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 

Abstract— The current article describes the process of 

conversion of a compression ignition (diesel) engine to dual-fuel 

engine, operating with diesel fuel and hydrogen simultaneously. 

Properties of hydrogen – physical and chemical and the 

qualities of hydrogen as fuel are analyzed. Different methods 

for hydrogen storage – physical, chemical and adsorption are 

described. Special attention is paid to precautions when 

operating with hydrogen and the elements needed to use during 

engine conversion, in order to ensure safe hydrogen-diesel 

operation. Two hydrogen injection options are possible – 

hydrogen direction injection and port injection at engine intake. 

Both are explained. A short analysis of approximate conversion 

costs for dual-fuel operation is made. Hydrogen gas price is also 

noticed. The final part of the article does a brief review on the 

research of several authors about hydrogen-diesel dual fuel 

operation in compression ignition engines. Results from these 

authors research, considering engine performance, economy 

and emissions, as well as combustion process parameters, are 

cited. As these studies define a coefficient used to determine 

hydrogen share in total fuel (diesel fuel plus hydrogen) the 

current article analyses the influence of changing hydrogen 

share in fuel on engine operation. Authors different 

experiments are taken into account in order to assess the 

influence of growing hydrogen content in fuel on engine 

economy and emissions, including total and specific fuel 

consumption, thermal efficiency, exhaust gas opacity, nitrogen 

oxides concentration etc. As authors have controversial 

opinions in some cases influence of hydrogen is considered 

positive or negative depending on how much authors claim 

positive and how much claim negative influence. Results from 

the review concerning effects of hydrogen on diesel engine 

operation are summarized in a table for easier perception. 
 

Index Terms— dual-fuel operation, hydrogen, 

hydrogen-diesel engine, hydrogen in internal combustion 

engines 

 

I. INTRODUCTION 

  Hydrogen is being widely discussed as fuel of the future in 

the last few years. Huge investments are done in this direction 

in order to ensure the development of hydrogen economy. 

Either as fuel for internal combustion engines or fuel cells, it 

will play a big role as an energy carrier in the future 

production of road vehicles (for personal use, for passenger 

and cargo transportation), of marine vehicles and other 

aspects of industry. Yet, compression ignition engines 

running on diesel fuel, which are considered the engines with 

higher pollution compared to spark ignition engines, still play 

an important role in the powertrain of trucks and intercity 

buses. Also, a lot of them, produced in the last decade, still 

operate as a mechanical power source for personal 

automobiles. Cleaner fuels, such as hydrogen, propose a 
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simple and way of improving engine economy and emissions. 

Unfortunately, hydrogen can be hardly used as a single fuel in 

a diesel engine due to the lack of a way to ignite it, so it is 

mostly used as a supplementary fuel. This process is referred 

as dual fuel combustion or gas-diesel cycle operation. Such 

operation usually has a positive influence on engine 

emissions. It is performed by injecting two types of fuel in the 

engine simultaneously. Diesel fuel is injected directly in the 

cylinder and hydrogen is injected either directly in the 

cylinder or in the intake manifold. Hydrogen however 

influences on a number of other engine indicators – 

performance, economy and combustion process parameters. 

There is a lot of research dedicated to this influence. 

 

II. PURPOSE OF THE STUDY 

The purpose of the current study is to make an assessment 

of the possibilities to integrate hydrogen as supplementary 

fuel in existing and future 4-stroke compression ignition 

engines, by analysis of research of different authors on the 

influence that hydrogen has on performance, economy, 

emissions and combustion process parameters of these 

engines. Hydrogen properties, storage options, necessary 

precautions, conversion possibilities and gas costs are also 

taken into account. 

 

III. PROPERTIES OF HYDROGEN AND STORAGE 

METHODS 

Major physical and chemical properties of hydrogen are 

shown in table 1 and table 2 [1], [2]. These properties 

determine its qualities as fuel for internal combustion 

engines. The also define storage requirements and necessary 

precautions. 

One of the greatest advantages of hydrogen over diesel fuel 

is its high lower heating value (120MJ/kg against 42,4 

MJ/kg). Its greatest drawback is the extremely low density 

under normal conditions. So it brings much higher energy, 

but this energy cannot enter the engine due to the high 

volume that hydrogen takes. The only available option to 

fully solve this problem is direct injection of the gas during 

compression stroke. 

