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� The CO, HC and HC emissions

were considerably reduced.

� Utilization of 30% neat palm bio-

diesel in the engine was achieved.

� Hydrogen enriched palm biodiesel

for CI engines can be used as

alternative fuels.

� The proposed systemcan be used

as a scientific foundation for

emission control measures.
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a b s t r a c t

Palm biodiesel is one of the most suitable alternative fuels due to its capability to replace

traditional fossil fuel usage in IC engines. Even as palm biodiesel (POBD) reduces harmful

pollutant gases, the engine performance is not on an equal scale with neat diesel. To

address this shortcoming, an investigation was carried out to examine the application of

palm biodiesel (PBD) and hydrogen induction through the intake air at the flow rates of 6

and 8LPM (Litre Per Minute) in the compression ignition (CI) engine. The experimental

study shows that POBD has poor engine performance and moderate pollution reduction

compared with neat diesel. When compared to POBD and neat diesel, the higher calorific
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value and other H2 characteristics improve combustion properties, resulting in higher

engine performance and lower pollutant gases (except NOx). When compared to the palm

biodiesel blend (BD 30), the results of BD30þ8LPM reduced the Specific fuel consumption

(SFC) by 0.0885kg/kWh and improved the brake thermal efficiency (BTE) by 6.67%. The

Carbon monoxide (CO), hydro carbon (HC), and smoke opacity were reduced by 0.047%

volume, 29.2 ppm, and 6.52% respectively. A marginal increase in NOx was seen as

297.6 ppm.

© 2023 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

The rising cost of diminishing fossil fuels, as well as GHG

concerns, has fuelled the search for alternative sources of

energy consumption in IC engines. Biofuels have piqued the

interest of authorities, researchers, and companies as a

regenerative and recyclable way of expanding energy supply

diversity and lowering CO2 levels from IC engines [1,2]. Bio-

diesel has many benefits over diesel, including its recyclable

nature, non-toxicity, and devoid of sulphur and aromatics. It

can also be obtained from a variety of sustainable sources,

such as pure or recycled vegetable and livestock lipids [3e5].

Among the many sustainable HCs, vegetable oils are consid-

ered an excellent alternative to diesel since they have fuel

attributes suitable for consumption in a diesel engine [6e9].

Palm oil contributes to 33% of all vegetable oil production

globally [52]. In terms ofmechanical andmolecular properties,

biodiesel from palm oil outperforms petroleum-based diesel.

It produces low sulphur levels when compared to petro-diesel

[53].

A newly discovered palm biodiesel variant has a signifi-

cantly reduced pour point, making it a suitable option for

usage in cold regions of the world. Palm biodiesel also has a

higher cetane number, which ensures clean burning in a

diesel engine compared to petroleum diesel. Palm biodiesel

has a greater fluidity, a greater flashpoint, and a reduced

overall ignition temperature, among other mechanical and

molecular drawbacks [10].

By adding nanofluids and nanoparticles, the PBD over-

comes the poor physical properties of high viscosity, flash

point, and lower calorific value. The addition of 5 and 10 ppm

silver oxide NPs to the POBD resulted in the elevation of

combustion parameters. This was because of the improved

exterior area/volume proportion that resulted in elevated BTE,

and minimization of BSFC. Also, the HC, CO, smoke and NOx

discharges were reduced [11]. The usage of acetone blended

with palm biodiesel reduced CO emission levels by 0.03%. The

HC and NOx levels were seen as 2 ppm and 400 ppm respec-

tively [12].

The addition of 0.1% TiO2 nanoparticles lessened the ki-

nematic viscosity but elevated the cetane number. The heat-

ing value and the flash point of palm biodiesel were lowered.

