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Hydrogen fuel offers promising decarbonization pathways for hard-to-electrify transport sectors such as
long-haul trucking, international maritime, and aviation. The internal combustion engine (ICE) is and will
continue to be important in the transition to net zero emissions (NZE), especially in the transport sector.
In this review, the research trend, hotspots, and evolutionary nuances of hydrogen-fuelled ICEs have
been investigated. Our analysis reveals that while earlier research primarily focused on the performance
and emission characteristics of hydrogen-fuelled ICEs, recent studies are increasingly paying more atten-
tion to combustion and emission control strategies. NO, emissions have received a lot of attention, as it is
the most important pollutant from hydrogen engines. Several techniques, namely exhaust gas recircula-
tion (EGR), water injection, and lean combustion, have been predominantly adopted and studied for con-
trolling NO, emissions. Another major research area in the field has centered on combustion anomalies
such as backfiring and knocking, which are key setbacks to the hydrogen-fuelled ICE. Owing to its ability
to produce fewer emissions and greater performance than diesel-only operation, hydrogen in diesel
engines as dual fuel has also become a major research hotspot in the field within the last decade. Our
analysis also showed that there is a strong interest in this field where researchers are focusing on the use
of hydrogen with other alternative fuels such as methane, biogas, biodiesel, ammonia, and methanol for
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optimal operation of the ICE. Finally, we provide some critical challenges and potential solutions related
to the use of hydrogen as an ICE fuel. It is anticipated that the results from the present work will pave the
way for the continuous development of hydrogen engine research for the ongoing fight to decarbonize

rsc.li/greenchem the transport sector.

fuel consumption has declined with increasing renewable
energy adoption, conventional fuels still make up around

1. Introduction

1.1 Renewable energy and net zero emissions

The world must reach net zero emissions to avoid the devas-
tating effects of failing to meet the 1.5-2 ©°C Paris
Agreement target on global warming. According to the
Intergovernmental Panel on Climate Change (IPCC), global
average temperatures have already risen around 1.1-1.3 °C
above pre-industrial levels," primarily due to human activi-
ties like burning fossil fuels that release greenhouse gases,
and the remaining carbon budget to limit warming to
1.5 °C could be exhausted by the late 2020s.* While fossil
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85% of total global primary energy use.” Achieving net zero
emissions is crucial to mitigate further warming and
climate change impacts.

To reach the 1.5 °C goal, urgent emission cuts are required
to attain global net zero carbon dioxide (CO,) emissions by
mid-century. Net zero emissions (NZE) implies counterbalan-
cing all residual emissions with an equal amount of offsets
through carbon removal."”®” Several countries have committed
to carbon neutrality/net zero targets ranging from 2040 to
2070, with more expected to follow.>? Reducing emissions
through the development and deployment of renewable energy
(RE) is crucial for achieving carbon neutrality or net zero emis-
sions. Despite positive trends in RE deployment in recent
years,'® key challenges that hinder 100% RE grid integration
include the intermittency of weather-dependent sources like
solar and wind, the need for large-scale energy storage to
manage variability, and the required upgrades to existing
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power grids.""* Another critical challenge involves decarbo-
nizing hard-to-abate sectors like heavy industry and long-haul
transportation that account for around 30% of total
emissions™'* and are difficult to electrify directly due to their
requirement for high energy-density fuels.'® To achieve NZE, it
is necessary to significantly reduce emissions from these
sectors and to find ways to decarbonize them. Some of these
potential solutions include the power-to-X concept.

1.2. Power-to-X

Power-to-X (PtX) is an umbrella term that involves a range of
technologies aimed at converting electrical energy into various
energy carriers or chemical products through various path-
ways, such as power-to-hydrogen, power-to-ammonia, power-
to-chemicals (like methanol or synthetic fuels), power-to-gas
(like synthetic methane), power-to-heat, and power-to-
mobility"®™*® (Fig. 1). The primary objective of PtX is to enable
efficient storage and utilization of intermittent renewable
energy sources like wind and solar power. The PtX concept
works by utilizing excess electricity generated from renewable
sources to produce energy carriers through processes like elec-
trolysis or chemical synthesis.”® These carriers can then be
stored, transported, and utilized as needed, effectively acting
as energy buffers and facilitating the integration of renewable
energy into various sectors.

Power-to-hydrogen (P2H2) is a specific application of the
PtX concept, focusing on producing hydrogen as the energy
carrier. In this process, renewable electricity powers an electro-
lyzer that splits water molecules (H,O) into hydrogen (H,) and
oxygen (O,) through electrolysis. The resulting “green” hydro-
gen, produced with no carbon emissions, can be compressed
or liquefied for efficient storage and transportation. The stored
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hydrogen can be utilized in various applications, including
fuel cells for electricity generation or transportation (e.g.,
hydrogen fuel cell vehicles), industrial processes (ammonia
production, steel manufacturing), heating and cooling
systems, and re-electrification (converting hydrogen back into
electricity using fuel cells or turbines)."®™°

One of the pivotal roles of power-to-hydrogen is to store
excess renewable electricity, addressing the intermittent nature
of wind and solar power generation.'>?! By utilizing surplus
electricity to produce hydrogen, this process enhances the
efficiency of renewable energy utilization and mitigates the
challenges posed by the variability of renewable sources.>?

The hydrogen from this pathway is critical for achieving the
decarbonization of hard-to-abate sectors like chemical, trans-
portation, and industry>*® by providing a fuel with suitable
physico-chemical characteristics, and has many potential
applications, notably in transport sub-sectors like heavy truck-
ing, maritime, and aviation through internal combustion
engines (ICEs) which offer favorable technology readiness,
availability, versatility, reliability and relatively low cost com-
pared with alternatives like fuel cells.>” Also, the huge demand
for green hydrogen in the future opens up an opportunity for
other carbon-neutral fuels (hydrogen derivatives), such as
ammonia and methanol, to be produced and delivered to
hard-to-abate sectors for the realization of deep decarboniza-
tion targets.>”

It is also important to stress that hydrogen could enable
more effective large-scale and seasonal storage capacities than
alternatives such as batteries and pumped hydro storage.>®
Batteries, supercapacitors, and compressed air cannot provide
the range and power necessary to overcome seasonal imbal-
ances on their own. On the other hand, pumped hydro storage
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Fig. 1 PtX route and its derivatives and their key sector of application. Re-drawn from ref. 23.
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Promote large-scale renewable energy integration, power
generation and seasonal storage

Electricity can be produced in high-potential RE regions,
converted to H,, and shipped to low-potential RE regions

Decarbonize hard-to-abate sectors like heavy industry, road
trucking, international shipping and aviation

Serve as feedstock for producing other carbon-neutral fuels
such as methanol and ammonia for further decarbonization

By coupling the power sector with other sectors, Power-to-H,

can improve robustness and reliability of grid network

Fig. 2 Role of green hydrogen in a net zero future.

has the potential to offer long-term and substantial energy
storage, but it is constrained geographically for the untapped
potential, and its worldwide output capacity of 170 GW is just
approximately 2% of the world’s installed electrical capacity.”>
Fig. 2 summarizes some key roles that may be played by green
hydrogen in the NZE future.

