Comparative Evaluation of Hydrogen
with Other Conventional and
Alternative Marine Fuels

Caglar Dere', Omer Berkehan Inal?

In the pursuit of reducing greenhouse gas emissions and meeting sustainable energy demands
worldwide, renewable and alternative energy sources are becoming increasingly effective instruments. The
transportation sector remains a significant source of emissions, with fossil fuels serving as the primary propulsion
fuel in maritime transportation due to the widespread use of internal combustion engines in ships. To mitigate
the impact of maritime transportation on climate change, reducing fossil fuel dependency in internal combustion
engines can contribute to decarbonization in the maritime sector. In this context, hydrogen, a carbon-free fuel,
presents a promising solution. It can be used in internal combustion engines through a dual-fuel approach rather
than direct combustion, helping to address the limitations of hydrogen combustion while allowing hydrogen to
partially replace conventional fuels. This study examines alternative fuels that could be used as marine fuels
alongside hydrogen in internal combustion engines, focusing on their combustion performance characteristics.
The paper aims to establish criteria for selecting suitable marine fuel sources. A gap analysis is conducted on
the compatibility of hydrogen with alternative fuels in marine engines, considering performance characteristics
such as combustion duration, efficiency, in-cylinder pressure and temperature, and emissions. Although diesel
and natural gas are not classified as renewable fuels, their compatibility with hydrogen makes them viable
candidates. Hydrogen-enriched operations could improve the combustion characteristics of internal combustion
engines running on alternative fuels.
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1. INTRODUCTION

The growing focus on global warming has prompted all industrial sectors to seek clean energy sources
to achieve environmental protection goals. As a result, the shift from traditional carbon-based fuels to alternative
fuels has advanced significantly in recent years. However, the energy transition still lacks momentum in most
sectors, including maritime transportation. According to the International Maritime Organization’s (IMO) 4th
Greenhouse Gas (GHG) Study (IMO, 2020), maritime transportation accounts for 2.89% of anthropogenic
emissions. The shift from traditional fuels to alternatives in the maritime sector is ongoing and gradually
accelerating, as shown by the increasing number of vessels using alternative fuels and the introduction of
regulations such as the IMO’s FuelEU Maritime and Cll framework. DNV’s Alternative Fuels Insight (AFI) platform
reports that the number of ships using alternative fuels more than doubled between 2020 and 2023,
underscoring this accelerating trend (DNV, 2023).

To promote GHG emission reductions in the maritime sector, the IMO and various global organizations
have implemented several measures, including the Energy Efficiency Design Index (EEDI), the Energy Efficiency
Existing Ship Index (EEXI), the Carbon Intensity Index (Cll), and the Ship Energy Efficiency Management Plan
(SEEMP) (Inal, Charpentier, and Deniz, 2022). These initiatives aim to improve energy efficiency and reduce the
environmental impact of shipping. However, while these organizations set target emission levels, they leave the
choice of methods for achieving these targets to shipping operators and companies. In this context, adopting
alternative fuels along with efficiency-improving measures can help achieve these goals.

The use of alternative fuels in marine engines is widely considered a key option for reducing shipping
emissions (Deniz and Zincir, 2016). However, diesel fuel and natural gas remain the main energy sources in
marine power plants (IMO, 2020). While natural gas and oil-based fuels are not classified as renewable, alcohol-
based fuels and hydrogen blends can be considered renewable energy sources (Yousufuddin and Masood,
2009). The transition to alternative fuels in ships will be gradual due to technical and economic constraints. One
of the main technical challenges is the high power required for ship propulsion, which is currently met primarily
by internal combustion engines (ICEs). ICEs are a well-established and mature technology in the transportation
sector, widely used for their reliability, broad power output range, and high efficiency. Since ICEs dominate ship
propulsion systems, they must be included in decarbonization solutions for the maritime sector.

ICEs’ ability to operate with various fuels makes hydrogen a significant option for decarbonizing maritime
transportation. While hydrogen fuel cell technology is another promising solution for shipping (Yousufuddin and
Masood, 2009), ICE technology is already mature and optimized for production costs and materials. In contrast,
hydrogen fuel cells, despite their potential for zero-emission power generation, remain an expensive alternative
compared to ICEs (Inal and Deniz, 2020; Wang and Wright, 2021). Furthermore, fuel cells require high-purity
hydrogen, which may not always be feasible for ships (Inal and Deniz, 2020; Tsujimura and Suzuki, 2017),
whereas ICEs can operate with lower-purity hydrogen without major issues. These factors make hydrogen a
practical and viable option for use in ICEs in maritime applications.

