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Te climate change, as the main consequence of the polluting emissions due to anthropic activities, is nowadays a well-known
threat to human health as well as for the environment safety. Several plans and strategies have been announced by the gov-
ernments to detach from fossil fuel-based energy and gradually reduce the carbon footprint of their economies. In this scenario,
the road transport sector is turning out to be the main “technological gym” to test and improve new powertrain solutions to
achieve as soon as possible the goal of the net-zero carbon emissions, at least in the tank-to-wheel (TTW) context. In view of this,
the hydrogen as fuel is gaining ever more attention from the scientifc community, both as the middle-term solution to achieve the
abovementioned goal and as a prominent future energy carrier. In this review, the performance and main characteristics of the
hydrogen-internal combustion engines (H2-ICEs) are discussed based on the most recent studies available in literature. A
comprehensive overview of various topics is ofered, from the production stage to the combustion anomalies, mixture formation
strategies, and the challenge of reducing the nitrogen oxides (NOx) emissions under high load conditions.

1. Introduction

Te increasing energy demand expected in coming years and
decades [1], combined with the strong dependence of the
current society on fossil fuels [2], is pushing the various
governments to the search for new and alternative solutions
capable to guarantee a “soft” transition towards more sus-
tainable energy production models. Tis modal shift mainly
passes through investments for the production of energy
coming from renewable sources [3]. Anyway, even though
most of the countries agree on the need for a rapid common
action to mitigate and limit the temperature increase below
1.5°C by 2030 with reference to the preindustrial period,
there are several obstacles that could make this and future
goals difcult to achieve. Some of these relate to the eco-
nomic acceleration and associated greenhouse gas (GHG)
emissions expected from China and India [4], not to
mention the relatively recent confict between Russia and
Ukraine which has prompted many European countries
back to partially relying on energy production derived from

fossil coal [5] to compensate the gas shortages due to the stop
of supplies from Russia. Few examples show how fragile is
the current energy production model. Not only that, the
road transport sector, perhaps one of the most susceptible
sectors to the “world events,” still relies mainly on fossil
fuels. In view of this, the development of alternative energy
carriers and innovative powertrains for automotive appli-
cations has become fundamental, and among the range of
possible solutions, hydrogen is gaining a renewed interest.
H2 is a very simple and abundant element and thanks to its
properties, it has been used in various industrial processes in
the last century. Moreover, the improvement of production
technologies, as well as the growing interest for its appli-
cation in the road transport sector, is leading to a rapid
increase in its global production [6]. In 2020, the European
Commission announced the hydrogen strategy and in 2022,
the REPowerEU plan, both aimed to boost the EU pro-
duction of energy from renewable sources, including green
and low-carbon hydrogen to reduce its dependence on
imported fossil fuels [7, 8]. Similarly, the U.S. department of
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energy released the National Clean Hydrogen Strategy and
Roadmap in 2023 [9]. Tese legislative measures include
electrifying industries and mobility, supporting the decar-
bonisation of those sectors hard to detach from fossil fuels
with hydrogen, such as heavy-duty road transport, maritime,
and aerospace felds. Furthermore, these plans are also
aimed to set favourable conditions for the development of
internal market for hydrogen using the already existing gas
infrastructure (e.g., the creation of the ENNOH, European
Network of Network Operators for Hydrogen). However,
there are several hurdles to be addressed before hydrogen
actually becomes a cost-efcient solution, from the huge
investments needed [10] to the improvement of production
technologies needed to make the hydrogen a cost-
efectiveness competitor [11]. Hence, the abovementioned
premises are not intended to provide or justify future
predictions about the role that the hydrogen may or may not
play to tackle down some of the challenges related to the
climate change. Te author endeavours only to provide an
overview on technical pros and cons of the hydrogen’s life
cycle assessment (LCA), from the production stage to its use
in internal combustion engines with a comparison with the
main alternatives that are under investigation, namely, the
fuel cell vehicles (FCEVs) or those that have already gained
space for large-scale production and on road applications,
i.e., battery electric vehicles (BEVs).

2. Why H2-ICEs?

Tere are several studies providing diferent opinions on the
validity of using hydrogen as energy carrier and its future as
viable solution for on road transport, as well as the many
comparisons in the literature with FCEVs and BEVs.
However, as a matter of fact, the BEV is the only technology
which already found space for in series production and on
road application. Nevertheless, there are diferent aspects to
be taken into account, ranging from the greenhouse gas
emission along all the LCA, costs of production, limits of
application, and last but not least, the costumer’s acceptance.
For example, both FCEVs and H2-ICEs use hydrogen as fuel
but the working principles are completely diferent. A fuel
cell follows the electrolysis technique, thus it consists of
anode and cathode where chemical reactions take place and
generate direct current (DC) and water as a byproduct, while
inside an ICE, the hydrogen works like conventional fuels,
thus leading to a combustion process inside the combustion
chamber so as to transfer work to the engine crankshaft. FCs
are characterized by a high efciency as well as being pol-
lution free; in addition, they can be divided into two main
types as follows: the proton exchange membrane fuel cell
(PEMFC) and solid oxide fuel cell (SOFC). However, the
latter is poorly suitable for automotive application due to the
high light-of temperature and the presence of ceramic
materials which fragility makes it unsuitable for the trans-
port sector. Moreover, the main “Achille heels” for the FCs
lie in the high production cost [12] and the need of extremely
pure hydrogen to avoid the sulphur-poisoning efect which
causes the deactivation of bound sites with consequent ir-
reversible loss of catalytic activity towards the hydrogen

