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ARTICLE INFO  Hydrogen, as a zero-emission fuel, makes it possible to build a piston combustion engine that can be qualified as 

a drive for a "Zero Emission Vehicles", in terms of CO2 emissions. Thus, a hydrogen-powered piston combustion 

engine may be a future transitional technology for powertrains, especially in trucks and off-road vehicles, 
competitive with both electric drives and fuel cells. The article presents a multi-directional analysis of the 

prospects for the development and dissemination of hydrogen-powered internal combustion piston engines in 

motor vehicles. The current interest of the automotive industry in hydrogen-powered internal combustion 
engines, the current state of their development and the challenges that need to be overcome were presented. 

Various conditions that will determine their future in Europe were also indicated. 
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1. Introduction 
Climate protection has long become a priority topic in 

the activities of many political groups in the world. New 

regulations, standards, norms and directives related to coun-

teracting the broadly understood degradation of the natural 

environment are being introduced or tightened continuous-

ly. Concerns about combustion engines exacerbating cli-

mate change have become a public and political topic. Im-

partial assessments of the actual impact of combustion 

engine emissions on climate change are necessary, taking 

into account the enormous progress that has been made in 

reducing all standardized exhaust emissions from combus-

tion piston engines (Euro 1–Euro 6; Euro 7). To achieve 

national and EU climate goals and meet the successively 

stricter regulations on reducing exhaust emissions from 

road and off-road vehicles, it became necessary to both 

significantly increase the energy efficiency of their power 

units and move away from fossil fuels. As part of the 

adopted action plan called the Green Deal, the European 

Union has set itself the goal of achieving net zero green-

house gas emissions by 2050. The intermediate goal is to 

reduce their emissions by 55% by 2030 compared to the 

reference year of 1990. Therefore, the entry of EU Regula-

tion 2019/1242 into force, the targets for reducing CO2 

emissions of the vehicle fleet by –15% by 2025 and –30% 

by 2030 (compared to 2019 levels) became permanent 

legislation for truck manufacturers in the EU. Currently, the 

automotive industry is looking for and developing various 

solutions for power units with zero or very low CO2 emis-

sions and at the same time reducing emissions of harmful, 

regulated and not yet regulated exhaust gas components. So 

far, a rapid development of electric drive units, an increase 

in interest in fuel cells and the possibility of using various 

alternative, pro-ecological fuels such as hydrogen, ammo-

nia and others have all been observed. This raises the ques-

tion of what role combustion engines will play in the com-

ing decades and whether they can meet future environmen-

tal requirements through the use of alternative, non-

hydrocarbon fuels [20, 22]. It is worth remembering the 

basic advantages of combustion engines over electric drives 

and fuel cells, the most important of which are: resistance 

to environmental conditions, including fuel and air pollution, 

low demand for rare earths and precious metals, and well-

established development and production practices [4, 32].  

Hydrogen has the potential to become a sustainable fuel 

of the future, to reduce global dependence on fossil fuel 

resources, and can also be used as an ecological fuel with 

zero CO2 emissions because it does not contain carbon. 

Hydrogen is the most common element in the world, as an 

energy carrier it has the highest specific energy of 33 Wh/g 

and a calorific value of 120 MJ/kg. The energy per unit of 

mass stored in hydrogen is approximately 2.6 times greater 

than that of gasoline. However, hydrogen requires about 

four times more volume to store than gasoline when stored 

as a liquid, and about 19 times more volume when stored in 

gas form. Although hydrogen does not occur freely in na-

ture, it can be produced using various processes, the most 

popular of which are steam reforming of natural gas or 

biomass gases, coal gasification and water electrolysis. The 

use of hydrogen as a fuel in vehicles powered by an internal 

combustion engine (H2ICE) or fuel cells (FC) is currently  

a promising direction for the future of the transport sector. 

The use of hydrogen as a fuel for piston combustion en-

gines would make it possible to almost completely elimi-

nate CO2 emissions. In addition, emissions of toxic sub-

stances such as carbon monoxide (CO), hydrocarbons (HC) 

and particulate matter (PM) can be reduced to very low 

(trace) levels. This is because these emissions will only 

arise from the combustion of lubricating oil entering the 

engine's combustion chambers. The only exhaust compo-

nent that may be produced in notable amount during hydro-

gen combustion in the engine is nitrogen oxides (NOx). 