Hydrogen possesses unique combustion properties compared to other fuels. However, its combustion
at high temperatures in ICEs can lead to nitrogen oxide (NOx) formation. While hydrogen’s exceptional
combustion characteristics can have both positive and negative effects, the negative aspects can be mitigated
through appropriate measures, transforming potential drawbacks into advantages (Boretti, 2020). One such
measure is the combustion of hydrogen alongside other fuels. Hydrogen’s combustion properties provide a
considerable advantage when blended with other fuels, facilitating its gradual integration into reciprocating
engines and supporting the transition process. Its high flame speed and low ignition energy make hydrogen an
effective additive for improving engine performance (Zhen et al., 2020).
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With the growing momentum of the dual-fuel concept, higher efficiency and lower emissions can be
achieved through an optimized combustion process (Yapicioglu and Dincer, 2018). However, selecting
appropriate alternative fuels for marine engines is crucial for sustainable shipping. The chemical compositions
of fuels used in internal combustion engines vary, with different carbon, hydrogen, and oxygen ratios by mass
fraction. These physical and chemical properties significantly influence emission generation in ICEs.
Consequently, different alternative fuels will not exhibit identical combustion behavior when combined with
hydrogen.

Hydrogen’s zero-carbon content makes it a valuable component in carbon emission reduction strategies
for internal combustion engines (ICEs). However, direct hydrogen combustion has drawbacks, including lower
volumetric efficiency and lower energy content per unit volume compared to conventional fuels. Additionally,
hydrogen supply has not yet reached the scale necessary for a complete transition of ICEs. A partial transition
to hydrogen combustion can help advance maritime decarbonization. Studies have shown that hydrogen
addition can reduce CO and HC emissions while enhancing lean combustion properties in engines (Anticaglia
et al., 2023). Hydrogen is increasingly viewed as a key enabler of maritime decarbonization and is often studied
alongside alternative fuels such as ammonia, methanol, and natural gas. Ji et al. (2013) investigated hydrogen
addition in methanol-fueled spark-ignition engines, while Abdelalli et al. (2022) studied hydrogen enrichment in
natural gas-diesel dual-fuel engines. Zafar et al. (2023) and Lindstad et al. (2021) examined alternative fuels
from techno-economic perspectives, and Yapicioglu and Dincer (2018) assessed hydrogen-ammonia blends in
power generation. However, these studies typically focus on single fuel combinations or specific engine types.
Moreover, while some employ SWOT or PESTLE frameworks (Mahia Prados et al., 2024), they are often limited
to policy or environmental assessments without incorporating combustion characteristics. To our knowledge,
no study to date has conducted a comparative evaluation of hydrogen blended with multiple marine fuels,
assessed through combustion performance metrics and complemented by a SWOT analysis targeting ICE
applications. This paper addresses that gap by synthesizing technical and strategic aspects in a unified
framework, providing a resource for fuel selection in marine transition planning.

While numerous studies have evaluated individual alternative marine fuels and hydrogen integration,
most are limited to single-fuel evaluations or general policy analysis. This study distinguishes itself by conducting
a comparative analysis of hydrogen blended with multiple marine fuels—including diesel, LNG, methanol,
ethanol, and ammonia—focused specifically on ICE applications. The novelty of this work lies in combining
detailed combustion performance metrics with a structured SWOT analysis, offering both technical and strategic
insights for sustainable fuel adoption in the maritime sector. The assessment is conducted through a SWOT
(Strengths, Weaknesses, Opportunities, and Threats) analysis of various fuel options. This article presents an
overview of fuels used in ships, briefly reviews hydrogen’s combustion properties in ICEs, and examines how
alternative fuels interact with hydrogen in combustion. Modifications in fuel performance characteristics are
evaluated, providing insights into the future selection of sustainable shipping fuels.

2. THE FUELS USED IN MARITIME TRANSPORTATION

The main propulsion source for ships is diesel engines, which are classified as low-, medium-, and high-
speed engines and account for approximately 98% of commercial ships (IMO, 2020). The expected lifetime of
a commercial ship is around 25 years, meaning a significant portion of the current fleet will continue operating
for the next 10-15 years. Consequently, it is anticipated that the shipping sector will continue to rely on oil-based
fuels in the coming years. In a sustainable development scenario, the International Energy Agency (IEA, 2020)
projects that even by 2070, the transportation sector will still have a 14% dependency on fossil fuels, which
remain the primary energy source in transportation today. This projection is illustrated in Figure 1. Since the
energy transition in small-scale transportation is progressing faster than in large-scale sectors, it can be inferred
that the remaining fossil fuel dependency will largely be attributed to the shipping industry.
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Figure 1. Prediction of global transportation energy sources from 2019 to 2070, reproduced from the
IEA report (IEA, 2020).

Despite the significant reduction in fossil fuel demand, there will still be a considerable need for these
fuels in the coming years. The growth in electricity demand (shown in blue) is due to the increasing number of
electric vehicles. Other rising energy sources, such as biofuels, hydrogen, synthetic fuels, and ammonia, are
primarily intended for trucks, ships, and other heavy-duty transportation. Production rate trends are expected
to follow similar patterns, with no dramatic shifts anticipated. Therefore, a smooth and balanced transition is
projected in this scenario. In the shipping sector, both conventional fuels currently used in existing ships and
emerging fuel options for the future are under consideration. While diesel fuel and fossil fuel gases such as
natural gas and petroleum gas are widely used in existing ships, alternative fuels—including ethanol, methanol,
hydrogen, and ammonia—are being explored and ranked by their maturity level in marine internal combustion
engines. To provide a more detailed examination, the physical and chemical properties of both conventional and
alternative fuels are presented in Table 1 (Qu et al., 2024; Yip et al., 2019; Zhen et al., 2020). Although alternative
fuels are the primary focus in the path toward decarbonization, methane, a major component of natural gas, and
diesel, the conventional fuel for much of the existing fleet, are included in the table due to their market
dominance and potential to be blended with hydrogen and other alternative fuels. These conventional fuel
properties serve as reference values to facilitate comparison. Key parameters such as chemical composition,
density, flammability, ignition characteristics, and flame properties provide essential data for evaluating fuel
combustion performance.

