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Abstract: A paradigm shift towards the utilization of carbon-neutral and low emission fuels is
necessary in the internal combustion engine industry to fulfil the carbon emission goals and future
legislation requirements in many countries. Hydrogen as an energy carrier and main fuel is a
promising option due to its carbon-free content, wide flammability limits and fast flame speeds.
For spark-ignited internal combustion engines, utilizing hydrogen direct injection has been proven
to achieve high engine power output and efficiency with low emissions. This review provides an
overview of the current development and understanding of hydrogen use in internal combustion
engines that are usually spark ignited, under various engine operation modes and strategies.
This paper then proceeds to outline the gaps in current knowledge, along with better potential
strategies and technologies that could be adopted for hydrogen direct injection in the context of
compression-ignition engine applications—topics that have not yet been extensively explored to date
with hydrogen but have shown advantages with compressed natural gas.
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1. Introduction

Constrained carbon-emission budgets and increasingly stringent emission standards for vehicles
around the globe have placed enormous pressure on manufacturers to develop less carbon-intensive
fleets. Despite the present global domination of internal combustion engine (ICE) in the transportation
section, a number of legislative strategies have been developed and adopted to promote a gradual
replacement of ICE propulsion technology by fuel cell (FC) and battery-electric vehicles [1], unless there
is a breakthrough in ICE technology to enable a significant reduction of harmful emissions and
dependence on fossil fuel. Hydrogen has long been considered a future fuel in transportation
powertrains, due to its ability to eliminate carbon-based emissions (e.g., CO, CO2 and soot) and to
achieve high energy efficiency [2]. Furthermore, hydrogen can be produced from renewable
energy sources [3]. The first reported successful commercial application of hydrogen-powered
vehicles dates back to the 1930s, with more than 1000 vehicles converted into hydrogen and flexible
hydrogen/gasoline operation; however, technical details were reportedly destroyed because of war and
can no longer be found [4]. The development of hydrogen-fueled ICEs stagnated since, with ongoing
scientific research but limited practical applications. During the second half of the 20th century,
hydrogen-fueled ICEs were mainly demonstration projects. Recently, effort towards decarbonization
and tightening emission standards has facilitated several breakthroughs in the development of
renewable hydrogen technologies, including: advanced methods and materials for hydrogen storage
(e.g., high pressure storage, up to 700 bar), production (e.g., solar thermo-chemical processes) and usage
(e.g., high pressure direct in-cylinder injection of gas). These developments have catalyzed the
re-ignition of global interests towards incorporating hydrogen as an energy carrier in powertrains [5,6].
The Hydrogen Council, a global initiative for hydrogen energy composed of various energy and
transportation companies, estimated that approximately 25% of the passenger vehicles and 20% of the
non-electrified rail transport would be fueled with hydrogen by 2050, potentially reducing daily oil
consumption for transportation use by up to 20% [7,8].

1.1. Hydrogen Application and Production

In the hydrogen economy—a future scenario where hydrogen represents the primary energy
carrier—hydrogen has a wide range of applications other than transportation. For instance, many
industrial processes require high-grade heat, which can utilize hydrogen combustion as a more efficient
route [7]. Hydrogen is also an important reactant in the production of industrial feedstocks such as
ammonia, methanol, polymers as well as in other refining processes, including fuel desulfurization,
iron making and conversion of captured CO2 from air or flue gas into useful chemicals [7].
Countries including the United Kingdom (UK), the United States (US), South Korea and some
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European countries have developed infrastructure to use natural gas as power and heating sources in
buildings. Such infrastructure brings additional benefit from a convenient switch to hydrogen-methane
blend for further decarbonization [7]; nevertheless, a technology advancement is required to facilitate
the increased share of hydrogen. The universal applicability of hydrogen for modern energy needs has
boosted the investment and development of renewable hydrogen production and its related technology
by many countries, with China being the largest importer and the US being the largest exporter, as of
2017 [9]. Australia [10,11], Japan [12] and Germany [13] have also devised strategic plans to become
major players in the potential future hydrogen economy.

As of 2016, 96% of the total hydrogen production (i.e., ∼55 million tonnes per annum [7])
originated from fossil fuels [14]. Apart from the thermo-chemical conversion of coal and oil into
hydrogen, steam methane reforming is the most widely adopted method for hydrogen production due
to its cost effectiveness [15]. This is achieved by the chemical reaction between purified methane or
natural gas and high temperature (i.e., 970–1120 K) and pressure (i.e., 3–25 bar) steam in the presence
of a catalyst, which is typically nickel [6]. It should be noted that CO2 is produced during the steam
methane reforming process. Therefore, and due to the fossil feedstock, hydrogen produced through
these chemical pathways is not considered renewable.

On the other hand, electrolysis of water, an electro-chemical process of splitting water into oxygen
and hydrogen using electric current, can be considered renewable if the electricity is sourced renewably,
such as using hydro, wind or solar power. This method currently accounts for only 4% of the world
hydrogen production but it is predicted to expand rapidly to 22% by 2050 [16]. The research community
has also been developing other renewable hydrogen production pathways, including photocatalytic
hydrogen production, biomass and waste gasification and biological hydrogen production through
biomass fermentation, etc. Some of these technologies are expected to mature and to enter commercial
scale production by 2030 [17] and will boost the production of hydrogen through renewable routes.
Therefore, green hydrogen will become more readily available and find widespread application in
energy generation systems and powertrains.

1.2. The Potential for Hydrogen

With abundant land and renewable energy resources, a number of countries are advantageously
poised to produce green hydrogen at low cost and to implement a hydrogen economy for domestic use
or export to their neighbouring countries with high energy demands. This is because, unlike electricity,
hydrogen can be stored and transported over long distances at lower cost. In particular for countries
such as Australia and Chile, their geographic locations and well-established reputation as reliable
conventional energy exporters could make them major hydrogen suppliers targeting their neighbours
with net demands, such as China, Japan and Korea [18]. In fact, such collaboration is already underway
with a joint project between Australia and Kawasaki Heavy Industries (Japan) to build a hydrogen
supply chain between the two countries, wherein Japan is forecasted to import 900,000 tons of hydrogen
by 2030 [19]. This strategic hydrogen export opportunity is estimated to add as much as AUD10 billion
to Australia’s economy by 2040 in a high hydrogen demand scenario [19]. European countries with a
considerable production of renewable electricity, as well as mature infrastructure and transportation
facilities for natural gas, such as the Netherlands, are also poised to benefit from an increased use
of hydrogen energy [20]. The potentials to store excess electricity in the form of hydrogen and to
adopt existing gas pipelines for hydrogen transportation as the production volume increases, place the
Netherlands in an advantageous position as an energy exporter. The attractiveness is demonstrated by
an estimated ∼EUR17.5–25 billion investment by 2025 to develop a carbon-free hydrogen economy in
the Northern Netherlands [20].

These figures may have a significant growth potential, considering that industrial applications,
for instance oil refining (33%), ammonia production (27%), methanol production (11%) and steel
production (3%) currently dominates the use of hydrogen and drives more than 50% of the demand;
while the use of hydrogen for power generation and propulsion only accounts for 1–2% of the total
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consumption [19,21]. For the transportation sector, the low utilization could be attributed to the lack
of hydrogen distribution infrastructure and the slow development of hydrogen powertrain that can
efficiently and cost-effectively convert hydrogen into power. There is, therefore, significant room
for growth for increased hydrogen usage in the transportation sector, as technologies surrounding
hydrogen transportation and usage continue to improve and mature.

1.3. Recent Developments of Hydrogen Applications in the Transportation Sector

Hydrogen powertrains mainly utilize two energy conversion technologies—hydrogen FC and
ICE. An FC, which converts hydrogen into electrical energy used for propulsion, is presently the
more commercialized approach. A FC vehicle is reported to have a tank-to-wheel efficiency in the
range from 31% to 36%, with water vapor being the only emission [22,23]. Toyota, Honda and
Hyundai have already commercialized FC vehicles in selected markets, with more than 6500 units
sold as of June 2018 [24]. A prototype FC truck with a range of 480 km was recently unveiled
by Toyota and Kenworth [25], demonstrating the potential to replace the ICE technology in future
heavy-duty applications.

