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Abstract
Fossil fuels provide the majority of the world’s energy needs. When fossil fuels are burned, harmful pollutants have negative 
impacts on the environment. It is advantageous to use biodiesel in diesel engines. Nanoadditives were employed to enhance 
the characteristics and usage of biodiesel in cold regions. Diesel was mixed with 20% WCO biodiesel. Distribution of cerium 
and titanium oxides in B20 was 25 and 50 parts per million. Using an alkaline electrolyser, water was electrolysed at a rate 
of 0.5 litre per minute to produce hydroxy gas. Influence of methyl ester blend containing hydroxy gas and nanomaterials 
on emissions and engine performance was investigated. The largest declines in specific fuel consumption were 15 and 20%, 
whereas cerium and titanium oxides at 50 ppm with hydroxy demonstrated increases in thermal efficiency of 14 and 19% 
when related to B20. When 50 ppm of cerium and titanium oxides with hydroxy were added, the biggest reductions in smoke 
were 15% and 21%, respectively, while the biggest decreases in NOx emissions were 24% and 35% for B20 + 50C + HHO 
and B20 + 50T + HHO, respectively. For titanium and cerium oxides with hydroxy, CO concentrations were reduced by 13% 
and 20%, respectively, whereas HC was declined by 25% and 36%. ANN and linear regression methods were utilised to 
model emissions and performance. For all variables, ANN and regression fared better, with R2 values above 0.97. For more 
ecologically friendly and effective engine operation, B20 with 50 ppm cerium and titanium oxides with hydroxy is advised.
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Abbreviations
ANN	� Artificial neural network
ASTM	� American Society of Testing and Materials
B20	� Biodiesel blend (20% biodiesel + 80% diesel oil)
BSFC	� Brake specific fuel consumption, kg/kW.hr
BTE	� Brake thermal efficiency, %
CO	� Carbon monoxide concentrations, %
D100	� Pure diesel oil
EGT	� Temperature of exhaust gases, °C

HC	� Hydrocarbon emission, ppm
HHO	� Hydroxy (oxyhydrogen) gas.
NOx	� Nitrogen oxides emission, ppm
KOH	� Potassium hydroxide
LPM	� Litre per minute
MRAE	� Mean relative absolute error
MAPE	� Mean absolute percentage error
ppm	� Part per million
R2	� Coefficient of correlation
WCO	� Waste cooking oil
SEM	� Scanning electron microscope
TEM	� Transmission electron microscope

Introduction

Internal combustion engines using traditional fossil fuels 
are currently the primary suppliers of electricity and trans-
portation. Diesel engines in particular are widely used in 
power generation because of their inherent benefits, which 
include efficiency and high power-to-mass ratios. By 2050, 
non-renewable and limited petroleum supplies will be 

 *	 M. S. Gad 
	 msm19@fayoum.edu.eg

1	 Mechanical Engineering Department, Faculty 
of Engineering, Fayoum University, Fayoum, Egypt

2	 Department of Computer and Systems Engineering, Faculty 
of Engineering, Zagazig University, Zagazig 44519, Egypt

3	 Department of Computer Systems Engineering, October 
University for Modern Sciences and Arts (MSA University), 
Giza 12451, Egypt

4	 Computer Engineering Department, College of Engineering 
and Information Technology, Buraydah Private Colleges, 
51418 Buraydah, Saudi Arabia

http://orcid.org/0000-0001-5838-2038
http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-026-15335-4&domain=pdf


	 M. S. Gad et al.

depleted, according to US Energy Information Administra-
tion (EIA) projections [1]. Scientists should work to lower 
the exhaust emissions from diesel engines, which include 
smoke, unburned hydrocarbons, CO, particulate matter, and 
NOx. These pollutants are harmful to both human health and 
the environment [2]. Engine pollution regulations are getting 
stricter every year. Because of this, scientists are pushed 
to look at ways to reduce emissions and develop cleaner, 
renewable fuels that don’t require engine modifications, as 
well as more environmentally friendly alternatives [3]. Fos-
sil fuels could be completely replaced by biofuels and other 
sustainable alternative energy sources. Among various ben-
efits they provide are regional growth, reduced greenhouse 
gas emissions, renewable energy, long-term sustainability, 
and others [4]. Because it has fuel characteristics near to 
those of diesel fuel and can be used with very minimum 
engine modifications, biodiesel stands out among all other 
biofuels [5]. Because it is sulphur-free, oxygenated, sustain-
able, high flash point, biodegradable, emits fewer emissions, 
and can be made from range of feedstocks, including waste, 
vegetable, algae-derived, and microbial oils, as well as ani-
mal fats, biodiesel has the following advantages over pure 
diesel [6]. Using biodiesel has several disadvantages despite 
these advantages. Some of the main drawbacks include poor 
cold and spray characteristics, increased viscosity, lower 
calorific value, elevated NOx levels, engine power losses, 
and BSFC increase [7, 8]. As mentioned before, low fuel 
economy, poor atomisation, and cold starting issues are the 
primary issues with methyl ester fuel. Nanomaterials are 
frequently used as additives to improve engine performance 
and emission characteristics [9–11]. Metal based of low pour 
point, high flash point, oxygen content, anti-oxidation, and 
high cetane number are some ways to improve methyl ester 
properties [12].

Due to its sustainability, lack of sulphur, and lower emis-
sions of pollutants, biodiesel is regarded as one of the best 
diesel substitutes. The vital challenge to the widespread 
application of biodiesel is its high cost in comparison with 
conventional diesel fuel. Waste cooking oil (WCO) is the 
most cost-effective source of biodiesel fuel due to its low 
cost. To enhance engine performance, emissions, and com-
bustion properties, nanoparticles were introduced. Because 
of its quick vaporisation and short ignition delay, biodiesel 
combination with nanoadditives has higher cylinder pres-
sure and heat release rate than B20. Inclusion of nano-TiO2 
to biodiesel resulted in 22.57% reduction in NOx emissions 
compared to pure biodiesel. Blending biodiesel mixture with 
25 ppm concentration of nano titanium oxide resulted in 
16.25% reduction in smoke emissions [13]. When nano-TiO2 
with mass concentration of 25 ppm was introduced, BTE 
was increased by 24.94% compared to alumina with the same 
dose. When nano-TiO2 and Al2O3 were blended, the ignition 
delay period was decreased by 0.99 and 5.47%, respectively, 