The B100 palm biodiesel and 0.1% TiO2 blend produced 2.43%

higher brake power [13]. Palm kernel biodiesel with octanol

additions of 10%, 20%, and 30% volume in a CI engine resulted

in higher oxygen concentration and atomization. This further
t al., Hydrogen-enriched
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contributed to the improvement of combustion characteris-

tics and the reduction of pollutant gases [14]. The efficient

removal of nanoparticles from engine exhaust is of utmost

importance due to the harmful impact of their environmental

exposure on human health and soil quality, which makes the

use of nano-optical tweezers for trapping micron-sized par-

ticles a critical consideration [15]. The use of hydrogen-

enriched biodiesel was analyzed in the current research to

combat the environmental risks due to the addition of nano-

particles. Increasing the volume of H2 reduced the burning

time and increased the pressure. It also saved 5.4% on fuel and

reduced carbon dioxide emissions [16]. A 30% hydrogen

addition could be used as a reserve to preserve diesel while

eliminating CO and HC [17]. The usage of H2 resulted in a

reduced density of 0.08 kg/m3 at 300 K and 1 atm. The extra

flammability ranged between 4 and 75 vol% of H2. While using

H2, the lower ignition threshold of 0.02 mJ required specific

consideration [18]. The most serious issues with using

hydrogen as a primary fuel include premature burning and

knocking. Despite the small amount of hydrogen retained, the

mass of the retention apparatus was substantial [19,20]. This

increased the vehicle's adaptations and additional expendi-

tures [21]. The utilization of pure vegetable fuel in CI engines

reduced the thermal efficiency and increased the smoke

levels. At maximum load, the hydrogen fuel enhanced the

engine's braking thermal efficiency by 2% and lowered smoke

emissions by 20%. The HC and CO levels were also signifi-

cantly reduced [8,22]. One significant advantage of a

hydrogen-powered IC engine is that it can be quickly brought

to market, resulting in a steady decrease in diesel car usage in

the coming years [23e25]. The primary benefits of hydrogen

enrichment are increased mass fraction of high-temperature

regions, and increased turbulent intensity during the com-

bustion process [40]. The hydrogen enrichment is not only

appropriate for reciprocating engines, but it may also be

beneficial for rotary engines by providing turbulence-induced

blades (TIB) [41].

Several studies have been conducted to investigate the

performance and emission characteristics of hydrogen-

enriched diesel engines. Kumar et al. [54] reported that the

thermal efficiency was increased by up to 10.7%, and the fuel

consumption was lower as compared to diesel fuel, while the

emission of CO and HC was decreased by 16% and 7%,

respectively. Other studies have also shown that the addition

of hydrogen to diesel fuel can result in higher percentage of

efficiency and reduction in exhaust emissions. However, the
palm biodiesel as a potential alternative fuel for diesel engines:
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impact of hydrogen on engine stability, performance, and

emissions varies depending on the specific engine type and

operating conditions.

The introduction of hydrogen into diesel engines has been

considered a suitable alternative option in recent years due to

its advantages such as absence of carbon structure, non-

harmful nature, and high calorific value [55]. While

hydrogen has limitations such as higher oxides of nitrogen,

explosion, and hazardous practices [56], research has shown

promising results in terms of performance and emission

characteristics. Gnanamoorthi and Vimalananth [57] investi-

gated the effect of hydrogen fuel on a CRDI diesel engine and

reported that the addition of 30 lpm of hydrogen resulted in

higher efficiency and reduced exhaust emissions. Castro et al.

[58] used a turbocharged four-cylinder DI engine to investigate

the performance and emission parameters under different

loading conditions and found that while the backfire limited

the hydrogen substitution by 70% and 45% at medium and full

load operating conditions, the emission parameters exhibited

a positive impact with dual fuel compared to baseline opera-

tion. Other studies have also shown improvements in thermal

efficiency, reduction in emissions of CO and HC, and lower

specific fuel consumption when hydrogen was used as a fuel

in diesel engines [59,60]. In this paper, we investigate the use

of hydrogen-enriched palm biodiesel as a potential alternative

fuel for diesel engines and explore its performance and

emission characteristics, as well as mitigation strategies for

air pollutants.

Haut du formulaire

Several studies have investigated the effect of hydrogen

addition on diesel engine performance and emissions. Jam-

rozik et al. [61] found that up to 25% hydrogen share had no

significant impact on engine stability in a CI engine. Sar-

avanan et al. [62] reported an increase in brake thermal effi-

ciency (BTE) of up to 17% and lower exhaust emissions of UHC,

CO, and carbon oxides with hydrogen addition in an IC engine.