The advantages of hydrogen ICE compared to the FC technology include a higher tolerance
to fuel impurities, flexibility to switch between fuels, reduction of rare materials usage and a more
straightforward transition from conventional vehicles [26]. In addition, hydrogen ICE technology
benefits from the reduced cost of using the existing mature manufacturing facilities and processes
for conventional ICEs. The development of advanced hydrogen ICEs (e.g., direct injection (DI) and
dual-fuel methods) is still in the conceptual stage. A majority of hydrogen-fueled ICE prototypes use
port fuel injection (PFI) system, benefiting from a straightforward conversion from existing gasoline
engines. A proof-of-concept light-duty truck and ‘microbus’ powered by such hydrogen-fueled
ICE was presented by Tokyo City University [26]. It has to be noted that even with such a simple
modification, engine brake thermal efficiency (BTE) of ∼30–37% at medium load was reported [27],
readily comparable with the current FC technology. Despite the competitive peak efficiency, hydrogen
PFI suffers from a series of issues that will be discussed in Section 4, which can be tackled by an
advanced DI fuel system as further discussed later in Sections 5 and 6. The potential of DI system has
been already demonstrated by BMW and its partners in 2009. A hydrogen DI system with up to 300 bar
injection pressure has been developed and integrated into a spark-ignition (SI) engine, achieving a
maximum efficiency of 42%, paralleling diesel engines with turbocharging [28]. In light of the potential
of hydrogen engine, Mazda has been developing a hydrogen rotary engine combining PFI and DI
technology since 2006. This technology has been integrated into a sports-car model with an extended
driving range of 649 km [29]. Furthermore, a series of works on experimental metal and optical engines
as well as numerical simulations for hydrogen DI was funded by the U.S. Department of Energy from
2004 to 2011 [30–39]. A peak BTE of 45% in a hydrogen ICE was demonstrated at 2000 rpm and a
high load condition of 13.5 bar brake mean effective pressure (BMEP). Most recently, the Australian
Renewable Energy Agency (ARENA) has allocated more than AUD22 million to develop an effective
renewable energy supply chain centered around hydrogen, including an investment in developing
advanced hydrogen ICE technology and support for establishing a fundamental understanding of
hydrogen combustion in engines [10].

1.4. Scope

The potential of more readily available renewable hydrogen is often associated with its potential
to reduce the consumption of fossil fuels and harmful combustion emissions, when used in energy
generation. While technologies for producing and storing hydrogen are under development, current
bottleneck to efficiently utilize hydrogen needs to be overcome especially in the transportation section,
as a large contributor to carbon emissions. Thus, this paper reviews the current development of using
hydrogen in the transportation sector, with a focus on hydrogen combustion in ICEs. The properties
of hydrogen and their implications on the use in ICEs will first be discussed in Section 2. Different
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injection and ignition methods will be compared from Sections 4 and 5 in terms of performance and
emissions, with a focus on hydrogen DI. A novel ignition strategy utilizing a small amount of pilot
diesel jet to auto-ignite the hydrogen DI jet is proposed and evaluated in Section 6 as a solution to
current issues associated with hydrogen DI. This is also known as the dual-fuel hydrogen-diesel direct
injection (H2DDI) mode. Due to the need of in-depth understanding of the underlying combustion
mechanisms in this proposed combustion mode, studies of the behaviour of high pressure hydrogen
jets will be reviewed to map out the current level of fundamental understanding in Section 7. It is
followed by a review of available hydrogen DI hardware as well as hydrogen DI injector design
considerations in Section 8, which are required to facilitate development in this field. Discussion of the
necessary next steps for hydrogen ICE will be provided by reviewing and evaluating this information.

2. Hydrogen Properties and Their Implications on Use in Internal Combustion Engine

Hydrogen has unique physical and chemical properties, compared to the conventional fossil fuels
widely used in the transportation sector, namely compressed natural gas (CNG), gasoline and diesel,
as shown in Table 1 [4,27,40–42]. Engine performance with these fuels in different engine modes is
commonly compared with hydrogen and will be discussed throughout the study. One of the many
advantages of using hydrogen in ICE as a clean alternative fuel is its zero carbon content. This means
that carbon-based emissions, mainly CO, CO2 and soot, can be eliminated, leaving NOx as the only
harmful combustion byproduct. With a high specific energy density, hydrogen can provide nearly three
times as much energy by mass compared with other fossil fuels, reflected in its lower heating value.

Table 1. Hydrogen properties compared with compressed natural gas (CNG), gasoline and diesel.

Property Hydrogen CNG Gasoline Diesel

Carbon content (mass%) 0 75 e 84 86
Lower heating value (MJ/kg) 119.7 45.8 44.8 42.5
Density a,b (kg/m3) 0.089 0.72 730–780 830
Volumetric energy content a,b (MJ/m3) 10.7 33.0 33 × 103 35 × 103

Molecular weight 2.016 16.043 e ∼110 ∼170
Boiling point a (K) 20 111 e 298–488 453–633
Auto-ignition temperature (K) 858 813 e ∼623 ∼523
Minimum ignition energy in air a,d (mJ) 0.02 0.29 0.24 0.24
Stoichiometric air/fuel mass ratio 34.5 17.2 e 14.7 14.5
Stoichiometric volume fraction in air (%) 29.53 9.48 ∼2 f -
Quenching distance a,c,d (mm) 0.64 2.1 e ∼2 -
Laminar flame speed in air a,c,d (m/s) 1.85 0.38 0.37–0.43 0.37–0.43 g

Diffusion coefficient in air a,b (m2/s) 8.5 × 10−6 1.9 × 10−6 - -
Flammability limits in air (vol%) 4–76 5.3–15 1–7.6 0.6–5.5
Adiabatic flame temperature a,c,d (K) 2480 2214 2580 ∼2300

a at 1 bar, b at 273 K, c at 298 K, d at stoichiometry, e methane, f vapor and g n-heptane.

There are, nonetheless, a number of drawbacks related to the very low density of hydrogen
(i.e., low volumetric energy content (MJ/m3)). At atmospheric pressure and 273 K, the density of
hydrogen is an order of magnitude less than that of natural gas, due to the very low molecular weight
of hydrogen. The low boiling point suggests that compressed hydrogen will be the most prominent
storage option. This presents a significant challenge for the implementation of hydrogen ICE in
on-road applications due to the limited vehicle space. Increasing storage pressure is required to
increase hydrogen density and hence the volumetric energy content. For instance, hydrogen at 350 bar
(i.e., a current standard supply pressure for hydrogen refuelling) and 273 K can increase the gas density
to ∼31 kg/m3 or the volumetric energy content to ∼3700 MJ/m3.

With the highest auto-ignition temperature and Research Octane Number (RON ≥ 130) [43]
relative to the common fuels, the resistance of hydrogen to knocking is expected to be high. However, its
minimum ignition energy in air at stoichiometry is an order of magnitude less than that of hydrocarbon
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fuels, which indicates that hydrogen can be easily ignited by hot spots or residues in combustion
chamber. This may lead to pre-ignition of fuel, which is characterized by combustion during the
compression stroke prior to the intended ignition. This results in a loss of combustion phasing
control, knocking and possibly mechanical engine failure. It should be noted that the global effect
of pre-ignition and knock is nearly indistinguishable [27], since pre-ignition usually leads to knock.
However, the underlying causes for the two phenomena are very different. A previous study [44] has
shown that the Motor Octane Number (MON) of hydrogen is much less than its RON, compared to
the typical 8–10 points decrease for the gasoline fuel; although the exact value of hydrogen MON was
not clear. Nevertheless, MON is reported to be a more accurate knock resistance metric in hydrogen
engine designs [43]. This explains the frequent report of knock in hydrogen engine applications.

The quenching distance of hydrogen is small compared to conventional hydrocarbon fuels.
Consequently, higher temperature gradients near the combustion chamber walls can be expected,
leading to increased combustion heat losses. When hydrogen is used in PFI engine applications,
the short quenching distance along with the high laminar flame speed in air imply an increased
propensity for flame backfiring into the intake manifold. This issue can be alleviated by modifying
engine geometry, reducing the crevice volume, retuning of engine operating conditions and a complete
removal of abnormal discharge and residual electric energy in the ignition system [45,46]. Also,
a non-platinum cold-rated spark plug should be used to avoid pre-ignition and backfiring in SI
engine [47]. This is because the platinum material in the spark plug can result in an undesired catalytic
response with hydrogen and air. A cold-rated spark plug, on the other hand, can facilitate quick heat
transfer to minimize hydrogen exposure to hot spots that may lead to engine knock and abnormal
combustion. This is where hydrogen DI shows a great advantage as the backfiring can be completely
avoided using the injection after the intake valve closing.

Nevertheless, the unique physical and thermo-chemical properties of hydrogen can facilitate
the design of a highly efficient ICE. For instance, the dispersion of hydrogen is four times faster
than that of CNG, which can be inferred by comparing their diffusion coefficients in air in Table 1.
This can promote in-cylinder fuel and air mixing in ICEs. The stoichiometric hydrogen volume fraction
corresponds to 29.53 vol%. Nevertheless, the wide flammability limit from 4–76 vol% hydrogen in
air, alongside with the high flame speed, indicates that hydrogen ICE can operate considerably lean,
thus improving thermal efficiency. The adiabatic flame temperature of hydrogen at stoichiometry is
relatively high, which promotes NOx formation. However, lean operations or a high level of exhaust
gas recirculation (EGR) can be used to reduce NOx emissions due to the wide flammability limits.

It should be noted that utilizing hydrogen in ICEs may induce other safety concerns related to the
on-board fuel storage and delivery system. For example, hydrogen embrittlement is a common cause
of material failure when high pressure hydrogen is used [48]. Also, the high diffusivity of hydrogen
indicates that hydrogen poses a high risk of leakage. These issues require special measures in the
design of the vehicle and the fuel delivery system but are not the main focus of this study. Moreover,
these challenges are commonly shared with the FC option for powering vehicles.