Property Hydrogen Diesel LNG Methanol Ethanol Ammonia
Molecular formula H: CnH1.8n CHa CHsOH C2HsOH NHs
Carbon content 0% 86% 75% 38% 52% 0%
(mass%)
Hydrogen content
100% 14% 25% 12% 13% 18%
(mass%)
Oxygen content 0% 0% 0% 50% 35% 0%
(mass%)
Density (kg/m3) 0,0899 830 0,83 795 790 0,7
Lower Heat Value
12 42 20,2 27 1
(MJ/kg) 0 5 50,05 0,26 8,6
Auto-ignition
858 523 813 738 698 924
temperature (K)
Stoichiometric air-
. 34,3 14,5 17,2 6,5 9 6,06
fuel ratio
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Laminar flame speed 2,37 0,37-0,43 0,38 0,52 0,39 0,07
(ml/s)
Adiabatic flame 2382 2300 2225 2143 2193 1800
temperature (K)
Flammability limits

. 4-75% 0.6-5.5% 4-16% 6-36% 3-19% 14.8-33.5%
(vol% in air)
Min. ignition energy 0,02 0,24 0,28 0,14 0,23 680
in the air (mJ)
Quenching distance 0.6 i 2,03 1.85 165 7
(mm)
Cetane Number >130 >20 130 <5 5-15 120
Boiling Point °C -253 >180 -162 65 78 -33
CO:emissions Low High Medium Medium Medium Low
SOxemissions Low Medium Low Low Low Low
NOx emissions High High Medium Medium Medium High

Table 1. The physical and chemical properties of fuels, reproduced from (Arcos and Santos; 2023; DNV,
2023; Greenwood et al., 2014; Herbinet et al., 2022; IMO, 2020).

Quenching distance values for diesel vary and are not consistently reported due to its complex
composition. As seen in the table the fuels have quite different chemical and physical properties which ends up
with different combustion properties and emissions. The hydrogen differs from the other fuels with its unique
properties and characteristics as flame speed, wide flammability range. These characteristics make hydrogen a
perfect fuel to combine with other fuels, in particular its high stoichiometric air-to-fuel ratio (Pan et al., 2014).

2.1. Hydrogen

Hydrogen, as a molecule, is rarely found in the atmosphere, so it must be produced and stored using
an external energy source before being used as fuel. These external energy sources include fossil fuels (with or
without carbon capture systems), pyrolysis of fossil fuels (LNG), renewable energy, and nuclear energy. Based
on their production methods, hydrogen is categorized as gray, blue, turquoise, green, and yellow hydrogen,
respectively (Bilgili, 2023; Incer-Valverde, 2023). Gray hydrogen is produced from fossil fuels without carbon
capture (Arcos and Santos, 2023); blue hydrogen is produced from fossil fuels with carbon capture and storage
(CCS) (Lubbe et al., 2023); turquoise hydrogen is produced from methane pyrolysis, yielding solid carbon; green
hydrogen is produced from renewable energy via electrolysis (Schuler et al., 2023); and yellow hydrogen is
produced via electrolysis using electricity from the grid (mixed sources) (Inal and Senol, 2024). As an energy
carrier, hydrogen is considered a clean and environmentally friendly fuel due to its carbon-free structure.
However, the greenhouse gas (GHG) emissions associated with hydrogen depend on its production process.
When produced from fossil fuels, hydrogen still contributes to GHG emissions, similar to natural gas (Kim et al.,
2020).