oxidation reaction [13]. Moving to the BEVs, these operate
depending only on the battery pack capacity, thus avoiding
all the issues related to the hydrogen storage system (which is
one of the main technological challenges for both FCEVs
and vehicles equipped with a H2-ICE), but on the other
hand, limiting the range to typical values around
200–400 km, depending on the passenger car model [14].
BEVs, as well as the FCEVs, can be considered zero emission
vehicles in a tank-to-wheel (TTW) context and they have
advantages such as the production costs that are partially
ofset by the absence of complicated mechanical modules
needed for the conventional vehicles and improved driving
performances. Anyway, the key concerns on BEVs come to
surface when talking about heavy-duty vehicles, where the
limited range and extended time required for recharging
strongly hinder its applicability for this sector. In addition,
another aspect that should be taken into account is also the
one about the LCA of battery packs which need the so called
“rare-earth” materials whose concerns for supply are already
rising with the increasing risk of having fuctuating price
trends in the future, with consequent repercussions on
costumers [15]. Coming to the last option examined, there
are several combustion strategies suitable for H2-ICEs. Te
mainstream solution involves the retroft of spark plug-
ignited engines. In such engines, the hydrogen can be in-
jected into the intake manifold (PFI) or directly inside the
combustion chamber (DI). Further technical detail and
challenges will be discussed in the dedicated chapters of this
review, but the abovementioned premise highlights the frst
advantage of the latter solution; the possibility to retroft old
engines and thus to use an already well-known technology.
Ten, focusing on the propulsion systems which involve the
use of hydrogen as fuel, several studies have been performed
to compare the LCA to study the infuence of current
technologies on the environment in terms of emissions. In
[16], the authors have considered the best scenario by
comparing alternative powertrain solutions fuelled with
green hydrogen and using a CNG vehicle as benchmark.
Tus, taking into account the global warming impact
(GWP), acidifcation impact potential (AP), and cumulative
nonrenewable energy demand (CED), it was observed that
the use of green hydrogen always entails improved per-
formance in terms of environment impact and energy de-
mand compared to the conventional fuel. Te situation was
found to be diferent for the FCEVs that turned out to be the
worst option with regards to the AP. Indeed, for the latter,
the infrastructure (i.e., the vehicle manufacturing) is very
“expensive” due to the need of processing rare materials, the
presence of the battery pack (although smaller in size than
a BEV), and other electrical components which are present
to a lesser extent in vehicles equipped with H2-ICEs. Fig-
ure 1 shows the LCA comparison among main powertrain
alternative solutions.

Obviously, the above graph considers the best possible
scenario where the hydrogen fuel comes from renewable
energy sources and the operating points of the alternative
powertrains are not demanding in terms of drive cycle (i.e.,
characterized by low NOx emissions). Terefore, depending
on the production methods, the previous considerations con
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lead to a completely diferent situation in terms of impact on
the environment. Figure 2 [17] shows the CO2 equivalent
emissions due to the production of grey, blue, and green
hydrogen, thus highlighting the sensitivity of the available
studies to the “boundary conditions” and then the need for
more investments required to shift the production patterns
to the cleanest option as soon as possible.

In the end, when talking about H2-ICEs, there are also
diferent technological challenges to deal with (i.e., the
mixture formation, abnormal combustions, boosted intake
pressure, and NOx emissions) that need to be solved before
talking of a possible in series production. Terefore, it is
clear that a single silver bullet does not exist, including the
H2-ICEs, but each technology is characterized by diferent
pros and cons which more or less justify its use in a certain
sector. Tables 1–3 provide a literature survey on main topics
treated in this review.

3. Hydrogen Production, Transport,
and Storage

3.1. Hydrogen: Production Processes. One of the main rea-
sons for which hydrogen gained the current renewed interest
is its possibility of being produced through various pro-
cesses, from the large-scale difused steam methane-
reforming (SMR) process to the laboratory-scale electroly-
sis technique. Tere are diferent “types” of hydrogen
depending on the energy source used to produce it, i.e., grey,
blue, and green hydrogen [39], where the colour provides an
overall idea about the environmental sustainability degree of
the diferent methods (Figure 3, top). Te “grey” refers to

hydrogen produced using fossil-based energy sources. Te
blue hydrogen difers for the addition of carbon dioxide
capture step and then returning a (almost) net-zero carbon
emissions. Lastly, the green hydrogen is produced from
renewable energy sources, mainly through the electrolysis
process. Unfortunately, the latter only accounts for a mini-
mum share of the total amount of hydrogen produced (i.e.,
<5%) [41] and the situation does not improve even when
looking at the cost competitiveness [40], where the green
hydrogen can reach peaks of price more than doubled if
compared to the grey and blue counterparts (Figure 3,
bottom).
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Figure 1: Relative environmental impacts of the three pure-hydrogen vehicle systems and the two CNG systems. Adapted from [16].
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In recent years, the situation has been rapidly evolving,
and several studies have analysed how the current policies
and future plans of investment will probably play a key role
in making the hydrogen a sustainable energy carrier both
from the technological and economic perspectives. Ac-
cordingly to these studies, hydrogen is already experiencing
a signifcant reduction of cost compared to few years ago
[18–42] and an important improvement in production ef-
fciency [43]. Tus, the hydrogen can be a unique oppor-
tunity to accelerate the transition towards a low-carbon
economy model, and the European Union (EU), in line
with its eforts to move away from carbon-based fuels, could
act as watershed. As far as the production methods, there are
diferent opinions and studies that shed light on the necessity
of higher investments for increasing the share of green
hydrogen. Indeed, based on current literature, it appears
clear that in the middle term, the fossil fuels will be the main
energy source for the hydrogen production, then it is proper
to provide a more detailed analysis of the processes involved
and their efciencies. Based on the CO2 capture and thermal
efciency, in [44], the authors assessed six sorption-
enhanced SMR confgurations. Te article shows how the