related to basic fuel [14]. When TiO2 nanoparticles were 
blended with palm biodiesel, the thermal efficiency was 
increased in comparison with pure biodiesel. The use of the 
nanomaterial resulted in improvements in emissions levels 
and combustion characteristics [15]. Tamanu biodiesel B30 
was mixed with nano titanium oxide at percentages of 25, 
50, and 100 ppm. Because of the better fuel properties, there 
were reductions in HC, CO, NOx, and smoke emissions as 
compared to B30 [16, 17]. The addition of nano titanium 
oxide to methyl ester mixture reduced the levels of smoke 
[18]. For crude diesel, carbon monoxide, hydrocarbons, and 
smoke were decreased at nano titanium oxide of 100 and 200 
ppm. Because of the catalytic impact, increased oxidation 
capability, and higher thermal conductivity, addition of TiO2 
nanofluid to methyl ester resulted in emissions decreases 
[19]. Volume percentage of 40% Acacia Concinna biodiesel 
mixed with diesel oil with TiO2 nanoparticles at dosages 
variations. Since BSFC, smoke, and HC were reduced by 
18.42, 38, and 20%, respectively, in comparison with base 
fuel, the recommended amount of 150 mg/litre of TiO2 was 
reached [20].

Urgent need for a new sustainable fuel that produces no 
pollution as a result of the depletion of fossil fuels and the 
sharp rise in pollution levels that follows is urgent. Brown 
gas HHO is a blend of hydrogen and oxygen that is created 
when water is electrolysed. Hydrogen has the highest calo-
rific value and fastest flame speed. Performance and emis-
sions of karanja biodiesel and diesel blends were improved 
with 0.73 litre per minute (LPM) flow rate of HHO as com-
pared to diesel [21]. With the exception of NOx emissions, 
performance and emission outcomes are improved. When 
hydroxy gas was added to intake air instead of pure diesel 
fuel, encouraging results were obtained [22]. In relation to 
pure diesel, HHO gas’s greater oxygen content results in 
higher combustion efficiency and improved performance. 
Using the high cell gap under the same electrolyte content 
and operating temperature circumstances resulted in greater 
rate of hydroxy. When compared to fuel without HHO, 
the optimal production condition with low fuel consump-
tion and emissions was found to be an anode–cathode cell 
spacing of 10 mm. When hydroxy was added, CO emission 
was decreased by 8–12%, while NOx emissions rose. Per-
formance and emissions were improved with HHO inclu-
sion. The benefits of HHO include the additional oxygen, 
broad flammability range, high burning velocity, and lack 
of carbon [23]. Using biodiesel with HHO reduces CO, HC, 
and smoke emissions up to 50%, 40%, and 85%, respec-
tively. CO2 and NOx concentrations rose by up to 6% and 
10%, respectively, when HHO gas was applied. The carbon 
oxidation was enhanced by the addition of hydrogen and 
oxygen. The rise in NOx emissions was caused by the high 
cylinder combustion temperature. Cylinder pressure was 
improved with HHO gas inclusion [24]. When HHO is used, 
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an average of 19.1% increase in engine torque was achieved. 
Application of HHO resulted in an average decrease in spe-
cific fuel consumption of 16.3%. With HHO flow rate of 2 
LPM, 13.23% less diesel fuel was used. The longer engine 
oil life resulted in less carbon accumulation in the cylinder. 
At low engine load, specific fuel consumption was dropped 
by up to 20% [25].

Because HHO is more flammable, the temperature of the 
exhaust gas and NOx rose. Due to HHO improved proper-
ties than diesel oil, BTE was enhanced by 13.28%. Hydro-
gen in HHO caused about 6% boost in output power when 
compared to diesel oil. Using hydroxy gas decreased HC 
emission by an average of 33% and CO emissions by 23 %. 
There was an 8% decrease in smoke emissions compared 
to diesel oil. Enhanced combustion is made possible by the 
combined action of oxygen and hydrogen [26]. NaOH is 
used as a catalyst in dry cells to produce oxyhydrogen gas. 
Fuel consumption was reduced by 14.8%, reductions in CO 
and HC concentrations were 33% and 27.4%, respectively 
[27]. HHO electrolyser consists of double parallel connected 
dry cells with 14 plates, bubbler, water reservoir, current 
pulse width modulator, electrical wires and fittings. A bat-
tery of 24 V and 30 A was used as power supply to HHO 
generator to yield 10 LPM [28]. Using HHO resulted in aver-
age decreases of 13.5, 5, and 14% in CO, HC, and BSFC, 
respectively [29, 30]. The electrode material, geometrical 
parameters, electrolyte content, and current flow all affect 
the rate at which HHO gas is produced [31]. HHO cells 
come in two varieties as wet cells and dry cells. Because 
HHO dry cells are smaller and easier to install in engines, 
they were employed [32]. The HHO flow rate directly rises 
as the catalyst mass fraction in water increases. Because 
of its fast burning velocity, carbon-free content, and addi-
tional oxygen, HHO gas performed well and less emitted in 
engines [33–35].

Water was split into hydrogen at the cathode and oxygen 
at the anode using DC current. To separate water molecule, 
a voltage of about 1.23 V is required. HHO was produced 
using catalysts such as NaOH, KOH, and NaCl. KOH’s 
superior electrical conductivity has led to its widespread 
application. An unstable form of H2O vapour is called 
HHO [36, 37]. Because of its rapid burning velocity and 
low ignition energy, hydroxy fuel burned entirely at high 
flame speeds. Because of its short hydroxy quenching dis-
tance, rapid flame speed, and extended flammability range, 
the diesel fuel completely burnt under high-speed conditions 
[29]. Diesel engines were tested with hydroxy rates rang-
ing from 1 to 3.3 LPM and under various loads. Electro-
lyte type (NaOH and KOH), electrode spacing (2 mm and 3 
mm), electrode surface roughness (rough and smooth), and 
electrolyte concentration (20% and 30%) are the influencing 
factors [25, 36, 38]. When KOH was employed at 30% and 
rough electrodes were spaced 3 mm apart, stainless steel 

316L electrodes performed well [39, 40]. A dry cell elec-
trolyser produced 0.375 LPM of HHO gas. The amount of 
catalyst (NaOH), applied voltage, current, number, and area 
of electrodes and stacks were all examined [41–43]. Seven 
serial plates at the anode, 5% NaOH solution, and 3 mm gap 
made up the electrolyser. Flow rate of 1 LPM HHO was sup-
plied in the engine air intake which reduced fuel consump-
tion by 6–12% [44]. Emissions of smoke, CO, HC, and HC 
were dropped by 49%, 58, and 60 %, respectively. Increase 
in NOX emissions was caused due to the oxygen content 
of HHO [45]. Enrichment of hydroxy increased the output 
power and decreased the specific fuel consumption [46].