3. Hydrogen Engine Combustion Modes

A general categorization of hydrogen ICE technology is presented in Figure 1. Broadly, engines
can be divided into two main categories based on the fuel injection method—PFI and DI. The ignition
methods of hydrogen PFI engines typically employ spark discharge, dual-fuel operation with
pilot diesel DI or auto-ignition in the homogeneous charge compression ignition (HCCI) mode.
The hydrogen DI studies commonly employ spark-assisted or hot-surface-assisted (i.e., glow plug)
ignition. This injection mode also possesses the potential to employ dual-fuel mode, with hydrogen
ignited by a high temperature environment created by the pilot diesel-fuel combustion, known as the
H2DDI mode. This injection strategy has, however, been more frequently studied with CNG instead of
hydrogen, as discussed later in Section 6.
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Hydrogen internal combustion engine

Direct injection

Glow plug Spark ignition Pilot diesel

Port fuel 
injection

Homogeneous 
charge compression 

ignition
Spark ignition Pilot diesel

Injection strategies

Ignition strategies

Figure 1. Categorization of hydrogen internal combustion engine (ICE) based on typical injection and
ignition strategies.

4. Hydrogen Port Fuel Injection

PFI is a widespread fuel delivery strategy for SI ICEs—fuel is injected during the intake stroke into
the intake port upstream of the intake valve. The modification of conventional PFI ICE to hydrogen
involves a comparatively straightforward replacement of the injection system. However, as mentioned
previously, this engine combustion mode operated with hydrogen fuel can suffer from a number
of issues, such as pre-ignition, knock and backfiring due to the low minimum ignition energy and
quenching distance of hydrogen. On the other hand, hydrogen displaces air in the intake and therefore
limits engine power density. PFI also increases the work needed during the compression stroke
compared with late hydrogen DI. These factors often lead to reduced power output and deteriorated
efficiency of engines with hydrogen PFI. Combustion characteristics and engine performance of
hydrogen PFI engines with different ignition strategies are discussed below.

4.1. Homogeneous Charge Compression Ignition

Due to the high diffusion coefficient of hydrogen, a homogeneous hydrogen-air mixture can
be formed more readily than with other conventional fuels. HCCI mode with hydrogen fuel can be
operated under very fuel-lean conditions, reducing NOx formation while maintaining high engine
efficiency [49]. Caton and Pruitt [50] found that NOx emissions of hydrogen HCCI are nearly zero
(i.e., ∼1 ppm) and are one to three orders of magnitude less than that of conventional diesel operation
at low load, compression ratio of 18 and intake temperature of 373 K. Nevertheless, the applicability of
this combustion mode is limited by the high auto-ignition temperature of hydrogen—an unrealistic
compression ratio of 42 would be required for HCCI combustion at equivalence ratio (φ) of 0.1, room
temperature and cold start in a 0.5 L single-cylinder compression-ignition (CI) engine [51]. Control
of the combustion phasing and peak pressure rise rate are some other challenges—high rate of heat
release is commonly reported [51,52], which affects engine reliability. A previous study [53] in a 1.6 L
single-cylinder CI engine reported that 10–90% of the total heat release occurs within ∼3◦ crank angle
(CA) at 1200 rpm, compression ratio of 17, φ of 0.2 and intake temperature of 390 K. Although a high
engine indicated thermal efficiency (ITE) of 45% can be achieved with hydrogen HCCI, the achievable
load was found to be limited at 3 bar indicated mean effective pressure (IMEP), which is half of the load
limit in hydrogen SI PFI operation and 25% of the load limit in gasoline SI operation [53]. Increasing
the engine load (i.e., rising φ) also causes higher NOx emissions, due to advanced combustion phasing
and thus increased peak temperature [50].

4.2. Spark-Ignited Port Fuel Injection

Hydrogen PFI SI engine is one of the most investigated modes of hydrogen ICE. The performance
and control strategies of this engine mode have been reviewed in depth by Das [4] and White et al. [27].
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In summary, running the engine at ultra-lean conditions (i.e., φ≤ 0.5) can lower NOx emissions to below
100 ppm without aftertreatment. Under stoichiometric condition using EGR and a three-way catalytic
converter, a near zero engine-out NOx emissions (i.e., less than 1 ppm) has been demonstrated [54,55].
Knocking, pre-ignition and backfiring are some of the well identified problems in this combustion
mode [56], limiting the engine power output by forcing a very lean operation. Previous studies [27,57]
have shown that the minimum ignition energy of hydrogen-air mixtures at atmospheric pressure
increases exponentially with a decreasing φ from stoichiometry, which can alleviate the pre-ignition
problem. The exact φ limit for engine operation depends on compression ratio, mixture temperature
and engine speed, and so forth. Typically, the peak power output of hydrogen PFI SI engine decreases
between 35% and 50%, compared to gasoline operation [58,59]. Despite the penalty in engine power,
lean operation contributes to reduced combustion heat losses and increases the charge specific heat
ratio, therefore improving engine BTE. A peak engine BTE of 38% at optimized compression ratio of
14.5 and φ = 0.55 has been reported for a 2-L four-cylinder engine [58]. Nevertheless, the on-going
development of more advanced engine technologies, for instance turbocharging with intake charge
cooling and hydrogen DI, has the potential to alleviate the drawbacks of hydrogen PFI SI engine and
even to improve engine BTE, as discussed later in Sections 5 and 6.

4.3. Pilot-Fuel-Ignited Engine with Port Hydrogen Injection

Ignition of a port-injected hydrogen charge can be triggered by a DI of pilot diesel fuel, as
commonly employed in converted CI engines. One of the main advantages of this mode is its flexibility
of hydrogen share in the total energy input. Usually, the substitution rate of diesel fuel with hydrogen
is limited by the excessive rate of pressure rise and end-gas knocking of the well premixed charge.
Also, at high hydrogen energy ratio, the increased φ raises the tendency for pre-ignition, similar to SI
engine applications. As reviewed elsewhere, a majority of previous investigations were limited to a
hydrogen energy share of ∼30–40% at low and medium loads and ∼6–25% at high load [60,61]. While
a study by Santoso et al. [62] demonstrated a utilization of 97% hydrogen energy share in this engine
mode is possible in a single-cylinder compression-ignition engine at 1.9 bar BMEP, a trade-off in the
engine efficiency was also reported with increased hydrogen share. In terms of pollutant emissions,
most studies show that this working mode cannot significantly alleviate the emissions of CO and
particulate matter, while the emissions of CO2 in first order decrease proportionally to the energy
substitution rate. Nevertheless, over 50% of CO and smoke emission reduction relative to diesel
operation has been reported at substitution rate of 46% [63]. The effect of diesel substitution with
hydrogen on NOx emissions is still not fully understood and contradictory engine testing results
were reported [60]. For instance, Saravanan et al. [64] claimed that NOx emissions can be lowered
if hydrogen substitution is more than 30% of energy share, which was attributed to a reduced peak
combustion temperature. To the contrary, Sandalci et al. [63] reported that increased NOx emissions
with hydrogen addition under all tested conditions, from 0–46% hydrogen energy fraction. This was
attributed to the pathway of unburned hydrogen, oxidized to HO2, boosting the conversion of NO
to NO2 [60]. This shows that the underlying mechanisms, governing the efficiency and pollutant
formation in this combustion mode, are still not well understood. Undoubtedly, in the current state
of technology, this combustion mode cannot fulfill the future emission legislation. The potential for
the substitution of conventional fuel is also limited. Different injection strategies and charge cooling
strategies should be further developed to improve NOx emissions and pre-ignition problem leading
to a higher hydrogen share, respectively, for this engine mode [60]. While hydrogen PFI is relatively
straightforward to implement with the current engine technology and can be used in short term to
promote hydrogen ICE development, more advanced combustion strategies are required to overcome
the limitations of PFI in achieving high engine loads and reducing emissions.
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5. Hydrogen Only Combustion with Direct Injection

A promising approach to improve hydrogen engine performance is to inject hydrogen directly
into the cylinder during the compression stroke [65]. By doing so, the backfiring problem of PFI
configuration can be avoided, since fuel injection occurs when the intake valves are already completely
closed. Pre-ignition issue can also be avoided to a certain extent by reducing the exposure time
of hydrogen mixture to hot-spots. The volumetric efficiency loss for PFI due to the displacement
of air by hydrogen, as discussed above, is no longer an issue, if injection occurs after the inlet
valves are closed. When injecting fuel late during the compression stroke, high injection pressure
(i.e., ≥100 bar) is required to overcome the elevated in-cylinder pressure. Concurrently, higher
injection pressure can increase fuel mass flow rate compared to typical low pressure PFI, which can
provide higher energy input for the same injection duration, to drive high load operation. Therefore,
a number of studies [38,65,66] demonstrated that high load hydrogen high pressure direct injection
(HPDI) operation, under optimal operating conditions, can achieve similar efficiency as traditional
diesel engines. Hydrogen HPDI also enables very flexible engine operation due to the many tuning
parameters, for instance injection pressure, injection duration, ignition timing and injector orientation,
which can be tuned to optimize the engine performance.