air-gas mixture to the calciner returns the highest efciency
(∼77%), lowest cost (∼£1.90 H2/kg), and a CO2 capture
efciency (i.e., around of 60%), while on the other hand, the
replacement of natural gas with biomass could efectively
increase the latter to ∼86% with a lifted cost of 2.16 $ H2/kg.
Using oxy-natural gas or chemical looping to heat the
calciner would result in an almost complete CO2 capture,
even to a carbon-negative production by adding biomass
(nevertheless, with highest costs). Given the importance of
the calciner, several studies turned their attention to building
SMR reactor models [19] used to simultaneously simulate
the H2 production and while evaluating the thermal ef-
ciency and their dependencies on the syngas composition
and operating temperatures. A further key aspect in the
production of hydrogen is its purity degree. In that sense, the
potential presence of elements such as hydrocarbons,
chloride, and sulphate could prevent its usability for the
purpose for which it is intended [20, 21] (i.e., domestic
heating applications or as fuel for both fuel cells and ICEs).
More in detail, taking into account the SMR process, the
presence of hydrogen sulphide can negatively afect the
reactor by lowering its efciency or leading to a partial
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Figure 3: Hydrogen production pathways (a) and hydrogen production cost $/kg by energy source type (b). Adapted from [40].
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deactivation of the same. Fabrik et al. in [22] developed
a simplifed fxed-bed reactor model and simulated the
infuence of the hydrogen sulphide on the nickel-alumina
layer of the catalyst. Te investigation, validated against
experimental data present in literature, revealed that even
a relative low concentration of H2S (∼25 ppm) can infuence
the production process, leading to a relevant pressure drop,
issue that can be avoided with a combination of lower feed
fow rate and higher temperatures. Anyway, looking to the
future, the likely spread of renewable energy sources will
consequently bring to a less predictable energy production
model. Te intermittent nature of renewable energy sources
forces to waste a part of what is produced or cover the
shortages with fossil energy sources. To this end, the hy-
drogen production would lead to an enhanced fexibility to
manage these peaks of production storing the exceeding
energy [45]. As far as other pathways, one of the most
promising techniques is the production of hydrogen via
solar-powered electrolysis which could become commer-
cially competitive in the near future. However, the current
efciency of these systems is still too low to make them
attractive, where small-scale demonstrations showed high
efciency with peaks of around 30% [23], but with un-
sustainable costs for large-scale production.

3.2. Hydrogen: Transport and Storage. In view of the pro-
duction processes described, albeit in a very simplifed
manner, it is also worth briefy discussing the main transport
and storage methods of hydrogen. Currently, the hydrogen
is produced and used on a local scale. Te perspective that
this energy carrier becomes more widespread involves the
need for an efcient and cost-efectiveness distribution
network. To this end, several investigations reveal how the
number of hydrogen refuelling stations (HRSs) is increasing
and between the 2015 and 2022, the total number of HRSs is
almost quadrupled [46], rising from 214 to over 800 oper-
ating stations worldwide. Hydrogen is commonly delivered
in the gas form as it requires relatively low pressures of
compression (20–30 bar), thus making it suitable for pipe-
line transport. Not only that, the already existing global gas
network has a considerable transport and storage capacity,
and this is one of the main reasons why researchers are
studying the feasibility of injecting hydrogen directly into
existing infrastructures [47].Tis approach would drastically
reduce the startup costs while obtaining benefts from re-
duced GHG emissions, especially if the added hydrogen
comes from renewable sources. On the other hand, the
downsides are the many modifcations needed to build
checkpoints for controlling that the hydrogen concentration
does not increase over the safety level. In addition, sampling
points for domestic applications must be carefully controlled
and standardised [48] due to the diferent properties of the
hydrogen compared to the methane. In any case, regardless
of the abovementioned considerations, nowadays, no ex-
perimental test has yet been performed (at least not on
a large-scale scenario); then, any step towards the imple-
mentation of the hydrogen in the already existing in-
frastructures would frst require extensive studies,

monitoring, and tests on the feasibility and safety. In absence
of pipelines and if it is needed a high volume, the hydrogen
can be liquefed. Gaseous hydrogen gets liquefed by cooling
it to below 20K; the problem in this case is that the process
takes about 30% of the energy content of the hydrogen.
Another key concern is also the issue related to the evap-
oration of liquefed hydrogen that leads to the “boil of”
phenomena. For the abovementioned reasons, this method
is poorly adopted, and its use is limited to the aerospace feld
for the production of fuel for space rockets [49].

Regarding the hydrogen storage, there are two main
methods; the frst is physical based and involves the use of
high-pressure tanks for the gaseous state and cryogenic
vessels for the liquid counterpart. Te other techniques
exploit the complex property of certain materials to store
hydrogen, thus with the adsorption on the surface of solids
or within solids with the absorption (Figure 4).