Hydrogen has the highest lower heating value (LHV) per unit mass among conventional fuels. Its
combustion generates water as the primary byproduct, making it a clean fuel for combustion applications.
However, its volumetric energy density is nearly ten times lower than that of methane (Balcombe et al., 2019),
making large-scale storage and transportation costly both economically and in terms of emissions. The high
specific volume of hydrogen negatively affects volumetric efficiency, which in turn impacts the power output of
hydrogen-fueled internal combustion engines (ICEs), especially in external mixture applications (Verhest et al.,
2013). Consequently, blending hydrogen with other fuels can facilitate a smoother fuel transition and help
mitigate onboard storage challenges for ships, which require large fuel quantities. While pure hydrogen
combustion offers advantages in terms of carbon emissions and fuel availability, its production and storage
capacities remain key challenges.
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In terms of combustion properties, hydrogen has a wide flammability range, high laminar flame speed,
and low minimum ignition energy in air, making it favorable for combustion. When mixed with other fuels,
hydrogen can enhance flame speed, expand the flammability range, and improve overall combustion quality,
making it a viable option for enhancing engine performance (Ji et al., 2013). However, these properties can also
result in undesirable combustion characteristics, such as high combustion temperatures, knocking, and
increased NOyx emissions. Therefore, combustion parameters must be controlled in ICEs to prevent such issues.
Hydrogen's lean combustion capability presents a promising option for improving emissions and efficiency, but
insufficient power output remains a significant barrier to pure hydrogen combustion in ICEs. NOx emissions from
hydrogen-fueled engines are highly dependent on the air-fuel ratio (lambda, A); emissions tend to decrease
under both excessively lean and rich conditions compared to near-stoichiometric mixtures (Verhest et al., 2013).
Nevertheless, hydrogen’s wide flammability range (4% to 75%) and high air-fuel stoichiometric ratio allow it to
be effectively blended with other fuels (Pan et al., 2014; Verhest et al., 2013). The injection method and phase
formation of hydrogen within the combustion process are key considerations. Hydrogen can be introduced using
technologies similar to those in gasoline engines. The highest chemical energy input into the cylinder is achieved
through direct injection, while cryogenic port injection is another promising alternative compared to conventional
port injection (Verhest et al., 2013). Despite the limited number of hydrogen-fueled ICEs, particularly in the
maritime sector, advanced technological models and pioneering concepts continue to evolve.

2.2. Diesel Oil

Diesel fuel is the most common fuel used in ships, especially in large-bore marine diesel engines. The
carbon content of diesel fuel is determined by the formula specified in Table 1. Heavy fuel oil contains about
85% carbon, while marine diesel oil contains around 87%. The carbon fraction is typically 86% by mass,
calculated using the diesel formula CnH1.8n, as shown in Table 1. Diesel technology is well established, with
mature fuel production, supply chain, and storage processes. Diesel engines are classified as slow, medium, or
high-speed, with slow-speed marine diesel engines commonly used in commercial ships to burn heavy fuel oil
and various diesel fuels. Although diesel fuel is not considered an alternative fuel, its widespread use and
potential for blending or dual-fuel operation with hydrogen maintain its relevance in sustainable shipping.
Integrating hydrogen with diesel fuel could help reduce carbon emissions in proportion to its energy share.

2.3. Natural Gas

Natural gas, particularly Liquefied Natural Gas (LNG), has gained popularity in recent years due to its
relatively low carbon content and cost advantages. Primarily composed of methane (CH4), its carbon fraction is
approximately 75% by mass. In the shipping sector, LNG is favored for its CO2 reduction potential and lower
SOx and particulate matter (PM) emissions, making it advantageous for meeting short-term regulatory
requirements. However, methane slip is a significant drawback for natural gas (Tuswan et al., 2023). Over its
entire lifecycle (well-to-wake), including production, transportation, and combustion, LNG’s global warming
potential (GWP) is not as promising for achieving the IMO 2050 decarbonization targets. The GWP of methane
emissions is higher than that of CO2, and depending on the engine technology (diesel or Otto cycles), LNG’s
CO2-equivalent reduction ranges from only 5% to 16% compared to marine distillate fuels (Lindstad, Lagemann,
Rialland, Gamlem, and Valland, 2021; Zafar et al., 2023). Additionally, LNG combustion suffers from a slow
burning rate, reducing engine efficiency (Tunestal et al., 2002). While LNG engines operate well at high
compression ratios and are resistant to knocking (Sapra et al., 2020), hydrogen can be integrated as a solution
to mitigate emissions from LNG-powered engines.
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2.4. Ammonia

Ammonia (NHs) consists of nitrogen and three hydrogen atoms, making it a promising hydrogen carrier
with a hydrogen content of 17.7% by mass. Although hydrogen has a higher gravimetric energy density (120
MJ/kg compared to 18.6 MJ/kg for ammonia), ammonia offers a higher volumetric energy density. Ammonia is
lighter than air, and its evaporation poses health risks. Combustion in internal combustion engines (ICEs) is
challenging due to ammonia’s low laminar flame speed and limited flammability range in air, as shown in Table
1 (Berni, 2024). Ammonia also has a high-octane number and is highly resistant to autoignition (Herbinet et al.,
2002), requiring high compression ratios and temperatures to initiate combustion. However, ammonia performs
well when blended with hydrogen, making it a viable alternative for marine engines in dual-fuel mode (Zafar et
al., 2023; Otomo et al., 2017). Due to its nitrogen content, ammonia combustion produces NOx emissions,
necessitating after-treatment solutions.

Ammonia can achieve net-zero emissions when produced using renewable energy sources, such as
nitrogen and water electrolysis. If fossil fuels like methane are used in its production, carbon capture systems
can help reduce emissions. In addition to ICE applications, ammonia can be used in fuel cells, further increasing
interest in this fuel. Its onboard storage is more manageable compared to other compressed alternative fuels,
though its toxicity poses health risks if inhaled.