As a result, hydrogen has a crucial role to play in enabling
the net zero transition by 2050. In 2020, global hydrogen
demand was around 90 MMT, with 80% pure hydrogen and
the rest used with carbon gases for steel and methanol pro-
duction.*" Under a net zero scenario, hydrogen demand is pro-
jected to increase by nearly 500% by 2050 relative to 2020
levels.>® Green hydrogen, produced from renewable electroly-
sis, currently represents less than 1% of global production but
is expected to grow substantially to achieve mid-century net
zero goals.>® By 2050, green hydrogen and derivatives like
ammonia, synthetic methane, and methanol could meet
12-22% of final energy demand (Fig. 3), with green hydrogen
and electricity together potentially supplying 63% of final
energy consumption.’®*® The production of these critical net
zero fuels fundamentally relies on the availability of green
hydrogen.

1.3 Hydrogen-fuelled ICE

ICEs facilitate mobility but rely heavily on polluting fossil fuels
such as diesel and gasoline. Adopting hydrogen in ICEs is a
leading pathway to achieve complete or near zero carbon trans-
portation in a net zero pathway by mid-century.>® Compared
with fuel cells, hydrogen ICEs could leverage existing industry
infrastructure to enable faster hydrogen scale-up. Hydrogen
ICEs offer zero carbon emissions and good thermal

This journal is © The Royal Society of Chemistry 2024

efficiency®® and comply with stringent transport emissions
rules, with advanced technologies minimizing remaining NO,
emissions,*® which is one of the main challenges of hydrogen
engines. As a result, research interest in hydrogen-fuelled ICEs
has grown significantly in the last decade. In the existing lit-
erature, there has been a significant number of traditional
reviews on hydrogen and its application in ICEs, as summar-
ized in Table 1.

While the existing reviews on the hydrogen ICE provide
valuable contributions to existing knowledge, new methods of
review such as bibliometric analysis could provide new
insights into the key research focus, thematic areas, frontiers,
and expected future developmental trends on hydrogen-fuelled
ICEs from a quantitative point of view. The use of bibliometric
tools is gaining attention in mapping the knowledge landscape
of a particular research field. Bibliometric analysis is a method
of quantitatively analyzing and evaluating the production,
impact, and dissemination of scientific research.**™*’ This
method typically involves collecting data on the publication
and citation patterns of scientific papers, as well as other indi-
cators of the quality and significance of the research. The
essence of bibliometric analysis is to use quantitative data on
the publication and citation patterns of scientific papers to
assess the performance, quality, and impact of research.*® Low
and MacMillan® argued, “As a body of literature develops, it is
useful to stop occasionally, take inventory for the work that has
been done, and identify new directions and challenges for the
future” (pg. 139). This method can provide valuable insights
into the state of a scientific research field, and it can help to
identify trends, patterns, and connections between different
areas of research.

Green Chem., 2024, 26, 9025-9047 | 9027
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Fig. 3 Relative share of hydrogen production technologies by mid-century. Re-drawn from ref. 15. Here, green hydrogen refers to hydrogen made
by electrolysis using electricity from renewable sources; grey hydrogen is derived from natural gas; blue hydrogen is a combination of grey hydrogen
with carbon capture and technology; yellow hydrogen refers to electrolytically made hydrogen with solar. Other forms of hydrogen color codes
include turquoise hydrogen which splits methane from natural gas into hydrogen and solid “carbon black”; purple/pink/red hydrogen involves
hydrogen from the electrolytic process based on nuclear power; energy black/brown refers to hydrogen made from either black or brown coal

(lignite).

1.4 Original contributions and scope of current study

In the past, researchers have attempted to employ the bib-
liometric tool to map out the ICE research field, for
example, methanol/ethanol in ICEs,>® biodiesel in ICEs,*"
diesel engines,’® modeling engines,® and emissions from
alcohol/diesel engines.* To the best of our knowledge, the
use of such modern review tools in mapping the knowledge
domain on hydrogen in the ICE is scarce. To fill this gap,
we employ bibliometric tools to assess the research domain
of hydrogen-fuelled ICEs. To uncover internal structures and
hidden implications for future development, the research’s
objective is to quantitatively investigate the research field of
hydrogen-fuelled ICEs since 2012 and identify the major
research hotspots and emerging and declining research
themes. Through keyword analysis, this study systematically
identifies the significant areas that need greater focus,
offering researchers a thorough understanding and direction
for the development of the hydrogen-fuelled ICE. We there-
fore expect that the outcomes of the current research will
open up opportunities for the advancement of hydrogen
engine research in the ongoing attempt to decarbonize the
transport sector.

9028 | Green Chem., 2024, 26, 9025-9047

2. Principle of mechanism of
hydrogen engines

Hydrogen-powered internal combustion engines (H2-ICEs)
operate similarly to traditional gasoline or diesel engines but
utilize hydrogen instead of hydrocarbons. The mechanical
aspect involves the intake of hydrogen gas into the combustion
chamber, where it mixes with air. This mixture is then com-
pressed by the piston, increasing its temperature and pressure.
At the top of the compression stroke, a spark ignites the hydro-
gen-air mixture, leading to a rapid combustion process that
generates high-pressure gases. This pressure pushes the piston
down, converting the chemical energy into mechanical energy.

From a thermodynamic perspective, the combustion
process is governed by the ideal gas law and the principles of
thermodynamics. The heat released from the combustion
expands the gases, resulting in a power stroke that propels the
engine. This thermodynamic cycle characterizes the engine’s
efficiency, which is crucial for evaluating its performance. The
thermodynamic efficiency is influenced by several factors, includ-
ing combustion temperature, compression ratio, and combustion
stability. Hydrogen’s wide flammability range allows for operation

This journal is © The Royal Society of Chemistry 2024
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Table 1 Recent reviews on hydrogen in ICEs
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Ref. Key aspect(s) of the study

34 Reviews application of hydrogen-enriched compressed natural gas (HCNG) spark ignition (SI) ICE, focusing on fuel properties
through to performance and emission characteristics.

31 Reviews different ignition and injection methods and mechanisms of hydrogen ICE

32 Reviews backfire occurrences and detection, backfire-inducing factors, and control strategies for port hydrogen injection ICE

33 Provides an overview of hydrogen-fuelled ICE alongside its achievements and future challenges

35 Reviews hydrogen fuel blends in ICE. The fuels blended with hydrogen include gasoline, diesel, natural gas, and alcohols. The study
focuses on developments in China

36 With a hydrogen-diesel dual-fuel compression-ignition engine, the study reviews the effect of combustion chamber geometry and
mixing ratio on engine characteristics

37 Reviews the combustion, performance, and emission analysis of biogas and hydrogen on diesel engines in dual-fuel mode

38 Reviews hydrogen and the fuel’s role in future ICE

39 Reviews the advancements made in hydrogen-fuelled ICE, focusing on aspects such as research and development (R&D)

40 In light of the PM-NO,-BSFC trade-off challenges associated with diesel engines, the study reviews the overarching role played by
hydrogen-EGR synergy as a promising solution

41 Reviews the effect of adding hydrogen and natural gas in diesel homogeneous charge compression ignition (HCCI) engines

42 Reviews the R&D of hydrogen-fuelled engines in China

This Reviews the prospect and roles of hydrogen in reaching net zero; reveals the evolutionary trends, research hotspots, and key

study countries/regions in hydrogen in ICE research since 2012 to date; challenges associated with hydrogen engines with potential
solutions

under lean conditions, requiring less fuel to achieve complete
combustion.” This lean-burn operation reduces the amount of
unburned hydrocarbons and carbon monoxide emitted, leading
to cleaner exhaust emissions.”® Furthermore, hydrogen’s high
flame speed and low ignition energy enable faster and more
efficient combustion than gasoline, resulting in higher thermal
efficiencies.”” Also, hydrogen’s high specific heat capacity helps
dissipate heat more effectively, improving engine cooling
efficiency and overall thermal management.