Te most widespread solution used for automotive
applications is the physical storage of gaseous hydrogen with
“simple” compressed tanks or using cryogenic techniques so
as to increase the density of the fuel. Te latter types of tanks
are capable of 350–700 bar, but compressed tanks are usually
preferred to their cryogenic counterparts due to the high
demand for technologically advanced cryogenic systems and
related energy consumption. Looking at the structure of
these devices, the external shell is commonly made of
composites or carbon fber while the inner line is instead
made of high-molecular weight polymer to avoid hydrogen
leaks and work as the hydrogen permeation barrier.Te ends
of the outer shell are normally reinforced using metal dome
protections and inside the tank, a sensor for monitoring the
temperature is normally provided. In Figure 5, a schematic
representation of a compressed hydrogen fuel tank is
presented [51].

4. H2 as Fuel for ICEs

4.1. Fundamentals. In this section, the author provides an
overview of the main topics that have been treated con-
cerning the use of hydrogen as fuel for the internal com-
bustion engines. To this end, before proceeding with the
description of the fndings on the use of H2 in ICEs, it is
useful to recall its physical properties (Table 4).

Te high value of autoignition temperature, combined
with the low stoichiometric fuel-air ratio, makes the hy-
drogen more suitable for operation in spark ignition engines
(SI) than the compression ignition (CI) counterpart despite
several studies have been performed in this regard. Te
fammability limits immediately suggest the possibility of
using the hydrogen as fuel for lean or ultralean conditions,
thus minimizing the only harmful emissions of NOx since it
is carbon free. On the other hand, despite the almost tripled
lower heating value (LHV) compared to CNG and gasoline,
the very low-density results challenging for the design of
storage systems and turbochargers capable of providing
enough air fow rate at low speeds with high loads or during
ultralean operations, thus limiting the output power dis-
charged to the crankshaft. Moreover, the low ignition energy
predisposes the hydrogen to preignition events, resulting
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from the presence of hot spots (e.g., surface of the spark plug
electrodes, exhaust valves, and carbon deposits). In addition,
another aspect to consider is related to the reduced
quenching distance which is addressed to be the main cause

of the back-fre phenomenon, i.e., when the intake valves are
still open and there is an uncontrolled propagation of the
fame to the intake manifold. Te latter can be limited with
an appropriate strategy of mixture formation coupled with

How is hydrogen stored?
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Figure 4: Hydrogen storage methods [50].
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Figure 5: A schematic of a composite overwrapped pressure vessel.

Table 4: Hydrogen, CNG, gasoline, diesel, and ammonia fuel properties at 298K and 1 atm.

Property Hydrogen CNG Gasoline Diesel Ammonia
Density (kg/m3) 0.08 0.70–0.72 720–760 820–845 0.73
Flammability limits (volume % in air) 4–75 4.3–15 1.4–7.6 0.6–5.6 15–28
Flammability limits (ø) 0.1–7.1 0.4–1.6 0.7–4 — —
Autoignition temperature in air (K) 858 723 550 527 914
Minimum ignition energy (mJ) 0.02 0.28 0.24 0.25 8
Flame velocity (m/s) 1.85 0.38 0.37–0.43 0.2–0.8 0.015
Adiabatic fame temperature (K) 2480 2214 2580 2600 2070
Quenching distance (mm) 0.64 2.1 ∼2 ∼2 —
Stoichiometric fuel/air mass ratio 0.029 0.069 0.068 0.068 0.165
Lower heating value (MJ/kg) 119.7 45.8 44.79 42.78 18.8
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optimized cam valve timing or completely avoided
employing the DI layout. Finally, it is noteworthy to note the
high value of fame velocity of the hydrogen.Te latter is one
of the main reasons why several studies have investigated the
use of dual-fuel combustion strategies to explore the in-
fuence of hydrogen addition to “balance” or to improve
those “shortcomings” that confned the individual fuels to
limited running conditions [52], mainly methane for the low
fame speed, or to reduce the pollutant emissions [53] when
talking about gasoline and diesel.

4.2. H2-ICEs Combustion Strategies

4.2.1. Pure H2 Spark Ignition. Te mainstream application
of the hydrogen in internal combustion engines (ICEs) is
with spark ignited engines. Depending on the position of the
injector, it is possible to distinguish between port fuel in-
jection (PFI) and direct injection (DI) layout. Te PFI is
normally preferred thanks to the long time for mixture
preparation as well as for the subsequent limited presence of
air-fuel rich areas, thus reducing the NOx formation and
knock tendency. On the other hand, due to the low density of
the hydrogen, when injected into the intake manifold, it
expands, partially replacing the air. Terefore, fresh air must
be forced into the cylinder to compensate the reduction of
volumetric efciency. Tis task requires the use of a turbo-
charger unit capable to guarantee very high boost levels over
the entire engine load map. Tis challenge can be partially
overcome employing the DI system but with the drawbacks
related to rising issues regarding the combustion anomalies,
except the backfre phenomenon which regards only the PFI
layout. Currently, several studies paid attention on both
solutions and following benefts and challenges. Irimescu
et al. in [24] performed a numeric analysis with a 0D/1D
model previously calibrated based on a small size spark
ignition. Te model involved the use of dedicated fame
laminar speed pattern derived from experimental evidence
while the knock tendency was taken into account with
a simplifed approach (i.e., the knock induction integral
method). Te goal of the work was to compare the output
performance among the use of conventional gasoline andH2
with both injection layouts. It was observed (Figure 6) that
the use of hydrogen returned a comparable value of IMEP
over all the engine full-load map when operating in the DI
mode with a maximum gain of about 6% in terms of ef-
ciency while the H2-PFI resulted in a loss of performance
when the engine was in a full load at low speeds.