However, they can be reduced almost to zero through  

a properly designed exhaust aftertreatment system, without 

increasing secondary emissions such as N2O and NH3 [7, 

11, 34]. Consequently, H2ICE may play the role of a transi-

tional technology in the development of propulsion sys-

tems, especially in trucks and off-road vehicles, at least 

until fuel cells become technologically advanced, easy to 

use and fully profitable. In the medium term, a hydrogen-

powered internal combustion engine may provide a compet-

itive alternative to electric powertrains until a sufficient 
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amount of fully renewable electricity is available. In turn, 

hybrid drive systems with a hydrogen combustion engine 

are a real alternative to electric drives and fuel cells, both 

from the point of view of CO2 emission equivalent and the 

total cost of production and long-term use [27, 31]. In addi-

tion to advantages in terms of efficiency and driving range, 

this leads to attractive functional synergies and additional 

degrees of freedom in terms of design and operating strate-

gies that need to be taken into account. Hydrogen can also 

be used as admixtures with hydrocarbon fuels or as alterna-

tive fuels such as ammonia [34]. Despite extensive work 

already being carried out on the use of both pure hydrogen 

and its mixtures with other fuels to power piston combus-

tion engines, further actions are necessary to optimize the 

design changes of the piston combustion engine, in particu-

lar its fuel supply system and combustion processes allow-

ing the full use of the properties of hydrogen. There are 

several manufacturers currently interested in introducing 

hydrogen-powered internal combustion piston engines into 

production that have announced their current status of work 

on such drive units (Table 1). 

 
Table 1. List of manufacturers currently exploring new H2ICE technolo-

 gies [13, 17, 18, 23] 

 

The article was motivated by the intention to present the 

current interest and plans of the automotive industry in the 

field of hydrogen-powered internal combustion engines, the 

challenges facing their further development and to analyze 

the prospects for using such engines in the future.  

2. Advantages of H2ICE – future possibilities 
The use of hydrogen as a standalone fuel or as an ad-

mixture with another fuel (e.g. hydrocarbon, synthetic or 

alternative) is considered possible in both SI (spark igni-

tion) and CI (compression ignition) engines. Hydrogen as a 

fuel is characterized by several favorable properties ena-

bling high efficiency of the combustion process. The most 

important of these properties are [31]: 

 Wide range of flammability 

Compared to hydrocarbon fuels, the flammability range 

of hydrogen is very wide, it ranges from 4 to 76% of the 

volume content in air [9, 21, 28] (these values are for ex-

ample 1–7.6% for diesel oil, and 0.6–5.5% for gasoline). 

This property allows the engine to run on a very lean mix-

ture. This, combined with the complete combustion of hy-

drogen, allows for greater fuel savings and optimization of 

the combustion process in terms of reducing NOx emissions 

thanks to a lower combustion temperature. Moreover, lower 

heat losses through the walls of the combustion chamber 

make it possible to achieve higher thermal efficiency of the 

engine [5]. 

 High rate of combustion 

The combustion rate of a hydrogen-air mixture is ap-

proximately seven times faster than a mixture of air and any 

hydrocarbon fuel. As the combustion rate increases, the 

actual curve of the indicator graph approaches the ideal 

one. This means that an increasingly higher thermodynamic 

efficiency can be achieved [1]. When using a stoichiometric 

mixture, the hydrogen engine comes closest to the ideal 

thermodynamic cycle, and the propagation speed of the 

hydrogen flame is almost an order of magnitude greater 

than that of the gasoline flame [19]. Making the combustion 

mixture more lean reduces the speed of flame propagation. 

The speed of flame propagation and its adiabatic tempera-

ture have a significant impact on the thermal efficiency of 

the engine, the stability of the combustion process and the 

level of emissions (especially NOx) [9, 19, 28]. 

 High stoichiometric air-to-fuel ratio 

The stoichiometric air-to-fuel (A/F) mass ratio for com-

plete combustion of hydrogen in air is approximately 

34.4:1, which is significantly greater than that of gasoline 

(14.7:1) or diesel (14.5:1) [9, 19, 28]. 

 Very low energy of ignition 

The ignition energy of the hydrogen-air mixture is only 

0.02 mJ, which is very low compared to a mixture of gaso-

line with air or diesel fuel with air, which both require 0.24 

mJ. Such low ignition energy creates a risk of premature, 

uncontrolled ignition and flame returning to the engine 

intake duct. Such premature ignition may be initiated by 

particles of unburned lubricating oil in the fuel-air mixture, 

hot spots in the combustion chamber resulting from the 

formation of deposits, hot electrodes of the spark plug, etc. 

[13, 28]. 

 High auto-ignition temperature 

The auto-ignition temperature of hydrogen fuel is high 

compared to hydrocarbon fuels (853 K compared to ~623 K 

for gasoline and ~520 K for diesel oil). Thus, it is difficult 

to ignite the hydrogen-air mixture through compression in 

the engine cylinder and an external ignition source is usual-

ly required. Therefore, the auto-ignition temperature is an 

important factor in determining the engine's compression 

ratio, which is related to the temperature of the compressed 

mixture. The possibility of increasing the compression ratio 

makes it possible to increase the engine thermal efficiency. 