Table 1-Physical properties of hydrogen 

Property Value 

Melting Point 13,99 K (-259,16 °С) 

Boiling point 20,271 K (-252,879 °С) 

Physical state under 

normal conditions 
Gaseous 

Smell No smell 

Colour Colourless 

Density under normal 0,08999 kg/m
3
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conditions 

Molecular formula Н2 

Toxicity Not toxic 

Higher heating value 141 900 kJ/kg 

Lower heating value 120 000 kJ/kg 

Specific heat capacity 
13-21kJ/kg.K for temperature 

variation from 175 K to 6000 K 

 

Chemical reaction with oxygen (1) is among hydrogen’s 

most important properties. 

2H2+O2 → 2H2O + Q (1) 

Only water and heat are produced by the reaction. Large 

flammability limits are also important – they can be 

considered both – advantage and drawback. They make it 

possible for the engine to run with a big range of air-fuel 

ratios and also promise a flame velocity, higher than the one 

of conventional fuels. However the lack of smell and colour, 

combined with the high flammability, demands certain 

precautions in order to operate with hydrogen safely. 

Table 2-Chemical properties of hydrogen 

Reactants Reaction products 

Reactivity 

with air and 

oxygen 

Reacts with oxygen (pure oxygen or air) to 

form water.  

Reactivity 

with gases 

Reacts with carbon monoxide, fluorine, 

chlorine, nitrogen and others, at 

temperatures higher than room 

temperature. At high temperature and 

pressure it reacts with nitrogen (pure 

nitrogen or air) to form ammonia. Reacts 

with carbon dioxide to form methanol. 

Does not interact with inert gases. 

Flammability 

Extremely flammable gas. Forms explosive 

mixtures with oxygen and chlorine. They 

are easily ignited by contact with a spark, 

open flame, highly heated surface or 

prolonged exposure to sunlight. Ignition 

limits in a mixture with air are 4-75% by 

volume of hydrogen. In an oxygen mixture 

the flammability limits are: 4-94% by 

volume of hydrogen, and with chlorine: 

5-95%. 

 

There are two main methods for hydrogen storage – 

physical storage and chemical storage [3]. A third method, 

which can be considered physical, chemical, or a 

combination of both, is adsorption. 

Physical methods are the most utilized due to their 

simplicity compared to other methods. Their biggest 

advantage is the higher speed of charge and discharge. These 

methods rely on storage under high pressure, under low 

temperatures (hydrogen is in liquid state) or a combination of 

both. Storage under high pressure is done using type 3 and 

type 4 tanks, defined in the EN ISO 11439:2000. They have 

an internal metal (usually an aluminium alloy) or plastic liner 

and a shell made of composite materials [4], [5]. Hydrogen is 

kept in these vessels under pressure of 350 or 700 bar. 

Another physical method – storage under low temperature, 

is done by cooling hydrogen gas down to temperatures below 

20 K (just below boiling point, table 1) in order to transform 

it into liquid. Then hydrogen is stored into a special fuel tank. 

At this temperature hydrogen has a density of 70 kg/m3. A 

big drawback of this method is the energy needed to cool 

down the gas. It is about 30% of the energy which the gas 

itself contains [6]. Another problem is the need of tank with 

two shells, with several different layers of insulation in 

between, which is necessary in order to keep hydrogen from 

warming up and expanding [7]. The third option for physical 

storage is cryo-compressed hydrogen. Hydrogen is liquefied 

at temperature lower than 20 K and then stored into fuel tank 

under 350 bars of pressure. A much higher density of the gas 

is achieved with this method. It is used in a Toyota Prius 

prototype and proves a much higher possible travel distance 

[7]. The most important drawback of all the physical methods 

however, is the higher risk of explosion compared to other 

methods. 

In chemical methods hydrogen is stored by forming 

chemical compounds, such as hydrides, ammonia, formic 

acid, carbohydrates [8], complex hydrocarbons etc., with 

other chemical elements. When engine is operating the 

compounds are being broken thus releasing hydrogen. 