However, the high auto-ignition temperature of hydrogen still has to be overcome. Aleiferis and
Rosati [43] investigated hydrogen DI HCCI mode in an optical engine with a compression ratio of
7.5 and it was reported that air intake preheating and high non-cooled internal EGR level are needed
to auto-ignite hydrogen in this mode. It should be noted the mixture homogeneity may be affected
by the late hydrogen DI after the intake valve is closed. Single-kernel flame propagation was also
observed from OH laser induced fluorescence results for all equivalence ratios studied from 0.40 to
0.59, which is atypical to the multi-kernel fast combustion for hydrocarbon fuels in HCCI [43]. Authors
proposed that coupling SI after the start of auto-ignition can establish a second flame front expanding
towards the first one, similar to twin-spark engines, for better controlled auto-ignition. Glow plug and
diesel pilot are also common ignition sources reported in literature. It is noted that hydrogen HPDI
has been applied in modified SI as well as CI engines with a range of compression ratios. Typically,
the conventional fuel injection system was replaced by a high pressure injection system for hydrogen
DI. Additional engine modifications are required to accommodate the ignition assistance of choice.

5.1. Glow-Plug-Assisted Ignition

A glow plug is a device featuring an electrically heated surface protruding into the engine
combustion chamber. It is a common equipment in diesel engines to assist engine cold start by
increasing local charge temperature. When used in hydrogen DI ICE as conceptualized in Figure 2,
the glow plugs need to operate continuously to ensure hydrogen ignition in every engine cycle.
The required glow-plug’s surface temperature in the range from 1200 to 1400 K was reported [67–69].
In 1979, Homan et al. [67] reported that glow plug is a more reliable ignition source for hydrogen
ignition—a short and stable delay between the start of injection (SOI) and ignition of 10◦–13◦ CA
in a cooperative fuel research engine at 1240 rpm and compression ratio of 18 was reported. This
ignition performance was compared to a multi-strike spark-plug ignition system (2.5 kHz strike rate),
where a fluctuating delay of 0–25◦ CA between the injection and the initial pressure rise was observed.
Homan et al. [67] attributed this fluctuation to a smaller surface area of the spark gap relative to
the glow plug. A previous study [70] has shown that the glow-plug ignition method suffers from
∼10% increased specific fuel consumption relative to diesel operation—for instance, at 5 bar IMEP
and 1200 rpm the ITE decreased from approximately 47% to 42%. Although NOx emissions in this
combustion mode were lower than that in diesel operation, it was still significant, especially at high
load (i.e., >500 ppm) [70]. Nevertheless, the above findings were from early research conducted
decades ago. The durability of the glow plug due to the high surface temperature is questionable
when it comes to commercial application and thus this technology is rarely used in recent engine
development [71].
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Figure 2. Schematic of the glow plug assisted ignition of hydrogen direct injection.

5.2. Spark-Assisted Ignition

A wealth of spark-assisted hydrogen DI combustion engine studies is available in literature,
making this combustion concept the most investigated approach for hydrogen DI. The progress of
hydrogen spark-assisted-ignition engines up to year 2013 was reviewed by Verhelst [26] and thus
only some highlights and recent development are included in this review. The most common engine
configuration is very similar to that of glow-plug-assisted ignition shown in Figure 2, with the glow
plugs replaced by one or more spark plugs. In many research studies, the injector and spark plug
arrangement was confined by the geometry of production cylinder head used for modification.

Wimmer et al. [40] converted a single-cylinder automotive size SI engine into hydrogen DI engine
and achieved an ITE of 40% at low and medium loads, only slightly inferior to the state-of-art light-duty
diesel engine at that time. A significant conclusion was that injection timing directly affects mixture
homogeneity, which more significantly influences engine performance and emissions than ignition
timing. Retarding SOI timing, from 120◦ to less than 65◦ CA before top dead center (BTDC), was found
to improve overall engine efficiency. This is attributed to the more stratified mixture, which results
in a faster initial flame development and improved combustion phasing, despite the increased local
wall heat flux caused by the fuel-rich zone near spark plug and short hydrogen quenching distance.
Furthermore, compression work during the compression stroke can be reduced as well since hydrogen
is injected into an already compressed charge. The influence of injection timing on NOx emissions is
engine load dependent—at medium and low loads, NOx emissions increase with delayed injection
timing, attributed to a less homogeneous mixture leading to diffusion combustion and the formation
of lean and hot zones. To the contrary, at high loads, NOx emissions increase significantly for early
injection, attributed to the global equivalence ratio becoming favorable for NOx production. The effect
of EGR on the NOx emissions has also been investigated and a trade-off of efficiency was reported
similar to the results from studies using hydrogen PFI. The validity of injection timing effects on the
efficiency and NOx emissions at low and medium load in SI DI engines by Wimmer et al. [40] has been
confirmed by Kawamura et al. [72], Tanno et al. [73] and Takagi et al. [74], despite differences in engine
geometry and operating condition (e.g., engine displacement, compression ratio, injection pressure,
injection timing). In addition, under the low and medium loads, increasing the injection pressure
can reduce NOx emissions by promoting air entrainment and mixing [73,74] but at a cost of lower
efficiency due to the increased engine wall heat losses associated with increased wall impingement
arising from the longer jet penetration [73]. A more recent study by Takagi et al. [75] indicated that
the injection angle has a strong impact on engine performance and needs to be optimized in order to
reduce wall heat loss by ensuring best separation of the hydrogen jets from the chamber walls.

The hydrogen injection strategies discussed above mostly aimed at generating a relatively well
mixed charge. To allow a larger degree of fuel-air mixture stratification, close-coupled injection and
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ignition strategies were proposed [76], namely the plume-head and plume-tail ignition. Both strategies
utilize a late SOI—the plume-head ignition is triggered soon after the SOI, whereas the plume-tail
ignition strategy triggers ignition of the jet just after the end of injection. The exact SOI timing and
injection duration can be varied depending on engine requirement but the common SOI timings
are after 50◦ and 20◦ CA BTDC for high and low load, respectively [76]. The results highlight the
importance of ignition location within the jet. In a 1.05 L single-cylinder engine with CI combustion
chamber geometry [76,77], at low load and 200 bar injection pressure, the plume-head ignition was
reported to achieve the highest ITE of ∼38% and lowest NOx emissions below 500 ppm. The NOx

emissions for plume-tail ignition at the same load can exceed 1000 ppm. In contrast, at high load, NOx

emission levels can be less than 500 ppm for both ignition methods decrease with retarded injection
timing and higher EGR. Nevertheless, the plume-tail ignition shows considerable advantages with
respect to ITE at high load—at optimized injection and ignition timing, the plume-tail ignition can reach
48% ITE compared to that of 37% reported for the plume-head ignition. The governing mechanisms
behind these combustion strategies were studied by Roy et al. [78,79] in a 0.31 L single-cylinder optical
engine using 50 bar hydrogen injection pressure. It was found that the plume-head ignition has
considerably lower peak cylinder pressure and its peak rate of heat release is approximately 60% lower
than that of plume-tail ignition, indicating a diffusive combustion. Furthermore, the coefficient of
variation of IMEP was found to be 24%, compared to 7% for plume-tail ignition, implying an unstable
engine operation for the plume-head ignition strategy. Though not fully understood, local equivalence
ratio measurements using spark-induced breakdown spectroscopy show that the mean local φ for
plume-head ignition is relatively low, thus explaining the unstable combustion.

Overall, the literature suggested that the ideal in-cylinder fuel distribution before SI consists
of a sufficiently fuel-rich region near the spark plug to ensure reliable and fast flame initialization
but a fuel-lean mixture close to the wall to minimize wall heat losses [80]. The fuel and air mixing
process of high pressure jets is understood to a certain extent, from a number of studies using flow
visualization and simulation works [30,34,36,37]. In essence, the fuel concentration and flow field were
visualized under non-reactive conditions in a motored engine by planar laser-induced fluorescence
and particle image velocimetry measurement, respectively. When a hydrogen jet was injected towards
the engine side wall with injection timing between 137–120.5◦ CA BTDC, it was observed to produce a
wall-jet vortex after wall impingement. The jet was then redirected rapidly and slowed down by the
air entrainment, followed by an upward push by the engine piston. It was also observed that a more
stratified mixture can be formed with less tumble flow within the chamber. It is noted that injection
angle, injection timing, injector nozzle number and piston geometry, etc, also have a significant impact
on the final mixture formation.

Although the hydrogen DI SI engine concept mitigates several issues of the PFI configuration,
the efficiency is still inferior to contemporary diesel CI engines. This can partially be attributed
to the limitation of knocking and pre-ignition, which limit the compression ratio applicable for this
combustion mode. Also, the combustion phasing might be sub-optimal since the number of combustion
kernels in this combustion mode is usually limited by a single spark plug in the engine, leading to a
slower early stage combustion. Therefore, the hydrogen jets from a multi-nozzle injector cannot be
ignited simultaneously, limiting the combustion speed. A potential approach to mitigate this issue is
seen in the concept of dual-fuel H2DDI, utilizing flame-kernels from pilot fuel auto-ignition to ignite
the hydrogen jets.