On the other hand, the high auto-ignition temperature of 

hydrogen makes it difficult to achieve auto-ignition in  

a diesel engine [1, 13, 28]. 
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 Small distance of flame quenching from the cylinder wall 

The quenching distance is the shortest distance from the 

inner wall of the cylinder at which the flame is quenched. 

In the case of hydrogen, the flame-quenching distance is 

0.64 mm, while for gasoline it is 2 mm. Thus, it is more 

difficult to extinguish a hydrogen flame compared to other 

fuels. This creates the possibility of hydrogen burning in 

narrow gaps, such as between the piston and the cylinder, 

or retreating into the intake channel when the intake valve 

is not yet fully closed [1, 13, 28]. 

 High diffusivity 

Hydrogen is characterized by a very high diffusivity, 

which means that its ability to disperse in the air is much 

greater than that of gasoline. This is beneficial from the 

point of view of the combustible mixture quality in the 

engine, as it facilitates the rapid creation of a homogeneous 

mixture of fuel and air. Moreover, if hydrogen leaks, it 

quickly dissipates in the surrounding air. In this way, the 

potential hazards of hydrogen leaks can be at least partially 

avoided or minimized [9, 19, 28]. 

 High octane number (~130) 

This makes hydrogen more resistant to knocking com-

bustion even when burning in very lean mixtures. 

The interest in H2ICE has been increasing in recent 

years due to significant progress in optimizing their power 

and combustion processes, which allow for a significant 

increase in their thermal efficiency while reducing NOx 

emissions [25]. This was graphically presented (Fig. 1) by 

the relationships between the air-fuel ratio (AFR), mean 

effective pressure, thermal efficiency and NOx emission [2, 

25]. The operation of H2ICE in the stoichiometric mixture 

range is unfavorable because at high engine load, the onset 

of knocking combustion occurs at lower BMEP values, 

while the thermal efficiency is low and NOx emissions are 

quite high due to high cylinder temperatures. With high 

excess air coefficients (with very lean mixtures, AFR = 

2.0–2.5), high thermal efficiency and low NOx emissions 

can be achieved at the same time, (Fig. 1 – area in green 

dashed line). However, in this range of the excess air ratio, 

the combustion process slows down significantly, the sta-

bility of the combustion process becomes difficult to main-

tain and control, and NOx emissions increase in transient 

engine operating states [2, 25]. All in all, the operation of 

the engine in the indicated range of the excess air coeffi-

cient has more advantages than disadvantages and is cur-

rently a direction for further work in the optimization of the 

H2ICE combustion process [2, 10, 15, 16, 23, 25, 35]. 

Overall, the research and development work carried out 

so far has shown that the combustion process of a lean 

hydrogen-air mixture with the selective addition of exhaust 

gas recirculation (EGR) is the basis for achieving competi-

tive operational parameters for the H2ICE. This combustion 

process allows obtaining high torque at low engine speeds, 

high specific engine power, maximum thermal efficiency 

and low NOx emissions [3, 24]. The stoichiometric mixture 

combustion process, due to the high laminar flame speed, 

high isentropic exponent and high adiabatic combustion 

temperature, favors the formation of nitrogen oxides (NOx) 

[3, 24, 25]. Moreover, hydrogen combustion is character-

ized by short flame quenching distances, which causes the 

hydrogen flame to burn close to the walls of the combustion 

chamber. As a consequence, heat losses increase, which in 

turn leads to a reduction in engine efficiency [25]. Lower-

ing the temperature in the combustion chamber y using a 

leaner combustible mixture counteracts these phenomena. 

Lean mixture combustion requires a large amount of intake 

air, which necessitates the use of a high compression ratio 

to obtain high engine efficiency [12]. 

 

Fig. 1. Visualization of the relationships between the parameters involved 
in optimization of the combustion process in H2ICE [16, 17] 

 

ICE can be divided into two groups based on the em-

ployed injection strategy: engines with indirect injection, 

i.e. with fuel injection into the intake manifold (PFI – port 

fuel injection or MPI – multi-point injection) and engines 

with direct injection (DI – direct injection). These two 

groups can be further divided into categories according to 

the ignition strategy [18, 36]. The divisions in question 

along with specific solutions were presented in Fig. 2 [18]. 

Injecting fuel into the intake port of each cylinder (ahead of 

the intake valves) has the advantage of providing a longer 

homogenization and mixing period for the mixture. At the 

same time, the turbulence generated at the intake valve 

ensures a high level of mixture homogeneity. In addition, 

lower injection pressures (~10 bar) can be used, which 

simplifies the injection system. However, with the transi-

tion to hydrogen fueling, problems may arise when using 

PFI. These include pre-ignition, knocking and flashback 

into the intake system due to low ignition energy and the 

low hydrogen flame quenching distance. 