The chemical reaction governing H2-ICEs is hydrogen oxi-
dation with oxygen from the air, producing water vapor as the
primary combustion product. This can be represented by the
following simple chemical equation:

2H, (g) + 0, (g) — 2H,0 (g) + energy

This reaction is highly exothermic, releasing much energy
per unit mass of fuel burned. Unlike hydrocarbon fuels, which
produce carbon dioxide and water vapor as combustion bypro-
ducts, hydrogen combustion produces only water vapor,
making it a clean and environmentally friendly fuel option
(Fig. 4). Hydrogen’s rapid reaction kinetics result in a faster
flame front propagation than hydrocarbon fuels, necessitating
precise control over the timing and rate of combustion to
prevent engine knock and ensure efficient operation.’®

Hydrogen possesses key fuel properties that make it suitable
for combustion in engines. The research octane number (RON)
measures a fuel’s resistance to knocking in spark-ignition (SI)
engines. While hydrogen combustion does not produce knock in
the same way as gasoline, understanding the concept of octane
rating is still relevant for comparing the anti-knock properties of
different fuels.®® In the context of hydrogen engines, the absence
of knock allows for higher compression ratios, which can improve
thermal efficiency and power output. However, excessively high
compression ratios can lead to other combustion issues, such as
pre-ignition and backfiring, necessitating careful engine design
and tuning.®’ Brake-specific fuel consumption (BSFC) is the mass

This journal is © The Royal Society of Chemistry 2024

fuel consumption of the engine per unit power output, and it is
mainly affected by the lower heating value of a fuel.® The lower
heating value of hydrogen of 120 MJ kg™ would imply that the
BSFC of a hydrogen-fuelled ICE would be lower than BSFC in
engines fuelled by alternatives such as methane (50 MJ kg™") and
iso-octane. Also, the ratio of the work performed by an engine to
the heat supplied to the engine represents the efficiency of the
engine, also known as brake thermal efficiency (BTE). In other
words, it is the inverse of the product of lower heating value of
the fuel and the BSFC.** As such, a lower BSFC and higher
heating content of hydrogen will give a hydrogen-fuelled engine a
higher BTE compared with alternatives such as methane and iso-
octane.

3. Hydrogen engines and nitrogen
oxides emissions

The formation of NO, during the operation of H2-ICEs is a sig-
nificant environmental concern, as NO,, are harmful pollutants
that contribute to smog and respiratory problems.®* Despite
hydrogen’s clean combustion properties, NO, formation pri-
marily occurs through thermal NO,, prompt NO,, and poten-
tially fuel NO, mechanisms. Thermal NO, is predominant and
results from high-temperature reactions between atmospheric
nitrogen (N,) and oxygen (O,), described by the Zel’dovich
mechanism:®®

N, +0 < NO-+N
N+O; < NO+O
N+OH < NO+H

These reactions are relatively significant at temperatures
>1623 K and are common in hydrogen engine operations.®®
Prompt NO,, though less relevant in pure hydrogen combustion,
can arise from hydrocarbon impurities, while fuel NO, occurs if

Green Chem., 2024, 26, 9025-9047 | 9029


https://doi.org/10.1039/d4gc00864b

Published on 08 de juliol 2024. Downloaded on 16/2/2026 23:26:48.

Critical Review

+
2H(9) i 0,(9) -
Energy = 0 (free atoms atrest) =~ =
o
2H, 2
2 x -4.5 eV -5.2eV

0, dissociation energy 5.2 eV

H, dissociation energy 4.5 eV

Fig. 4 Chemical process of hydrogen combustion. Re-drawn from ref. 59.

nitrogenous compounds are present in the fuel.*” The severity of
NO, emissions is influenced by operational conditions such as
combustion temperature, chamber pressure, and fuel purity.

The formation of thermal NO, increases exponentially with
temperature. In hydrogen engines, peak temperatures can be
high due to the fast and intense combustion of hydrogen,®
thus potentially leading to higher NO, emissions. However,
higher pressures in the combustion chamber can also promote
NO, formation by increasing the rate of reactions involved in
the NO, production pathways.®® Additionally, impurities such
as hydrocarbons or nitrogen compounds in the hydrogen fuel
can increase NO, production. Hydrocarbons contribute to
prompt NO, through radical mechanisms, whereas nitrogen-
ous compounds directly add to the NO, output through fuel
NO, mechanisms. Minimizing NO, emissions requires careful
control of combustion parameters, such as air-fuel ratio and
ignition timing, as well as using exhaust gas recirculation
(EGR) and selective catalytic reduction (SCR) technologies.®**°

4. Research methodology

On the 10th of December, 2022, we set out to investigate the
evolutionary trends and research hotspots of hydrogen in ICE
research in the last decade. In the past, previous authors have
used various databases, such as Scopus, Web of Science,
PUBMED, CNKI, etc., to retrieve scientific documents for bib-
liometric analysis. In our study, we have adopted the Web of

9030 | Green Chem., 2024, 26, 9025-9047
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2H,0(9)

The total binding energy of
the water molecules is
greater than the binding
energy of the reactants, so
there is an energy release in
this reaction.

2H,0

2 x-9.95 eV

Science Core Collection (SCI-EXPANDED) database to collect
documents published on hydrogen combustion in ICEs in the
last decade. Using a combination of Boolean functions, the fol-
lowing search query was made (TS = (hydrogen AND (“internal
combustion engine” OR “compression ignition engine” OR
“spark ignition engine” OR “diesel engine” OR “gasoline
engine”))) NOT KP = ((hydrogen AND (“internal combustion
engine” OR “compression ignition engine” OR “spark ignition
engine” OR “diesel engine” OR “gasoline engine”))). The
search query was done to retrieve documents based on infor-
mation from title, abstract, and author keywords and not
keyword plus (KP), as previously also done in the work of
Sillero et al.”® The articles were searched to only include those
published from 1st January, 2012 to 31st December, 2023.
Document types such as reviews, conference proceedings,
early access, etc., were excluded, to only include articles.
Following this, 1385 articles were retrieved. However, some of
these articles were outside the current study’s objectives.
Articles in which hydrogen has not been experimentally/
numerically/simulated/computationally combusted in an ICE
or where the hydrogen-fuelled ICE is not a critical aspect of
the analysis were manually deleted. This was done by reading
articles’ titles and abstracts. Following this, 764 articles
remained for the analysis of this study.

To analyze and visualize the study results, the R-Statistical
package, Bibliometrix (Biblioshiny), was adopted. Biblioshiny
is a tool for creating interactive bibliographies using the Shiny
framework in R.”* The research results obtained from

This journal is © The Royal Society of Chemistry 2024
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Biblioshiny for the present study include research hotspots,
topic trends, thematic evolution, and thematic maps. We also
reviewed the knowledge domain based on our obtained results
alongside that of previously published results to discuss the
past, current, and future research development/direction in
hydrogen-fuelled engine research. Table 2 summarizes key
steps taken to obtain documents relevant to achieving the
research objectives.