By adding hydrogen to diesel engines, CO and hydrocar-
bon concentrations were declined, but brake thermal effi-
ciency was improved [47]. Carbon nanotubes and titanium 
oxide nanomaterials are used in diesel engines to reduce 
brake-specific fuel consumption. Recent studies concen-
trate on the effects of combining tire oil with nano cerium 
oxide regarding emissions, combustion, and performance in 
diesel engines [48]. However, the impact of nanoadditives 
in conjunction with hydroxy gas on emissions and engine 
performance remains largely unexamined [45]. Nanoaddi-
tions show promise in improving heat transfer, promoting 
evaporation, and improving the thermal characteristics of 
base fuels. There are issues with the consistency of air–fuel 
mixing and combustion efficiency as a result of the restric-
tions on atomization and vaporisation of methyl ester [49]. 
Pyrolysis oil derived from discarded tires, compliant with 
ASTM standards, is recognised as a feasible energy source. 
The main focus of this work is how diesel engine emissions, 
combustion, and performance are affected by mixed tire oil 
containing nano cerium oxide [24].

According to this work, there is an undiscovered gap in 
the literature. The effects of biodiesel, nanoadditives, and 
hydroxy (HHO) enrichment on CI engine performance and 
emissions have been the subject of numerous experimental 
studies; however, thorough comparative studies that assess 
and validate hybrid modelling approaches for predict-
ing these effects are conspicuously lacking. The literature 
study indicated that previous studies primarily focused on 
the impacts of biodiesel/diesel blends having a single nano-
material addition, indicating a paucity of research on the 
effects of various nanomaterials at varied ratios on diesel 
engine performance and emissions. Specifically, it has not 
been extensively modelled utilising hybrid methodologies 
(ANN–regression) and benchmarked against experimental 
data with appropriate statistical validation and accurately 
forecasting on the joint influence of biodiesel–nanoaddi-
tive–HHO interactions on engine behaviour. Therefore, the 
objective of this research is to develop a model that mini-
mises money, time, and labour losses. This study’s main 
goal is to compare hybrid modelling techniques for fore-
casting engine performance and emission characteristics 



	 M. S. Gad et al.

when using biodiesel fuels supplemented with hydroxy 
and nanoadditives. The specific goals are to determine the 
predictive accuracy of various hybrid models under various 
operating conditions and evaluate their capacity to capture 
the combined effects of HHO enrichment and nanoadditive 
to determine the most dependable modelling framework for 
performance and emission prediction. Statistical validation 
criteria as R2, MRAE, and MAPE were used compare the 
accuracy and robustness of the suggested models and com-
pare their predicted performance to experimental findings.

Addition of nanocerium and titanium oxides improved 
the thermal properties of the base fuel. Issues with atomiza-
tion and vaporization during biodiesel operation resulted in 
improper fuel–air mixing and insufficient combustion. This 
study reduces the negative effects of disposing of WCO and 
saves money by using non-edible oil that generates more 
biodiesel. It is possible to turn used cooking oil into usable 
energy. WCO was converted to methyl ester by transesteri-
fication process and mixed with diesel oil in 20% by vol-
ume. ASTM states that the properties of biodiesel and diesel 
combination are comparable to those of diesel oil. Biodiesel 
mixture B20 was supplemented with nanomaterials such as 
cerium and titanium oxides at varying concentrations of 25 
and 50 parts per million. Hydroxy gas was produced from 
dry electrolyser and injected into the air intake at 0.5 litre per 
minute. This research compares two modelling approaches: 
linear regression and artificial neural network. The accuracy 
of the prediction model was shown by comparing the outputs 
of the modelling approach with the experimental findings. 
Thermal efficiency, specific fuel consumption, and exhaust 
gas temperature were used to assess engine performance. 
Exhaust concentrations, such as smoke, HC, CO, and NOx, 
have been studied. This work supports future waste-to-
energy and low-carbon fuel applications in CI engines by 
developing modelling system that can accurately estimate 
performance and emission trends.

Methodology

Biodiesel conversion

Waste cooking oil is not used directly in diesel engines 
because of its increased viscosity and density. WCO was 

purified of pollutants and gums. WCO was preheated to 
100 °C in order to eliminate the humidity. The oil is then 
transferred into a flask that is held up by condenser, mag-
netic stirrer, and thermometer. Methoxide was produced by 
mixing of 1:9 molar methanol with 1.5% by mass potassium 
hydroxide. WCO was transformed into methyl ester during 
the transesterification process. The oil and methoxide mix-
ture was stirred for 90 min. at 60 °C to create methyl ester 
and glycerin. The mixture was left in the separating funnel 
for 12 hrs. to remove the glycerin and ester. The catalyst, 
impurities, and unreacted methanol are eliminated using 
warm water. A rotary evaporator was used to dry the bio-
diesel after the water was removed. Diesel oil and methyl 
ester were mixed in 20% volumetric ratio. The character-
istics of crude diesel and biodiesel mixtures are listed in 
Table 1.

Pretreatment of biodiesel with nanoadditives

Nanotech, Egypt, provides cerium and titanium oxides, and 
its properties are shown in Table 2. Utilising transmission 
electron microscope (TEM) and scanning electron micro-
scope (SEM), the surface and morphology of nanoadditives 
were investigated. SEM and TEM of nanoparticles are dis-
played in Figs. 1 and 2. B20 biodiesel blend was mixed with 
nanomaterials. To create the tested fuels, nanoparticles were 
added to the methyl ester mixture at mass fractions of 25 
and 50 ppm as 0.0025 and 0.005% by volume, respectively. 
The purpose of selecting these concentrations is to eliminate 
the suspension and improve stability. Pulse rates were used 
in conjunction with magnetic stirring and ultrasonication 
to disperse the nanoadditives throughout the base fuel and 
avoid agglomeration. It took 45 min. of constant agitation 
to get the uniform dispersion. Blended methyl ester with 

Table 1   Properties of biodiesel 
and its mixtures

Properties Method Biodiesel WCO B20 Diesel

Specific gravity @ 15 °C , kg m−3 ASTM D- 4052 0.883 0.84 0.835
Kinematic viscosity @ 40 °C , cSt ASTM D- 445 4.5 3.1 2.9
Flash point, °C ASTM D- 93 120 82 72
Cetane number ASTM D- 13 52 50 49
Calorific value, MJ kg−1 ASTM D- 224 39.5 41.5 42