Moreover, the injected hydrogen displaces a significant 

amount of air from the air intake system, which significant-

ly reduces the amount of specific power obtained and en-

gine efficiency [32, 34]. PFI reduces the filling of the cyl-

inder. The reduction in volumetric efficiency depends 

largely on the air-fuel ratio. This efficiency decreases the 

more the leaner the mixture becomes. At a typical relative 

air-fuel ratio of λ = 2, the air dose in the cylinder is reduced 

by approximately 20% due to the presence of hydrogen. As a 

result, this incentivizes a further increase in boost pressure. 

Moreover, the injected hydrogen displaces a significant 

amount of air from the air intake system, which significant-

ly reduces the amount of specific power obtained and en-

gine efficiency [32, 34]. PFI reduces the filling of the cyl-

inder. The reduction in volumetric efficiency depends 

largely on the air-fuel ratio. This efficiency decreases the 

more the leaner the mixture becomes. At a typical relative 

air-fuel ratio of λ = 2, the air dose in the cylinder is reduced 

by approximately 20% due to the presence of hydrogen. As 

a result, this incentivizes further increase in boost pressure. 
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Fig. 2. Possible combustion strategies that can be employed in a H2ICE [18] 

 

In the case of direct injection (DI) of fuel into the en-

gine cylinder, the injection begins immediately after the 

intake valve closes, which should completely prevent the 

occurrence of dangerous phenomena such as reverse igni-

tion due to the return of the flame from the combustion 

chamber into the intake channel. In addition, pre-ignition 

can be prevented because the exposure time of the hydro-

gen mixture to the so-called "hot spots" is shortened. More-

over, hydrogen is injected directly into the combustion 

chambers, which avoids the problems of limiting the en-

gine's specific power due to the displacement of air by the 

injected hydrogen. The disadvantage of DI is the shorter 

time afforded to homogenize the air-fuel mixture before the 

start of the combustion. The probability of knocking com-

bustion occurring increases as a consequence of this. How-

ever, direct injection enables the implementation of other 

combustion processes, including stratified combustion.  

It is also possible to use a multiple injection strategy 

with controlled, variable fuel injection timing. Direct fuel 

injection requires a much higher injection pressure com-

pared to indirect injection (PFI) [37]. 

H2 combustion concepts in ICE can be divided into 

spark ignition combustion with a homogeneous pre-mixed 

chargé, and compression ignition combustion (Table 2). 

Spark ignition H2ICE using a pre-mixed homogeneous air-

fuel mixture enables 100% CO2 reduction, when ignoring 

trace emissions from burnt lubricating oil or SCR reagent. 

The main operation and performance challenges of the 

spark ignition H2ICE are specific power, fuel economy and 

transient performance. For low-pressure mixture concepts, 

only a moderate hydrogen injection pressure is needed and 

there is no need to use any additional compression systems. 

Thus, hydrogen can be supplied to the fuel injection system 

directly from the hydrogen storage pressure tanks. High-

pressure mixture concepts, on the other hand, require  

a hydrogen injection pressure level of 250–300 bar. There-

fore, an additional compression system becomes necessary 

to be able to utilize the maximum capacity of the hydrogen 

storage system [6]. 

In terms of low-pressure mixture concepts, multi-point 

fuel injection (MPI) combined with spark ignition is con-

sidered the most cost-effective solution. Good mixture 

formation, and therefore low NOx emissions, partially com-

pensate for the disadvantage of needing a higher boost 

pressure [14] (Table 2). In the case of MPI type indirect 

injection, a higher boost pressure is required if the same 

excess air ratio "λ" is to be maintained as in case of direct 

injection. Based on the concept of low-pressure mixture 

creation using direct injection (LP-DI) and spark ignition, 

the high calorific value of the created combustible mixture 

allows for obtaining a high BMEP. Currently, this mixture 

formation concept and combustion process is of greatest 

interest to researchers and manufacturers developing tech-

nologies related to H2ICE engines [30] (Table 2) [6, 14, 

37]. To achieve the greatest specific power value, the low-

est specific fuel consumption and the greatest stability in 

engine transient operating conditions, diffusion combustion 

(similar to diesel fuel) is indicated as the most appropriate 

(Table 2). To initiate a stable hydrogen ignition, it is bene-

ficial to use pilot diesel fuel injection. However, to fully use 

the potential of the emission-free energy carrier hydrogen, 

it would be necessary to replace diesel fuel as the source of 

ignition initiation [30, 31]. 

To sum up, the greatest advantage of the DI fuel supply 

system is the increase in the efficiency of filling the com-

bustion chambers and the reduction of work related to the 

pushing of the air-fuel mixture through the engine cylin-

ders. Furthermore, with DI, higher torque can be achieved 

in the lower engine speed range as well as helping to avoid 

knock combustion and other irregularities in the process. 