5. Research hotspots, trends, and
frontiers
5.1 Research hotspots

Author keywords serve as key indicators in bibliometric ana-
lysis, reflecting the focus of research within a field as illus-
trated in Fig. 5 through a word cloud. Our results indicate that

Table 2 Steps taken to retrieve, analyze, and interpret results

View Article Online
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the existing research primarily targets the performance, emis-
sion, and combustion characteristics of hydrogen in ICEs,
crucial for evaluating its potential in decarbonizing transpor-
tation. Key areas of past and current research interest include
optimizing thermal efficiency, managing fuel consumption,
and reducing NO, emissions. Additionally, researchers have
been focused on combustion anomalies like backfire and
knocking, alongside strategies for combustion and emission
control, such as water injection, lean combustion, and exhaust
gas recirculation. Existing studies have also focused on the
role played by alternative fuels, including methane, natural
gas, biogas, biodiesel, ammonia, and methanol, and explore
dual-fuel operation.

In this section, we briefly discuss some of these hotspot
areas supported by results from previous studies.

Concerning performance, thermal efficiency and fuel con-
sumption are the two most investigated characteristics.

Steps

Comments (selection/strategy)

Database
Topic search strategy

Web of Science core collection (SCI-EXPANDED)
A combination of hydrogen with various synonyms of ICE using Boolean

functions (AND/OR). Search was done across topic, abstract, author keywords

Period

Document type
Initial documents obtained 1385
Manual refining

1st January, 2012 to 31st December, 2023
Only primary research articles

Manually excluded articles where hydrogen has not been experimentally/numerically/

simulated/computationally combusted in ICE or where hydrogen-fuelled ICE is not a
critical aspect of the analysis

Final documents obtained 764
Data analysis
Key results
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Fig. 5 Research hotspots of hydrogen-ICE in the last decade.
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Thermal efficiency and fuel consumption are important
factors in determining the economic performance and overall
efficiency of an engine. These can be improved by optimizing
the combustion system/mode or the properties of the fuel
being used.””> Researchers have, in previous studies, shown
that the hydrogen-fuelled ICE can achieve higher BTE than a
gasoline-fuelled ICE. Shivaprasad et al.”” report that the BTE
of an engine operating with hydrogen enrichment is higher
than that of an engine running on pure gasoline at all engine
speeds. Additionally, BTE increases significantly as the pro-
portion of hydrogen in the fuel mixture increases. Kahraman
et al.”? also show that the BTE is improved to about 31% with
hydrogen-fuelled engines compared with gasoline-fuelled
engines. The improvement in BTE is due to the more uniform
mixture formation and faster flame speed of hydrogen, which
leads to more complete combustion and higher BTE under all
load conditions.” The concept of hydrogen energy share (HES)
quantifies the contribution of hydrogen to the overall energy
output of an engine or powertrain system. In a pure hydrogen-
fuelled engine, the HES is 100%, indicating that all of the
energy output is derived from hydrogen combustion. In hybrid
systems that use multiple fuel sources, such as hydrogen and
gasoline, the HES represents the proportion of energy sourced
from hydrogen relative to the total energy output.
Understanding the HES is important for evaluating the
environmental and economic benefits of hydrogen-powered
systems, as well as for optimizing engine performance and
efficiency. In the work of Kumar et al.,”” as depicted in Fig. 6,
there was a significant increase in BTE due to hydrogen induc-
tion when Madhuca longifolia oil (MO) was used as the pilot
fuel. The BTE was found to increase with an increasing HES.
The highest BTE recorded was 28.5% at a HES of 15%.
However, BTE decreased with hydrogen induction when the
HES exceeded 15% (which is the maximum efficiency point).
The reduction of BTE with hydrogen induction beyond this
point is a result of the occurrence of knocking combustion
associated with the dual-fuel engine at high HES.

The results have also revealed that the most investigated
emission characteristics of hydrogen-fuelled ICEs in the last
decade have been NO, emissions. A major disadvantage of
hydrogen-powered engines is the high NO, emissions, which
harm the environment. Zel’dovich’s original work showed a
strong correlation between combustion temperature and the
formation of thermal NO during combustion. Put in simple
terms, more NO is produced at high combustion temperatures.
NO, formation becomes a concern when the peak combustion
temperature exceeds 2200 K. As the proportion of hydrogen in
the fuel mixture increases and combustion improves, the
temperature also increases, leading to an increase in NO,
emissions.”* Various strategies are being developed aiming at
a solution to this high NO,related problem in hydrogen-
fuelled ICEs. Some of these strategies include using EGR,”®
addition of inert gases, varying compression ratio, swirl and
injection timing,”” water injection,”® lean combustion,”® and
so on. It is important to note that in a hydrogen-fuelled ICE,
there are significant trade-offs to consider. By using a lean
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ref. 75.

combustion mode, it is possible to reduce thermal NO, but on
the other hand, energy output, which is a reflection of the
mechanical power of the ICE, may be reduced. This creates a
confusing situation for engine designers, who must choose
between either maximizing fuel efficiency and performance of
the engine at high NO emissions or controlling NO emissions
at a compromised performance level. These trade-offs in the
hydrogen-ICE are illustrated in Fig. 7.%°

Recent studies have also focused on controlling hydrogen
combustion anomalies such as backfire and knock. In hydro-
gen-fuelled engines, one of the forms of pre-ignition is backfir-
ing, and it occurs during the suction stroke. Backfire is charac-
terized by the combustion of fresh charge in the intake mani-
fold and/or combustion chamber of the engine during the
intake (suction) stroke,®" which, when left unattended, can
potentially cause significant engine damage. Also, combustion
knock can occur during backfiring as a result of the elevated
intake temperature in a cycle with backfire.®* Knocking, also
known as pre-ignition or detonation, is a phenomenon that
occurs in the ICE when the fuel-air mixture in the combustion
chamber spontaneously combusts before the spark plug
ignition event. With a hydrogen-fueled ICE, knocking combus-
tion can frequently have serious impacts due to the rapid
burning speed of the hydrogen mixture.>® Despite hydrogen’s
high research octane number (RON) of 140, typically higher
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Fig. 7 Correlation between mechanical efficiency, combustion temp-
erature, and NO, emissions with respect to the equivalence ratio. Re-
drawn from ref. 80.

than other fuels, hydrogen’s anti-knock performance is low.**
Methane number (MN) is another index for measuring the
explosion resistance of gaseous fuels,*® and this value is 0 for
hydrogen, explaining the fuel’s proneness to knocking.®’
Knocking can be harmful to the engine and can lead to
reduced engine performance and lifespan. Previous studies
have reported various strategies for preventing backfiring and
knocking: cold-EGR for reducing the in-cylinder temperature,
consequently preventing backfire,*® water injection leading to
a reduction in hotspot and thus avoiding backfire,®” retarded
spark timing and delayed injection timing of the engine,®
addition of ammonia to increase the ignition delay time of the
final blend to control knocking in the hydrogen-fuelled ICE,*
and so on. In a cycle-based analysis by Dhyani and
Subramanian, the authors found that due to backfire, the peak
in-cylinder pressure reduces to 25 bar (motoring value).
Combustion anomalies were, however, eliminated with the