Usually the process requires a catalyst – certain pressure or 

temperature. Among the chemical compounds hydrides are 

one of the most frequently used hydrogen carriers. They are 

formed by the general reaction: 

k1M + k2H2 → k3MHn (2) 

where: M is metal – lithium, sodium, potassium, aluminium, 

etc.; k1-k3 are coefficients to balance the equation; n is 

number of hydrogen atoms in the hydride. Complex metal 

hydrides [7], which consist of 2 or more metals and 

hydrogen, such as NaAlH4, can also be formed [9]-[10]. By 

now hydrates are the most promising of the chemical storage 

methods. They have a high gravimetric energy density and a 

decomposition of the compound can be achieved relatively 

easy. The most important advantage of chemical storage 

methods is the lower risk of explosions. The compounds are 

stable, no losses from evaporation or accidental leak of 

hydrogen are possible. Unfortunately the stability is a barrier 

for achieving high speeds of fuel charge and discharge. 

Problems with recycling are also present. 

Adsorption is a process of containing hydrogen on the 

surface of a certain material [6], [7]. The forces of adhesion 

are relatively weak so the discharge of hydrogen is easier 

compared to chemical methods. The materials used are 

mostly different forms of carbon: fullerene, carbon 

nanotubes, graphite, graphene, zeolites etc. This method is 

relatively cheap and the risk of accidents is low, like the 

chemical methods. Still hydrogen has to be charged under 

low temperatures and high pressure. 

 

IV. PRECAUTIONS AND CONVERSION OPTIONS 

Most of the precautions for the hydrogen use are taken at 

the stage of fuel tank production. Tanks are tested in 

extreme conditions and are able to withstand different and 

very high loads [11]. Still there are other precautions that 

should be taken care of. At least one sensor for hydrogen 

concentration in air should be mounted in the vehicle or in 

the area of hydrogen storage. Most sensors generate a 

signal when hydrogen content in the air is above 0,25%. A 

flashback arrestor (one-way valve) is also required along 
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the fuel line. The valve should stop an eventual wave of 

pressure, caused by explosion somewhere in the fuel line, 

to reach the fuel tank. The fuel line itself should be 

composed of elements which are resistant to hydrogen 

embrittlement [12][13]. Many metals, including some 

types of steel have a crystal structure which permits 

hydrogen molecules to enter between adjacent atoms of the 

metal. This phenomenon can cause dangerous failures of 

some fuel line elements. Thus, materials for hydrogen feed 

should be picked up carefully. Along with this securing a 

good sealing of the fuel line connections is also essential.  

A conversion of a diesel engine for dual fuel operation 

requires a secondary fuel system to inject the hydrogen. 

Such fuel system consists of a hydrogen fuel tank, fuel line, 

including a check valve and a fuel shot-off valve, pressure 

regulator (one or two as pressure may need to be reduced in 

two stages), hydrogen injectors, sensor (one or more) for 

hydrogen concentration in the surrounding air and an 

engine electronic control unit (ECU). ECU is used to 

control hydrogen injection timing and to shut off hydrogen 

fuel supply if a signal is received from the sensor for 

hydrogen concentration. These elements can be used for 

converting any vehicle with diesel engine to operate with 

diesel and hydrogen in dual-fuel mode – automobiles, 

trucks, buses, agricultural technique, locomotives or other. 

Similar conversion for a spark ignition engine is made by 

D. Sáinz, P.M. Diéguez, C. Sopena, J.C. Urroz and L.M. 

Gandía [14]. Their research represents data acquired from 

the operation of a fully functional small commercial 

vehicle running on hydrogen. 

There are two possible ways to inject hydrogen – directly 

in to the cylinder or in the engine intake manifold. The 

direct injection is more beneficial in terms keeping the 

engine volumetric efficiency. However it requires injectors 

with a special design, which are able to withstand the high 

temperature and pressure [15]. Indirect injection is simpler 

to achieve - injectors are mounted on the engine intake 

manifold and fuel is injected before the intake valve 

[16][17]. This type of injection is worse for the volumetric 

efficiency due to the high volume of hydrogen in the intake. 