Table 2   Properties of nanoparticles

Properties TiO2 CeO2

Manufacturer Nanotech. company
Appearance (colour) White White
Bulk density, gm cm−3 0.24 0.53
Avg. size (TEM) 35 ± 5 nm  < 50 nm
Shape Spherical Spherical
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nanoparticles should be administered immediately after 
preparation to prevent sedimentation. To get concentrations 
of 25 and 50 ppm, 0.025 and 0.05 g of each nanomaterial 
were added to 1 litre of the blend, respectively. B20 + 25T, 
B20 + 50T, B20 + 25C, and B20 + 50C were the names 
assigned to the biodiesel blend combinations that included 
TiO2 and CeO2 of 25 and 50 ppm, respectively. Surfactants 
like Span80 (1%) and Tween80 (1%) were employed to scat-
ter the nanomaterials and increase the stability of the methyl 
ester mixture. To assess stability, a mixture of biodiesel and 
nanoparticles was kept in a long tube under static conditions 
for fifteen days to check the samples stability.

HHO production

The electrolyser configuration included parallel dry cell 
with pulse width modulation, electrical connections, sole-
noid relay, fittings, water reservoir, and bubbler. The cell 

was rectangular and measured as 250 × 200 mm. A flame 
arrestor was installed to eliminate the engine backfire. The 
dry cell was powered by 12V and 20A DC battery. Rectan-
gular 316L stainless steel plates with clamped gaskets that 
allowed water to pass between them to build this specific 
dry cell. Hydroxy gas was generated by the nine-plate cell 
directed towards the bubbler. A constant 0.5 LPM of HHO 
was fed into the engine’s air intake manifold. The used 
catalyst is KOH of 20% concentration. The HHO flow rate 
was determined by measuring the volume of water col-
lected in the graduated reservoir over predetermined time. 
Dry HHO electrolyser is schematically illustrated in Fig. 3.

Experimental setup

The experiment used a four-stroke, air-cooled, and single-cyl-
inder diesel engine that could provide up to 5.7 kW of power at 
1500 rpm. The engine has 17.5:1 compression ratio, diameter 

Fig. 1   SEM and TEM analysis 
of nanomaterial

SEM of nano CeO2 TEM of nano CeO2(a) (b)

Fig. 2   Photographs of SEM and 
TEM for nanoadditive

          

SEM Photos of nano TiO2 TEM Photos of nano TiO2
(a) (b)
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of 100 mm, and stroke of 105 mm. The test rig system’s sche-
matic description is displayed in Fig. 4. An AC generator with 
an electrical output of 10.5 kW that was directly linked to the 
engine to calculate the engine’s brake output power. Output 
voltage and current data were used to determine how much 
electricity that the load bank consumed. To reduce the pulsing 
air flow, sharp edge orifice was placed at the side of the air box 
and used to compute the intake air flow. A U-tube manom-
eter was used to evaluate the pressure drop across the orifice. 
Type K thermocouple was used to measure the temperatures 
of intake air and exhaust gas. Measurements were made of 
smoke and exhaust gas emissions as CO, HC, and NOx. Gas 
analyser (HC (0–2000 ppm), NO (0–4000 ppm), (O2 (0–22%), 
CO2 (0–10%), and NO2 (0–1000 ppm)) was used with smoke 
meter (opacity 0-99% and resolution 0.1). Before the tests, the 
engine was first ran without load for 20 minutes to warm it up 
using diesel under steady state conditions to ensure the engine 
stability. Methyl ester mixture B20, which was blended with 
nanoparticles, was then used to power the engine. The engine 
was operated with range of loads and stable running speed 
of 1500 rpm at each measurement. Uncertainty analysis was 
used to assess data dependability and repeatability in order 
to guarantee statistical validity. For thermal efficiency, HC, 
NOx, CO, and smoke emissions, the largest degree of uncer-
tainty was found at ±1 ppm, ±1 ppm, ±0.01% vol., ±1%, and 
±1.5%, respectively. Engine speed, brake power, exhaust gas 
temperature, and specific fuel consumption were determined 
to have the highest measurement errors, at 0.2, 0.85, 0.2, 2.2, 
and 0.15 %, respectively. By summing up all of the parameter 
uncertainties, the overall uncertainty was calculated using the 
following formula.

where
Output load uncertainty is represented by ubp, EGT 

uncertainty by uTexh, engine speed uncertainty by uN, CO 
concentration uncertainty by uCO, HC emission uncertainty 
by uHC, BSFC uncertainty by usfc, BTE uncertainty by 
uther, and NOx uncertainty by uNOx.

Engine performance and emissions forecasting

It is useful to employ a mathematical model to predict engine 
performance and emissions because it can be expensive and 
time-consuming to set up tests for engine performance evalu-
ation and track pollutants. Based on experimental input–out-
put tests, this model employs various combinations of engine 
brake power and fuel blends. Three mathematical models 

√
(ubp)2 + (uTexh)2 + (uN)2 + (usfc)2 + (uther)2 + (uHC)2 + (uCO)2 + (uNOx)2

=

√
(0.85)

2
+ (0.2)

2
+ (0.15)

2
+ (2.2)

2
+ (1.5)

2
+ (0.01)

2
+ (1)

2
+ (0.2)

2
+ (1)

2
+ (1)

2
= ± 3%

were used to forecast the output variables: ANN and regres-
sion. These methods are reviewed in the section that follows.

Linear regression

Linear regression is the main technique used to model the rela-
tionship between two variables. When the relationship is not 
perfectly linear, regression can be used to increase the model’s 
ability to predict the dependent variable accurately. Model is vul-
nerable to noise and outliers because even one or two outliers in 
the data might significantly impact it. On the other hand, the data 
can be piecewise linear. Tree models are appropriate options in 
this situation for capturing these intricate interactions between 
variables. Regression’s primary benefits are its interpretability 
and transparency. The sum of squared residuals between the 
expected and actual outputs is minimised in order to train regres-

sion. After a thorough investigation, it can be realised that there 
is a nonlinear relationship between each of the seven variables 
and the engine load. Based on the aforementioned observation, 
the following linear regression model is proposed to describe the 
seven engine and emission variables as shown in Equation (1).

where V is a predicted dependent variables variable, L is the 
engine load, B is the biodiesel blend percentage (0 denotes 
0% and 1 denotes 20%), C is the CeO2 nanomaterial con-
centration (ppm), T is the TiO2 nanomaterial concentration 
(ppm), and H denotes whether there is an HHO injection of 
0.5 litre per minute. H is either 0 meaning no HHO flow or 
1 if there is flow. Finally, the parameters xi, i = 0, 1,… , 6 are 
the model parameters to be estimated using least squares. 