Karagoz et al. [63] demonstrated a decrease in BTE by 8.5% but

significant reductions in CO, CO2, and smoke emissions by up

to 68%, 29.5%, and 51.3%, respectively, with 30% hydrogen

enrichment in a CI engine. Finally, Zhou et al. [64] found that

hydrogen enrichment of up to 40% improved thermal effi-

ciency by 12.5% and decreased specific fuel consumption by

10.1% compared to diesel fuel in a naturally aspirated diesel

engine.

Several studies have investigated the effects of hydrogen-

enrichment in combination with different types of fuels on

the performance and emissions of diesel engines. Kumar et al.

[65] found that the addition of a moderate amount of

hydrogen to jatropha oil and diesel as pilot fuels resulted in an

8.15% increase in brake thermal efficiency (BTE) and signifi-

cant reductions in emissions of HC, CO, and smoke opacity,

though with a slight increase in nitrogen oxide emissions.

Verma et al. [66] investigated mitigation strategies for air

pollutants using a combination of Jatropha Curcas and

hydrogen in dual fuel mode, resulting in reductions in emis-

sion parameters. Loganathan et al. [67] used blends of diesel

and cashew nut shell liquid with hydrogen and observed

improved performance characteristics, with reduced
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emissions of CO and HC, but an increase in nitrogen oxide

emissions. Serin and Yıldızhan [68] studied the effects of

hydrogen in tea seed oil biodiesel blends and found promising

results for both performance and emissions. These studies

highlight the potential of hydrogen-enriched biodiesel as a

viable alternative fuel for diesel engines, and the importance

of investigating mitigation strategies for air pollutants.

According to research findings, incorporating 20% waste

cooking oil into diesel and introducing hydrogen injection at a

rate of 20 L per minute resulted in a decrease in specific fuel

consumption (SFC) by 1.66%, an increase in brake thermal

efficiency (BTE) by 0.3%, and a decrease in carbon monoxide

(CO), hydrocarbon (HC), and smoke emissions, although there

was no significant change in nitrogen oxides (NOx) [42]. To

reduce NOx emissions, water injection into the intake lowers

the engine's volumetric efficiency [43]. A low disturbance

combustion chamber, optimized compression ratio, and after-

treatment system are necessary to improve engine perfor-

mance with hydrogen injection [44]. A neat hydrogen-air

mixture can self-ignite at room temperature with a high

compression ratio without any additives. An optimal

compression ratio of 26e32 and a higher equivalence ratio are

needed [45]. The optimum injector duration and flow rate for

hydrogen injection were 200 crank angle degrees before top

dead center (CA bTDC) and 120 g/h, respectively, resulting in a

10.71% improvement in BTE at 70% maximum load. The

abundance of oxygen in the combustion reduces heat transfer

efficiency at high hydrogen flow rates. Adding 20% exhaust

gas recirculation (EGR) reduces peak pressure and NOx levels

[46]. The broad flammability range of hydrogen allows the

engine to operate over a wide range of air-fuel ratios, even at

an equivalence ratio of 0.1. The lean mixture improves fuel

efficiency by promoting complete combustion with fewer re-

siduals, thanks to the high diffusivity and flame speed of

hydrogen [47]. Hydrogen-oxygen-enriched biodiesel (HOEBD)

outperforms pure hydrogen-enriched biodiesel (HEBD) in

terms of engine efficiency and emissions [48]. Hydrogen in-

clusion in the intake air reduces vibration acceleration and

sound pressure levels due to reduced combustion delay and

variance in peak pressure increase rate, which decreases en-

gine block vibration [49]. Third-generation algal biofuel in CI

engines reduces CO andNOx and increases CO2, withminimal

power and torque due to the inclusion of hydrogen and hy-

droxyl gas [50]. The pressure increase due to fast combustion

occurs at numerous places in the combustion chamber under

diesel injection into the hydrogen-air mixture in a four-

cylinder, supercharged CI engine. The HRR caused by

hydrogen occurs during the premixed combustion phase with

a fixed volume of starter diesel. Most of the hydrogen is

consumed before the main injection, and a uniform blend of

air and hydrogen on the cold cylinder surface leads to pro-

longed burning [51].