No matter the pressure at which hydrogen is stored, once 

injected in the manifold, its density becomes ~0,1 kg/m
3
 

depending on the temperature. Thus there is less space in 

the intake manifold and less air enters the engine. Direct 

injection is the more profitable way of conversion, but due 

to the high complexity of injectors there is very little 

research on it. Finding a place to mount the injector in the 

combustion chamber of an engine with 4 valves per 

cylinder is also a big challenge. So at this stage of fuel 

systems development, hydrogen is more frequently injected 

into the intake manifold. 

 

V. CONVERSION COSTS AND GAS COSTS 

Basic economic calculations are an essential aspect of the 

diesel engine conversion process. The total conversion costs 

may have a value greater than the value of the engine or the 

vehicle itself. Hydrogen purchased from hydrogen stations in 

Europe and USA is also more expensive than diesel fuel (the 

higher lower heating value of hydrogen is taken into 

account). A brief description of the conversion costs is 

presented in table 3. 

Table 3-Costs for hydrogen conversion 

Element from the 

hydrogen fuel 

system 

Quantity Price per 

1pc 

Price 

total 

- - EUR EUR 

Hydrogen type 4 

tank and storage 

system [18]-[20] 

1 1900 1900 

Pressure regulator 1(2) 100 100(200) 

Hydrogen 

injectors rail 
1 50-100 50-100 

Sensor for 

hydrogen 

concentration in 

air 

3 5 15 

Hydrogen pressure 

sensor 
1 30 30 

Hydrogen 

temperature sensor 
1 25 25 

ECU for the 

hydrogen fuel 

system 

1 300 300 

Hoses 15 5 75 

Wiring 50 0,2 10 

Total costs - - 2580 € 

 

Prices in table 3 are average prices for the components, 

gathered from different online stores, US Department of 

Energy and other sources. Market for hydrogen storage 

systems, sensors and other products, related to hydrogen fuel 

injection, is relatively young and going under rapid 

development. Supply and demand of hydrogen goods also 

differ greatly in various regions in the world. Prices change 

daily. Thus it is extremely hard to find reliable data and 

predict the accurate component prices. Prices can also vary 

depending on the engine parameters, the vehicle which is 

driven by the engine, components mounting possibilities, etc. 

For example a rail with CNG injectors is suitable for 

hydrogen, but price can vary depending on the number of 

cylinders. Length of hoses and wiring can vary too. ECUs are 

also from different categories and their price can vary from 

150 to more than 5 000 €. After adding all the component 

prices, the total conversion costs reach about 2600 € without 

taking into account the labour expenses. This is a very low 

price compared to [14] where authors claim that the total 

conversions costs are 6000 € and 200 man-hours (year is 

2012). One reason for the big difference is the use of 2 

hydrogen tanks in [14] which are the most expensive 

components in the conversion process. The difference also 

shows the fast market and price development. Dropping 

storage system prices during the period 2013-2018 can also 

be seen in [21]. 

Hydrogen gas costs can vary in different regions of the 

world. In the EU price is 9,5 EUR/kg in every hydrogen 

station [22]. In California, USA the average price of 

hydrogen for 2019 is ~16$/kg [23]. This price is several times 

higher than the price of diesel fuel. 

VI. INFLUENCE OF HYDROGEN ON PERFORMANCE, 

ECONOMY AND EMISSIONS OF A COMPRESSION 

IGNITION ENGINE 

The predominant part of research done on hydrogen 

conversion and the influence of hydrogen on performance, 
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economy and emissions is done by varying hydrogen share in 

the total fuel (diesel fuel + hydrogen) at constant engine 

speed and power (torque). Most researchers define a 

coefficient based whether on the energy share or on the fuel 

consumption of each fuel. In the case of energy share the 

coefficient is expressed by the formula: 

      
   

       
       (4) 

where     and     are the energies brought with each fuel. 

Same coefficient can be expressed in terms of fuel 

consumption: 

       
   

       
       (5) 

where     and     are fuel consumptions of hydrogen and 

diesel fuel respectively and can be measured in [kg/cycle] or 

[kg/h]. Both coefficients are related as energy brought with 

the corresponding fuel per cycle (  ) can be expressed with 

the equation: 

                   (6) 

where    is the mass of fuel injected in one engine cycle [kg] 

and      is the lower heating value of fuel [kJ/kg]. The main 

purpose with these coefficients is to assess the change in 

engine performance, emissions, economy and combustion 

process as a function of the hydrogen quantity in fuel. 

