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The pursuit of achieving zero carbon emissions by 2050 has led to the implementation of green
technologies in the maritime industry. One crucial aspect is the adoption of alternative fuels, with a
focus on non-fossil fuels to enhance energy efficiency and minimize emissions during ship operations.
This study explores the innovative dual fuel diesel Compressed Natural Gas (CNG) technology, which
offers relatively low emissions with uncomplicated modifications to the diesel engine. CNG is injected
into the intake manifold, addressing the need for cleaner fuel options. However, the evolution of this
technology has encountered challenges such as methane slip resulting from incomplete combustion.
This research proposes an intervention using hydrogen within the combustion chamber to improve
combustion quality. Oxy-hydrogen gas (HHO), a carbon-free fuel derived from water through
electrolysis, is considered as a potential solution. The utilization of HHO serves as a substitute for pure
H2 due to its more feasible production and application, considering the global limitations in hydrogen
storage and usage in transportation. The study aims to investigate the impact of HHO on the
performance and emissions of dual fuel engines. Experimental tests are conducted under low loads to
simulate critical operational points of the engine. Results indicate that the dual fuel system exhibits
significant fuel savings, particularly with increasing CNG injection duration. The tests indicate fuel
savings of up to 24.7% with a 10 ms CNG injection duration compared to single fuel operation. However,
the need for additional oxygen to enhance combustion perfection must be balanced. HHO injection
demonstrates the potential to improve engine performance, leveraging the oxygen content in HHO and
the positive characteristic of hydrogen with its high Lower Heating Value (LHV). With HHO injection,
there is a potential increase in performance and thermal efficiency of 25.9% with a 10 ms CNG injection
duration compared to single fuel operation. Furthermore, the research suggests that HHO injection can
mitigate methane slip issues associated with dual fuel engine operations, offering a promising avenue
for emission reduction.
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1. Introduction

The world is currently grappling with two crucial issues that concern individuals across all sectors: the energy crisis and
global emissions, posing a threat to human existence. The high dependency on fossil fuels in almost all industrial and
transportation equipment, including the maritime and shipping industry, exacerbates these challenges. Throughout history,
maritime trade routes have been the primary facilitators of inter-regional trade worldwide. Alongside advancements in
telecommunications, trade liberalization has been a key driver in the emergence of globalization [1][2 ]. Transportation usage
has steadily increased in recent times, reaching up to 250%, following the growth of the global gross domestic product (GDP)
and outpacing energy consumption, which stands at approximately 170% [3], Nearly 90% of global trade occurs through
maritime transportation, contributing to almost 3% of greenhouse gas emissions [4][5], This makes it a significant potential
factor in the global economy and the environment. The 2050 zero-carbon program has prompted the International Maritime
Organization (IMO) to target emission reductions in the range of 50-70% from 2008 levels [6][7], This ambitious target
requires a multifaceted approach, including stringent regulations on speed limitations, energy efficiency, and efforts toward
zero-emission fuels. Research conducted by [8][9][10] suggests that the use of alternative fuels in the maritime and shipping
sectors could reduce emissions by up to 50%, underscoring the importance of focused attention. In 2003, the IMO became
the first official organization to advocate for greenhouse gas emission control, tasking the Marine Environment Protection
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Committee (MEPC) with monitoring and conducting evaluations. In 2011, MEPC, through Marpol Annex VI, introduced
mandatory technical measures such as the Energy Efficiency Design Index (EEDI), Ship Energy Efficiency Management Plan
(SEEMP), and other strategic measures as part of the effort to achieve the zero-carbon 2050 goal. Strategies toward zero
carbon include promoting the use of alternative fuel technologies and energy sources [11][12 ][ 13],

The diesel/natural gas dual-fuel system stands as an innovative technological solution expected to enhance both
efficiency and emissions. Its simplicity in implementation on conventional diesel engines, achieved through natural gas
injection into the intake manifold, facilitates ease of modification. Research by [14][15][16][17] emphasizes the need for
optimal variations in natural gas fuel ratios to liquid diesel fuel in dual-fuel systems. This optimization not only ensures
optimal performance but also economically aligns with the cost-effective utilization of gas fuel across varying load ranges.