The novelty of the current work is the usage of palm bio-

diesel blend alongwith hydrogen as a substitute fuel. The high

flow rate of hydrogen enrichment reduced BTE by 1.6% at 70%

load due to the lack of oxygen in combustion process [33]. In

comparison to diesel, the use of neat palm biodiesel reduced

BTE by 1% on average due to its lower calorific value and high

viscosity [39]. It observed that oxygenated fuel is required for

efficient full-load hydrogen utilization. Furthermore, the poor
palm biodiesel as a potential alternative fuel for diesel engines:
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performance characteristics of the higher productivity oil

from palm biodiesel can be overcome by using higher calorific

value hydrogen as a substitute fuel. It was also discovered that

the high heat energy content of hydrogen resulted in higher

NOx emissions and the usage of higher blend of palm bio-

diesel required the proper designed fuel delivery system. As a

result, the hydrogen flow rate was limited to 6 LPM (32.4 g/h)

and 8 LPM (43.2 g/h), and the palm biodiesel blend was limited

to 30%.

Experimental setup and test procedure

The base engine test fuel (diesel fuel), palm biodiesel blend

fuel (BD 30), 6 and 8 LPM hydrogen-air flow rate along with

palm biodiesel blend (BD 30þ H2 6LPM) and (BD 30þ H2 8LPM)

were tested using a 4-stroke mono-cylinder, water cooled

direct injection CI engine without any engine modifications.

The engine's specified power was 5.2 kW @ 1500 revolutions

per minute. The technical details of engine are listed in Table

1. An eddy current dynamometer was used as outlined in

Fig. 1. An ‘Engine soft’ analysis software was used for online

performance evaluation and measurement of combustion

pressure and crank angle. The exhaust gas discharges were

estimated with an AVL Digas 444 analyzer. The smoke opacity

was evaluated with an AVL 437C opacity indicator. The in-

vestigations were conducted repeatedly for 100 cycles until all

the process factors were obtained. Each experiment was done

under stable-phase circumstances to establish the values'
dependability. Before the measurements, the engine was

operated for 15 min to ensure stability.
Transesterification of palm biodiesel

Palm oil was altered into palm biodiesel utilizing a simple

transesterification method including KOH (catalyst) and

CH3OH. Palm oil, 15% CH3OH, and 5% KOH were mixed for
Table 1 e Technical specification of engine.

Serial
number

Parameters Values

1 Engine make Kirloskar

2 Model TV 1

3 No.of Cylinder 1

4 No.of strokes 4

5 Fuel Diesel

6 Rated Power 5.2 kW @ 1500 rpm

7 Cylinder diameter 87.5 mm

8 Stroke length 110 mm

9 Compression ratio 17.5:1

10 Ignition type Compression ignition

11 Cooling Water cooled

12 Loading type Eddy current dynamometer

13 Combustion

chamber injector

nozzle

Three holes with 0.3 mm

diameter each

14 Combustion

chamber shape

Hemi spherical shape

15 Injection timing 230 bTDC

16 Injection pressure 200 bar
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75 min at 60 �C. Table 2 lists the key molecular parameters of

palm biodiesel (BD30) and diesel as determined by ASTM

standards.
Uncertainty analysis

During the experiments, the equipment selection, calibration,

ambient influence, data, and appropriate views are likely to

cause mistakes. Hence, the precision of the engine perfor-

mance measurements were established using the uncertainty

and error assessments.

The assessments were obtained through experimentation

to get the mean (Xi) and the standard deviation (si) of the

estimated variables. The uncertainty of the estimated vari-

ables are considered as X1±Dx1; X2±Dx2;X3±Dx3; ����
Xn±Dxn and the uncertainty of calculated estimation as R¼DR.

The root-sum square approach is utilized to gain higher pre-

cise fault boundaries for the computed numbers, and the

extent of the fault is indicated by the expression (1).

DR¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
vR1

vx1
Dx1

�2

þ
�
vR2

vx2
Dx2

�2

þ
�
vR3

vx3
Dx3

�2

þ�����
�
vRn

vxn
Dxn

�2
s

(1)

The uncertainties were computed for the measured

quantities using the above equation for the established oper-

ating conditions which are given below Table 3.

The proportion of experimental uncertainty is estimated

utilizing equation (2), as shown in the subsequent stages.