Influence of hydrogen for most of these parameters is 

discussed below. 

A. Influence on total fuel consumption and specific fuel 

consumption 

Most of researchers unite around the thesis that hydrogen 

substitution and growing hydrogen share in fuel has a 

positive influence on the specific fuel consumption. A study 

of Juknelevicius, Szwaja, Pyrc and Gruca [24] shows a 

drastic reduction is the specific fuel consumption as a 

function of hydrogen energy share at all engine loads. Total 

fuel consumption also drops as it is a function of the specific 

fuel consumption and engine power (which is kept constant). 

Hamdan, Selim, Al-Omari and Elnajjar performed an 

investigation which confirms that increasing hydrogen leads 

to lower specific fuel consumption [25]. Other sources also 

confirm the positive influence of hydrogen on fuel economy 

[26], [27]. Yet, there is a limited amount of research which 

shows a negative influence of hydrogen on efficiency and 

economy [28]. 

B. Influence on total efficiency 

Total engine efficiency is related to specific fuel 

consumption and the average lower heating value of the fuel 

mixture. Thus a positive influence of hydrogen on specific 

fuel consumption should lead to positive influence on total 

efficiency [25], [27]. A research of Tsujimura and Suzuki 

[29] shows the influence of different hydrogen energy share 

on thermal efficiency for 3 different engine loads. At light 

load hydrogen has ambiguous effect on efficiency. At 

medium and high engine loads growing hydrogen energy 

share has a positive impact on engine thermal efficiency. The 

research presented in [24] claims that hydrogen has a positive 

effect on specific fuel consumption at all engine modes. 

However the thermal efficiency depends not only on 

hydrogen share but on engine load too. Yet, at most engine 

loads increasing share of hydrogen has positive or no 

influence on efficiency. A study of Lata, Misra and Medhekar 

also shows a strong dependency of hydrogen influence on 

efficiency from engine load [30]. Again hydrogen influence 

is better at high loads than at low loads. Another parameter 

that has strong impact on thermal efficiency is engine 

volumetric efficiency. Unfortunately none of the cited 

research presents results about it as a function of hydrogen 

share in fuel. 

C. Influence on emissions 

Hydrogen should at first thought have positive influence on 

engine emissions as products from hydrogen combustion are 

water and heat. Its high flame speed however leads to rising 

in-cylinder temperature and pressure, compared to diesel fuel 

operation, which are conditions suitable for nitrogen oxides 

formation. This however, combined with the good mixture 

formation of hydrogen and air, should lead to better 

combustion and thus lower levels of unburned carbon and 

exhaust gas opacity. Influence of hydrogen on each toxic 

component is analysed below.  

Influence on exhaust gas opacity. Researchers are 

consistent about the benefits of increasing hydrogen fuel 

share regarding exhaust gas opacity (smokiness). Some of the 

authors show drastic improvement (opacity several times 

lower, compared to work on diesel fuel only) [24], [31], [32]. 

Other researchers show a less significant, but still positive 

effect of increasing hydrogen fuel share on engine smoke 

emissions [25], [29]. Impact of hydrogen on this emission 

component can be considered positive at all engine modes. 

Influence on nitrogen oxides (NOx). Influence of hydrogen 

fuel on nitrogen oxides (NOx) is highly variable, mostly 

depending on engine load. Some authors represent results 

with slight positive or neutral hydrogen influence on the NOx 

concentration in exhaust gases [25], [27], [29], [31]. Results 

with rising levels of NOx in function of hydrogen content 

however are more clear and pronounced [24], [32], [33], [34]. 

Thus the influence of hydrogen at this emission component is 

considered negative.  

Influence on hydrocarbons (HC). Hydrocarbons (HC), like 

NOX, also vary as a function of engine load. According to 

[27] the gaseous fuel has positive influence on the 

concentration of hydrocarbons in exhaust gases at all engine 

loads. According to the results in [29] however, the influence 

of hydrogen on hydrocarbons concentration is neutral or 

slightly negative at low to medium load and strongly positive 

at high load. Results in [24] show a positive influence of 

growing hydrogen share on the level of hydrocarbons. The 

experiments in [31], which are made at different compression 

ratios, apart from the different hydrogen energy share, show 

ambiguous results – at low and medium compression ratio 

hydrogen has slightly negative or neutral influence. At high 

compression ratio the influence on total hydrocarbons is 

strongly positive. Results in [32] and [34] show negative 

effect of increasing hydrogen share on total HC which is 

better expressed in [34]. 