2.5. Ethanol

Ethanol, an alcohol-based fuel with a high-octane number, enables higher compression ratios in internal
combustion engines (Greenwood et al., 2014). Each ethanol molecule consists of two carbon, six hydrogen, and
one oxygen atom, resulting in a carbon fraction of 52% by mass. Ethanol can enhance combustion when blended
with conventional fuels, although engine performance may decrease when it is added to gasoline. However,
adding hydrogen to ethanol mixtures improves combustion efficiency. The hydrogen-ethanol combination is
considered a renewable energy solution, as hydrogen extends the lean combustion limits of ethanol-based fuels
(Yousufuddin and Masood, 2009). Additionally, boosted air induction can enable more fuel-efficient operation
while reducing emissions. Both ethanol and hydrogen are resistant to autoignition, which may improve engine
performance when used together.

2.6. Methanol

Methanol is the fourth most commonly used marine fuel after HFO, MDO, and LNG. Its use in commercial
vessels has been increasing since 2015. Methanol is primarily produced from natural gas in a cost-effective
manner. Compared to natural gas, methanol offers better storage performance and combustion characteristics.
It can be stored at low pressures and relatively higher temperatures, making it more practical than LNG.
Compared to heavy fuel oil, methanol combustion reduces CO: emissions by approximately 9-10% in converted
ships (Zincir, 2023). However, when derived from fossil fuels, methanol’s greenhouse gas emissions remain a
concern. Methanol is less hazardous to marine ecosystems than ammonia in the event of a spill, though it still
poses environmental risks. lts low gravimetric energy density necessitates larger fuel quantities for equivalent
energy output. The presence of oxygen in the methanol molecule enhances combustion performance, resulting
in fast and complete combustion. Like ethanol, methanol has a high-octane number, improving knocking
resistance and allowing higher compression ratios, which enhances engine efficiency. Methanol can be blended
with diesel fuel and burned in dual-fuel ICEs (Deniz and Zincir, 2016). Its high latent heat of vaporization improves
volumetric efficiency by cooling the intake charge, which is advantageous at high engine speeds but may pose
challenges for cold starts and lean combustion operation (Ji et al., 2013).
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Based on the technical review provided in previous sections, a strengths, weaknesses, opportunities,
and threats (SWOT) analysis was conducted to evaluate the suitability of each fuel type for marine applications.
(Lindstad et al., 2021; Zafar et al., 2023: Ellis and Tanneberger, 2015; Mahia Prados et al., 2024).

Strengths Weaknesses Opportunities Threats
e Low Carbon Content in | e Lower energy density e Cost effective fuel e Methane slip global
per molecule is 25% o Need insulated tanks prices warming potential is
less) for storage e Dual fuel operation more than CO,
o [t reduces SOy and PM e Still has, noteworthy capability
O | emissions significantly carbon content e Two types of ICE cycle
5 e Cheap and reasonable e Methane slip increases operate as otto and
price the global warming diesel cycles
e It is not toxic - not potential
corrosive e Lack of lean
e Regulation and combustion capability
technology maturity
e Able to reduce CO» e Lower energy density ¢ Easy to modify the e It is toxic for human
emissions e The IMO carbon engines health
e Can be cost advantage reduction strategy is not | e Technology readiness e Corrosive effect on
if it produced from met by methanol e Approved as 4" specific materials
natural gas, on the other singularly; only green common fuel for ships
) side green methanol can methanol can be carbon
§ be carbon neutral neutral
= | e Better combustion ¢ Additional ignition
§ properties, no sulfur source is required for
emissions the use in ICEs.
e Approved by the IMO,
as a ship fuel
¢ Better storage
properties compared to
LNG
e Carbon-free structure e Lower energy density e Compatible with dual o [t is toxic for human
enables combustion e It is dangerous for fuel operations. health, corrosive effect
without CO,, which human in the case of o Fuel prices can be on the materials
complies with IMO exposure feasible with the e In case, the source of
GHG targets. e It has poor combustion increasing renewable ammonia production
¢ Can be produced from characteristics in ICEs, energy technologies. based on fossil fuels,
« | renewable sources. (as flame speed) still contribute GHG
S | e A convenient onboard Assistive fuel needed as emissions.
g storage is easily like pilot fuel o NOy emissions occur as
g achievable in liquid e NOy emissions need a combustion product,
< | phase (Lower after treatment as line if nitrogen emissions
pressures) SCR. are not regulated
e Bunkering process properly, the nitrogen
needs improvement cycle can be next
problem for climate.
o Lack of regulations.
e In case of spill, harmful
for marine biology
e Zero emission in eLiquefaction/compressio | eIt is suitable to use with | e In case of the
combustion, and if n and transportation other fuels production is based on
S| produced with processes can contribute | eReasonable prices fossil fuels (as LNG)
20 renewable energy GHG. achievable in the future increase GHG
.’; soruces (Green e Additional measures with production emissions (Grey
E Hydrogen) needed to reduce NOx techniques Hydrogen)
¢ High energy density for emissions e Compatible with ICEs ® NOy emisions need to
unit eHigh Cost as a fuel be controlled
e Non-toxic
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¢ High flame speed eLack of technolgy for
e Wide range of combustion in ICE
flammability eLow energy density for
e High stoichiometry (air- | unit volume
fuel ratio AFR) o Storage problems in
both compressed and
liquefied phase.
Lack of safety
regulations.
e Environmentally e Low gravimetric energy | e IGF code is under e Corrosive structure
3 friendly, can be density development for
§ produced by renewable ¢ Corrosive properties ethanol fuels.
= sources e Low lubricity properties
E e Convenient use in ICE
¢ Nontoxic structure for
the environment

Table 2. SWOT Analysis of the fuels.