(1)V = x0 + x1L + x2L
2
+ x3B + x4C + x5T + x6H

Ammeter PWM

Battery Drycell

HHO gas

Bubbler

Voltmeter

Fig. 3   Dry electrolyser schematic diagram
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For this purpose, data are split into 75% train and 25% test 
(for SFC) and 80%/20% for other variables. The least squares 
are performed and averaged over 1000 experiments. Apply-
ing linear regression, we arrive at the following parameter 
values as shown in Eq. (2).

(2)

⎛⎜⎜⎜⎜⎜⎜⎜⎝

SFC

TE

EGT

CO

HC

Nox

SE

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

0.879 −1.546 0.100 0.090 −0.007 −0.034 −0.045

1.632 60.547 −38.432 −3.407 0.907 1.659 1.250

139.035 101.038 47.251 50.425 −7.469 −20.509 −20.040

0.027 −0.016 0.035 −0.001 −0.001 −0.004 −0.004

17.197 −0.452 16.003 −3.635 −2.198 −4.537 −4.437

19.573 −13.315 113.472 48.609 −10.262 −19.312 −20.593

13.667 −3.827 39.692 −1.884 −1.385 −4.647 −4.316

⎞
⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎝

1

L

L2

B

C

T

H

⎞⎟⎟⎟⎟⎟⎟⎟⎠

ANN technique

Inspired by the way biological neural networks develop artifi-
cial neural networks are a flexible machine learning algorithm. 
Layers of connected “neurons” that are “weighted” according 
to the kind of relationship are how an artificial neural net-
work is represented. Before sending the output to the follow-
ing layer, neurons receive inputs from the layer above, where 
a computation is made. An ANN model is designed with a 
structure (5-Nh-1), where there are five input factors in the 
conducted experimentation. Nh denotes the number of neurons 
in the hidden layer. The settings of this parameter are exam-
ined among the values 5, 7, 10, and 12 to determine the best 
ANN structure. Each output parameter in the experimentation 
has a separate ANN model as appears in Fig. 5. The testing 
strategy is randomly leave-one-sample-out of the examined 
category. ANN model is trained using Levenberg–Marquardt 

Fig. 4   Schematic diagram of 
test rig TiO2

Biodiesel Diesel

25 ppm

50 ppm
CeO2

B20

Fuel
flow
meter

Smoke meter

Exhaust gas
analyzer

NOX

HC

CO

O2

CO

Air

Air surge tank

Orifice

A

V

Diesel
engine

Exhaust

AC generator

Load bank

EL

B

C

T

HHO
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backpropagation algorithm, the number of epochs is 1000 and 
the training rate is set to 0.01. The activation function of the 
hidden layer is a hyperbolic tangent sigmoid (“tansig”) activa-
tion, while a pure line (“purelin”) is used for the output layer. 
The average mean relative absolute error (MRAE) is defined 
in Eq. (3), over 25 independent computer runs.

where Nt denotes the number of samples of test set, yi is the 
target value of the i-th samples, and Oi is the corresponding 
output of the ANN.

The designed ANN for predicting the behaviour of output 
parameters is shown in Fig. 5. Inputs are: engine load (EL), 
(B), (C), (T), and (HHO). Output is one of the parameters: 
specific fuel consumption (gm kWh−1), EGT (°C), BTE (%), 
CO emission (%), HC emission (ppm), and Nox emission 
(ppm). Input layer entries are denoted by (X), neurons in 
the hidden layer are denoted by (H), and the output neuron 
is denoted by (O).

Results and discussion

Brake specific fuel consumption (BSFC)

Figure 6 shows the impact of a biodiesel mixture contain-
ing CeO2 and TiO2 at 25 and 50 ppm with HHO on specific 

(3)MRAE =

1

Nt

Nt∑
i=1

||yi − Oi
||

yi

fuel consumption. Due to the improved combustion effi-
ciency and decreased amount of fuel at high output power, 
the BSFC evaluations were declined as the load increased. 
Specific fuel consumption of biodiesel mixture is higher 
than crude diesel because of its lower calorific value about 
diesel oil and problems with fuel atomization caused by the 
methyl ester’s increased density and viscosity. Owing to the 
enhanced atomization and combustion properties, the addi-
tion of nanoparticles to methyl ester reduced BSFC at all 
nanoparticle dosages in WCO biodiesel mixture. Secondary 
atomization of the nanoparticles results in the decrease in 
fuel usage. Better fuel/air mixing and reduced specific fuel 
consumption are the results of secondary atomisation and 
micro-explosion working together. Because of improved heat 
transfer and momentum exchange between the molecules of 
fuel, BSFC is lower than base fuel. Nanoadditives enhanced 
catalytic surface activity and accelerated the evaporation 
rate. It has been shown that cerium and titanium oxides’ 
higher surface area-to-volume ratio, thermal conductivity, 
and oxygen-carrying functional groups result in specific fuel 
consumption decreases. Additionally, the influence assess-
ment of adding cerium oxide revealed that the induction of 
hydroxy in the same output power range led to the decrease 
in BSFC when compared to its absence. Because of its 
improved fuel–air mixture, HHO’s oxygen content promotes 
improved ignition and combustion [29]. BSFC was dropped 
as the result of higher Brown gas diffusivity. The BSFC of 
the studied fuels was reduced because hydroxy gas is more 
flammable and uses less fuel because of its quick flame 

Fig. 6   Fuels’ BSFC values at 
various engine output power
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speed and short quenching distance. The biggest decreases 
in BSFC values were 15% and 20% for B20+50T+HHO and 
B20+50C+HHO, respectively, as compared to the biodiesel 
mixture. These findings were corroborated by the literature 
[7, 21, 23].