Influence on carbon monoxide (CO) and carbon dioxide 

(CO2). All the authors claim that increasing hydrogen in total 

fuel reduces the carbon dioxide (CO2) concentration in the 

exhaust gas [24], [27], [29], [32]. Effect on carbon monoxide 

(CO) concentration is also positive [26], [29], [31], [32] [34]. 

Only in [30] authors show a negative influence of hydrogen 

on CO concentration. 
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VII. INFLUENCE OF HYDROGEN ON THE 

COMBUSTION PROCESS OF A COMPRESSION 

IGNITION ENGINE 

The nature of combustion process and its parameters very 

much define the engine performance, economy and 

emissions. Combustion process parameters are also an 

important measure for the engine mechanical and thermal 

load. Therefore it is essential to know what influence 

hydrogen has on these parameters. 

A. Influence on in- cylinder pressure 

Like some of the parameters mentioned above, the 

influence of hydrogen on in-cylinder pressure strongly 

depends on engine load. Most authors show a decrease in 

maximum in-cylinder pressure with increasing hydrogen 

share at low loads. At high loads hydrogen has no influence 

or leads to an increase of maximum pressure [28], [30], [34], 

[35]. The study done by Yilmaz and Gumus however shows a 

higher maximum in-cylinder pressure with increasing 

hydrogen share at low load [27]. At high load the maximum 

pressure does not change significantly compared to 

combustion with diesel fuel only. A study, done by Mirica, 

Cernat, Pana, Negurescu and Nutu [36], represents a diagram 

of the maximum in-cylinder pressure as a function of fuel 

substitution (hydrogen share) at 40% engine load. Result is a 

rising maximum pressure with growing hydrogen share. So 

there are different possibilities for hydrogen influence on the 

maximum in-cylinder pressure. It depends on engine load and 

speed, diesel injection timing, engine specifications (number 

of cylinders, cooling system, shape of combustion chamber) 

etc. Higher in-cylinder pressure usually means more 

mechanical work produced by the engine, thus higher total 

efficiency. Unfortunately such pressure leads to higher 

mechanical load on engine parts which can result in severe 

damages as engine is calculated for diesel fuel operation with 

a certain maximum pressure in the combustion chamber. 

Exceeding this pressure may lead to negative consequences. 

B. Influence on cylinder pressure rise rate 

There is less research on the pressure rise rate in the engine 

combustion chamber than on in-cylinder pressure or rate of 

heat release. Yet pressure rise rate is an important parameter, 

an indicator for dynamic mechanical load on engine parts. 

Pressure rise rate, higher than 1 MPa/° (crankshaft rotation) is 

unacceptable as it can lead to engine failure [32], [37]. All 

results show that increasing hydrogen share leads to higher 

pressure rise rates at high engine loads [31], [32], [36], [38]. 

This corresponds to the high speed of propagation of 

hydrogen flame. Yet, a slight reduction in pressure rise rate is 

possible at low engine loads [38]. So hydrogen content 

should be limited, especially at high engine load in order to 

keep engine parts within the calculated static and dynamic 

mechanical load. 

C. Influence on heat release rate 

Curves representing the heat release rate in the engine can 

vary and depend on a number of engine operating parameters, 

including: injection timing of diesel fuel, engine speed and 

load, hydrogen injection timing, hydrogen energy share etc. 

Thus it is difficult to isolate and analyse the influence of 

hydrogen energy/mass share. Yet some conclusions can be 

made, mostly regarding the maximum value of heat release 

rate. Growing hydrogen share in fuel usually leads to 

growing maximum heat release rate [32], [34], [39], [40]. 