Y¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
BP2 þ SFC2 þ BTE2 þ EGT2 þ CO2 þHC2 þNO2 þ S2

þCO2
2 þ P2 þN2 þ L2

�
s

(2)

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
0:22 þ 12 þ 12 þ 0:152 þ 0:22 þ 0:22 þ 0:22 þ 12 þ 12 þ 12þ

0:52 þ 0:22
�

s

¼ ±2:38%:

Results and discussion

Brake specific fuel consumption (BSFC)

Higher viscosity characteristics of palm biodiesel resulted in

high specific fuel consumption in all load conditions as shown

in Fig. 2. The average SFC rate of BD 30 is 0.016kg/kWh higher

than diesel since the elevated fluidity of BD minimized the

mixing of A/F levels in the combustion chamber [26,27]. The

addition of hydrogen at 6 and 8LPM reduced brake-specific

fuel consumption by 0.0635kg/kWh and 0.0885kg/kWh,

respectively, compared to BD30, while it was 0.0475kg/kWh

and 0.0725kg/kWh lower than neat diesel. The reason is that

the increase in the volume of the hydrogen-air mixture raised

the laminar burning velocities and the flammability limit [28].

This improved ignition throughout the cylinder enabled easy

ignition of the high-viscosity palm biodiesel blend. The higher

flow rate of enriched hydrogen usage is limited in the com-

bustion chamber due to the limited compression ratio.
palm biodiesel as a potential alternative fuel for diesel engines:
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Fig. 1 e Engine dynamometer setup.

Table 2 e Properties of tested fuel.

Properties Palm
biodiesel
(BD 30)

Diesel Method

Water content (%) 0.03 0.001 ASTM D2709

Density @18 �C (g/m3) 0.8833 0.8210 ASTM D4052

Kinematic viscosity @35 �C
(mm2/s)

4.30 2.5 ASTM D455

Calorific value (KJ/Kg) 38,108 42,950 ASTM D240

Cetane Index (CI) 52 46 ASTM D976

Flashpoint in 0C 140 50 ASTM D93

Iodine value

(g/100 g oil sample)

65 e ASTM D1510

C (%) 77.2 e ASTM D5291

H (%) 11.4 e ASTM D5291

O (%) 11.4 e

Table 3 e Uncertainties of measured quantities.

Sl.No. Measured quantities Uncertainties (%)

1. BP (Brake Power) 0.2%

2. SFC (Specific Fuel Consumption) 1%

3. BTE (Brake Thermal Efficiency) 1%

4. EGT (Exhaust Gas Temperature) 0.15%

5. CO (Carbon monoxide) 0.2%

6. HC (Hydrocarbon) 0.2%

7. NO (Nitrogen oxide) 0.2%

8. S (Smoke opacity) 1%

9. CO2 (Carbon dioxide) 1%,

10. P (Cylinder pressure) 1%

11. N (Speed) 0.5%

12. L (Load) 0.5%

)h
Wk/gk( CFSB

Load (%)

Fig. 2 e BSFC variation with load.
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However the usage of 8 LPM of enriched hydrogen reduced the

average SFC by 0.025 kg/kWh when compared to 6 LPM.

Brake thermal efficiency

The brake thermal efficiency of various evaluation fuels is

plotted in Fig. 3. Because of its higher viscosity, the palm

biodiesel blend (BD30) consumed more SFC per kW power

output than all other tested fuels. The poor engine perfor-

mance of biodiesel was improved by the inclusion of H2 in-

duction in the inlet manifold. The results show that adding

hydrogen fuel at 6 and 8LPM increased BTE by 4.98% and

6.67%, respectively when compared to biodiesel (BD30), and by

3.88% and 5.97% when compared to neat diesel. Hydrogen's
increased diffusivity, flame propagation, and lower damp-

ening length allow for thorough combustion, eliminating the
palm biodiesel as a potential alternative fuel for diesel engines:
n strategies for air pollutants, International Journal of Hydrogen
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Fig. 3 e BTE variation with load.
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Fig. 5 e Variation of heat release rate at 100% load.
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disadvantages of biodiesel's poor atomization and longer

ignition latency [29]. When compared to 6 LPM of hydrogen, 8

LPM of hydrogen increased BTE by 1.69% on average. This

suggests that hydrogen enhancement is required because it

allows for leaner combination operation due to full ignition

within the cylinder compartments and less fuel regression.