3. COMBUSTION PERFORMANCE CHARACTERISTICS

The operational parameters, such as combustion duration, heat release rate, maximum pressures, peak
temperatures, efficiency, carbon emissions, and total heat release, must be considered for fuel combinations in
dual-fuel operations.

To begin with, ignition timing influences key parameters such as peak cylinder pressure and
temperature, and directly impacts combustion efficiency and emissions. When the ignition timing is advanced,
the time interval for fuel injection is reduced, enabling faster combustion due to turbulence in the cylinder
(Yousufuddin and Masood, 2009). While fast combustion brings the peaks closer to the top dead center (TDC),
timing adjustments in dual-fuel operations must be tailored to the type of fuel and engine operation. It is important
to remember that all performance characteristics are interrelated, meaning any change in one parameter affects
the others.

Ignition delay is the time interval between fuel injection and the start of combustion, defined as the point
at which 10% of the fuel has burned from the spark timing. Ignition timing significantly affects ignition delay. In
this study, ignition delay does not depend solely on hydrogen addition; instead, the pressure and temperature
of the mixture play a crucial role. The air-fuel ratio is also a significant parameter influencing ignition delay. An
insufficient oxidizer can extend the ignition delay period. In scenarios involving hydrogen addition, hydrogen
displaces air (including oxygen), reducing the excess air and potentially extending the ignition period of the fuel
mixture (Zhen et al., 2020). Ignition delay can be minimized with hydrogen addition. However, as hydrogen
displaces air (and thus oxygen), its addition can also increase ignition delay due to reduced oxygen availability.

The heat release rate (HRR) is a key parameter for fuel performance. HRR is defined as the amount of
energy released during fuel combustion within a specific time interval, generally measured in crank angle (CA)
units. HRR varies with fuel properties and has a dominant effect on pressure and temperature changes in the
cylinder during combustion, thereby influencing emissions and efficiency. With hydrogen addition, the HRR
curve changes, affecting combustion phenomena, temperature, pressure, and other performance
characteristics, either positively or negatively.

Total heat release is obtained by integrating the HRR over the crank angle, representing the total heat
energy released from fuel combustion. After accounting for system losses such as friction and cooling, the
power output is determined. Hydrogen addition can increase the total heat release of the fuel due to its favorable
combustion characteristics, resulting in improved combustion performance.
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Combustion duration is the time interval or crank angle range in which 90% of the fuel is burned. It
varies based on fuel properties such as flame speed, stoichiometry, and temperature. When combining different
fuels, such as hydrogen—which has superior combustion properties—the combustion duration may shorten.
This means the same total heat is released in a shorter time, altering the heat release rate. These changes
influence in-cylinder pressure and temperature, thereby affecting engine efficiency.

Efficiency, which is also related to specific fuel consumption (SFC), indicates the ratio of work produced
to fuel consumed. Internal combustion engines (ICEs) achieve different efficiency rates under varying conditions.
Combustion parameters such as heat release, combustion speed, and in-cylinder temperature and pressure
variations directly influence efficiency. While efficiency is an important performance indicator, maximum
efficiency is not always the primary objective. In some alternative fuel operations, efficiency may be sacrificed
to reduce emissions. If the total fuel is burned at stoichiometric ratios, maximum heat per unit volume (kJ/m?)
can be achieved for a given combustible mixture. The highest temperature is reached near stoichiometric ratios
on the fuel-rich side. However, excessively lean or rich mixtures result in insufficient heat release, which can
lead to incomplete combustion. When combustion is inadequate and heat release is insufficient to ignite the next
mixture, propagation reactions terminate, causing poor combustion. Poor combustion is undesirable, but
hydrogen’s wide flammability and stoichiometric limits help improve emissions by enhancing combustion quality.

Maximum temperature occurs near the point where maximum pressure is reached in the cylinder. The
location of this peak is significant for NOx formation, as NOx emissions strongly depend on maximum temperature
(Saravannan and Nagarajan, 2010). Burning velocity is another important parameter, particularly for fuels such
as ammonia and natural gas, which have lower burning velocities. The high flame propagation speed of
hydrogen shortens the combustion period as combustion speed increases.