These benefits are counterbalanced by the high technical 

difficulties associated with integrating the DI system in the 

case of H2ICE. Currently, this technology is still not fully 

developed yet and very expensive. The PFI system, on the 

other hand, is a well-known technology and ready for use in 

H2ICE. In this case, the components are available and very 

advanced, which allows the rapid development of new 

H2ICE engines, but with limited potential for optimization.  
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Table 2. Comparison of different mixture formation, ignition and combustion concepts in H2ICE [6, 14, 33] 

 
 

The biggest disadvantage of the PFI injection system is 

the limited engine efficiency. Another significant disad-

vantage of this system is the possibility of the combustion 

process not taking place as intended. Therefore, the PFI 

system can be used in the first vehicle prototypes and then 

quickly enter the market as a low-cost solution [18, 30]. 

Achieving the intended, competitive performance of the 

H2ICE engine at full load with the maximum permissible 

NOx emissions from the engine (< 10 g/kWh), requires  

a high excess air ratio (~1.9) at full load. State-of-the-art 

single-stage engine boost systems can meet these require-

ments under standard ambient and steady-state operating 

conditions. However, in the case of specific boundary con-

ditions of the lean hydrogen combustion process, specific 

designs of the turbocharging system are required for this 

type of engine and its application. They can differ signifi-

cantly from the existing systems in terms of complexity 

(Fig. 3). The combination of low exhaust gas enthalpy and 

high boost requirements in lean combustion concepts leads 

to the need for dedicated and particularly precise matching 

of the compressor and turbine compared to conventional 

engine boost systems. In addition, the turbine design must 

ensure a high potential for exhaust gas recirculation. To 

fully exploit the potential of such an H2 combustion pro-

cess, especially in direct injection concepts, it is crucial to 

ensure not only the appropriate design of the H2 injection 

system [3], but also the engine boost system. With boost 

pressures required to achieve a mean effective pressure 

(BMEP) above 20 bar, single-stage boost systems quickly 

reach their limits. Therefore, more specialized boost sys-

tems are required, where some selected configurations were 

identified (Fig. 3) [7]. 

For example, the PFI H2ICE has proven that in addition 

to the 50% greater mass flow, a 90% higher boost pressure 

is required compared to a regular turbocharged petrol en-

gine. This is something that a single-stage supercharging 

system cannot provide over a wide range of engine operat-

ing conditions. In this case, a two-stage boost system with  

a variable geometry turbocharger becomes necessary. 

In the case of the H2ICE engine, trace amounts of CO, 

CO2, HC and particulate matter resulting from the combus-

tion of the engine lubricating oil, as well as urea injection in 

the case of an SCR catalytic converter, are expected to be 

found in the exhaust gases. Additionally, secondary emis-

sions such as NH3 and N2O can form in the exhaust after-

treatment system itself and should be taken into account. 

However, NOx emissions are the most difficult to reduce. 

As previously stated, this emission is strongly dependent on 

the excess air coefficient of the combustion mixture (so-

called raw emissions), while the structure and effectiveness 

of the exhaust aftertreatment system depend on the compo-

sition of the exhaust gases, their temperature and mass flow 

rate [1]. Although exhaust gas aftertreatment systems and 

their components used in engines powered by conventional 

fuels, such as three-way catalytic converters (TWC), active 

and passive SCR and NOx adsorbers, may be taken into 

account, in the case of engines powered by hydrogen they 

will not only have to be specially adapted to the composi-

tion and temperatures of hydrogen exhaust gases – but also 

to the required durability and operational reliability. There-

fore, their design, and in particular the materials from 

which they are made, will have to be adapted to the differ-

ent requirements of H2ICE [31]. 
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Fig. 3. Engine boost system concepts envisioned for H2ICE [7] 

 

Figure 4 shows various concepts of exhaust gas after-

treatment systems for hydrogen-powered engines.  

A different basic engine structure and a different excess 

air coefficient "λ" of the combusted hydrogen-air mixture 

were also taken into account [29, 30]. 

3. Disadvantages of H2ICE – challenges 
A major disadvantage of H2ICE engines is their tenden-

cy to promote the formation of nitrogen oxides during com-

bustion, especially when striving to obtain high specific 

power. In this case, the air-fuel ratio must be reduced to 

stoichiometric, leading to high NOx emissions. A signifi-

cant reduction in raw NOx emissions, without the need to 

apply exhaust aftertreatment systems, requires an excess air 

coefficient of approximately λ > 2.5 to achieve the NOx 

emissions level that would be compliant for passenger cars 

with the expected EU7 emission standards. This directly 

necessitates the use of a very high boost pressure and, con-

sequently, engines that must be fundamentally resistant to 

high peak combustion pressure [30]. At the same time, the 

higher maximum combustion pressure, due to the laminar 

combustion speed being almost 6 times greater compared to 

liquid gasoline, causes greater mechanical stress and higher 

friction losses. Currently, most gasoline engines that have 

the structural properties to be used for H2ICE do not meet 

this requirement. Furthermore, very efficient and expensive 

turbocharging systems are needed, which must provide both 

sufficient air mass flow and boost pressure at low exhaust 

gas enthalpy levels. Otherwise, a significant reduction in 

engine specific power and very moderate torque levels 

would have to be accepted as the trade-off. Reducing boost 

pressure requirements can be achieved to some extent by  

a combination of diluting the combustible mixture with 

both air and external EGR. Operating the engine on a stoi-

chiometric mixture without a combustion moderator (EGR 

and/or water injection) leads to irregular combustion pro-

cesses [30]. 