Te intake pressure increase needed with the PFI system
was more than 30% compared to the gasoline baseline, while
the DI only required an increase of 8%. Nevertheless, the DI
system has its disadvantages; in fact, the injector charac-
teristics are very demanding, with a required pressure
ranging from 50 to 100 bar to cover all the operating con-
ditions, not to mention the drawback in terms of nonretroft
(i.e., due to the very low density of hydrogen, these types of
injectors usually are very voluminous, thus requiring the
redesign of engine head).

4.2.2. Dual-Fuel Combustion with Spark Ignition. Among
the diferent fuels used for the automotive feld, methane is
defnitely the leading candidate for enriched operations with
hydrogen [54]. Its low cost, low carbon content, and easy
application in conventional SI engines make it very attractive
as a cost-competitive solution. Nevertheless, despite the
excellent knock resistance and proper fuel-air ratio for
extended combustion characteristics for lean operations, the
main “weakness” of the methane is its low fame speed. Te
latter limits operations under lean-operating conditions due
to the considerable increase in combustion duration, thus
resulting in a decrease of output power of approximately
5–10% [52]. Te abovementioned premises prompted to
study the infuence of hydrogen addition on fame speed
characteristics (Figure 7).

Te literature extensively covers this topic with several
studies carried out. For example, many studies have focused
on the infuence of hydrogen addition in the early stages of
the combustion process, which is addressed to be one of the
main contributors to cyclic variation. In [25], the authors
examined the frst phase of the combustion process, eval-
uating the efect of a conventional spark plug and a corona
discharge igniter on the fame development under lean
operations in an optically accessible engine. Te study
underlined the overall advantages of hydrogen addition to
the methane, showing a reduced cycle-to-cycle variability
with limited losses of IMEP at high loads. Moreover, the
corona ignition system made it possible to further lower the
lean limit of the mixture, showing a high-probability
presence of a stable and fully developed fame kernel
from the frst stages of the combustion process following the
ignition event. A comparison among standard gasoline fuel,
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Figure 6: Full-load brake efciency and IMEP throughout the
engine speed range in PFI and DI confguration with 2.5mm
injector nozzle and 5 bar injection pressure. Adapted from [24].
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methane, and methane-hydrogen blends (i.e., M20H2 and
M40H2 with a hydrogen content by volume of 20 and 40%,
respectively) has been carried out in [26]. Te authors used
a transparent single-cylinder small size engine to charac-
terize the fuel jet morphology. Te chemiluminescence of
the imaging data highlighted how the hydrogen strongly
infuences the reactivity of the mixture, allowing for a more
homogeneous propagation of the fame front in all di-
rections, therefore, improving the thermal efciency. In
addition, the high difusivity of the hydrogen refected in an
enhanced distribution of the fresh charge, thus in a re-
duction of pollutant emissions (Figure 8), compared to pure
methane and gasoline operations; in fact, the latter were both
characterized by the presence of rich and lean regions that
refected in an irregular fame front progression.

However, there are also a large number of studies in the
literature that have thoroughly investigated the benefts of
adding hydrogen to both gasoline and diesel. In these
studies, the main aim was not only the performances but also
the carbon particles emissions reduction and potential fuel
savings. In [27], the authors demonstrated how a small
amount of hydrogen added to gasoline can bring the engine
to stable operation under lean-burn conditions (AFRrel∼1
0.5) with the COV reduced to below 1%. More in detail,
keeping the hydrogen content to 10% in volume fraction, it
was possible to increase the mean efective pressure and
thermal efciency by 10% and 4.0–4.5%, respectively. Other
studies evaluated the efect of the typical engine combustion-
controlling factors such as spark ignition timing and valve
timing [28, 29] on the extension of the optimal operating
range of hydrogen-gasoline blends. Te spark timing plays
a key role in advancing the combustion process close to the
TDC and then improving the thermal efciency and fuel
consumption, while most of the investigations on the valve
timing clearly showed the benefts of anticipating the intake
valve opening (IVO) for medium- and high-load conditions
in order to increase the volumetric efciency, while at low
load, this efect results quite limited. Anyway, another aspect

to be taken into account is the possible presence of unburnt
fractions of the fresh charge into the exhaust line that can
lead to the occurrence of explosive phenomena. In fact, in its
pure state, the hydrogen has a lower limit of explosion (LEL)
of 4% by volume compared to the 1.2% of gasoline.
Terefore, it is of paramount importance to use the best
mixture formation strategy to ensure a clean combustion,
and this is also another reason for which the PFI layout is
normally preferred to the DI [30]. Ten, it is noteworthy to
underline the development of increasingly accurate simu-
lation software which is able to return results faithful to
experimental tests, thus representing valid tools to speed up
the research and saving costs compared to the expensive test
campaigns necessary to gather data. In that sense, it is
possible to distinguish twomain categories of works; the frst
in which the authors investigated the efect of adding hy-
drogen through the use of whole engine simulation models,
comprehensive of the entire intake and exhaust line, de-
veloped in 0D/1D environment [55] or those which involve
the use of computational fuid dynamic (CFD) codes mainly
aimed to understanding the phenomena underlying the
pollutant emissions mechanism [56] or the combustion
chamber geometry infuence on the mixture formation
process [57].

