pressure results from poor atomization and a shorter preparation time at lower injection
timing extents. At B20 + 30% BHA (25 ◦bTDC), the fuel gives inflated cylinder pressure
on par with all the injection timings and fuels. Owing to the injection timing of 25◦, the
air–fuel mixture, evaporation rate, and ignition delay period are improved. Compared
with B20 + 30% BHA at 21◦, diesel fuel at 23 ◦bTDC has a negligible effect on cylinder
pressure. Variations in time and properties, such as heating value and cetane number, lead
to an increase in pressure. B20 + 30% BHA (25 ◦bTDC) may be recommended for B20 + 30%
BHA-powered diesel engines.

3.8. Heat Release Rate

Figure 10 illustrates the differences between the heat release rate (HRR) and the
crank angle for B20 + 30%BHA diesel fuels accompanied by B20 + 30% BHA (23◦ bTDC),
B20 + 30% BHA (21 ◦bTDC), and B20 + 30% BHA (23 ◦bTDC). The HRR graph indicates
that B20 + 30% BHA (21 ◦bTDC) has a lower magnitude compared with all the other fuels.
This finding may be due to the presence of antioxidants in the fuel and a lower extent of
injection timing of 21 ◦bTDC, which results in depressed combustion. TheB20 + 30% BHA
(25 ◦bTDC) timing has maximum HRR in the cycle when it is equated with all other injection
timings. This result is likely due to an increase in the delay period and the influence of
HRR on the premixed burning phase and on the mixed-controlled burning phase, which
results in an increase in HRR.
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Figure 9. Variations in brake power and cylinder pressure in all fuel blends.

Figure 10. Variations in brake power and heat release rate for all fuel blends.

4. LSTM Prediction Model

In this work, an MDLSTM model was developed to predict the CI engine performance
and emissions for different fuel blends due to its ability to find nonlinear relations in
data. The LSTM, which is a recurrent neural network (RNN), was invented by, and it can
learn long-term dependencies within data [55]. Brake power (BP) and fuel blends with
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different pressure angles were taken as input for the MDLSTM model. The MDLSTM
model was developed in Python with Keras and Scikit learn libraries [56,57] with three
inputs, including fuel blend, injection pressure, and brake power. For given combinations
of the input, six outputs, namely BTE, BSEC, CO, HC, NOx, and smoke, were the predicted
outcomes. The MLSTM model was trained using the experimental results. The dataset
consisted of three inputs and six outputs and had dimensions of 25 × 6. This dataset was
split into training (80%) and testing (20%) datasets. The root mean square error (RMSE)
was taken as the performance indicator of the prediction for the MDLSTM. The lower the
RMSE, the better the prediction. The MDLSTM consisted of four stacked LSTM layers, and
each layer had 150 neurons trained with 21 samples. A batch size of two was taken with
the hyperparameter of 200 epochs. The RMSE values obtained for BTE, BSEC, CO, HC,
NOx, and smoke were 0.443, 0.151, 0.045, 0.535, 0.512, and 0.61, respectively. Table 3 shows
the observed and predicted values.

Table 3. The observed and predicted values.

Experimental Predicted

BTE (%)

28.43 28.54

23.89 23.67

26.12 25.2

14.25 14.41

24.12 24.34

BSEC (MJ/kW·h)

0.32 0.59

0.37 0.48

0.34 0.41

0.65 0.51

0.36 0.43

CO (% vol.)

0.17 0.25

0.063 0.054

0.14 0.084

0.075 0.055

0.07 0.065

HC (ppm)

126 125.7

62 63.05

88 87.7

32 32.92

40 40.5

NOx (ppm)

1150 1149.67

244 243.97

721 720.85

201 200.58

510 511

Smoke (%)

80 80.66

15 14.15

78 78.8

32 32

41 40.75
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The authors made an MDLSTM model which predicted that the average RMSE would
be under 0.38 and would be inside the proposed level. Additionally, the coefficient of deter-
mination (R2) was calculated to find the fitness of the MDLSTM regression model. The R2

values obtained for BTE, BSEC, CO, HC, NOx, and smoke are 0.9107, 0.9928, 0.8763, 0.9986,
0.9762, and 0.9928, respectively. Figure 11 shows overall combined graphs. The MDLSTM
model has an average R2 value of 0.9579, which shows a good correlation between the
predicted and experimental values. The correlation values for the experiments and the
predicted values are shown in Figures 12–17. This examination similarly upholds the data
expected for the test results. The created MDLSTM model is seemingly a productive instru-
ment that can foresee the boundaries of the engine that are exceptionally close to the trial
results and limit trial and error cost, time, and intricacy related to an exploratory review.

Figure 11. Combined results for all the graphs.

Figure 12. Correlation between MDLSTM predictions and experimental results for BSEC.
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Figure 13. Correlation between MDLSTM predictions and experimental results for BTE.

Figure 14. Correlation between MDLSTM predictions and experimental results for CO.

Figure 15. Correlation between MDLSTM predictions and experimental results for HC.
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Figure 16. Correlation between MDLSTM predictions and experimental results for NOx.

Figure 17. Correlation between MDLSTM predictions and experimental results for smoke.

5. Conclusions

• Antioxidants suppress the formation of peroxyl-free radicals by interacting with
aromatic amines, which results in a 49% decrease in nitrogen oxides compared with
diesel fuel.

• The engine is operated at its maximum injection timing of 25 ◦bTDC, which lengthens
the time that fuel and air have to mix before combustion and provides a clean burn.

• The inclusion of BHA antioxidants due to high temperatures at a high load condition
creates a low emission rate (0.16%) for the blend B20 + 30% BHA (25 ◦bTDC) compared
with diesel fuels.

• Compared with regular diesel fuel, the blend B20 + 30% BHA (25 ◦bTDC) offers
reduced hydrocarbon emissions. This finding might be ascribed to improved evapora-
tion and a longer ignition delay, which improve preparation of the air–fuel mixture
and result in a clean combustion.

• Improving the timing of fuel injection at 23◦ and 25◦ before top dead center leads to a
more efficient combustion process, which results in a higher BTE. This is because the
cylinder has a longer combustion duration and more time to settle and prepare the
air–fuel mixture.

• Fuel at 25 ◦bTDC with B20 + 30% BHA increases cylinder pressure, which is compara-
ble to all other fuels and injection timings. The enhanced air–fuel mixing, evaporation
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rate, and ignition delay period created by a 25◦ injection timing are responsible for the
higher performance.

• The proposed MDLSTM model can predict CI engine performances and emissions
for various fuel blends with average RMSE and R2 values of less than 0.38 and
0.9579, respectively.
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