Brake thermal efficiency (BTE)

Figure 7 shows the thermal efficiency of burning methyl 
ester with nanomaterials and hydroxy. Increased fuel 
consumption and decreased BSFC were associated with 
higher engine load. Due to its lower calorific value and 
higher viscosity, methyl ester blend has poor thermal 
efficiency than crude diesel. Increased viscosity of bio-
diesel about diesel oil causes insufficient fuel atomization, 
which produces bigger droplets that hinder ideal burning 
[50, 51]. Evaporation heat of nanomaterials enhanced the 
fuel–air mixing, catalytic activity, and heat transfer coef-
ficient. Lower BSFC is the result of improved momentum 
exchange and heat transfer between fuel molecules relative 
to the base fuel. Surface area-to-volume ratio improve-
ment was shown due to the presence of nanoparticles. 
The combustion improvement leads to the enhancement 
in BTE by achieving complete combustion by secondary 
atomisation and micro-explosion. The positive impacts of 
nanoadditions on thermal conductivity and heat transfer 
rate enhanced the engine’s thermal efficiency. During dif-
fusion combustion, BTE rose as the mixture richness was 
dropped. The oxygen content of the nanoadditive oxide 
improved the combustion. The diffusive properties and 

increased flame velocity of HHO gas improve fuel com-
bustion by facilitating fuel injection and air mixing. Brown 
gas’s chemical composition significantly surpassed that 
of oil due to the interaction between H2 and O2 atoms in 
the subatomic form of hydroxy gas, which improves com-
bustion efficiency without slowing the spread of flame. 
Remarkably, HHO outperformed all evaluated fuels in 
terms of flame velocity. The highest enhancements in the 
thermal efficiency of B20 with HHO and 25 and 50 ppm 
concentrations of cerium oxide and titanium nanoadditives 
were shown. The corresponding increases were 14% and 
19%. Literature [7, 21, 23] validated these findings.

Exhaust gas temperature (EGT)

Effects of methyl ester blend with different concentrations 
of cerium and titanium oxides with hydroxy at engine load 
variation on EGT are shown in Fig. 8. The increase in EGT 
was caused by the engine load’s increased fuel consump-
tion. A shorter premixed phase is a result of higher cetane 
number in the fuel. The fuel keeps burning until it reaches 
the expansion stroke, or late combustion stage, which 
releases more heat and higher exhaust gas temperature [50, 
51]. WCO biodiesel blend’s exhaust gas temperature was 
increased in relation to diesel oil because of increased heat 
loss and reduced thermal efficiency. When nanoparticles 
were dispersed into B20, the exhaust stream’s temperature 
was dropped. Catalytic oxidation and combustion proper-
ties of reactive surfaces were enhanced by the combination 
of nanomaterials. Enhancements in thermal conductivity, 

Fig. 7   Nanomaterials and HHO 
effects on BTE with output 
power fluctuations
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ignition characteristics, and heat transfer seen when nano-
particles are enriched. Because nanoparticles improve com-
bustion efficiency, their influence lowers the temperature of 
exhaust gases. By using nanoparticles, the EGT is reduced 
and the autoignition temperature of the fuel–air mixture is 
accelerated. Because of their high energy density, nanoparti-
cles reduced exhaust gas temperature and heat loss. Specific 
fuel consumption was reduced, and thermal efficiency was 
increased in order to achieve the lower exhaust gas tempera-
ture. Due to the diffusion mechanism’s diminished capacity 
to provide a rich mixing zone, EGT was declined. Nanoaddi-
tives’s oxygen content enhanced combustion and decreased 
EGT. The lean mixture brought on by HHO and  diminished 
capacity of the diffusion mechanism to create a rich mixing 
zone were also responsible for the decrease in exhaust tem-
perature. The high oxygen composition and quick flame of 
hydroxy enhanced combustion, boosting diffusivity and low-
ering exhaust gas heat loss. When compared to methyl ester 
combination, the largest reductions in exhaust gas tempera-
ture were seen for B20+50T+HHO and B20+50C+HHO, 
at 12.5% and 17.5%, respectively. These findings were cor-
roborated by the literature [7, 17, 19].

CO emissions

Figure 9 shows carbon monoxide levels for methyl ester 
blend with CeO2 and TiO2 at different loads. Because of the 
higher fuel consumption and richer air–fuel combination at 

high output power, CO concentrations rose at high brake 
power and fell at lower loads. Because biodiesel content of 
oxygen burns completely, it produces less carbon dioxide 
than diesel oil. Nanoparticles have shorter igniting delay, 
more catalytic reactivity, and more surface area contact than 
base fuels. The concentration of  nanoparticles enhanced 
the combustion and ignition properties. By using nanopar-
ticles, the fuel–air combination quickly achieves the auto-
ignition temperature after the EGT was reduced. Reduced 
CO emissions are the result of improved fuel oxidation 
and atomization. Through enhanced evaporation, thermal 
characteristics, and heat transfer, nanoparticles were able to 
reduce CO concentrations and shorten ignition delay dura-
tion. The increased surface area and chemical reactivity of 
cerium and titanium oxides were responsible for the larger 
CO emission reductions. Nanoadditive oxide’s oxygen con-
tent improved combustion efficiency and reduced CO emis-
sions. Nanoparticles’ potent redox activity enables them to 
transform CO into CO2. The lean mixture brought on by 
HHO and diminished capacity of diffusion mechanism to 
create rich mixing zone were also responsible for the exhaust 
gas temperature decline. The high oxygen content and quick 
flame of hydroxy enhanced combustion, boosting diffusivity 
and lowering exhaust gas heat loss. The greatest decreases 
in CO emissions of B20 with cerium and titanium oxides 
of 50 ppm with hydroxy were 13 and 20%, respectively, 
when related to the crude methyl ester mixture. The same 

Fig. 8   EGT of the tested blends 
at engine load change
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propensity to add nanoparticles has been demonstrated by 
other studies [15, 17, 21].

NOx emissions

The impact of adding titanium and cerium oxide to B20 
with HHO on NOx emissions is shown in Fig. 10. The drop 