4.2.3. Dual-Fuel Combustion with Diesel Pilot Ignition.
Due to the high autoignition temperature of hydrogen, its
implementation in compression ignition (CI) engines results
quite challenging; thus, the addition of diesel turns out to be
a key factor thanks to its high reactivity. Although most of
the studies carried out highlight the benefts related to the
reduction of carbon emissions, the increase in NOx emis-
sions at medium-high load conditions still remains the main
challenge to overcome. In view of this, several studies fo-
cused on the interaction between the diesel jet and the
premixed charge of air hydrogen (PCCI). Tey demon-
strated how the injection timing plays a key role in reducing
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Figure 7: Flame velocity for hydrogen-methane-air mixtures on the equivalence ratio φ under various hydrogen concentrations: hydrogen
concentrations 0–50% vol. (a) and hydrogen concentrations 60–100% vol. (b). Adapted from [54].
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emissions of HC and CO when anticipating the SOI thanks
to the lower temperature inside the combustion chamber but
on the other hand, increasing the peak pressure rise rate and
thus the NOx [31]. Another approach is given by the use of
two injectors, both inside the combustion chamber, so as to
have a hydrogen-diesel dual-fuel direct injection (H2DDI).
In this case, the focus fall on the interactions between the two
jets, with detailed analysis on the factors that lead to the
combustion of hydrogen and related chemical interactions
[32]. Anyway, the latter is a novel approach which avail-
ability in literature is still limited.

Moving to more valuable considerations about the
performance given by the use of the dual-fuel combustion
with the PCCI technique, Ali et al. in [58] investigated the
combustion performance of a common rail diesel engine
modifed to run with methane and hydrogen mixture under
diferent load conditions and with diferent compression
ratios. Te paper compared the results with the engine
fuelled with diesel, pure methane, and hydrogen-methane
mixtures with a content of the frst of 5 and 10% in volume
fraction. For all the abovementioned conditions, the diesel
was used as pilot fuel and the engine crankshaft velocity was
kept at 1750 rpm.Te study showed an overall enhancement
of the BTE (Figure 9) and a reduction of the brake-specifc
energy consumption (BSEC) of the dual-fuel mixture on the
pure methane-fuelling mode over all load conditions.

On the other hand, as a consequence of the lower
density, it was found to be difcult to ignite the fuel-air
mixture at low loads with subsequent repercussions on the
combustion quality and thus a dramatical drop of around
40% of the performance compared to the pure diesel-fuelling
mode. Te situation results to be partially improved by
increasing the load; therefore, with an appropriate spark
timing, it was possible to concentrate the pressure peak close
to the top dead centre (TDC) and then increasing the
thermal efciency and reducing the above gap to 24%.
Moreover, it was observed how the combustion noise was
reduced during dual-fuel operations, especially with high CR
and high load conditions.

5. Challenges of H2-ICEs

5.1. Combustion Anomalies. In this section, more attention
is given to the application of hydrogen as the sole fuel in
internal combustion engines, focusing on the main criti-
cisms that, as matter of fact, characterize and represent the
main challenges with which to deal when talking about H2-
ICEs, the combustion anomalies. Tese are caused by the
same properties that make the hydrogen such an attractive
fuel for ICEs. In particular, as already anticipated in the
“Fundamentals” section, the wide fammability limits as-
sociated with the low energy requirements can result in the
rising of undesired phenomena such backfre, knock, and
preignition. Tese combustion anomalies are further dis-
cussed in the following.

5.1.1. Preignition. Te preignition is the phenomenon
whereby the mixture ignites when valves are closed before
spark plug ignition; this leads to an increase in pressure
during the compression stroke with a consequent loss of
performance (Figure 10). Te causes underlying the pre-
ignition cannot be addressed to a single source and many
studies ofer diferent conclusions. Due to its stochastic
nature, the investigations already present in literature of the
abovementioned phenomenon usually led to diferent
fndings; from the spark plug and exhaust valves-related hot
spots to the hot oil particles from previous combustion
cycles [33–59]. Te dependence of this combustion anomaly
on the minimum autoignition energy makes it to rise in
frequency when the hydrogen-air mixture is close to the
stoichiometric condition. Furthermore, also, operating
conditions at high speeds and high loads are prone to the
occurrence of the preignition due to the increase of the
pressure and gas temperatures.

Noteworthy is the repetitive aspect of the preignition for
which, once occurred, if not immediately interrupted, it
continues for several cycles continuously anticipating and
then leading to the occurrence of the backfre phenomena. In
this case, the combustion anomaly repeats cycle after cycle,
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Figure 8: CO2 and HC emissions for all the tested fuels at 2000 rpm full load. Adapted from [25].
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reducing the in-cylinder pressure and shifting the auto-
ignition event to the initial stage of the compression stroke
when the intake valves are still open, thus causing the oc-
currence of backfre phenomenon with a drastic increase of
the pressure inside the intake manifold. Measures to avoid or
limit the preignition involve the use of proper designed
spark plugs and ignition systems with low residual charge.
Hydrogen late injection into the combustion chamber (i.e.,
DI layout) is another solution to avoid the occurrence of the
preignition.

5.1.2. Backfre. Backfre is the phenomenon for which the
fresh charge of hydrogen-air gets ignited during the intake
stroke in the combustion chamber or in the intake manifold.

Te backfre, as for as the preignition, owes its causes in the
presence of hot spots, gas residuals from precedent cycles, or
remaining charge in the ignitions system. Te main dif-
ference between these two combustion anomalies is that the
preignition takes place in the combustion chamber when the
valves are closed, while the backfre occurs when the intake
valves are still open.Tis results in a fame front propagation
along the intake line, which is not clearly audible but can
seriously damage or destroy the intake manifold. Nowadays,
several strategies with hydrogen include the use of the direct
injection, thus completely avoiding the occurrence of this
phenomenon; therefore, the abovementioned combustion
anomaly is generally limited to the port fuel injection layout.
In Figure 11, it is possible to see how the backfre results into
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an important increase of intake manifold pressure, unlike
what happens with preignition.Terefore, the fresh charge is
unable to give any contribute to the engine crankshaft, thus
arriving already exhausted to the combustion chamber with
consequent negative indicated mean efective pressure
(IMEP). A single cycle afected by this combustion anomaly
can lead to the shutof of the engine.