The cleaner nature of natural gas fuel presents environmental benefits and contributes to sustainability. Despite the
advantages offered by dual-fuel systems, a notable drawback is methane slip. Methane slip is a phenomenon resulting from
incomplete combustion, causing unburned methane from natural gas to exit with the exhaust gases. Unburned methane,
when released into the atmosphere, becomes a potent greenhouse gas (GHG). Rodhee et al [18] state that, in equal quantities
to C02, methane can pose a danger 15-30 times greater. It is crucial to acknowledge that GHGs contribute to global warming,
leading to climate change that adversely impacts life on Earth. Previous research efforts, as conducted by [19][20][21 ] have
focused on addressing methane slip reduction. These efforts involve the development and modification of injection systems
as part of operational engine system engineering in dual-fuel configurations. This study explores these initiatives, aiming to
optimize dual-fuel technology while mitigating the environmental impact associated with methane slip.

Natural gas is considered a relatively cleaner fossil fuel compared to liquid fossil fuels. Several researchers, such as
[22][23] assert that using natural gas in engines can serve as an alternative solution for carbon emission mitigation. The
abundance of natural gas makes it competitively priced in the market, approximately 60% of the cost of liquid fuels. With a
sulfur content of only 0.004%, natural gas complies with the Emissions Control Area (ECA) 2015 regulation, which sets a limit
of 0.1% sulfur content. Compared to liquid fossil fuels, natural gas exhibits a 90-95% reduction in sulfur dioxide (Sox)
emissions, an up to 85% reduction in nitrogen oxides (Nox), and nearly zero particulate emissions. These characteristics make
natural gas an attractive option for the development of industrial and transportation engines as a cleaner and
environmentally friendly fuel source.

Hydrogen has emerged as a promising fuel widely touted as a potential replacement for fossil fuels. It can be produced
through various methods, including hydrocarbon reforming technology, fermentation, biological hydrogen conversion, and
electrolysis of water. According to [24] hydrogen possesses several promising properties, such as direct production through
water electrolysis, resulting in water vapor as the combustion byproduct without emitting hydrocarbons (HC), carbon
monoxide (CO), or aldehydes. Additionally, its combustible nature, high laminar flame speed, high calorific value, and low
ignition energy make it suitable for engine fuel. Hydrogen generated through water electrolysis is known as oxy-hydrogen
(HHO) or brown hydrogen. Previous research [25][26] has indicated that HHO induction in compression engines improves
overall engine performance and reduces emissions. Khan et al. found that the addition of HHO injection resulted in a
maximum increase in the Brake Thermal Efficiency (BTE) of biodiesel-fueled engines by up to 3.67% along with torque
improvement [27], Similarly, Baltacioqiu et al [28] and Garcia et al.[29] also tested the addition of HHO in biodiesel-fueled
diesel engines and observed performance enhancements.

This study presents experimental results from a natural gas/diesel dual-fuel engine injected with oxy-hydrogen through
the intake manifold to examine its performance and emissions under low load operational conditions. The tests involve
constant speed conditions with oxy-hydrogen intervention. A comparison of data results is conducted between single-fuel,
natural gas/diesel dual-fuel engine, and natural gas/diesel dual-fuel engine with HHO injection under low load operational
conditions. The impact of adding HHO to the natural gas/diesel dual-fuel engine is identified in this study, particularly under
low load conditions, which are critical for engine performance.
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2. Experimental Setup
The basic system of the natural gas/diesel dual-fuel engine with oxy-hydrogen injection was meticulously designed,

paying attention to crucial subsystems, particularly the fuel system. The layout and configuration of the system are illustrated
in Figure 1, encompassing the compressed natural gas (CNG) fuel system, diesel fuel system, engine loading system, fuel
injection system, and sensor system. The use of CNG as a fuel is treated with special consideration, ensuring safety factors
are maintained, given the storage in high-pressure cylinders at 200 bar. The diesel engine employed in this experiment is a
single-cylinder direct injection engine, and its detailed characteristics can be found in Table l.The dual-fuel system is derived
from the modification of a single-fuel system, incorporating CNG injection into the intake manifold. Following the design of
the dual-fuel engine components, the design proceeds to the oxy-hydrogen injection system. Hydrogen obtained from the
HHO generator through water electrolysis is injected into the intake manifold concurrently with CNG to create a blended
mixture.