The creation of NOx reaches its peak at an excess air ra-

tio of approximately λ = 1.2. With a leaner mixture, the 

combustion temperature decreases, which reduces the 

amount of NOx produced. Lean combustion requires a large 

amount of intake air, which requires a high compression 

ratio to achieve the desired engine efficiency. Moreover, in 

this case the combustion speed decreases, which negatively 

affects the engine's efficiency. Hydrogen combustion is 

subject to anomalies such as engine knock, pre-ignition and 

ignited mixture backdraft. These anomalies pose problems 

when measuring downstream emissions because each 

anomaly can lead to changes in peak temperatures and 

emissions, making steady-state measurements challenging. 

An effective method of controlling combustion anomalies is 

to create a mixture. Direct injection (DI) after closing the 

intake valves can eliminate backdraft. However, the disad-

vantage of this method of fuel injection is the shorter ho-

mogenization time of the mixture, which means that locally 

areas with richer fuel content may create potential knocking 

combustion nodes as well as serve as sources of NOx for-

mation [27]. Another problem is the small quenching dis-

tance of the burning hydrogen flame from the wall, which 

results in increased wall heat losses, which leads to a reduc-

tion in the overall engine thermal efficiency [7]. 

Adapting the ICE for hydrogen fuel requires numerous 

changes to be made, the type and scope of which depends 

on the engine that is used as the basis for the hydrogen 

powered engine (spark ignition engine, compression igni-

tion engine powered by diesel oil or natural gas) [6, 30, 34]. 

Generally, the cylinder head must usually be changed due 

to variable thermomechanical loads and high stresses result-

ing from the irregular combustion processes. These irregu-

lar processes cannot be avoided in certain H2ICE operating 

points. They also cause temperature and pressure fluctua-

tions in critical areas of the engine head, such as valves or 

valve seats, which can lead to reduced lifespan due to fa-

tigue. Elements of the crank system must also be adapted to 

the frequent occurrence of irregular combustion processes 

[6]. The exhaust gases of a hydrogen engine contain much 

more water vapor compared to the exhaust gases of an 

engine powered by hydrocarbon fuel. Not only exhaust gas  
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Fig. 4. Aftertreatment system layout for (a) the gasoline engine-based concept including stoichiometric operation and (b) the HD diesel engine-based 

concept at always lean conditions [29] 

 

aftertreatment systems must be adapted to the increased 

water content in flue gases, but engine structural elements 

in contact with exhaust gases must also be adapter due to 

the higher corrosion risk [6]. 

Moreover, water entering the oil can accelerate the deg-

radation processes and loss of lubricating properties. There-

fore, managing the water content in the engine crankcase 

proves to be yet another challenge to be solved with 

H2ICE. It is also necessary to develop an efficient, reliable 

crankcase ventilation system, since a large amount of un-

burned hydrogen may penetrate through it, which could 

otherwise lead to an explosion hazard. At the same time, 

the piston ring assembly should minimize oil entry into the 

combustion chamber because, as explained earlier, oil drop-

lets are a potential source of emissions of carbon oxides, 

hydrocarbons and particulates, as well as a pre-ignition 

source. To sum up, in recent years, great progress has been 

made in the development of hydrogen-powered internal 

combustion engines, significantly improving their perfor-

mance by using direct hydrogen injection into the combus-

tion chambers and optimizing the organization of the com-

bustion process and turbocharging. However, the operation 

and popularization of internal combustion engines powered 

by hydrogen fuel are still associated with several challeng-

es, especially in terms of improving reliability, which must 

be addressed and solved in the course of their further de-

velopment. These concern maintaining low lubricating oil 

consumption, further optimization of hydrogen fueling 

processes and combustion strategy, including counteracting 

premature fuel ignition. Greater attention should also be 

paid to the harmful effects of hydrogen on metals and their 

alloys (hydride formation, hydrogen embrittlement, crack-

ing caused by hydrogen leakage, and formation of hydrogen 

bubbles). Another challenge is the very low lubricity of 

hydrogen, which causes premature wear of elements that 

come in contact with it, such as intake valves and engine 

valve seat seals, injector needles and their seats (loss of 

airtightness), etc. Problems related to the engine lubrication 

system and the lubricating oil itself also require solutions. 