Diferent approaches to avoid the backfre phenomena
have been studied [60], and most of them point the start of
injection and valve timing as key factors. In this sense, for the
hydrogen injection, the literature suggests using strategies
for which the fuel concentration around the intake valves is
reduced (i.e., homogeneous charge strategies, but in contrast
with the considerations on the preignition). In addition, the
intake efciency can be improved by increasing the pressure
of injection, thus shortening the duration of the injection
event which results in a relevant enhancement of the power
output at high speed. On the other hand, a correct intake
valve timing that allows the entry of pure air into the
combustion chamber, before aspirating the fuel, can cool the
charge and potential hot spots. Anyway, other studies
suggested ending the injection in a fxed range that is an-
ticipated for low speeds and rich mixtures, while an opposite
strategy should be approached at high speeds.

5.1.3. Knock. By knock, it is meant as the achievement of
conditions, in terms of pressure and temperature, by the end
gases such as them spontaneously autoignite; therefore,
releasing a huge amount of heat in a short period of time,
producing pressure waves that hitting the cylinder wall
generate the characteristic metallic sound from which the
phenomenon takes its name (Figure 12). Te knock can
cause engine damage as it increases the mechanical and
thermal stress on the combustion chamber’s components.
Te resistance of fuels to the knock tendency is defned
through the octane rating; then, depending on the method, it
will result in the research octane number (RON) or the
motor octane number (MON). A cooperative fuel research
(CFR) engine is used for the abovementioned methods by
comparing the fuel knock resistance to that of a standardized
mixture of heptane and iso-octane. Although these methods
were designed for liquid fuels, with the growing interest in
hydrogen as fuel for ICEs, the frst investigations on its
knock resistance started to appear in literature. Te reported
RON values range from less than 90 to more than 130
[61, 62], depending on the hydrogen-air ratio, temperature,
and other parameters. In [61], the authors performed an
experimental and numerical investigation on the hydrogen
knock resistance with the ASTM’s RONmethod. Te results
of the above work showed that the hydrogen has a signif-
cantly higher knock resistance than standard gasoline when
providing similar energy to the mixture, but on the other
hand, the ASTM standards resulted to be poorly suited for
the analysis of richest conditions. In fact, the high fame
laminar speed of the hydrogen resulted in an immediate rise
of the pressure inside the combustion chamber, which can be
mistakenly identifed as knock occurrence. In this context, it
is noteworthy to mention the existence of the methane

number (MN) that is used to characterize the knock re-
sistance of gaseous fuels. Unfortunately, this method uses
the methane as the fuel of reference with a MN of 100 and
hydrogen with a MN of 0 per defnition [63]. Obviously, this
is a clear contradiction with respect to the above statement,
thus making the latter method unsuitable for the hydrogen
knock resistance evaluation.

Anyway, the knock has been deeply investigated and
several studies evaluated the main operating parameters that
contribute to the achievement of the conditions for which
the abnormal combustion occurs. In [64], the authors
performed an experimental study on a multicylinder spark
ignition engine fuelled with hydrogen for analysing the efect
of knocking and how the latter was correlated with the
backfre. Based on the abovementioned study, the backfre
increased in frequency when knocking occurred in earlier
cycle, mainly due to the increased temperature of the intake
valves. Joel et al. carried out an analysis on the water in-
jection strategy so as to extend the knock limits on
a heavy-duty hydrogen-fuelled engine [34]. Te work
highlighted how the addition of water afects the knock
limits via three potential routes, i.e., charge cooling efect,
thermophysical efect, and kinetic efect. From the frst to the
following two with a progressively decreased contribution,
the water injection was experimentally observed to signif-
cantly extend the knock limits, thus increasing the power
output and bringing it on a comparable value to the diesel
with a limited loss of efciency by almost 1%. Anyway, the
phenomena led to the development of diferent models, but
as matter of fact, most of the available works are based on the
approach proposed by Livengood andWu in [65], where the
self-ignition occurs when the integral time between the
intake valve closing and knock of the inverse of the in-
duction time of the mixture reaches the unit. However, this
approach relies on phenomenological formulations intended
for liquid fuels. Terefore, it is not rare to fnd studies in
which the authors followed alternative paths. For instance,
Millo et al. proposed a numeric approach to evaluate the self-
ignition time using a 0D chemical reactor simulation de-
veloped in CONVERGE environment [66]. Te time needed
to detect an increase of 400K from its initial value was
defned as the induction time.

5.1.4. NOx Emissions. When considering the pure
hydrogen-running mode, thanks to the absence of carbon
particles, the regulation about the harmful emissions should
be theoretically limited to only nitrogen oxides. Neverthe-
less, albeit the hydrogen is carbon free, there is always a small
amount of carbon particles coming from the wears of the
gaskets and lubricant oil. In [35], the efect of lubricant oil on
the particle emissions has been investigated using a hydro-
gen-fuelled spark ignition engine. Te study highlighted the
role of the temperature in the entertaining part of the lu-
bricant oil into the combustion chamber, thus undergoing
a process of oxidation and dissociation. Terefore, it is
intuitable that when talking about H2-ICEs, it is an over-
simplifcation of the statement for which these power units
contribute to generate polluting emissions only for the
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nitrogen oxides. Anyway, several studies deeply examined
the mechanism underlying the formation process of the
NOx, how the latter is infuenced by the main engine control
parameters, and which strategies can be used to reduce them,
e.g., exhaust gas recirculation (EGR) and water injection.