Table 1, Main Engine Characteristic
Value (m)Characteristic

Engine type DI 4 stroke, natural aspirated, water
cooled

Bore x Stroke (mm)
Volume Displacement (cm3)
Diesel Injection Pressure (kg/cm2)
Diesel Injection Timing °CA TDC
Compression Ratio
Cylinder_

85x87
493
200
-18
18:1
1
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The experimental activities commenced by initially evaluating the performance and emissions of the single-fuel
configuration under low-load conditions, specifically at 1 kW. Subsequently, adjustments were made to the CNG injection
parameters, including a pressure of 2 bar and varying fuel injection durations of 5 ms, 7.5 ms, and 10 ms at a constant speed
of 1800 RPM. In the third phase of experimentation, oxy-hydrogen injection was introduced at a rate of 0.2 LPM (liters per
minute) alongside CNG injection, maintaining a pressure of 2 bar and exploring injection durations of 5 ms, 7.5 ms, and 10
ms at a constant speed of 1800 RPM. Performance data, along with the resulting emissions under low-load conditions, were
collected. Additionally, fuel consumption rates and thermal efficiency values were recorded as performance indicators.
Emission levels of hydrocarbons (HC), carbon monoxide (CO), and nitrogen oxides (NOx) were measured. The final step
involved analyzing the test results, comparing the engine's performance in single-fuel diesel, natural gas/diesel dual-fuel,
and natural gas/diesel dual-fuel configurations with added oxy-hydrogen injection in the natural gas/diesel dual-fuel engine.
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Table 2. Fuel Properties
Properties Diesel Oil HydrogenCNG
Molar mass (kg/kmol)
Density (kg/m3)
Stoichiometric A/F
Auto ignition C
LHV (Mj/kg)
HHV (Mj/kg)

200 16.04 2.02
840 (1) 0.72(g) 0.082 (g)
14.7 17.2 34.3
254-285
42.61
45.58

595 585
47.14
52.23

120.21
142.18

Diesel measuring
cylinder o- Tachometer

Flywheel Rubber beltOil Filter Trigger
Valve.

Intake runner

Valve Air filter Electric
generator

Engine

Safety valve
Regulator

Gas injector

Gas flow meter Electric
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heater

Gas common rail

Computer
| ECU |— i

CNG

PLC

Safety valve
Regulator intake runner

Gas flow meter
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hydrogen
generator

Computer
I ECU \-

Trigger

Figure 1. Configuration of the Natural Gas/Diesel Dual-Fuel Engine System with HHO Injection

The dual-fuel natural gas/diesel system consists of the main components, which include a single-cylinder diesel engine
modified to accept CNG injection through the intake manifold. CNG is supplied through a 200-bar CNG cylinder connected
to an electronic control unit and converter set to regulate the injection duration and pressure of CNG entering through the
intake manifold. Testing is conducted by varying the loading through a dummy load made to vary according to the
requirements. HHO injection, produced by a hydrogen generator, is regulated through a gas flow meter to allow for variable
volume adjustment. The laboratory-scale prototype can be seen in the following figure.
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Figure 2. Laboratory-Scale Prototype of Natural Gas/Diesel Dual Fuel System with HHO Injection

3. Results and Discussion
3.1. Performance Analysis

The performance analysis includes a comparison of test data using diesel/single fuel (SF), dual-fuel with pilot injection
of diesel fuel and CNG injection into the intake manifold with varying injection durations (5 ms, 7.5 ms, and 10 ms) through
electronic control unit (ECU) settings. Additionally, testing involved HHO intervention at 0.2 LPM for all CNG injection
duration variations at a constant speed of 1800 RPM. The performance data is presented in Table 3.