Variation in-cylinder pressure

The peak pressure differences of different fuel conditions are

plotted in Fig. 4. The lower calorific value of POBD produced a

maximumpressure of 65.43 bar whichwas 5.16 bar lower than

neat diesel fuel. The addition of 6 and 8LPM of hydrogen fuel

with blended biodiesel produced maximum pressure was

72.06 bar and 73.44 bar, respectively which were 1.16 bar and

2.54 bar higher than neat diesel. The increased rate of oxy-

hydrogen supply into the input stream reduced the burning

time while increasing the rate of pressure increase and the

rate of combustion. As a result, the scheduling may be

delayed, reducing harmful activity during combustion and

increasing fuel efficiency [16] (see Fig. 5).
)rab( erusserp rednily
C

Crank angle (degree)

Fig. 4 e Variation of cylinder pressure at 100% load.
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Variation in heat release rate

The difference in HRR of various tested fuels at 100% load

conditions is portrayed in Fig. 4. The low viscosity nature of

palm biodiesel blend (BD 30) revealed a heat release rate of

42.07 kJ/deg CA which was 1.22kJ/deg CA lower than diesel.

Adding 6 and 8LPM of hydrogen-air flow rate reduced ignition

delay time and increased the HRR to 43.89 and 44.94kJ/deg CA,

respectively which were 1.82 and 2.87kJ/deg CA, higher than

the biodiesel blend (BD 30) respectively. The reasonwas due to

decreased intensity, lower energy level per unit volume,

broader combustible band, low initiation energy, faster flame

duration, and shorter dampening length of H2 fuel [30]. The

available time for the palm biodiesel to mix with air and

hydrogen before ignition enabled proper combustion and

streamlined HRR. As a result, a lean mixture served as the

ignition source throughout the cylinder's entire range.

Carbon monoxide (CO) emission

Carbon monoxide emissions were low up to part load for all

tested fuel conditions, as illustrated in Fig. 6. The emission

rate went up under complete load owing to a lack of oxygen in

the burning regions and an elevated fuel-to-air proportional-

ity factor [31]. The considerable abundance of O2 levels in

palm biodiesel was effectively used to transform CO as CO2

throughout the combustion phase. Another explanation is

that palm biodiesel has a greater cetane number, which

minimized the likelihood of a fuel-rich region [14,26]. The

utilization of blended palm biodiesel (BD 30) reduced CO

emissions by an average of 0.022% volume when compared to

neat diesel because biodiesel contains more oxygen [32].

The addition of hydrogen-air volume flow rates of 6 and 8

LPM reduced CO emission levels by an average of 0.033% and

0.044% volume compared to neat diesel, and by 0.011% and

0.0218% volume compared to palm biodiesel (BD30). Partial

and complete combustion lead to increased CO levels since

the primary fuel takes more time to generate the fuel-air

combination for combustion at the completion of the

compression cycle [33]. Nonetheless, this problem is solved by

incorporating hydrogen, which has a fast flame rate, and
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premature combustion can be avoided by combining at low

speeds [34].

Hydrocarbon emission

In all load conditions, Fig. 7 shows that a lack of oxygen con-

tent in diesel results in a high unburned HC emission, when

compared to the O2 content of BD, blended with diesel.

Incomplete combustion produces CO and HC emissions. The

increasing load on the engine increases the fuel-to-air equiv-

alence ratio and oxygen deficiency in the combustion zones,

resulting in increased CO and HC emissions [31,47]. However,

a small segment of the literature suggests that maintaining a

higher temperature in the combustion chamber at full load

reduces these emissions [52]. The engine explored in this

research was a single-cylinder water-cooled engine, which

was insufficient to maintain the higher combustion chamber

temperature. As a result, in this study, the CO and HC emis-

sions increase proportionally to the load. A blend of palm

biodiesel reduced HC emissions by 14.8 ppm on average when

compared to neat diesel. The addition of 6 and 8LPM hydrogen

intake in the inlet manifold further reduced it to 23.6 and
)
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Fig. 7 e Hydrocarbon emission variation with load.
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29.2 ppm levels on average. Because hydrogen has a shorter

quenching length than diesel, its inclusion reduces HC levels.