6. Dual-Fuel High Pressure Direct Injection Compression-Ignition Engine

As discussed earlier, achieving hydrogen auto-ignition without any ignition assistance, such
as the HCCI mode or diesel-like diffusion combustion, is challenging due to the high auto-ignition
temperature of hydrogen. To circumvent this limitation, a small amount of diesel pilot fuel is injected
into the combustion chamber as an ignition source for the high pressure gas jet. Although a similar
injection strategy was proposed back in the 1980s [81], most of the studies used CNG as the primary
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fuel. Dual-fuel compression ignition with the DI of hydrogen has not been demonstrated to date.
These studies typically inject a small amount of pilot diesel fuel prior to gas DI, in order to create a
high temperature environment to assist the gaseous fuel ignition to achieve CI engine diffusion-like
combustion. This novel combustion mode for hydrogen ICE can alleviate charge knocking and allows
the engine to operate at a higher compression ratio to improve thermal efficiency up to levels that
are comparable to contemporary CI engines. Since CNG has a comparable auto-ignition temperature
to hydrogen, reviewing the results of CNG dual-fuel DI research can provide useful insights into
the underlying mechanisms of this combustion mode, including the understanding of the gas jet
interaction with the pilot diesel fuel. The effect of different operating parameters, for instance injection
timing, injection pressure, interactions between the two fuels and ambient conditions will be discussed.
The implications for changing the fuel from CNG to hydrogen are summarized later in this section.
Dual-fuel DI engines are usually realized by employing an integrated concentric injector providing
separate flow paths to independently admit both gas and diesel fuels from the same injector unit.
Two separate injectors for the two fuels can also be used. As an alternative, earlier studies [82,83]
investigated the possibility of external mixing of CNG and diesel before injection. These studies
showed that mixing of CNG into diesel fuel lengthens the ignition delay, leading to an excessive
pressure rise rate, especially at low load. Therefore, this approach did not attract attention in later
studies and will not be discussed in depth.

In dual-fuel DI combustion mode, the nozzle and injector orientation was shown to play an
essential role in improving the combustion process since it defines the interaction between the pilot
fuel and gas jets. Figures 3 and 4 show the schematic of the axial cross section and top view of the
dual-fuel DI jet orientation with a concentric injector, respectively [81]. The injection vertical angle
is defined as the angle between the jet axis and the cylinder head in the axial cross-sectional plane,
while the interlace angle is defined as the angle between the gas and diesel jet axis of a concentric
injector on the top plane. It should be noted that the interlace angle is diverging from the concentric
injector in Figure 4, however, depending on the injector configuration, it can be arranged as parallel
or converging.

Figure 3. Schematic of the dual-fuel DI concentric injector jet configuration on the axial cross-sectional
plane. The injection angle is defined as the angle between the jet axis and the horizontal axis in this
plane. Reproduced from Trusca [81].
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Figure 4. Schematic of the dual-fuel DI concentric injector jet configuration on the top-plane.
The interlace angle is defined as the angle between the two jets’ axes on this plane. Reproduced
from Trusca [81].

Early investigations by Miyake et al. [83] in 1983 demonstrated a higher BTE of CNG-diesel
dual-fuel DI engine than the contemporary diesel engines at the time. A modified large bore (420 mm)
four-stroke single-cylinder diesel engine with two separate injectors was used. Diesel pilot jets were
injected from the periphery of the cylinder in a radial direction and the gas injector was mounted in
the center, perpendicular to the cylinder head. Using an injection pressure of CNG at 250 bar, only 5%
of diesel fuel in the total energy input was required to achieve 85% and 100% of the engine full load.

Later studies demonstrated the significant influence of injection timing of diesel and gas jets on
engine performance in the dual-fuel DI mode. Trusca [81] performed engine testing using a modified
1.2 L single-cylinder diesel engine, operated at 1200 rpm at low and medium loads, using an integrated
concentric dual-fuel injector. Gas jet injection began just before the end of pilot diesel injection, which
accounted for 5% of the total energy share. The relative SOI, defined as the delay between the start of
diesel and gas injections, was approximately 10◦ CA. It was found that an early pilot diesel injection at
∼25◦ CA BTDC can achieve the highest peak cylinder pressure, across various injection pressures and
loads studied. Delayed injection resulted in a reduced peak cylinder pressure. This was attributed to a
delayed pilot-fuel ignition, which leads to a later combustion phasing of the gaseous fuel. Nevertheless,
the later combustion phasing may be compensated by a decrease in other engine losses, as engine
efficiency was found to be insensitive to SOI timing for most cases at the same injection pressure
and engine load [81]. A more recent optical investigation using schlieren imaging by Dai [84] in a
constant-volume chamber under non-reactive conditions used two parallel injectors (Figure 5) to
investigate the importance of relative SOI between the jets. Findings suggested that the gas jet should
not be injected too early before the auto-ignition of diesel, as it was observed to rapidly mix with the
diesel jet, which may lengthen diesel ignition delay due to the entrainment of colder gaseous fuel
instead of hot oxidizer required for ignition. On the other hand, late gas injection may result in misfire
of the gas jet, because the hot diesel combustion products of typically short pilot injections rapidly lean
out and cool. This was later confirmed by Ishibashi and Tsuru [85] under reactive conditions using
an optically-accessible rapid compression and expansion machine (RCEM) at 300 rpm to observe the
interaction of diesel and gas jets from single-hole injectors with a converging arrangement. The effect
of injection timing was demonstrated by altering the diesel injection timing at a fixed gas injection
timing (i.e., 4◦, 2◦, 0◦ CA relative SOI with pilot diesel being injected first). An improved performance
was observed at the medium temporal separation of injections (i.e., 2◦ CA relative SOI) of both fuels,
with slightly reduced unburned hydrocarbon and NOx emissions. When both fuels were injected
simultaneously, both fuel jets merged and the diesel fuel rapidly mixed with the gaseous fuel before
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ignition occurred. This increased the ignition delay and induced a high peak heat release rate due to
the large mass of accumulated combustible charge formed by the time of ignition.

Figure 5. Two co-axial injector Dual-fuel DI configurations, with (a) diverging, (b) parallel and
(c) converging nozzle orientation. The figure is not drawn to scale.

Douville [86] performed testing using the same engine and injector setup as Trusca [81]
and investigated the effect of CNG injection pressure on engine efficiency and emissions. The injection
pressure of CNG was varied from 100 to 140 bar. Over this range, the results at low and medium loads
indicated only minor effect of injection pressure on thermal efficiency, similar to conventional diesel
operation. Nevertheless, higher engine loads could be reached at higher injection pressures. On the
other hand, an increase of NOx emissions was detected with increasing gas injection pressure for all
tested loads. This conclusion was confirmed in later studies for a larger range of injection pressure
by Trusca [81] and McTaggart-Cowan et al. [87]. However, these studies reported faster combustion
leading to a moderate enhancement of engine efficiency with an increasing injection pressure from 130
to 170 bar and from 280 to 400 bar, respectively. This is inconsistent with the results by Douville [86].
Nevertheless, no further increase in efficiency was observed at injection pressure exceeding 480 bar.
At this optimized condition, a BMEP of 22.5 bar and BTE exceeding 40% were reached [87]. While these
studies provide a good starting point for parametric analysis, the understanding of the influence of
injection pressure on combustion and efficiency is limited and more work with optical diagnostics
is needed for further understanding. The study by Dai [84] showed that both injection and ambient
pressure affect gas jet penetration similarly to diesel jet. The penetration increases with higher injection
pressure but decreases with higher ambient pressure.

The interaction between the pilot fuel and gas jet was studied optically under room conditions
employing schlieren imaging by White [88]. A range of jet alignments was investigated as
demonstrated in Figure 5 (i.e., diverging, parallel as well as converging). As expected, a converging
configuration promotes interaction between the diesel and gas jets. However, in a converging
arrangement with large angle between the jets, the gas jet was observed to pass through the diesel
liquid jet and the development of a conical gas jet was not affected by the interaction with diesel jet.
Under an assumption that a maximized overlapping of diesel and gas jets after the auto-ignition of
diesel fuel will yield the best performance, a converging injector configuration with small angle (a few
degrees) was recommended [88]. The effect of the dual-fuel jet interaction under engine-relevant
reactive conditions was studied by Fink et al. [89,90] in a RCEM. Different injector orientations were
used to change the degree of jet interaction—the gas injection angle was changed by rotating the
injector while the diesel jet was fixed. The results confirmed non-reactive predictions that ignition
is improved when the two jets overlap, especially at low ambient temperature. The combustion
was found to be unstable when parallel jet arrangement was used. Although a large extent of gas
jet overlapping with the pilot diesel lowers diesel combustion intensity, the ignition of the gas jet
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occurs earlier. The interlace angle, as shown in Figure 4, is another degree of freedom in dual-fuel
DI configuration to induce various level of interactions between the diesel and gas jets but it is more
relevant for concentric injectors. Similar to the injector vertical configuration, a previous simulation
study [91] showed that when the interlace angle is reduced from 30◦ to 15◦, the two jets have a larger
overlapping area, leading to an increased combustion rate with a trade-off of NOx emissions.

Fink et al. [90] investigated the effects of ambient pressure and temperature on dual-fuel
combustion using shadowgraphy and OH-chemiluminescence in a RCEM. It was found that the
ignition of gas jet becomes possible at a wider range of injector orientations and relative SOIs with an
increasing ambient pressure and temperature (i.e., from 780 to 920 K). At a fixed slightly diverging
injection configuration and a negative relative SOI (i.e., gas jet is being injected first), the ignition
delays relative to their SOIs decrease for both jets with an increase in ambient temperature. However,
the temporal difference between the diesel fuel auto-ignition and ignition of the gas jet increases.
This was attributed to an earlier ignition of diesel fuel, which therefore occurrs closer to the injector
orifice—at a larger distance from the gas jet. It should be noted that this observation may only be
applicable to a specific injector configuration. The study also observed that heat release rates between
different ambient temperatures show a similar profile at the same level of premixing but the peak heat
release rate increased with higher ambient temperature.