introduction of EGR and water injection (see Fig. 8).”®
70 Knocking
® 6 cycle
S )
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o cycle
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o
£ 30 cycle
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Fig. 8 Control of combustion anomalies with EGR and water injection.
Re-drawn from ref. 78.
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There has also been ongoing research in recent years invol-
ving blends of hydrogen together with other alternative fuels.
The overarching objective is to enhance the operation and
output of the ICE. Some of the most researched alternative
fuels in such cases include methane, natural gas, biogas, bio-
diesel, ammonia, and methanol. In an engine adapted to run
in dual-fuel mode (diesel as the pilot fuel and biogas as the
main fuel, respectively), Verma et al.®® demonstrate that the
addition of hydrogen (10-20%) improved the dual-fuel
engine’s performance and emission characteristics. Similar
trends in results have been reported in hydrogen-biodiesel,®’
hydrogen-methanol/ethanol/butanol,”® hydrogen-methane,””
hydrogen-enriched compressed natural gas (HCNG) mix-
tures,® and so on. The studies show that certain limitations
associated with alternative fuels can be addressed when they
are combusted together with hydrogen. To mention a few,
compared with other fuels, biogas, for instance, shows excel-
lent features as an ICE fuel, especially in the areas of life cycle
emissions and resource efficiency.”> However, the low calorific
value and flame speed of biogas cause poor performance and
emission characteristics when used as an ICE fuel. The
addition of a few percentages of hydrogen to the biogas
mixture can remedy the situation due to hydrogen’s high diffu-
sivity and flame speed, which compensates for that of biogas
and promotes the combustion of the resulting blend.*® Due to
its high-octane rating (120-130), natural gas has excellent fuel
properties conducive to increasing compression ratios without
risk of detonation, resulting in thermal efficiencies similar to
those of a gasoline engine. There are, however, some draw-
backs with methane as a fuel regarding its relatively low flame
propagation velocity, which can result in incomplete combus-
tion, increased cycle-by-cycle variations, and occasional flame
failure during lean combustion mode.”® Lower emissions are
attainable when hydrogen is added to natural gas, as the blend
results in the extension of the lean limit of combustion.
Prasad and Kumar® set out to investigate how hydrogen can
compensate for the drawbacks of methanol when the two fuels
are blended and used in the ICE. Their results revealed
improvements in BTE, brake power (BP) and brake-specific
energy consumption (BSEC) values (see Fig. 9) due to an
increase in hydrogen enrichment. A 20-30% increase in BTE
was recorded, but hydrogen addition beyond 12.5% negatively
affected volumetric efficiency causing reduction in perform-
ance afterwards. Hydrogen enrichment had huge impact on
exhaust emissions such as CO, hydrocarbons, and CO,, with
reductions between 30-40%. Nonetheless, a slight increase in
NO, emissions was observed as a result of the increase in
cylinder temperature due to rapid combustion.

Finally, based on our search strategy and the subsequent
results, we speculate that the hydrogen-fuelled diesel engine
has received relatively more attention than the hydrogen-
fuelled gasoline engine. As mentioned earlier, a key role
played by fuels such as hydrogen in the ICE is to help decarbo-
nize transport sectors that are hard to decarbonize via direct
electrification by battery or grid. Diesel engines are more com-
patible with long-haul trucking and international shipping/
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aviation, and these transportation types require highly dense
fuels such as hydrogen. In terms of mass and volume, hydro-
gen has a significantly higher energy density than batteries.
This property allows for hydrogen vehicles to have more
storage capacity and better driving range. By extension of these
benefits, passenger cars, vans, trucks, buses, and other means
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of transport can easily run on hydrogen fuel cells or hydrogen-
fuelled ICEs.”® Therefore, it is reasonable for more investi-
gations on the hydrogen ICE to focus on using hydrogen in
diesel engines to decarbonize some of these hard-to-abate
transport sectors.

5.2 Topic trend and thematic evolution in the last decade

As the name implies, topic trend analysis is a means of
putting a chronological characteristic to an ongoing research
field. It is also analyzed here with author keywords, but shows
the period when a particular term received the ‘most’ attention
from the scientific community (with emphasis on ‘most’ —
implying that the term showed some occurrences in other
years, albeit not dominant like the captured years). It can be a
way of telling between emerging (recent) and declining trends.

In Fig. 10, the topic trend of hydrogen-fuelled ICE research
since 2012 is presented. Interesting trends to report on include
optimization, injection timing, ignition timing, EGR, dual-fuel
engine, NO,, HCNG, and electrolysis.

Recent studies are increasingly paying much attention to
optimization in hydrogen-fuelled ICEs. The goal of optimiz-
ation techniques in engines is to improve the performance
and efficiency of the engine while also reducing the emissions,
costs and duration of experimental studies. ‘Optimization’ can
also refer to various types of optimization techniques for con-
trolling backfire in hydrogen engines, such as optimizing valve
timing, optimizing fuel injection and ignition timing, intake
system optimization, and ignition and fuel injection system
optimization.*” The following are some of the latest studies on
hydrogen-ICE optimization: exhaust emissions, vibration, and
97:98 control of ignition
It also appeared that
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Fig. 10 Trend topics of hydrogen-ICE in the last decade.
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the response surface methodology (RSM) and Taguchi method
are the most used optimization techniques in the ongoing
studies. Details of optimization techniques in ICE research
can be found in the work of Yu et al."®"

In gasoline engines, the ignition timing has a critical influ-
ence on the formation of flames, the early stages of combus-
tion, and the emissions produced.'” To achieve better engine
performance, it is important to carefully check and optimize
ignition timing when using alternative fuels in engines.'® The
research on the effect of spark timing on the performance of
hydrogen engines as investigated by Shi et al'®* has shown
that there is an initial rise followed by a decrease in BTE with
the advanced spark ignition angle. NO,, hydrocarbon, and CO
emissions tend to decrease when the ignition timing is post-
poned. In the work of Su et al.'®® on the effect of ignition
timing on the performance of the hydrogen-enriched engine
under lean combustion, the authors report that as ignition
advance increased, the flame propagation period shortened
while the flame development period was delayed. Advancing
ignition caused cyclic variation to initially weaken, with sub-
sequent deterioration. In addition, by retarding ignition
timing, hydrocarbon and NO, emissions decreased. On the
other hand, another parameter that significantly influences
the combustion and exhaust emissions of a diesel engine is
the injection timing. By varying injection timing, the state of
air into which the fuel is injected varies as well, and thus,
ignition delay varies accordingly. At an early injection, the
initial air temperature and pressure are lower, and this pro-
longs ignition delay; the reverse occurs at a late injection.
Therefore, the variations in maximum pressure and tempera-
ture in the engine cylinder due to variations in the injection
timing do have a strong influence on the engine performance
and exhaust emissions.'’*'?” Using numerical simulation, Ye
et al."® have also studied the relationship between injection
timing and knock characteristics in direct injection (DI)
engines. They revealed that with an advance in injection
timing, both mixture homogeneity and flame speed increase.
Also, since early injections help increase knock resistance,
they suggest setting it between —108 and —88° after top dead
center (ATDC). Also, in their experiment on the influence of
hydrogen injection timing on lean combustion in a natural
gas/hydrogen dual-fuel injected SI engine, Zhang et al.'*
reported that by delaying the direct injection timing of hydro-
gen, advanced combustion phase and higher heat release rate
were observed which led to an increase in thermal efficiency.
The diesel fuel injection timing and HES ratio are closely
related to the increase in in-cylinder pressure and the gene-
ration of NO,. There is the likelihood of rapid pressure rise in
the combustion chamber and greater formation of NO, at an
early fuel injection. The NO, emissions can be significantly
reduced by retarding the fuel injection close to or after the
TDC; however, one should expect a decrease in thermal
efficiency with this technique. However, as seen in Fig. 11, the
amount of hydrogen fuel also affects the pressure rise and NO,
generation, with greater hydrogen rates producing more
Nox.110,111
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As has been previously discussed, the sole pollutant of
concern released by a hydrogen-fuelled engine is NO,,"** and
the EGR is one of the well-known and still relevant strategies
in reducing NO, in engines. It works by routing a portion of
the exhaust gases back into the engine’s intake manifold,
where they are mixed with the incoming air-fuel mixture. This
means less oxygen reaches the cylinder, and less oxygen
implies a lower combustion temperature leading to a signifi-
cant reduction in NO, emissions. In gasoline engines, this can
also reduce CO, emissions and fuel consumption. Results on
emissions of the hydrogen/diesel dual-fuelled engine with EGR
are shown in the work of Nag et al.'™ According to their work,
the cumulative decrease for NO,, CO,, CO, total hydrocarbons,
and particulate matter was stated to be 38.4%, 27.4%, 33.4%,
32.3%, and 20%, respectively, with a 30% hydrogen share and
10% EGR. Furthermore, Vijayaragavan et al''* report that
blending diesel-biodiesel with hydrogen led to an 18.13%
increase in NO, emission compared with that of neat diesel.
Nonetheless, the addition of EGR guarantees a 19.07% drop in
in-cylinder temperature, which significantly lowers NO, emis-
sions. The simultaneous use of EGR and hydrogen also
resulted in a substantial decrease in CO, CO,, and smoke emis-
sions. Mariani et al. conducted a numerical simulation on SI
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engine performance fueled with HCNG blends. Based on con-
ditions that reproduce an engine operating in a passenger
vehicle over the New European Driving Cycle (NEDC), several
simulations were conducted. Due to the higher in-cylinder gas
temperatures NO, emissions increased by about 4%, 11%, and
20% for HCNG 10, HCNG 20, and HCNG 30, respectively. With
the introduction of 10% EGR for HCNG blends, NO, emissions
significantly reduced to about 80% compared with the case of
no EGR. The inclusion of EGR also showed a positive impact
on engine efficiency (see Fig. 12)."*°