As the oil is quickly diluted with a large amount of water 

released from the hydrogen combustion process [30, 31]. 

4. Opportunities for H2ICE 
Climate protection is becoming an increasingly political 

issue, which results in far-reaching environmental protec-

tion regulations, in particular covering economic sectors 

using piston combustion engines. Concerns about the im-

pact of combustion engines on climate change have become 

a publicly politicized subject. Impartial assessments of the 

actual impact of combustion engine emissions on climate 

change are necessary, taking into account the enormous 

progress that has been made in reducing all standardized 

exhaust emissions from combustion piston engines (Euro 

1–Euro 6; Euro 7). 

In addition to the currently rapidly developed and popu-

larized electric (battery-powered) vehicle drives and drives 

using fuel cells, emission-free fuels also offer great oppor-

tunities to significantly reduce CO2 emissions. Among 

them, hydrogen is given wide recognition as a fuel that does 

not contain carbon and does not cause CO2 emissions. Re-

search that has already been carried out showed that H2ICE 

can become a drive system of the future, especially in the 

commercial vehicle and off-road machinery sectors, indi-

cating that it can achieve similar levels of performance and 

efficiency as a modern compression-ignition engine. The 

criteria that a commercial vehicle must meet to qualify as 

(ZEV – Zero Emission Vehicles) are set out in EU Regula-

tions 2019/1242 and 2017/2400. In the case of a heavy duty 

truck, which is outlined to be a vehicle powered by a non-

combustion engine, or by an internal combustion engine 

that emits less than 1 g CO2/kWh, following Regulation 

(EC) No 595/2009 and its implementing acts, or under 

Regulation (EC) No. 715/2007 of the European Parliament 
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and of the Council and its implementing acts (European 

Parliament, 2019). According to these regulations, the only 

currently known combustion engine that could feasibly 

meet the strict EU regulations is a hydrogen-powered com-

bustion engine. It should be remembered that in truck 

transport the electrification of drive systems is currently 

still significantly delayed compared to the vehicles of the 

passenger transport sector. Moreover, hydrogen as an ener-

gy carrier still has a higher storage density than batteries 

[26]. Hydrogen also has a much shorter refueling time than 

batteries, being much closer to fossil fuel refueling, which 

makes it more convenient to use than rechargeable batter-

ies. Compared to a fuel cell-based drive system, H2ICE 

offer the following advantages: much lower purity require-

ments of hydrogen fuel used to power them, greater dura-

bility and longer lifespan, as well as much simpler opera-

tion and lower cost of such a drive system [11]. The hydro-

gen combustion engine is the next logical step in the evolu-

tion of a conventional combustion engine and is similar to it 

in terms of structure, operation and operating conditions. 

Advanced technological and design modifications, which 

are now possible, can change the conventional combustion 

engine into a H2ICE characterized by almost zero CO2 

emissions [17, 30]. Therefore, for heavy commercial vehi-

cles for long-haul applications, H2ICE-based powertrains 

represent a rapid means to achieve CO2-free mobility, espe-

cially in the short and medium term [27]. Hydrogen-

powered internal combustion piston engines can be inte-

grated with electric motors in electrified drive systems 

(hybrid drive systems). In addition to advantages in terms 

of efficiency and driving range, this leads to advantageous 

functional synergies and additional degrees of freedom in 

terms of design and operating strategies that need to be 

taken into account.  

In 2020, the ACEA HD Expert Group on H2ICE was 

established and developed the necessary changes and 

amendments to UN R49 and UN R85 to enable the type 

approval of hydrogen combustion engines. ACEA experts 

presented the topic of OICA (Organisation Internationale 

des Construc-teurs d'Automobiles) in the first half of 2021. 

This group of experts systematically progressed their work 

which led to the following documents being presented at 

the beginning of this year: 

 ECE/TRANS/WP.29/GRPE/2023/6 – Working docu-

ment, joint EC/OICA proposal for a revision of R49 (07 

series) 

 GRPE 87 30 – Informal update document for 

ECE/TRANS/WP.29/GRPE/2023/6 

 ECE/TRANS/WP.29/GRPE/2023/7 – Working docu-

ment, OICA proposal to amend R85 

 GRPE 87 16 Rev.1 – Informal update document for 

ECE/TRANS/WP.29/GRPE/2023/7 

It is expected that further work by ACEA and OICE will 

soon lead to the final clarification of the regulations that 

will enable the full type approval of H2ICE [24]. 