Fig. 9   Influence of nanomateri-
als on CO at load variations

D100
B20

B20+25 C
B20+50 C

B20+25 T
B20+50 T

B20+25 C + HHO
B20+50 C + HHO

B20+25 T + HHO
B20+50 T + HHO

0

0.005

0.01

0.015

0.02

0.025

0.03

0.035

0.04

0.045

0.05

0 25 50 75 100

C
O

 e
m

is
si

on
/%

Engine load/%

D100

B20

B20+25 C

B20+50 C

B20+25 T

B20+50 T

B20+25 C + HHO

B20+50 C + HHO

B20+25 T + HHO

B20+50 T + HHO

Fig. 10   NOx levels of output 
power variations using nanoad-
ditives and hydroxy
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in NOx emissions was caused by the drop in exhaust gas 
temperature. High adiabatic flame temperature, which was 
linked to the high cylinder temperature, was what led to the 
increase in NOx emissions. Because of the high fuel–air 
combination, it increased as engine load increased. When 
related to diesel oil in B20 blend, the biodiesel’s increased 
oxygen concentration resulted in the increase in NOx emis-
sions. When the biodiesel mixture was exposed to nanoad-
ditive doses of 25 and 50 mg/litre for CeO2 and TiO2, the 
concentrations of nitrogen oxides were reduced. The reduc-
tion in NOx emissions is due to improved heat transfer. The 
nanoparticle acts as an agent that reduces NOx emissions 
and speeds up evaporation. Better fuel–air mixing, higher 
catalytic activity, and enhanced thermal conductivity all 
reduce NOx emissions. A stronger correlation between the 
hydrocarbon oxidation rate and carbon combustion activa-
tion reduced NOx emissions. Using less fuel during the pre-
mixed combustion phase results in decreased NOx emissions 
and lower peak cylinder combustion temperature. The inter-
action of oxygen and nitrogen atoms which is enabled by the 
thermal influence of the nanoadditive produced the lowest 
values of NOx. Application of nanoparticles improved ther-
mal properties, fuel droplet atomization, and combustion. 
Activity of the nanoparticles accelerated the combustion, 
producing fine products with the less active radicals and 
hydrocarbons that thermally decomposed, lowering NOx 
concentrations. Nitrogen oxide production was reduced due 
to the improved air fuel mixing rate and air entrainment for 
nanoadditives to methyl ester blend. Because O2 and H2 

were present, hydroxy gas burned more efficiently, reducing 
NOx emissions. NOx emissions were reduced using cooler 
cylinders and faster hydrogen burn rates. NOx emissions 
were decreased by the HHO enhanced premixed flame burn-
ing and quick flame velocity. It has been demonstrated that 
using HHO reduces NOx emissions. Brown gas was added 
to the fuel, which decreased the adiabatic flame temperature 
and added more air than was required, leading to significant 
NOx concentrations. Fuel consumption was decreased as a 
result of the inclusion of HHO. The largest drops in NOx 
concentrations were seen at 25 and 50 ppm in B20 contain-
ing TiO2 and CeO2 with HHO, which were 24 and 35% for 
methyl ester blend B20, respectively. Patterns of NOx emis-
sions were consistent with earlier studies [14, 21, 23].

HC emissions

Figure 11 shows the impact of methyl ester mixture con-
taining nanomaterials on hydrocarbons emissions in diesel 
engines. High loads produced greater HC concentrations 
because more fuel was burned and less oxygen was shown. 
Fuel atomization and fuel–air mixing are affected by shorter 
ignition durations and higher cetane levels. Biodiesel’s 
increased combustion rate as a result of the bound O2 in 
it led to decreased HC values. As a catalyst, nanoparticles 
sped up the oxidation of hydrocarbons and brought about 
improved combustion. The nanomaterials’ secondary atomi-
zation speeds up HC oxidation, which reduces HC emis-
sions. Combustion of carbon deposits and particles reduces 

Fig. 11   Effect of fuels contain-
ing nanoparticles and hydroxy 
on HC concentrations
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the HC emissions due to the activation energy of nanopar-
ticles on the cylinder wall. Main droplets’ micro-explosion 
results in the decrease in hydrocarbon emissions. The fuel 
molecules were heated faster and their rate of evaporation 
increased by the nanoparticles due to the enhanced thermal 
conductivity of nanoadditives compared to base fuel. HC 
concentrations declined owing to the nanoparticles’ reduc-
tion of late combustion and shortening of ignition delay. Due 
to their higher surface area-to-volume ratios and increased 
chemical reactivity, CeO2 and TiO2 significantly reduced 
HC emissions. Compared to TiO2, CeO2 oxide exhibits 
improved evaporation rate, thermal conductivities, and 
heat transfer rate. Nano-oxides’ oxygen content improves 
combustion efficiency and lowers HC concentrations. HC 
concentrations can be decreased by better fuel oxidation 
and increased O2 content from hydroxy in the air intake. 
Hydrogen’s increased flammability extension and shorter 
quenching distance decreased hydrocarbon concentrations. 
Higher flame speed and hydrogen diffusivity result in lower 
HC emissions compared to a non-hydroxy environment. The 
values of hydrocarbons decreased along with the hydroxy 
gas’s carbon content. The greatest decreases in HC emis-
sions were 25 and 36 percentage for B20+50T+HHO and 
B20+50C+HHO, respectively, as compared to the crude 
biodiesel combination. The results from the literature sup-
port the trend in HC emissions [7, 9, 23].

Smoke opacity

Smoke emissions of B20 with CeO2 and TiO2 nanoparti-
cles with hydroxy are displayed in Fig. 12. The rich air–fuel 
combination and greater consumption of fuel due to the 
increased engine load were the reasons for the increase in 
smoke values. Because the methyl ester mixture has higher 
cetane number, more oxygen, and shorter ignition delay 
than diesel oil, it produced less smoke. Fuel–air mixing rate 
and fuel droplet evaporation were enhanced under the use 
of nanoparticles which improved thermal conductivity and 
decreased smoke. Nanoparticles improved thermal proper-
ties and combustion due to their reactive surfaces, high sur-
face area-to-volume ratio, catalytic activity, and enhanced 
heat transfer rate. As the rate of titanium oxide evaporation 
and heat transfer increased, smoke emissions related to CeO2 
decreased even further. The biodiesel mixture with 50 ppm 
amounts of titanium and cerium oxide exhibited the largest 
reductions in smoke in relation to blend of biodiesel. HHO 
gas’s high oxygen content promoted faster and more com-
plete combustion, while its low-carbon content decreased 
smoke formation and hastened burning when mixed with 
an biodiesel blend. Better fuel oxidation, increased oxygen 
concentration, and enhanced combustion were all associated 
with the addition of hydroxy. In comparison with the methyl 
ester mixture, the addition of biodiesel blend containing 25 
and 50 ppm cerium oxide in combination with HHO pro-
duced the most notable reductions in smoke. For CeO2 and 
TiO2 oxides of 50 mg/litre with HHO, the smoke reductions 

Fig. 12   Smoke values with load 
change for all fuels
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were 4, 15, and 21% as compared to B20. The findings were 
confirmed by other studies [15, 19, 21].