One of the key approaches for simultaneously achieving
high thermal efficiency and lower harmful emissions is dual-
fuel technology which can combine the benefits of two fuels.
The operation of a dual-fuel engine is such that there is a
primary fuel and a secondary (pilot) fuel. The primary fuel is
injected into the intake manifold and it is typically a gaseous
fuel such as hydrogen, syngas or natural gas. On the other
hand, the pilot fuel is used to ignite the mixture and it is
injected into the combustion chamber.''® Direct use of hydro-
gen in diesel engines is limited by the high self-ignition point
of hydrogen fuel. It is important to have in place an igniter
energy source to deal with the situation. On the other hand,
compared with diesel fuel, hydrogen has superior properties
such as high flame speed, wide-range ignition limits, narrow
flame extinction region and high diffusion coefficient. Hence,
as a result of a more homogeneous charge, lower emissions
coupled with better performance are achieved using hydrogen
in diesel engines as dual fuel.'"” Also, hydrogen as a dual fuel
in compression ignition engines offers an in situ solution to
performance and emission trade-off challenges associated
with traditional diesel combustion in the presence or absence
of EGR.*°

Compressed natural gas (CNG) is an attractive fuel for use
in the ICE due to its lower carbon-to-hydrogen ratio. However,
a CNG-fuelled ICE negatively affects vehicle economy and
exhaust emissions due to its sluggish combustion character-
istics. Gasoline engines fuelled with CNG have low engine
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Fig. 12 Influence of no and 10% EGR on NO, emissions over the NEDC
for HCNG blends. Re-drawn from ref. 115.
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efficiencies at low load conditions and extreme emissions of
HC and CO which can only be solved with costly after-treat-
ment technologies."*® But due to the excellent combustion
characteristics of hydrogen, such as its fast flame propagation
speed and wide lean flammability limit, the blends of hydro-
gen and CNG (HCNG) have an improved combustion
phenomenon.""®"?® Several studies have revealed that adding
hydrogen to CNG to make HCNG leads to an improved BTE as
well as reduced BSFC and cycle-to-cycle variations. Similarly,
emission characteristics like CH,, CO, CO,, and total hydro-
carbons significantly reduce. Compared with CNG-only oper-
ation, engines fuelled with HCNG work at higher compression
ratios without any combustion instabilities. For optimum oper-
ation of a spark ignition engine, various studies suggest a
hydrogen enrichment at 20-30%.'*!

Another interesting trend in the last decade in hydrogen-
ICE research involves electrolysis. Electrolysis’s trend in hydro-
gen-ICE research can be attributed to two main factors. First of
all, though hydrogen is a green fuel, its production can vary
depending on the feedstock and technology and as such there
is a varying degree of environmental impact associated with
each production pathway. Currently, fossil-based hydrogen
(coal and natural gas) dominates the market, and to truly
achieve net zero targets, green hydrogen production via elec-
trolysis is the way forward. From a well-to-wheel perspective,
combusting green hydrogen in the ICE should result in a lower
environmental impact than that of brown or grey hydrogen.
Thus, researchers in this field are increasingly paying attention
to electrolysis to reap the full benefits of transitioning from
traditional fuels to hydrogen in ICE applications. More details
of such works can be found elsewhere."”>'** Secondly,
through water electrolysis, a carbon-neutral fuel other than
hydrogen can also be produced, known as oxy-hydrogen gas
(HHO) or brown gas. It has been suggested that this fuel could
be a promising complementary fuel to hydrogen, as the
current state of green hydrogen production and storage may
not be enough for the requirements of a carbon-free transport
application.’®* There is also growing interest in this fuel for
combustion in engines. Zhao et al.'*® demonstrated how the
combination of HHO and EGR with gasoline direct injection
may significantly improve an engine’s combustion and emis-
sion characteristics. It was seen in the work of Subramanian
and Thangavel*° that when compared with neat diesel oper-
ation, using hydrogen and HHO gas in the engine coupled
with diesel provides better results in terms of emission
reduction. More details of the effect of HHO in the ICE can be
found elsewhere.'*”"*2°

Fig. 13 represents the thematic evolution of the research
field in the last decade, from 2012-2019 and 2020-2023. It can
be seen that some themes have been constant throughout the
first seven and last three years. Such themes can be categor-
ized as core research themes in the field, and they are still
undergoing development to shape the future of hydrogen in
ICE research. Some themes have also evolved to new thematic
areas, and such themes can be categorized as ‘new’ frontiers
for the future development of the field. It should be noted that
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Fig. 13 Thematic evolution of hydrogen-ICE research from 2012—-2019 and 2020-2023.

some of these ‘new’ themes in the last three years might have
also featured in earlier studies, albeit with less frequency or
attention. Based on the results, we believe that while earlier
research primarily focused on performance and emission
characteristics of the hydrogen-fuelled ICE, recent studies are
increasingly paying more attention to combustion and emis-
sion control strategies.

Finally, Fig. 14 represents a thematic map of the field based
on the top 100 themes (words). A thematic map is divided into
four quadrants, i.e., motor, basic, niche, and emerging or
declining themes. More details about these quadrants have
been explicitly explained in Cobo et al,"*° but briefly, motor
themes contain the central and developed themes in the field.
Themes in this quadrant are well developed and very relevant
to the progress of the field. Basic themes, on the other hand,
are similar to motor themes, with the only difference being
that the former is relatively less developed; there is more room
for themes in this quadrant to continue developing. However,
they are very relevant themes upon which the field is advan-
cing. Themes in the niche quadrant are opposite to themes in
the motor quadrant, in the sense that niche themes have high

This journal is © The Royal Society of Chemistry 2024

development but their relevance to the field is somewhat mar-
ginal, unlike basic and motor themes. The niche themes are
basically playing supporting/peripheral roles in shaping the
progress of the field. Last but not least, the lower left quadrant
represents themes that are either emerging or declining.
Themes located in this quadrant have relatively low develop-
ment and relevance. As the research field progresses, these
themes, if emerging, could become critical to the field’s
advancement. Based on the given information and results
plotted in Fig. 14, one can appreciate the role played by each
theme in the development of hydrogen-fuelled ICE research in
the last decade.