It moves the flame closer to the cylinder wall, allowing for

complete ignition. Additionally, hydrogen's considerable

dispersion allows it to spreadmore freely into the air, enabling

the production of a better and uniform fuel-air composition

[17]. The increased oxygen content resulted in complete and

cleaner combustion, and the higher cetane number reduced

combustion delay, which was found to be responsible for

biodiesel's reduced HC levels. The complete combustion was

improved further by introducing enriched hydrogen and air

into the inlet manifold.

Nitrogen oxide emission

The NOx levels in all the evaluated fuels were minimal as a

result of the low temperature in part load conditions, as

shown in Fig. 8. Except for diesel, all blended biodiesel has a

maximum NOx emission above the part load. The cetane

number, iodine value, and oxygen content of biofuel particles

are all linked to NOx emissions during biofuel combustion

[35,37]. The NOx produced by blended biodiesel (BD 30) is

146 ppm higher than that of neat diesel. Similarly, combining

6 and 8LPM of hydrogen with biodiesel produced average

levels of 242 and 297.6 ppm higher than diesel. Hydrogen has

nearly four times the calorific value of diesel fuel, and its high

flammability is the cause of higher NOx emissions [36]. The

increase in NOx levels is caused by increasing the hydrogen

levels in the combustion chamber as cylinder pressure and

HRR. Low-temperature combustion techniques can reduce

NOx emissions, but they may increase smoke, CO, and fuel

consumption.

Smoke opacity

The difference in smoke opacity for various tested fuel con-

ditions is shown in Fig. 9. The addition of hydrogen 6 and 8LPM

flow rate in the intakemanifold alongwith a blend of biodiesel

produced smoke at an average of 1.85% and 6.52% lower than

neat diesel fuel, correspondingly at an average of 1.03% and

5.07% lower than palm biodiesel blend (BD30). Lower smoke
)
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Fig. 8 e Nitrogen oxide emission variation with load.
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levels were attributed to oxidized fuel inhibiting soot deposi-

tion, improved soot oxidation with rapid responsiveness, and

biodiesel fuels having significantly lower aromatic concen-

trations [38]. Furthermore, because hydrogen fuel contains no

aromatic substances, it reduced smoke opacity emission to a

greater extent by preventing incomplete combustion.
Conclusions

In this study, the efficiency of hydrogen-enriched palm bio-

diesel on the performance and emission parameters of the CI

engine was studied. The engine was operated with palm bio-

diesel (PBD) and hydrogen induction through the intake air at

flow rates of 6 and 8LPM. To attain the best results on per-

formance and emission, a comparison was made on the CI

engine using 6 and 8LPM addition of hydrogen flow rate along

with PBD blends that are correlated with neat diesel fuel. The

following conclusions were drawn.

� The SFC was minimized by an average of 13% and 19%,

respectively.

� The BTE increased by an average of 3.38%.

� The CO levels wereminimized by an average of 0.033% and

0.044% of volume, respectively.

� The HC levels were minimized by an average of 23.6 ppm

and 29.2 ppm, respectively.

� The NOx emissions minimized by an average of 242 ppm

and 297.6 ppm, respectively.

� The smoke opacity was lessened by an average of 1.852%

and 6.52%, correspondingly.

The higher flammability and diffusion speed of hydrogen

induction, along with the addition of palm biodiesel, lead to

the conclusion that diesel engines can operate efficiently in

lean mixtures and with reduced permissible amounts of

pollutant gases, except NOx. The air pollution level from

vehicular emissions can be reduced by the application of

innovative and technical methods, and more so, with alter-

native fuels. As a result, the health illnesses caused by these
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air pollutants from vehicular emissions can be drastically

minimized. This study can offer a technical foundation for

developing efficient air pollution regulation measures as well

as aid in understanding how vehicle emissions contribute to

air pollution. Future studies must examine the influence of

vehicle releases on O3, their addition to VOCs, and the phys-

ical and chemical processes of local distribution of near-

surface source releases.

The proposed approach of palm biodiesel blend (BD30) and

hydrogen enrichment is not as cost-effective as neat diesel

usage in CI engines due to the limited use of palm biodiesel

blend and hydrogen enrichment. The utilization of 100% neat

palm biodiesel in the engine with a properly designed fuel

delivery system and a higher flow rate of hydrogen with a

modification of the engine's desirable compression ratio, on

the other hand, could be very cost-effective.
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