Despite the wealth of studies, the interplay between injector configuration, ambient conditions,
combustion premixing and heat release rate is not completely understood. Therefore, additional
dedicated studies under a wider range of conditions and configurations both in engines and
optically-accessible test rigs are needed. It should be noted all of the above studies used CNG
as the gaseous fuel—the potential of dual-fuel DI combustion mode with hydrogen remains largely
unexplored (i.e., H2DDI). However, the above studies demonstrated the potential to reduce the use
of diesel significantly compared to diesel-ignited hydrogen PFI, where pre-ignition and knocking
limit hydrogen to 6–25% of total energy share at high load as discussed above. One of the obvious
advantages to use hydrogen over CNG is that carbon-based emissions will be reduced significantly.
Although pilot fuel potentially forms soot, the close-coupled high velocity hydrogen jet could enhance
mixing within the chamber, which can subsequently lead to enhanced soot oxidation and suppress
soot formation processes, similar to diesel post-injection strategy [92,93]. The larger speed of sound
and higher calorific value of hydrogen largely compensate for an order of magnitude lower density
relative to CNG, therefore, requiring only ∼20% longer injection duration at 249 bar injection pressure
ratio and 353 K fuel temperature [94]. This is because the rate of fuel energy input is dependent
on the fuel’s energy content and injection mass flow rate, as will be discussed in the next section.
A few studies [81,95] have investigated the effect of hydrogen-CNG blend in dual-fuel DI combustion
using heavy-duty engines and integrated dual-fuel injectors. Gas injection duration was adjusted to
achieve the same engine load as when operating on neat CNG. The results show good agreements that
carbon-based emissions, for instance unburned hydrocarbon, CO and CO2, decrease with a higher
hydrogen share but with a trade-off of increasing NOx emissions. At low load, a higher peak heat
release rate was observed when a hydrogen-CNG blend was used, with the opposite trend at high
load. This is because the combustion rate is limited by chemical reaction at low load and the addition
of hydrogen can provide reactive species (e.g., H and OH) in the reaction zone to widen the mixture’s
flammability range, leading to enhanced combustion rate [95]. However, the early stage combustion
process is limited by the availability of fuel at high load, due to the lower density of hydrogen.
Gas ignition delay decreases with high hydrogen share for all loads, indicating an improvement on
fuel ignitability. Furthermore, combustion stability can be significantly improved at low load with
increasing hydrogen addition, attributable to a more complete consumption of fuel.

The hydrogen dual-fuel H2DDI combustion concept shows the potential to facilitate a broad
market penetration of hydrogen fueled ICE in different applications. However, the underlying
processes and implications for the engine performance are not well understood, therefore, additional
research is required to facilitate its mass adoption. Among others, the ARENA in Australia along with
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a number of academic and industry partners are leading several projects to investigate the potential of
dual-fuel H2DDI mode [96]. Studies in engine testing, optical diagnostics and numerical simulation
will be produced in the next few years, to advance the understanding of the governing mechanisms
and to optimize engine performance of this engine mode.

7. Non-Premixed Hydrogen Diffusion Combustion

An important intermediate step towards optimized hydrogen DI ICE performance and emissions
is to understand the characteristics of hydrogen jets under non-reactive and reactive conditions.
Fundamental studies of hydrogen jet combustion are limited; nevertheless, studies in constant-volume
combustion chamber with only auto-ignition have identified some of the hydrogen jet features. Naber
and Siebers [97] reported that injection pressure and nozzle size have a negligible effect on ignition
delay, as it is more sensitive to ambient conditions. A decrease of ignition delay from ∼5–0.2 ms
was reported, with an increasing ambient temperature from 970 to 1200 K at a fixed initial fuel
temperature, ambient density and O2 concentration of 450 K, 20.5 kg/m3 and 21 vol%, respectively.
However, the study from Tsujimura et al. [98] found a decrease of ignition delay from 2 to 0.5 ms, when
increasing the nozzle diameter from 0.3 to 1 mm, at 1000 K ambient temperature. They attributed this
finding to the quantity of mixture and the turbulence length-scale generated during injection. However,
in the absence of high-fidelity optical diagnostics and simulations results, the underlying mechanisms
behind these findings are not well understood. Also, no literature information on the flame structure
of a combusting hydrogen jet and its interaction with pilot-fuel jet under engine relevant conditions is
available up to date. Future work with advanced optical diagnostic techniques measuring the fuel
distribution, turbulence conditions and reactive species evolution would certainly provide useful
insights into reactive hydrogen jet development.

Gas Jet Model

Since hydrogen jet combustion in non-premixed diffusion combustion mode relies significantly
on high pressure jet characteristics, the characteristics of the gas jet need to be understood. The jet
features are equally important, if hydrogen is burned in partially premixed combustion mode, as the
hydrogen jet features affect fuel and air mixing as well as fuel stratification. Figure 6 shows a widely
accepted turbulent transient gaseous jet model, known as the vortex ball model, proposed by Turner
in 1962 [99,100]. If a round nozzle is used, the gaseous jet in an unconfined environment is assumed to
have a conical shape with axisymmetric head vortex and some minor irregularities. Most of the air
entrainment is expected to occur in the steady-state region, with Gaussian velocity profiles in the fully
developed region upstream of the head vortex [100]. The jet penetration, defined as the axial distance
between the jet tip and injector nozzle, alongside with the jet cone angle, were shown to have a strong
influence on ambient air entrainment.
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Figure 6. The vortex ball model of turbulent transient gaseous jet. Reproduced from Ouellette [100].



Appl. Sci. 2019, 9, 4842 17 of 30

As discussed earlier, increasing the injection pressure increases fuel density in reservoir and
fuel mass flow rate during the injection, which implies that HPDI of hydrogen has potential to
achieve a high engine load. Usually, hydrogen in the jet can be described as an ideal gas and the
flow is considered as an isentropic process, indicating no heat transfer and frictionless system [98].
The flow pattern in the core region depends on the pressure ratio across the nozzle—the jet can be
considered as underexpanded when sonic condition is reached and flow is choked at nozzle exit.
Literature distinguishes the moderately underexpanded and highly underexpanded jets, which occurs
when the pressure ratio between the reservoir and ambient exceeds 2 and 3.85, respectively [101].
For a moderately underexpanded jet, a shock normal to the flow direction is formed with repeated
diamond-shaped oblique shocks established in the core region [101]. On the other hand, for a highly
underexpanded jet, the hydrogen gas will rapidly accelerate upon leaving the nozzle. The large
difference in gas pressure after exiting the nozzle results in the formation of expansion waves in a
process described by the Prandtl-Meyer expansion fan [102]. These waves grow until the boundary
is generated to resist the jet expansion and to reflect the expansion waves as compression shock
waves. A barrel-shaped shock with a Mach disc is formed downstream the injector nozzle due to
the coalescence of compression shock waves, as shown in Figure 7 [100]. The diameter and distance
of the Mach disc from the nozzle exit increase with the pressure ratio across the nozzle as well as
nozzle diameter [98]. It is noted that the highly supersonic flow and shock boundary prevent any
gas exchange within the barrel-shaped shock [102]. Therefore, the formation of a barrel shock can
considerably affect the overall fuel and air mixing.

Mach disc
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Flow boundary

Expansion wave

Figure 7. Schematic diagram of the highly underexpanded gaseous jet, with shock formation
downstream of the injector nozzle. Reproduced from Ouellette [100].

However, the influence of combustion on the gas jet model under reactive engine conditions still
has to be explored. It is also noted that in realistic applications, the hydrogen jet will inevitably interact
with the engine chamber wall. Therefore, flame-wall interaction effect also needs to be considered,
constituting a more complex scenario than free jet. Literature investigating hydrogen jet interaction
with walls is scarce. Examples from liquid fuel jet research include optical investigations studying jet
impingement on different wall geometries at a defined distance from the nozzle, for instance a plane
flat wall or a confined wall [103,104].

8. Fuel System for High Pressure Hydrogen Injection

One of the major obstacles in commercializing hydrogen DI or dual-fuel DI engine is the lack
of commercially available hydrogen injection hardware. An integrated two-fuel HPDI injector is
marketed by the Westport Innovation Inc. This injector was used to inject CNG in the studies by
Douville [86] and Trusca [81], and so forth. Despite this injector was mainly developed for CNG,
a few studies [81,95] successfully used the injector for a hydrogen-CNG blend. This injector consists
of two concentric spring-loaded needles, which allows a separate control of the gas and liquid fuel
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injections. The internal structure and more information about this injector can be found in the study by
Trusca [81]. The Westport HPDI technology advanced to a tank-to-tip system, known as HPDI 2.0 and it
is utilized commercially for heavy-duty truck applications in the US, Europe and Australia [87,105].
The injection pressure limit of the HPDI 2.0 system is around 600 bar for both diesel and CNG.
Previous studies [89,90] employed a prototype injector by L’Orange from Germany to inject CNG at
high pressure of up to 330 bar. However, no information about the applicability of this prototype for
hydrogen injection is available. Furthermore, in an engine application, such injector will have to be
combined with a second injector to deliver pilot diesel fuel.