Authors in [27] give the opposite statement – in their research 

higher hydrogen content lead to lower maximum value of 

heat release rate, no matter the engine load. In [35] the 

influence varies according to engine load – at low load 

hydrogen has no influence on maximum heat release rate, at 

medium engine load growing hydrogen share leads to 

reduction of the maximum rate of heat release and at high 

load increasing hydrogen content leads to increasing 

maximum value of heat release rate. The effect of hydrogen 

on ignition delay is also ambiguous. Results in [35] show that 

an increasing level of hydrogen causes a bigger ignition delay 

at all engine modes. The research results presented in [27], 

[32], [34] and [39] claim that hydrogen has no influence on 

ignition delay. Results in [39] are ambiguous - increasing 

hydrogen content can lead to bigger or smaller ignition delay 

depending on diesel fuel injection timing, engine load and 

speed. 

The influence of hydrogen on engine performance, 

economy, emissions and combustion process parameters of a 

diesel engine running in dual-fuel mode is summarized in 

table 4. 

Table 4 – Influence of hydrogen on performance, economy, 

emissions and combustion process parameters 

Parameter 

Hydrogen 

influence in 

brief 

Influence of growing 

hydrogen content in 

fuel 

Total fuel 

consumption and 

specific fuel 

consumption 

Positive 

Lower total and 

specific fuel 

consumption, better 

engine economy 

Total efficiency Positive 
Better or unchanged 

total efficiency 

Exhaust gas 

opacity 
Positive 

Lower levels of 

exhaust gas opacity 

NOx 

concentration 
Negative 

Higher concentrations 

of NOx 

HC 

concentration 
Neutral 

Higher and lower 

concentrations of HC. 

Ambiguous results. 

CO and CO2 

concentration 
Positive 

Lower concentration 

of CO and CO2. 

Maximum 

in-cylinder 

pressure 

Neutral 

Depending on engine 

load, speed, diesel 

fuel injection 

parameters. 

Ambiguous results. 

Maximum 

pressure rise rate 
Negative 

Higher maximum 

pressure rise rate.  

Heat release rate Neutral 

Higher maximum heat 

release rate. No (or in 

less cases –variable) 

effect on ignition 

delay. 

 

VIII. CONCLUSIONS 

A conversion of a diesel engine for dual fuel operation 

with hydrogen can be analyzed in a lot of aspects. Some of 
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these aspects are: design tasks (storage options, precautions 

and conversion options), conversion costs and fuel costs and 

influence on engine economy, emissions and combustion 

process parameters. Several conclusions can be made, 

regarding these aspects: 

• Among the existing storage methods, the physical 

methods, and storage under high pressure in particular, are 

the only applicable methods for diesel engine conversion; 

• Precautions have to be taken when working with 

hydrogen, including – installation of sensors for hydrogen 

content in air, installation of flashback arrestors, hydrogen 

shut-off valve etc.; 

• Realization of direct injection of hydrogen, despite its 

advantages, is hard to achieve and therefore indirect port 

injection is used more commonly. This option however, has a 

negative influence on the engine volumetric efficiency; 

• Costs for conversion of a diesel engine for 

diesel-hydrogen operation are higher than costs for 

conversion to a diesel-LPG or diesel-CNG operation. Price of 

hydrogen is also higher than the price of conventional fuels; 

• Hydrogen has a positive influence on engine fuel 

consumption and efficiency; 

• Hydrogen has a positive influence on exhaust gas 

opacity, on carbon monoxide (CO) and dioxide concentration 

(CO2); 

• Hydrogen has a negative influence on nitrogen oxides 

concentration (NOx) and on pressure rise rate in the 

combustion chamber; 

• Influence of hydrogen on hydrocarbons concentration 

(HC), maximum in-cylinder pressure and maximum heat 

release rate is ambiguous according to different researchers. 

It can be concluded that hydrogen use in compression 

ignition engines is very beneficial in terms of fuel economy, 

exhaust gas emissions and combustion process parameters. 

Compression ignition engines (and spark ignition engines 

too) may not be the best machines from ecological point of 

view, but, combined with fuel as energy carrier, they 

represent the lightest autonomous source of mechanical 

power. This can have great advantages in certain aspects. Yet 

several obstacles like storage options, difficulties in direct 

injection realization and high conversion and fuel costs, have 

to be settled in order to achieve a mass use of hydrogen in 

diesel engines. 
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