Vipin D. and K.A. Subramanian performed an experi-
mental study on a multicylinder spark ignition engine
fuelled with hydrogen [67]. In this work, the authors
compared EGR and water injection strategies to observe the
efect on NOx emissions. Both the increase of the EGR rate
and the water-hydrogen ratio were found to have a signif-
cant role on the NOx emissions with the main diference that
the frst one was limited to 25% so as to not afect the engine

performance, then resulting in a maximum reduction of the
emissions of 57% with respect to the running conditions
without recirculation. On the other hand, the water-
hydrogen ratio returned an almost complete reduction of
the NOx, up to 97% compared to the baseline condition
without afecting the performance in a relevant way.

Other studies focused on the development of the detailed
model to simulate and reproduce the mechanisms that bring
to the increase in NOx emissions [68]. In this sense, the
3D-CFD code simulation returned to be an efective tool to
obtain accurate results about the main mechanism behind
the NOx formation process, shedding light on the role of the
fame front temperature on the decomposition of NO and
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the variability of its composition with the load [36]. More in
detail, the thermos-NO, NNH, andN2O routes contribute to
the total NOx emissions in a diferent way depending on the
load condition but with a constant predominant role of the
thermal component, further highlighted at high loads, with
a niche efect of the other two. In addition, with increased
temperature, the backward reaction rate constants of NNH
and N2O routes rise so much that the NO starts decom-
posing faster than the formation process, thus giving
a negative contribute to the NOx production rate
(Figure 13).

5.2. Advanced H2 Combustion Strategies. In recent years,
several advanced strategies of combustion have been in-
vestigated in relation to the use of hydrogen into internal
combustion engines. For example, in the so-called plume
ignition concept (PCC), the plume tail of hydrogen jet gets
ignited immediately after the end of injection. Te com-
bustion of this local rich mixture, depending on the global
value of lambda, can lead to an important reduction of the
NOx and unburned fraction of hydrogen, while keeping the
thermal efciency and performance of comparable value of
conventional strategies. On the other hand, this technique
involves the use of a high-pressure injector capable of very
high fow rate to shorten the injection duration enough to
adapt to the entire engine map. Not only that, talking about
alternative strategies, in the present literature, there is also an
increasing number of studies carried out on the use of
ammonia as fuel with hydrogen. Te use of H2-NH3 blends
mainly focus on overcoming the issues related to the
nitrogen-based pollutant emission and the bad combustion
properties mainly related to the ammonia low laminar
burning velocity. Tus, a small addition in hydrogen allows
performance and stability improvement, resulting to be
benefcial for the early stages of combustion process where

the low reactivity of the ammonia usually limits its use in
pure fuelling mode [37]. More in detail, it was observed that
the addition of hydrogen provides the concentration of H-
free radicals in the frst phase of combustion necessary to
promote the generation of OH free radicals, thus acceler-
ating the consumption rate of NH3 [38]. Another strategy to
tackle down the well-known hurdle regarding the knocking
occurrence is the use of low temperature combustion (LTC)
techniques. Te latter normally refer to the employment of
delayed pilot fuel injection timing, the use of water injection,
or the reduction of the compression ratio. Except the latter
that depends on the design of the power unit, the other two
strategies have been thoroughly studied and proved to have
a benefcial efect, increasing the amount of hydrogen energy
shared thanks to the reduced reaction rate between fuel and
air. On the other hand, these strategies cannot be exploited
during high load operation, and if the engine is running in
the dual-fuel mode, it must be considered, against the re-
duction of NOx, the drawback linked to the increase of HC
and CO emissions [69].

6. Summary

In this review, the hydrogen as fuel and energy carrier is
discussed with particular attention to its application for
internal combustion engines. In view of what has been
reported in the various sections abovementioned, hydrogen
appears to be a viable solution as an intermediate step to-
wards the net zero emissions goal, both as alternative fuel for
the road transport sector and also as an energy carrier to face
the future energy demand. Its use in ICEs is already a subject
of diferent studies that have demonstrated its benefts such
as improved thermal efciency with comparable perfor-
mance to conventional fuelling modes and the (almost)
absence of carbon particle emissions. Te unique properties
of hydrogen make it an attractive and challenging fuel for
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pure running conditions and dual-fuel strategies, where it
was observed to increase the fame laminar speed, thus
extending the optimal range of working conditions of
conventional fuels, especially of methane. Nevertheless,
since its production stage, there are several issues and
criticisms that still limit its widespread, from the strong
dependence on fossil fuels (i.e., the steam methane-
reforming technique is widely the most used to produce
hydrogen) to the combustion anomalies that involves the use
of complex combustion/mixture strategies to avoid engine
damage or loss in performance. In particular, among the
well-known properties of the hydrogen, the low density is
probably the most critical one that makes necessary the
design of specifc storage systems able to guarantee satis-
factory energy content to ensure a range comparable to that
of conventional vehicles, while complying with all the safety
standards required by technical regulations. Anyway, the
renewed interest that this element, fuel, and energy carrier, is
undergoing, combined with the development of ever more
accurate and efective simulation software, is leading to-
wards a constant update of its the state of art. Tere are more
and more studies suggesting the future on road application
of this technology, especially in the heavy-duty sector where
the shortcomings of BEVs place hydrogen into a key role
position.
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