6. Challenges and potential solutions
facing hydrogen as a net zero fuel

Hydrogen is poised to play a pivotal role in the global quest to
achieve net-zero emissions by mid-century, a crucial

target aligned with limiting global warming to 1.5 °C.
According to estimates, hydrogen could contribute a substan-
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tial 12-22% of the global total final energy demand by
2050,">2° primarily in sectors deemed challenging for direct
electrification.”®"*"*> The International Renewable Energy
Agency (IRENA) has further estimated that around 10% of the
mitigation efforts required to deliver the 1.5 °C target by 2100
could be realized through the deployment of hydrogen."?

However, the successful realization of these ambitious
hydrogen targets hinges upon several critical factors. These
include the existing policy landscape governing hydrogen, the
economic feasibility and cost-competitiveness of hydrogen
technologies, market acceptance and adoption rates, and the
maturity of the underlying technologies.

6.1 Hydrogen supply chain

The issue of technology maturity for the hydrogen supply
chain needs to be addressed in the coming years. Within the
supply chain, some essential technologies required for decar-
bonization have a relatively lower technology readiness level
and are not proven at commercial scale. For example, in the
maritime trade environment, currently only one prototype

9038 | Green Chem., 2024, 26, 9025-9047

vessel exists that can transport liquid hydrogen."> Additionally,
while water electrolysis can provide carbon-free hydrogen, it
only accounts for 0.1% of total hydrogen production today."**
In the next decade, this situation must change through
increased research and development funding as well as policy
frameworks that could bridge the gap between mature and
emerging technologies within the hydrogen value chain.

The urgency to meet global climate targets has prompted
several countries to announce ambitious domestic net-zero
emission goals. However, a limited number of countries have
explicitly incorporated targets for hydrogen deployment within
their existing net-zero policies and long-term strategies. As we
move forward, it becomes increasingly crucial for more
nations to announce concrete plans for integrating hydrogen
into their decarbonization strategies. In this regard, the hydro-
gen strategies put forth by major economies such as China,
the European Union, the United States, and India could serve
as valuable blueprints for other countries to emulate."*>*°
These comprehensive frameworks outline key objectives,
implementation pathways, and supporting mechanisms tai-
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lored to each nation’s unique circumstances, offering a robust
foundation upon which others can devise their own contextua-
lized hydrogen strategies.

Cost remains a limiting factor for net-zero greenhouse gas-
emitting technologies and fuels such as hydrogen. Currently,
high-carbon fuels are still relatively cheaper to consume com-
pared with clean hydrogen, especially green hydrogen.'” In
fact, zero/low-carbon hydrogen variants like green and blue
hydrogen are markedly more costly than conventional grey
hydrogen. The production cost of green hydrogen ranges from
$2.5 to $5 per kilogram, while blue hydrogen costs span $1.50
to $3.50 per kilogram. In contrast, grey hydrogen has a rela-
tively inexpensive cost of approximately $1.50 per kilogram."*
This cost difference is not only limited to production but also
applies to costs for transporting, converting, and storing
hydrogen. With the rapid decline in costs of renewable energy
technologies,"*""'*> electrolysis for hydrogen production is
expected to become more cost-competitive. Financial support
would also be required for the development and scaling of
carbon capture and storage (CCS) technologies to aid blue
hydrogen production. Before 2030, economy-wide carbon
pricing could be an effective approach'*? to increase the cost
of grey and brown hydrogen, making them less economically
attractive. With economies of scale, hydrogen technologies
could become less costly. Otherwise, a chicken-and-egg
problem emerges in building out the necessary infrastructure
for hydrogen, ie., investment may continue to be risky for
large and wide-scale hydrogen production that may reduce
costs, but the costs of hydrogen technologies will also remain
high without economies of scale.®

Hydrogen storage and transport present significant chal-
lenges that must be addressed for widespread adoption of
hydrogen as a fuel. Currently, the low volumetric energy
density of hydrogen poses difficulties in storing and transport-
ing large quantities efficiently."** Liquefaction or compression
is necessary, which requires substantial energy inputs and
specialized infrastructure.'*® To resolve these challenges,
research and development efforts are underway to explore
innovative storage solutions, such as solid-state hydrogen
storage materials'**'*” and advanced ecryogenic tanks for
liquefied hydrogen.'*>'4%14% Researchers are also investigating
innovative materials like metal hydrides, carbon-based sub-
stances, metal-organic frameworks (MOFs), and nano-
materials for storing hydrogen more effectively. These
materials are designed to improve storage capacity, speed of
storage and release, and safety standards.'*® Utilizing the
current gas pipeline network for hydrogen transportation is
generally unfeasible without infrastructure modifications.
Existing physical constraints, such as steel embrittlement,
degradation of seals, compressor station reinforcements, and
valves, necessitate retrofitting during the conversion process to
enable hydrogen distribution, or require the construction of
new dedicated pipelines. Alternatively, hydrogen could be
transported in liquefied gaseous form or as liquid organic
hydrogen carriers like ammonia. Additionally, the develop-
ment of more efficient liquefaction processes (such as the
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Claude cycle and Brayton refrigeration cycle)’®" and re-pur-
posed pipelines (with (1) new smooth line pipes, (2) mini-
mized inner surface roughness, (3) moderately lower load
capacity, and (4) shortened transport intervals)'®” for hydrogen
transport could improve the overall system efficiency and
reduce costs.

Once the aforementioned technical challenges are resolved,
market acceptance for hydrogen-based solutions could sub-
stantially improve. Consumers, industries, and businesses
would likely be more willing to embrace these alternative
energy carriers as a viable substitute for traditional fossil fuels.
However, in countries lacking universal access to electricity,
coupled with an absence of refueling infrastructure and negli-
gible experience incorporating hydrogen and its derivatives
into the energy mix, convincing the driving populace to adopt
fuel cell vehicles will prove difficult. Nonetheless, as cost com-
petitiveness improves, reliability increases, ease of use is
enhanced, and other technical hurdles disappear, sales of
these vehicles could surge, especially under government pol-
icies phasing out or banning fossil fuel-based ICEs. Critically,
raising public awareness about the environmental benefits of
hydrogen as a fuel, while simultaneously addressing safety
concerns, will be paramount in shaping positive perception
and driving widespread market adoption of hydrogen
technologies."*?

6.2 Applying hydrogen as an ICE fuel

Most discussions on hydrogen-fuelled engines focus on the
advantages of the fuel and how it could play a key role in dec-
arbonizing the transport sector. However, it is also important
to stress that hydrogen as a fuel in the ICE presents certain key
setbacks. There are several challenges related to the fuel that
need to be overcome to make it the ideal transport fuel for ICE
application.

First of all, as discussed previously, combustion anomalies
are common characteristics of the hydrogen-ICE. Hydrogen’s
large flammability range and low ignition energy is a precursor
to pre-ignition.*® Pre-ignition is often caused by hot spark plug
components, hot exhaust valve head surfaces, hot combustion
gases, and combustion that takes place in the crevice volume
between the piston and cylinder.*® To reduce the occurrence of
pre-ignition, several combustion techniques have been high-
lighted by Stepien.>* The combustion anomalies of knock and
backfire of the hydrogen-ICE, when left uncontrolled, could
potentially damage the engine’s durability and efficiency. The
appropriate control measures for dealing with the aforemen-
tioned precursors of backfire in hydrogen engines are depicted
in Fig. 15.%?