Additionally, the auto-ignition temperature determines how easily a reaction starts. Methanol, ammonia,
and hydrogen all have high auto-ignition temperatures. Since additional spark or pilot ignition fuel is needed to
initiate combustion, engines in research applications have been converted to spark-ignited engines. Although
hydrogen has a high auto-ignition temperature, its very low ignition energy makes it highly prone to ignition from
hot engine parts, leading to knocking during hydrogen operation. Combining hydrogen with knock-resistant
fuels such as methanol and natural gas, which have high octane numbers, improves combustion performance
and extends the knocking limit. Methanol and ethanol, as alcohol-based fuels, have high latent heat, which
further enhances knock resistance due to their cooling effect upon evaporation. During the intake process, the
evaporation of alcohol fuels improves volumetric efficiency. Alcohol-based fuels also offer advantages such as
low viscosity, easy injection, better atomization, improved air mixing, and reduced emissions due to their
relatively high hydrogen content and oxygen presence.

4. THE COMPATIBILITY OF THE FUELS WITH HYDROGEN AND DISCUSSION

4.1. Diesel /| Hydrogen Combination

Hydrogen addition in diesel engines, provides directly advantage on CO2 emissions linearly as the
energy share of the Hz increases. Hydrogen doped diesel operation in reduced engine loads come up with less
knocking, smoother combustion hence less noise and vibration (Nag et al.,2019). The addition of hydrogen into
the diesel engines is on the investigation recently (Serrano et al., 2019; Saravanan and Nagarajan, 2010). The
conditions at high loads, diesel engines work relatively high fuel-air ratios, high equivalence ratios, carbon
monoxide and hydrocarbon emissions decreases. Compared to the low load operation hydrogen addition
performs better combustion efficiency at the high loads (Tsujimura and Suzuki, 2017; Nag et al.,2019). The
shorter combustion duration which is heat release in a shorter period causes increment in the peak cylinder
pressures and temperatures. NOx emissions are expected to increase by the addition of hydrogen with high
temperatures, however, during low loads and considering the type of hydrogen addition technology, less amount
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of oxygen, displaced by hydrogen or reacted, leads to decrease NOx emissions. On the other hand, NOx
formation does not only depend on the oxygen availability in the chamber, temperature levels and the sufficient
time are other parameters that maximum temperature plays a vital role in NOx formation in ICEs (Saravannan
and Nagarajan, 2010).

4.2. Natural Gas / Hydrogen Combination

The LNG fuel is in use in ICEs, reachable fuel with cost and emission advantageous but, it suffers from
combustion speed, and the lack of combustion capability which can cause misfiring during low load operations.
By the hydrogen addition to the LNG fuel increase the lean combustion capability and improve the combustion
speed in ICs. With The laminar burning velocity of the mixture increases as the fraction of hydrogen increase
(Abdelalli et al., 2022). The burning velocity helps to reduce combustion duration hence, the higher combustion
pressures and higher mean effective pressure can be obtained as the hydrogen content increases
(Abdelhameed and Tashima, 2023). The combustion speed of methane is slow and low lean combustion
capability makes methane good choice of hydrogen blend to take the hydrogen combustion properties
advantages. Hydrogen blend provides smooth and proper combustion. It increases the brake power, thermal
efficiency, decrease the hydrocarbon emissions, CO emission, engine fuel consumption (Zareej et al., 2020)
and CO:2 emissions with a linear relation methane substitution with hydrogen. However, it also increases the NOx
emissions.

4.3. Ammonia / Hydrogen Combination

The ammonia fuel does not have any sulphur and carbon atoms so any sulphur and carbon emissions
is not a combustion product. Ammonia combustion needs additional fuel assist so as to initiate combustion
propagation. With the help of hydrogen, having high flame velocity, the combination promotes the ammonia
flame speed. As the ammonia amount increase in the combination, the combustion duration and the ignition
period increase, the increase in the hydrogen fraction leads to shorten these combustion properties. With the
fast combustion process, the brake thermal efficiency and the total output power is expected to increase
together with the combustion peak temperatures. However, the hydrogen doped operation affects NOx emission
negatively. In lean conditions, NOx formation is expected to increase on the other hand, fuel-rich mixture
combustion has reverse effect on the production of NOx emissions. Nitrogen content in the ammonia fuel results
with a NOx emission drawback in the combustion, nevertheless, decreasing the amount of ammonia so means
nitrogen atom doesn’t result with NOx reduction by the increasing of hydrogen ratio NOx emissions increase and
compared to ammonia/hydrogen blend to ammonia, NOx emissions are higher (Xin et al., 2022; Dinesh et al.,
2022). Moreover, reducing combustion temperature, adding EGR, and combining with post-treatment
technology can be solution in marine engines in the future while practical application is still so limited for
ammonia combustion in marine engines.

4.4. Ethanol /| Hydrogen Combination

Given their renewability and availability, both ethanol and hydrogen, both of the fuels, ethanol and
hydrogen seems a good choice to be combined. When the hydrogen is added to the ethanol fuel combustion
capability of ethanol has been improved to gather with the brake power and thermal efficiency (Yousufuddin
and Masood, 2009). The primary consequence is reduced specific fuel consumption for the ethanol engine.