Predictive models comparison

This part uses the available experimental data to create ANN 
and linear regression models that forecast the output param-
eters: BSFC, BTE, EGT, CO, HC, NOx, and smoke. The 
following metrics are used to compare the models: This is 
how the coefficient of determination was computed:

Table 3 presents the numerical results of MRAE for dif-
ferent Nh . The average of MRAE is calculated over 25 inde-
pendent computer runs. The ANN model succeeds in getting 
reasonable values of MRAE, e.g. less than 10%, only for 
EGT parameter. It is also noticed that standard deviation is at 
high levels relatively to the average values for all parameters.

To study further the relationship among the seven 
performance and emission variables and the input fuel 

R2
(y, ŷ) = 1 −

∑N

i=1

�
yi − ŷi

�2
∑N

i=1

�
yi − y

�2

characteristics, the correlation coefficient is calculated as 
illustrated in Table 4.

Although the correlation coefficient only signifies if there 
is linear relationship between variables, it shows that engine 
load is the most effective input variable on all seven vari-
ables. On the contrary, CeO2 seems to have the least effect 
on all variables. This can assert that the TiO2 nano and HHO 
are better recommended to use for biodiesel fuels. Mean 
absolute percentage error (MAPE) and coefficient of deter-
mination are shown in Table 5 for all seven variables for the 
test data only.

According to the results in Table 5, the MAPE errors 
are all below 10% and reach 2% for SFC, TE, and EGT. 
This shows that the linear regression model can successfully 
capture the relationship between variables. By investigating 
the linear regression , it can be realised that the parameters 
corresponding to the CeO2 nanomaterial concentration (for 
all seven variables) are the least among all coefficients in the 
same row, emphasising the low impact it has compared to 
the addition of biodiesel, TiO2 and HHO. The scatter plot of 
predicted vs. measured variables for test data in 100 Monte 
Carlo simulations is shown in Fig. 13a–g. It is shown that 
using a regression model is fit for the experimental data 
more than ANN-based models.

Table 3   Results of MRAE (%) 
for test samples with different 
hidden layer size ( N

h
)

N
h

5 7 10 12

Parameters Mean Std Mean Std Mean Std Mean Std

SFC 10.398 5.143 10.7634 6.2290 21.713 1.388 18.063 3.972
TE 10.299 7.596 12.457 7.897 13.428 6.353 18.170 7.197
EGT 6.535 4.412 5.275 4.343 7.573 1.989 6.360 2.575
CO 13.544 4.462 15.393 5.522 15.866 5.068 15.909 3.626
HC 10.329 3.774 13.786 6.207 16.175 7.601 18.374 8.871
Nox 10.109 10.845 13.918 14.715 16.108 17.706 17.134 10.618
SE 10.599 8.173 16.776 19.967 18.523 17.926 22.483 19.533

Table 4   Correlation coefficient of SFC, TE, EGT, CO, HC, Nox, and 
SE with input variables: engine load, biodiesel blend, CeO2, TiO2, 
and HHO

Variable Engine load B C T HHO

SFC  − 0.754 0.165 0.065  − 0.082  − 0.167
TE 0.881  − 0.068  − 0.025 0.028 0.054
EGT 0.948 0.182 0.071  − 0.070  − 0.136
CO 0.799  − 0.189  − 0.021  − 0.194  − 0.295
HC 0.808  − 0.337  − 0.053  − 0.281  − 0.408
Nox 0.883 0.200 0.070  − 0.093  − 0.192
SE 0.925  − 0.125  − 0.006  − 0.140  − 0.202

Table 5   MAPE and R2 for SFC, TE, EGT, CO, HC, Nox, and SE

Variable MAPE,%
(Test)

Std R2

SFC 2.22 0.55 0.984
TE 2.19 0.61 0.988
EGT 2.92 0.65 0.976
CO 5.16 1.46 0.959
HC 7.81 1.63 0.940
Nox 8.64 2.00 0.955
SE 5.62 1.22 0.985
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Conclusions

In this study, methyl eater and diesel oil were combined at 
20% by volume to form biodiesel mixture B20. CeO2 and 
TiO2 oxides were added at 25 and 50 mg/litre, respectively. 

Standards are used to evaluate and agree upon the proper-
ties of biodiesel including nanoparticle mixtures. Research 
is done on the exhaust emissions and engine performance of 
WCO methyl ester blend with nanoadditions and hydroxy. 
The output variables were predicted using mathematical 

Fig. 13   a Measured vs. 
predicted SFC scatter plot. b 
Scatter plot for measured vs. 
predicted TE. c: Scatter plot for 
predicted vs. measured EGT. 
d: Predicted vs. measured CO 
scatter plot. e Scatter plot for 
measured vs. predicted HC. f: 
Measured vs. predicted NOx 
scatter plot. g: Scatter plot for 
measured vs. predicted SE
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models, including ANN and linear regression. This fore-
casting uses different loads and fuel mixture combinations 
based on experimental measurements. The main conclusions 
were shown.

•	 At 50 mg/litre with hydroxy, the largest increases in 
thermal efficiency for biodiesel blend B20 are 14% 
and 19%, respectively. The biggest BSFC reductions 
for B20 + 50C + HHO and B20 + 50 T + HHO at maxi-
mum output power are 15% and 20%, respectively. In 
contrast, when B20 waste cooking oil biodiesel blends 
including 50 mg/litre nanoadditions were examined, the 
exhaust gas temperature dropped most for TiO2, CeO2, 
and HHO by 12% and 17.5%, respectively.

•	 CO concentrations fell by 13% and 20%, respectively, 
when 50 ppm of cerium and titanium oxides were added 
with hydroxy; however, hydrocarbon emissions decreased 
by 25% and 36%, respectively. The largest reductions in 
NOx concentrations at maximum engine brake power 
are up to 24% and 35% for B20 + 50  T + HHO and 
B20 + 50C + HHO, respectively, while the largest reduc-
tions in smoke emissions are up to 4%, 15%, and 21% for 
B20.

•	 Addition of CeO2 and TiO2 to WCO combination at a 
level of 50 ppm results in the improved engine perfor-
mance and reduced emissions for B20. These nanoad-
ditions may have increased B20’s thermal conductivity, 
heat transfer rate, catalytic reactivity, and evaporation 
rate. Therefore, in a range of diesel engine applications, 
it is highly recommended to use biodiesel mixture B20 
with 50 ppm nano  titanium and cerium oxides with 
hydroxy.

•	 In terms of R2 and MAPE criteria, linear regression and 
artificial neural network (ANN) models demonstrated 
remarkable efficacy in forecasting and predicting all 
engine performance and emission variables; as a result, 
they can be regarded as a promising option for engine 
variables prediction and forecasting.
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