Table 3, Performance Comparison of SF, DF, and DF+HHO

Power (Kw) Torque (Nm) BMEP (Bar) SFC(gr/I(wh) Thermal Eff. (%) KnockingCategory

Single Diesel 1.2 6.38 1.62 409.95 20.3 0.69

DF NG 5 ms 0.89 6.49 1.19 391.99 21.1 0.67

DF NG 7.5 ms 0,88 6.45 1.19 371.80 22.2 0.87

DF NG 10 ms 0.86 6.26 1.16 308.46 26.7 0.70

DF NG 5 ms + HHO 0.89 6.52 1.20 390.20 21.2 0.78

DF NG 7.5 ms + HHO 0.86 6.25 1.16 384.15 21.5 0.72

DF NG 10 ms + HHO 0.88 6.41 1.19 300.83 27.4 0.70

The engine's power under load exhibits a tendency to improve with dual-fuel operation, although not significantly. This
is attributed to maintaining a constant engine speed by adjusting diesel fuel injection when the engine speed decreases after
the gas fuel enters the intake manifold. The addition of HHO injection shows no striking difference compared to dual-fuel
without HHO. The effective power trend is expected to increase with additional load, as observed in research conducted by
[20][30] owing to the increased electrical current demand with higher loads, resulting in greater power. Meanwhile, the
engine's ability to produce work to overcome resistance when a load is applied to the engine shaft, or torque, has
characteristics similar to power. The trend of increasing power will be accompanied by an increase in torque. This is because
during the testing, the engine speed was kept constant at 1800 RPM through the input of diesel fuel. Increasing the load
applied will increase the torque, just as it does with power. Similarly, the characteristics of BMep follow the same pattern.

Fuel consumption rates are crucial parameters for assessing system performance. Transitioning from single fuel to dual
fuel results in a fuel consumption rate reduction of up to 25%, positively impacting energy efficiency and emission reduction.
Increasing the gas injection duration from 5 ms to 10 ms significantly reduces fuel consumption by up to 20%. HHO injection
influences improved combustion with added oxygen, allowing for lower fuel consumption at the same power performance.

Thermal efficiency is heavily influenced by the interaction between the fuel-air mixtures. Under low-load conditions, a
general increase in thermal efficiency is observed when transitioning from a single-fuel to a dual-fuel system. Increasing the
gas fuel injection duration generally enhances thermal efficiency.

Overall, the results indicate an increased potential for knocking when transitioning from a single-fuel to a dual-fuel
system. This is attributed to the introduction of CNG through the intake manifold, causing a slightly rich combustion and
potential knocking. HHO injection slightly mitigates knocking potential due to the added oxygen in the HHO injection. Low-
load conditions tend to exhibit fluctuating and less stable performance, with higher fuel consumption rates and potential
knocking or misfiring.
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3.2. Emission Parameters
Emissions serve as another essential indicator in the evaluation of combustion system variations. Emission data

collected includes hydrocarbon (HC), carbon monoxide (CO), and nitrogen oxides (NOx) emissions under three conditions:
SF, DDF, and DDF with HHO injection at constant speed with varying CNG injection durations through ECU settings.

t

.•*

A'

A

i 'I

Figure 3. HC, CO, and NOx Emission under Low Load Conditions

Operational conditions in SF do not show any HC emissions. Diesel fuel using dexlite generally does not produce HC, as
observed in DF, where the majority methane content in CNG leads to HC emissions. The constrained presence of oxygen in
CNG results in incomplete combustion, leading to the potential release of unburned fuel, particularly methane, with the
exhaust gas. This condition is a known drawback in dual-fuel operations, referred to as methane slip, as seen in research
conducted by [20][21] under similar dual-fuel operational conditions. HHO injection can reduce HC emissions due to the
presence of oxygen in HHO, assisting in improving combustion quality. Similar conditions apply to CO emissions, where DF
operational conditions have the potential for higher CO emissions compared to SF. Engine operation under low-load
conditions also increases emission values compared to high-load conditions. The reverse occurs with NOx emissions, where
SF has the potential for higher NOx emissions than DF. The presence of CNG in the combustion chamber reduces the
combustion temperature, lowering the potential for NOx emissions. Increasing the CNG injection duration further reduces
the potential for NOx emissions. Operational DF with HHO injection further decreases the potential for NOx due to the
presence of oxygen in HHO.

4. Conclusion

Engine operation using the DF system has significant fuel-saving potential that increases with higher injection
durations. Test results show fuel savings of up to 24.7% with a 10 ms injection duration compared to single fuel operation.
However, this needs to be balanced with the addition of oxygen to enhance combustion efficiency. With HHO injection, there
is a potential increase in performance and thermal efficiency of 25.9% with a 10 ms CNG injection duration compared to
single fuel operation, leveraging the oxygen content in HHO and the positive characteristics of hydrogen with its high Lower
Heating Value (LHV). Meanwhile, the potential for methane slip HC with DF operation remains a concern, which can be
subsequently reduced through HHO injection. NOx emissions experience a significant decrease due to the additional oxygen
presence in HHO injection
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