The challenges of developing a hydrogen injector was documented in a publication by
Welch et al. [94]. One of the main challenges is the low lubricity and viscosity of hydrogen. The low
lubricity leads to increased friction wear. The low viscosity leads to reduced internal damping
resistance of moving components, resulting in a stronger impact when moving parts reach their
final positions, especially when the needle impacts the seat during the injector closing. This may
also lead to resonant effects, part disassembly, material failures, wear and possible needle bouncing.
An application of dry lubricants or low friction coating on surfaces could be used to alleviate this issue.
Additionally, due to the high diffusivity of hydrogen, it can permeate through various materials. As a
consequence, the epoxy material used in piezoelectric actuator can be delaminated, when the pressure
is relieved, leading to an internal short circuit. Hydrogen is also known to cause embrittlement of
common engineering steels, which reduces the injector durability [106].

Various prototype injectors for gas only hydrogen HPDI are documented in the literature.
For example, Westport and its partners reported two generations of development of hydrogen only
HPDI injector by modifying the design of CNG DI injectors. The first generation used solenoid
actuation, which was upgraded to piezo-actuation in the second generation. The performance of
these injectors was extensively tested by the Argonne National Laboratory [30–39]. Concurrently,
the Japanese National Traffic Safety & Environment Laboratory (NTSEL) program developed an
electrohydraulic-actuated injector to achieve hydrogen only HPDI and applied it in a number of
studies within the program [72,74,75]. The schematic and operation principles of these injectors can be
found in previous studies [80,94,107]. A brief summary of their characteristics is given below.

1. Electrohydraulic-actuated (NTSEL): This type of injector requires high-pressure hydraulic fluid
(usually diesel fuel) for actuation. The injection pressure is limited to 200 bar. During the
injection actuation, the electronically-triggered solenoid acts on the pilot-needle to relieve diesel
pressure at the upper part of the injector, reducing hydraulic force that pushes the needle into its
seat. Therefore, the high pressure hydrogen can lift the needle and the injection begins. In this
design, the diesel pressure needs to be high enough to ensure needle sealing in closed position.
It also provides lubrication to some of the injector moving parts. However, the long opening
transient duration due to the inertia of hydraulic actuation system might be undesirable in
some applications.

2. Solenoid-driven (Westport): The first generation Westport hydrogen DI technology is entirely
driven by a solenoid. The direct solenoid actuation imposes an injection pressure limit, which
is the lowest among the listed injectors at 150 bar. In addition, a serious durability issue was
reported and attributed to the lack of needle motion control required to minimize the needle
impact into the seat. Hoerbiger Valve TEC GmbH has also developed a similar solenoid-driven
hydrogen DI injector but with a maximum injection pressure of 100 bar [72].

3. Piezo-driven (Westport): This second generation injector with maximum injection pressure of
250 bar is directly driven by a piezoelectric crystal, using analog voltage to proportionally control
the needle displacement, enabling a very fast response time. It has a short opening transient
duration of 0.5 ms, similar to their solenoid-driven design but only with 35% of that of the
NTSEL’s injector. Additionally, the injector lifetime is improved by the flexible control of the
needle velocity, which can be decelerated at closing to reduce impact. Multiple injections can also
be performed.
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Many of the commercial injectors for gasoline direct injection (GDI) engines feature directly
actuated needle and can therefore be operated with gaseous fuels. The durability due to the poor
lubricity of gaseous fuels is the main concern; nevertheless, several researchers have successfully
utilized GDI injectors for hydrogen DI injection, with no significant gas leakage reported [43,78,79,102].
Although most of these studies tested the injection pressure of hydrogen only up to 100 bar,
the commercialization of higher GDI injection pressure injectors might raise possibilities to utilize a
higher gas injection pressure. Due to the durability concerns, such modifications are only applicable
for research purposes, where the injector does not need to be operated continuously for a long
period of time. For fundamental jet research purposes, a typical multi-hole GDI injector can be
modified to a single nozzle configuration to avoid complexities that can arise from jet-jet interaction.
Figure 8 shows the author’s design of a single-nozzle GDI injector modification, similar to those in
References [102,108,109]. A part of the original injector tip is removed and a customized cap with
single nozzle is threaded onto the injector shaft, with an o-ring to prevent hydrogen leakage. This
approach is relatively cost effective and the nozzle geometry can be simply modified for different test
requirement, even multiple nozzles can be featured. Material suitability suggests the use of Viton
elastomer since hydrogen induces swelling in lower-grade rubber components [106]. Great care needs
to be taken at the needle seat, as needle valve sealing is determined by surface finish—precision of
less than 1 micron is recommended [107]. The clearance around the needle should be large enough to
ensure sufficient flow rate and the nozzle inner wall should have a smooth surface finish to minimize
flow disturbance. A spherical contact between the needle and inner cap surface might improve sealing
integrity and prolong the injector lifetime. The cap should be made of softer materials (e.g., brass)
than the needle, since the material can deform when in contact with the needle due to its ductility
to ensure a mating face for sealing purposes [102]. Nevertheless, soft material will raise durability
issues—Rogers [102] reported a lifetime of only several thousand cycles for the customized cap before
the sealing surface starts rolling over and alters the nozzle flow behavior.

Figure 8. GDI injector modification design with a brass coaxial single-nozzle cap and its detailed
section view.

8.1. Injector Design Considerations

The fuel injector design plays an important role in engine performance and has to be carefully
considered. The injector characteristics, such as maximum injection pressure and nozzle size, directly
affect the fuel injection rate and mixing and also govern the fuel injection quantity. Consequently,
the injector configuration influences the heat loss through flame-wall interaction, and so forth.

8.1.1. Injection Rate

Under choked flow conditions, the maximum flow velocity and thus the maximum mass flow
rate (ṁmax) across the nozzle are limited by the speed of sound. By assuming that the enthalpy is
only temperature dependent and incorporating the compressible flow theory under choked condition,
the maximum mass flow rate can be approximated using Equations (1)–(3), with the subscripts o
and superscript ∗ representing the infinite reservoir and speed of sound condition, respectively [98].
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These equations should be applicable for different nozzle geometries, using the nozzle area at sonic
condition. The validity of these equations for high pressure hydrogen injection was tested by measuring
the mass flow using a straight single-nozzle electrohydraulic-actuated injector by Tsujimura et al. [98].
A range of pressure ratios and nozzle diameters was tested and the agreement between the measured
and calculated average mass flow rates was better than 90% in most cases. The agreement becomes
worse, if the injection duration is shorter than 5 ms, attributed to the needle opening transient.

ṁmax = ρ∗u∗A∗ (1)

=

[
ρo ·

(
2

κ + 1

)1/(κ−1)
] [√

2κ

κ + 1
Po

ρo

]
A∗ (2)

= Po A∗
√

κ

RoTo
·
(

2
κ + 1

)(κ+1)/2(κ−1)
(3)

where A = area

P = pressure

ρ = density

u = velocity

T = temperature

R = specific gas constant (i.e., universal gas constant/molar mass)

κ = specific heat ratio

Equation (3) was used to calculate the sensitivity of maximum injection rate to nozzle diameter
and injection pressure (Figure 9a) and to estimate the theoretical minimum injection duration for engine
operation (Figure 9b), assuming a single-hole injector. The fuel temperature was fixed at 298 K and a
minimum injection pressure of 150 bar was postulated to ensure that a critical pressure ratio condition
of 2 is reached for choked flow and underexpanded jet, assuming a back pressure representative of
conditions around the top dead center in CI engines. The injection duration was derived from the
nozzle mass flow using an injection quantity of ∼7 mg of hydrogen per injection, assuming the load
and efficiency from a previous hydrogen DI SI study [73] in a 2.2 L four-cylinder engine (i.e., IMEP of
6 bar and ITE of∼45% at 2000 rpm). The injection rate of hydrogen jet, as shown in Figure 9a, increases
proportionally to injection pressure and with the square of nozzle diameter. The indicative minimum
injection duration, as shown in Figure 9b, therefore decreases inversely proportional to higher injection
pressure and quadratically with larger nozzle diameter. Despite the low density of hydrogen, with a
nozzle diameter of 1 mm, the theoretical minimum injection duration as short as 5◦ CA can be achieved
at injection pressure of 350 bar. At moderate injection pressure of 200 bar, the flow rate is sufficient
to deliver the fuel mass within 10◦ CA. However, it should be noted that the calculation is just a
theoretical indication using the maximum flow rate and the actual injection duration is expected to be
longer due to the injector opening and closing transient [98]. Apart from delivering the required fuel
quantity for a certain load, nozzle size and arrangement as well as the injection pressure need to be
optimized for the engine geometry in order to achieve the best performance.
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Figure 9. Theoretical (a) maximum steady injection rate and (b) minimum injection duration required
for injecting 7 mg hydrogen at 2000 rpm at different injection pressures and nozzle diameters.