Ignition Delay may increase with the lack of oxidizer since the excess air ratio is one of three main
parameters has the effect on ignition delay together with in-cylinder temperature and pressure. Maximum in-
cylinder pressure may also decrease (Zhen et al., 2020) due to the ignition period increment at the beginning
of combustion and the piston movement downwards with the crank angle motion. On the other hand, the fast
burning of the mixture reduces the combustion duration can increase the peak pressure (Greenwood et al.,
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2014) oppositely to the research (Zhen et al., 2020). The two opposite phenomena can be caused by the
detrimental ignition timing, as the ignition timing retards the in-cylinder volume increases by piston movement.
The total power output may increase or decrease according to the combustion phenomenon occurrence the
rate of heat release of the fuel oxidation. And the amount of hydrogen shares in fuel. Combustion duration may
also extend with the increased ignition delay (Zhen et al., 2020) or reduce with rapid combustion (Greenwood
et al., 2014). The emissions of CO, CO2 and HC reduces due to the fuel energy share reduction of ethanol.

4.5. Methanol / Hydrogen Combination

The operation of methanol with hydrogen is generally performed under lean conditions in the literature
(Gong et al., 2019). The addition of hydrogen increases brake thermal efficiency (Ji et al., 2013). A wide
flammability limit range for hydrogen enables methanol to combust quickly and smoothly, which is the main
reason for the observed efficiency increase. Hydrogen allows methanol to burn over a wide range of
concentrations. Additionally, hydrogen’s high flame speed accelerates methanol combustion, which is otherwise
difficult due to methanol’s high latent heat. As a result, combustion occurs earlier, near top dead center (TDC)
(Ji et al., 2013). Therefore, maximum pressures and temperatures in the cylinder increase, since the cylinder
volume is limited near TDC. This condition leads to increased power produced by the piston stroke and higher
efficiency.

Other effects of hydrogen addition to methanol include a decrease in hydrocarbon (HC) and carbon
monoxide (CO) emissions, and an increase in NOx emissions, due to reduced carbon-fuel combustion, elevated
temperatures, and faster combustion, respectively. The ignition delay can also change in both directions: it may
increase due to the reduced amount of excess air with hydrogen addition (Zhen et al., 2020), or decrease due
to the ease of hydrogen combustion. Methanol has a cooling effect during the intake process and increases
volumetric efficiency. Hz also has volumetric efficiency issues, which is another advantage in the operation of
the fuel combination.

The evaluation of the fuels mentioned above is shown in Table 3, which is reproduced from Yousufuddin
and Masood (2009), Tsujimura and Suzuki (2017), Zhen et al. (2020), Ji et al. (2013), Greenwood et al. (2014),
Abdelalli et al. (2022), Abdelhameed and Tashima (2023), Huang et al. (2007), and Bayramoglu and Yilmaz
(2021). The performance characteristics of combined fuel combustion and their variations are depicted
individually; these findings are deduced and concluded by the author based on the studies given in the
references.

With H.2 doped Hydrogen Diesel LNG Methanol Ethanol Ammonia
operation
Flammability range —_— A A A A A
Flame Speed -_ A A A A A
Ignition Delay —_— v v v A v
Thermal Efficiency —_— A A A A A
Power Output —_ A A A AY A
Peak Temperature -_ A A A A A
Mean Effective
Pressure - A A A AV A
Peak Pressure -_— A A A AV A
Fuel Consumption —_— v v v v v
m ion
gzralt)ittl)?\t ° - v v v AV v
CO: emissions — v v v v —_—
CO emissions — v A> v v —_—
SOx emissions — v — —_— —_— —_—

TaMS WebFirst



NOx emissions

A

A

A

A

>

HC emissions

v

v

v

v

A =increase; ¥V = decrease; == = no significant change
Table 3. The hydrogen addition effects on performance characteristics of fuels.

5. CONCLUSION

This study evaluates the effects of hydrogen addition in dual-fuel internal combustion engines, particularly in
combination with methanol, ethanol, and methane. The findings indicate that hydrogen significantly affects key
combustion characteristics, including ignition delay, heat release rate, and flame propagation speed. Hydrogen
addition generally enhances combustion efficiency and reduces carbon-based emissions (CO and HC), but it
also increases NOy formation due to higher in-cylinder temperatures. At low engine loads, hydrogen improves
power output by accelerating combustion and increasing volumetric efficiency. However, at higher loads,
excessive hydrogen addition can cause knocking, especially in non-alcohol-based fuels such as diesel. This
underscores the importance of optimizing injection timing and blending ratios to balance efficiency, emissions,
and engine stability. Additionally, while hydrogen’s high flame speed and wide flammability range improve
combustion, its low ignition energy makes it susceptible to unintended ignition from engine hot spots, posing
operational challenges. In summary, hydrogen’s role as a secondary fuel presents both opportunities and
challenges for future engine development. Its ability to improve combustion efficiency and reduce carbon
emissions aligns with global decarbonization goals, but careful fuel management is required to mitigate NOx
emissions and knocking risks. Future research should focus on advanced injection strategies, hybrid fuel
combinations, and aftertreatment technologies to enhance the feasibility of hydrogen-assisted dual-fuel
operation in marine and heavy-duty applications.
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