Furthermore, despite certain excellent fuel properties of
hydrogen, there are other unfavorable qualities, like low
quenching distance, that exacerbate wall thermal losses.*®
Hydrogen can also pose safety issues; the fuel can easily ignite
and even cause an explosion due to its wide combustion range
and low ignition energy.*'

Today, in the hydrogen ICE, it is difficult to simultaneously
achieve high efficiency, low emissions, adequate specific power

Green Chem., 2024, 26, 9025-9047 | 9039


https://doi.org/10.1039/d4gc00864b

Published on 08 de juliol 2024. Downloaded on 16/2/2026 23:26:48.

Critical Review

Improper valve timing
Backfire
Improper fuel injection Possibility

timing

High equivalenceratio

Improper compression
ratio

Backflow of
high
temperature
Slow combustion exhaust
Improper ignition timing

Misfire

Air/fuel
ignited in
Hot spots in cylinders cylinder

High coolantand
lubricating oil temperature

Knock Flame

propagation
to intake
pipe

View Article Online

Green Chemistry

Lean-burn

Optimized valve timing

Backfire
control

Optimized fuelinjection
timing
Optimized ignition timing

Exhaust gas recirculation

Water injection

Supercharging system

Optimized intake system

Optimized ignition and
fuelinjection system

Flame arrester

Fig. 15 Control measures for various factors of backfire in hydrogen engines. Re-drawn from ref. 32.

output and durability. Two of the most investigated mixture
formation concepts for hydrogen are port fuel injection (PFI)
and DI spark-ignited. In PFI, it is possible to simultaneously
achieve excellent load efficiency and ultra-low emissions but

NOx control

Additional Dilution
(water/EGR)

the power output is low. On the other hand, studies have
shown that the DI engines are characterized by very high
efficiencies and controllable emissions. However, these DI
engines require DI injectors, and these injectors have issues

Preventing abnormal
combustion

""""""""" \

\
\
\
\
\
\
\
3

[ Poor aerodynamics ]

'{ High Bore to Stroke ratio ]

-~->[ High in cyl Pressure ]

5[ HighVCR

Performance

« Lean burn» tuned
turbocharger

‘ Challenges [ Technological levers ]’

Fig. 16 Technological and control measures for addressing various challenges associated with hydrogen engines. Re-drawn from ref. 61.

9040 | Green Chem., 2024, 26, 9025-9047

This journal is © The Royal Society of Chemistry 2024


https://doi.org/10.1039/d4gc00864b

Published on 08 de juliol 2024. Downloaded on 16/2/2026 23:26:48.

Green Chemistry

regarding durability. In addition, high injection pressures are
needed to attain full freedom in optimizing injection strategies,
and this limits on-board hydrogen storage options: either liquid
hydrogen is stored in cryogenic tanks, or compressed hydrogen
is stored. However, the efficiency advantages of DI engines
could be negatively affected with compressed hydrogen on-
board.? In other words, the demand for high-pressure injection
can impact on-board hydrogen storage options and introduce
additional challenges related to weight, space, and vehicle
dynamics. The choice between PFI and DI technologies ulti-
mately depends on the specific requirements of the application,
balancing factors such as emissions reduction, power output,
efficiency, and practical considerations related to on-board
hydrogen storage and vehicle design.

Under optimum conditions, the use of hydrogen in diesel
engines leads to a dramatic decrease in the emissions of
hydrocarbons, CO, CO,, and smoke, reaching reduction levels
as high as over 50%. An increase in hydrogen addition rates
promotes the combustion process, which is characterized by a
sharp increase in heat release rate and BTE. However, owing to
its high energy content, the combustion of hydrogen causes an
increase in in-cylinder temperatures and proceeds to produce
more NO, emissions, especially at high load conditions. To
compensate for the increased pressure and heat release rate
due to hydrogen enrichment, the EGR is one of the most
promising and investigated solutions. The EGR ratio is inver-
sely proportional to the formation of NO, emission. But this
comes with a setback: a smoke, CO, and hydrocarbon emis-
sions penalty is a key feature in an increase in EGR rates, as a
result of the reduced levels of oxygen in the cylinder chambers.
Nonetheless, when optimum conditions are configured, the
hydrogen-fuelled engine together with EGR produces simul-
taneous reduction of all emissions in contrast to 100% diesel
engines.'"°

To address these challenges, Fig. 16 illustrates several tech-
nological solutions that can be adopted to improve the
benefits of the hydrogen-ICE while minimizing the challenges
associated with it.>%1*

7. Conclusion

Hard-to-abate sectors, also referred to as difficult-to-electrify
sectors, account for about 30% of all emissions. They require
high-energy-density fuels and, as such, it is difficult to meet
this requirement by direct electrification. Heavy trucking,
international maritime, and aviation are examples of such
sectors, and they require fuels such as hydrogen for deep dec-
arbonization of the transport sector to be achieved. The
internal combustion engine will play an essential role in the
development and scale-up of hydrogen within the transport
sector. As a contribution to the existing reviews on hydrogen-
fuelled engines, we investigate the research trend, hotspots,
and evolutionary nuances of the hydrogen-fuelled ICE. The
main conclusions from the present analysis are summarized
below.
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The analysis reveals that the main focus of researchers in
this field in the last decade has been on investigating the per-
formance, emission, and combustion characteristics of the
hydrogen-fuelled ICE. In addition, some major research hot-
spots in the last decade include thermal efficiency, fuel con-
sumption, NO, emissions, combustion anomalies (such as
backfire and knocking), combustion and emissions control
strategies (such as water injection, lean combustion, and
exhaust gas re-circulation), gaseous and liquid alternative fuels
(such as methane, natural gas, biogas, biodiesel, ammonia,
and methanol), and dual-fuel operation. Furthermore, the
trend of results shows that most of the ongoing research in the
last decade has been conducted mostly in diesel engines
rather than gasoline engines, as diesel engines are more com-
patible with hard-to-electrify transport sectors such as long-
haul trucking and international shipping/aviation and these
transportation types require highly dense fuels such as hydro-
gen. Similarly, trending topics on hydrogen-fuelled ICEs
within the last decade relate to areas such as optimization
techniques, injection timing, ignition timing, EGR, dual-fuel
engine, NO,, HCNG, and electrolysis. It is also worth noting
that while earlier research primarily focused on the perform-
ance and emission characteristics of the hydrogen-fuelled ICE,
recent studies are increasingly paying more attention to com-
bustion and emission control strategies.

Using low-temperature combustion techniques, it is poss-
ible to achieve a high compression ratio which leads to similar
or even better efficiency than conventional diesel engine along-
side a lower level of emissions at least as good as that of gaso-
line engines. Researchers are very concerned with the NO, and
knocking of hydrogen engines, and going forward, extensive
research is needed to assess whether low-temperature combus-
tion techniques in hydrogen engines can lead to significant
reductions in NO, while improving anti-knocking operation.
More studies are also required in the area of combining multi-
objective optimizations and machine learning approaches for
obtaining suitable multiple control methods that could mini-
mize the penalties caused by backfire control measures.
Extensive and in-depth works are also needed regarding the
mechanism of hydrogen combustion in order to arrive at an
evolutionary period where it is relatively easier and less expen-
sive to fully control hydrogen combustion than the current
state.
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