8.1.2. Axial Jet Penetration

Hill and Ouellette [110] developed a widely used jet tip penetration (Zt) prediction model for a
gaseous jet as a function of time assuming the conservation of momentum. The validity of this model
has been demonstrated for highly underexpanded jets with pressure ratio of up to 70, unaffected by
the barrel-shaped shock. This model, described by Equations (4) and (5) [110,111], assumes a constant
momentum discharge rate and density during the injection, as well as self-similar jet velocity and
mixing distribution. Since the underexpanded jet flow is choked, the nozzle exit velocity (subscript
e) is assumed to be the sonic speed [112]. The subscript a represents the ambient condition and Γ
is a constant dependent on jet cone angle, as shown in Equation (6) [110]. The sensitivity of Γ to jet
cone angle is small. A 50% increase of s from 0.2 to 0.3 only decreases Γ from 3.04 to 2.89 (i.e., 5%
decrease). Hill and Ouellette [110], therefore, proposed that a universal estimation of 3 for Γ can
be used. A study [102] in a constant-volume chamber has also shown a small sensitivity of fully
developed underexpanded jet spread angles to ambient conditions. Regardless of the fuel type and
pressure ratios from 3 to 12, the jet spreading angles remained similar in the range of 22◦–28◦.

Zt = Γ (de × ue)
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π(2− s)s3 Γ2 − 24
π(2− s)s3 = 0 (6)

where t = time after SOI

d = diameter

s = ratio of jet width to jet penetration distance (Dt/Zt)

In reality, the effective pressure (Peff) at the nozzle exit is less than the fuel supply reservoir
pressure due to the high compressibility of gas flow [113], which is not considered in Equation (4).
An estimation of the effective pressure depending on the reservoir pressure, ambient pressure and other
gas properties was developed by Hajialimohammadi et al. [111] based on the shock tube diaphragm
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rupture process as described by Equation (7). The effective pressure ratio to the ambient pressure
(Peff/Pa) in Equation (7) can be approximated using the Newton-Raphson method. This effective
pressure can then be substituted to Equation (4) to predict jet tip penetration accounting for the
pressure loss at nozzle exit, as shown in Equation (8). Therefore, the jet penetration mainly changes
with the injection pressure and nozzle exit diameter at an unchanged operating condition and depends
on the gas properties. Table 2 shows a comparison of the effective pressure ratio for hydrogen, helium,
methane and nitrogen, using a range of reservoir/ambient pressure ratios. A typical CI engine ambient
condition around top dead center was assumed, with ambient density, pressure and temperature
at 20.8 kg/m3, 60 bar and 1000 K, respectively [104]. The reservoir temperature was set at 298 K.
It is noted that the effective pressure still increases with the reservoir pressure but at a lower rate
and methane has a higher pressure loss than hydrogen at the same condition. Also, the effective
pressure ratio decreases with both increasing gas’s molar mass and specific heat ratio, as seen from the
comparison of different gases in Table 2.
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Table 2. Calculated effective pressure ratio for different reservoir pressure ratios for hydrogen, helium,
nitrogen and methane.

Reservoir Pressure Ratio (Po/Pa)
Effective Pressure Ratio (Peff/Pa)

Hydrogen Helium Methane Nitrogen

2 1.58 1.46 1.34 1.27
4 2.46 2.09 1.77 1.59
6 3.17 2.55 2.07 1.80

Accounting for the difference in effective pressure ratio, Table 2 suggests a faster penetration of
hydrogen jet relative to nitrogen or methane. This is demonstrated in Figure 10, which compares the
theoretical jet penetration of hydrogen to methane as conventional gaseous fuel in HPDI applications.
Two comparisons are demonstrated—Figure 10a shows the jet penetration for a variation of injection
pressures at a fixed nozzle diameter of 1 mm. Ambient condition was assumed the same as that in
Table 2. A comparison with increased hydrogen injection pressure to match the energy flow of methane
jet is presented as well. Figure 10b compares the jet penetration for a variation of nozzle diameters at a
fixed injection pressure of 150 bar. Similarly, a comparison with increased hydrogen jet orifice diameter
to match that of the methane jet’s energy flow rate is presented. It is noted that hydrogen with 158 bar
and 369 bar injection pressure provide the same theoretical energy flow rate as methane at 150 bar
and 350 bar, respectively; nozzle diameters of hydrogen injection need to be increased to 1.03 mm
and 1.54 mm for the same theoretical energy flow rate as methane injection with 1 mm and 1.5 mm
nozzle diameters, respectively. Equation (8) and Figure 10 show a higher sensitivity of jet penetration
to nozzle diameter than to injection pressure, as confirmed by schlieren imaging experiments [98].
In addition, hydrogen jet indeed penetrates faster than methane under the same conditions, which is
mainly attributed to a difference in effective pressure ratio, as shown in Table 2. Therefore, the injection
pressure of methane jet has to be nearly doubled to provide the same penetration as hydrogen jet.
Previous experiments by Rogers [102] and large eddy simulation by Hamzehloo and Aleiferis [114]
have validated the faster jet tip penetration of hydrogen than methane at the same pressure ratio.
This needs to be considered when transferring current knowledge from CNG dual-fuel DI combustion
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to hydrogen. However, hydrogen combustion under engine conditions may affect the jet penetration
behaviour, which needs to be further verified.
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Figure 10. Jet tip penetration prediction for hydrogen and methane at (a) different injection pressures
and 1 mm nozzle diameter and (b) different nozzle diameters and 150 bar injection pressure.
The ambient density, pressure and temperature used in this model are 20.8 kg/m3, 60 bar and
1000 K, respectively.

8.2. Fuel Delivery Strategies

Apart from the fuel injector, other parts of the on-board fuel delivery system also require further
innovation. For instance, if the injection pressure were to be solely reliant on the storage pressure,
the tank capacity can only be utilized until the instance when the storage pressure decreases below the
set injection pressure. This would reduce the maximum achievable range of the vehicle. Integrating
a hydrogen pump in the on-board fuel delivery system with a sufficiently small footprint could be
a potential solution. A wide range of pneumatic-driven hydrogen booster pumps has recently been
commercialized, with various output pressures as high as 1000 bar [115]. Despite the high cost of
such a booster pump, it may still be a viable option to provide compressed hydrogen for research
applications. However, a more cost-effective and robust tank-to-tip solution is required in the long run,
before the hydrogen H2DDI technology can widely penetrate the transportation market.

9. Conclusions

This study reviews the current development of hydrogen internal combustion engines, with a
focus on the hydrogen direct injection strategy. The port fuel injection engine configuration
suffers many limitations, including pre-ignition, knocking, backfiring, low volumetric efficiency
and compression loss problems. This limits the engine achievable load and efficiency. A potential
solution to circumventing or alleviating these limitations is hydrogen direct injection. Despite being a
promising strategy, the low engine compression ratio of typical SI engines limits the thermodynamic
efficiency. In a compression-ignition engine, the spark ignition can be replaced by pilot fuel ignition,
which induces multiple ignition kernels to promote fast combustion of gaseous fuel. This combustion
mode, known as dual-fuel hydrogen-diesel direct injection, can potentially alleviate the power and
compression ratio limitations reported for hydrogen applications in spark-ignition engines. When
using green hydrogen, such combustion mode will greatly reduce the reliance on fossil fuels and thus
reduce carbon-based emissions. However, hardware development for commercialization and research
towards enhanced understanding of the mechanisms governing the engine efficiency and pollutant
formation in such dual-fuel combustion mode is needed:
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• Metal engine testing is required to prove the effectiveness of this combustion concept in terms
of emissions and performance, and to investigate the effect of different operating parameters,
for instance injector configuration and operation strategy.

• Fundamental optical and laser-based investigation as well as numerical simulations are needed to
understand the governing mechanisms to facilitate engine performance optimization.

• For research purposes, this combustion mode can be studied by using single-fuel
injectors—prototype injectors for hydrogen while using commercial diesel injectors to deliver
pilot fuel. An integrated dual-fuel injector for hydrogen and pilot fuel may be needed as a long
term solution.

• Further technological advancement towards a complete, compact, cost-efficient and robust
on-board fuel delivery system is required for commercialization.
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Abbreviations

ARENA Australian Renewable & Energy Agency
BMEP Brake mean effective pressure
BTDC Before top dead center
BTE Brake thermal efficiency
CA Crank angle
CI Compression ignition/compression ignited
CNG Compressed natural gas
DI Direct injection
EGR Exhaust gas recirculation
FC Fuel cell
GDI Gasoline direct injection
HCCI Homogeneous charge compression ignition
H2DDI Hydrogen-diesel direct injection
HPDI High pressure direct injection
ICE Internal combustion engine
IMEP Indicated mean effective pressure
ITE Indicated thermal efficiency
MON Motor Octane Number
NTSEL National Traffic Safety & Environment Laboratory
PFI Port fuel injection
RCEM Rapid compression and expansion machine
RON Research Octane Number
SI Spark ignition/spark ignited
SOI Start of injection
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Nomenclature

A Area
d Diameter
D Jet width
ṁmax Maximum mass flow rate
P Pressure
R Specific gas constant
s Ratio of jet tip penetration to jet width
T Temperature
t Time after SOI
u Velocity
Z Jet tip penetration
ρ Density
φ Equivalence ratio
κ Specific heat ratio

Subscripts

a Ambient condition
o Infinite fuel supply reservoir
e f f Effective
t Time after SOI

Superscript

∗ Sonic condition
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