5. Dangers for H2ICE 
So far, hydrogen combustion engines have not yet en-

tered into mass production around the world. This is pri-

marily due to the insufficiently developed hydrogen infra-

structure, which is required for all hydrogen-powered vehi-

cles. At the same time, for the use of hydrogen in the 

transport sector to be sustainable it must be produced using 

energy from renewable sources. This requires significant 

development and a large increase in the rate of renewable 

energy production. Unfortunately, currently, the regions of 

the world where renewable energy – meaning primarily 

wind or solar – is available are not the same as the regions 

where this energy will be most needed [30]. Due to the still 

high costs of hydrogen and the small number of plants 

producing hydrogen, especially from renewable sources, 

hydrogen drive technologies are not yet competitive with 

conventional technologies, such as vehicles with combus-

tion engines [35]. In practice, there are currently three main 

barriers that need to be overcome to the deployment of 

H2ICE-based powertrains in transportation to become eco-

nomically and technologically viable. The first is the costs 

of hydrogen production and its delivery, which should be 

competitive with currently commonly used fuels, such as 

gasoline and diesel. The cost of hydrogen depends on the 

process/technology used for its production, the primary 

energy source and the adopted models of transport, storage 

and distribution. The second challenge is to develop a new 

or improved method for storing hydrogen in automotive 

vehicles to ensure a reasonable driving range. Thirdly, the 

cost of producing and operating hydrogen vehicles (H2ICE 

or FCV) should be reduced as a way of improving their life 

cycle assessment. Moreover, socio-cultural factors also play 

a significant role in the spread of hydrogen as a fuel in the 

transport system. Therefore, all information campaigns 

have a significant impact on the development of hydrogen 

technologies, especially at this early stage, to increase the 

awareness of people with low knowledge and have a posi-

tive impact on attitudes towards hydrogen vehicles.  

The stance of the Council of the European Union, which 

has so far maintained their distance from this technology, 

will be of great importance for the development prospects 

and, above all, the spread of hydrogen-powered internal 

combustion engines. Currently, the EU is reluctant to diver-

sify powertrains, focusing primarily on electric drives, 

especially in passenger cars, but not only. Currently, it is 

difficult to predict whether and to what extent the EU will 

support the development of power units based on H2ICE. 

Conclusions 
1. Hydrogen has the potential to become the sustainable 

fuel of the future, reducing global dependence on fossil 

fuel resources and significantly lowering automotive 

emissions. 

2. Hydrogen, as a zero-emission fuel, can be used to make 

a piston combustion engine with zero emissions of 

CO2. 

3. H2ICE can produce trace CO, HC and particulate emis-

sions solely from the combustion of engine lubricating 

oil entering the engine's combustion chambers. 

4. NOx emissions caused by H2ICE can be effectively 

reduced by optimizing the fuel supply and combustion 

systems (raw emissions) and using a dedicated exhaust 

aftertreatment system for H2ICE. 

5. When high continuous engine power is required in low 

transient operating conditions, a hydrogen-powered in-

ternal combustion engine is a cost-effective approach to 
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CO2-free long-distance transport, with a long service 

life, that relies on tested and proven technology. 

6. It is possible to adapt both SI and CI engines to run on 

hydrogen. 

7. In the medium term, a hydrogen drive system may be 

an alternative to electric drive systems in passenger 

cars until sufficient availability of fully renewable elec-

tricity is achieved. 

8. H2ICE-based hybrid powertrains represent a viable 

alternative to electric and fuel cell drive systems to be 

used for light commercial vehicles in the medium to 

long term, both from a CO2 equivalent and total cost of 

ownership perspective. 

9. The advantage of H2ICE is that this technology can be 

brought to market relatively quickly, so it can be made 

available as a technology with minimal delay. 

10. The operation of H2ICE presents several specific relia-

bility challenges that will need to be addressed through 

further development. The already identified challenges 

concern maintaining low lubricating oil consumption, 

preventing irregularities occurring in the combustion 

process and ensuring the adequate durability of struc-

tural and operational elements of the engine, which can 

be caused by low H2 lubricity and the so-called hydro-

gen embrittlement of metals. 

11. The main challenge preventing the widespread use of 

hydrogen as fuel in automotive engine units is the lim-

ited on-board hydrogen storage technology for vehicles 

as well as the current scarcity of refueling stations. 

12. The further development of H2ICE will require infra-

structure and financial resources, which can only be 

achieved through a significant amount of political sup-

port, in particular from the EU. 
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Nomenclature 

ACEA European Automobile Manufacturers' Association 

AFR air fuel ratio 

BMEP brake mean effective pressure 

CI compression ignition 

DI direct injection 

ECE Europe Vehicle Certification & Solutions 

EGR exhaust gas recirculation 

EU European Union 

FC fuel cell 

H2ICE hydrogen internal combustion engine 

ICE internal combustion engine 

LP-DI low pressure direct injection 

MPI multi point injection 

OICA Organisation Internationale des Constructeurs 

d'Automobiles 

PFI port fuel injection 

SCR selective catalytic reduction 

SI spark ignition 

TWC three way catalyst 

UN United Nations 

ZEV zero emission vehicles
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