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Abstract: The demand for fossil fuels is increasing because of globalization and rising energy demands.
As a result, many nations are exploring alternative energy sources, and hydrogen is an efficient and
practical alternative fuel. In the transportation industry, the development of hydrogen-powered cars
aims to maximize fuel efficiency and significantly reduce exhaust gas emission and concentration. The
impact of using hydrogen as a supplementary fuel for spark ignition (SI) and compression ignition (CI)
engines on engine performance and gas emissions was investigated in this study. By adding hydrogen
as a fuel in internal combustion engines, the torque, power, and brake thermal efficiency of the engines
decrease, while their brake-specific fuel consumption increase. This study suggests that using hydrogen
will reduce the emissions of CO, UHC, CO2, and soot; however, NOx emission is expected to increase.
Due to the reduction of environmental pollutants for most engines and the related environmental
benefits, hydrogen fuel is a clean and sustainable energy source, and its use should be expanded.

Keywords: hydrogen fuel; renewable energy

1. Introduction

The rise in the world population and the excessive use of fossil fuels have resulted
in a significant increase in the global demand for energy production in the twenty-first
century [1]. Total global oil consumption was 3928 million tons in 2008 and is expected
to reach 5300 million tons by 2021 [2,3]. However, oil is a finite resource that is becoming
increasingly scarce and expensive [4]. Because of their availability, fossil fuels now meet
around 65% of the world’s energy demand [5]. Transportation vehicles and machinery
that require fossil fuels to operate use a significant proportion of this energy. In 2018,
1.42 billion automobiles and light trucks were on the road globally [6]. By 2050, the number
of automobiles is anticipated to exceed 2 billion [7].

The decline in fossil fuels availability has led to an energy (fuel) crisis. IC engines, on
the other hand, will continue to dominate the transportation and power industries due to
their flexibility. Pollutants emitted by internal combustion engines affect the atmospheric
conditions and cause serious problems such as global warming, air pollution, acidic rains,
and respiratory problems [8]. So far, many researchers have tried to create a suitable
combustion system for the complete combustion of hydrocarbons [9,10]. However, the
issue is still challenging. Increasing fuel quality and creating better fuel combustion in
engines are among the methods that have been considered to solve this problem. In these
methods, there is no need to make changes in the engine structure. The use of biofuels,
water, nanoparticles, and other additives is among the solutions that have been studied
to increase combustion and fuel quality [8]. To ensure the long-term safety and viability
of IC engines, “clean-burning” fuels derived from renewable sources must be developed
as soon as feasible [11]. In this respect, research and investments in the use of renewable

Energies 2021, 14, 6209. https://doi.org/10.3390/en14196209 https://www.mdpi.com/journal/energies

https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0001-6588-5629
https://orcid.org/0000-0002-5332-4792
https://doi.org/10.3390/en14196209
https://doi.org/10.3390/en14196209
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14196209
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en14196209?type=check_update&version=1


Energies 2021, 14, 6209 2 of 20

and sustainable alternative fuels, as well as improvement of engine energy efficiency, have
been made [12–15].

One of the most promising possibilities for meeting future energy demands is hy-
drogen [16]. Hydrogen is environmentally friendly when it is produced from renewable
sources in a sustainable and efficient process [17]. In comparison to hydrocarbon fuels such
as natural gas, gasoline, and diesel, utilizing hydrogen as a fuel in internal combustion
engines can improve thermal efficiency while decreasing carbon emissions. A key benefit
of using hydrogen for transportation is that it increases our reliance on renewable sources
while reducing our usage of non-renewable fossil fuels [18].

Hydrogen has remarkable qualities as a carbon-free fuel. Hydrogen has three times
the heating value of petroleum in internal combustion engines and fuel cells and produces
considerably fewer hazardous tailpipe emissions, which is one of the major disadvantages
of fossil fuels [19]. One of the major advantages of hydrogen is that it is an environmentally
friendly fuel since when utilized in a fuel cell, it produces solely H2O [20]. Hydrogen
has a heating value 4, 2.8, and 2.4 times higher than those of coal, gasoline, and methane,
respectively [21]. When compared to fossil fuels, hydrogen, the most abundant element,
has the highest specific energy content [22].

Compression ignition (CI) diesel engines are widely used in heavy transport, power
generation, and agricultural applications. Some of their benefits include increased torque,
increased power, increased thermal efficiency, and lower fuel consumption [23,24]. Un-
fortunately, diesel engines create more nitrogen oxides (NOx), unburned hydrocarbons
(UHC), carbon monoxide (CO), and soot [25]. Despite the fact that heavy-duty engines
emit pollutants into the environment, they are unlikely to be phased out anytime soon,
as alternatives such as large-scale fuel cell manufacturing remain difficult and expen-
sive [26]. Hydrogen fuel in CI engines can minimize CO2 emissions while preserving or
even enhancing engine performance [27,28].

Because of its unique properties, hydrogen is more suited for use in spark ignition (SI)
engines than in compression combustion (CI) engines [29,30]. The adiabatic flame rate of
hydrogen, for example, is much higher than that of gasoline, which enhances the combus-
tion stability [30,31]. Furthermore, hydrogen has a significantly greater diffusion coefficient
than gasoline, resulting in a more homogeneous combination of air and fuel. When added,
hydrogen’s broad flammability makes it easier to run engines in lean circumstances [32].
In addition, because hydrogen has a higher combustion temperature (about 858 K [33]), it
is better suited to SI engines than to compression combustion (CI) engines [34–36].

Several studies on the use of hydrogen in spark ignition engines have been done [37,38]
that confront problems such as low volumetric efficiency and decreased power density.
Table 1 [39] compares the characteristics of hydrogen, gasoline, and diesel.

Table 1. Hydrogen, gasoline, and diesel have different characteristics.

Properties Hydrogen Gasoline Diesel

Carbohydrate content (mass percent) 0 84 86
Molecular mass 2.015 110 170

A/F stoichiometric ratio 34.3 14.6 17
Temperature of ignition (K) 858 530 -

Temperature of adiabatic flame (K) 2384 2270 2300
293 K (cm/s) flame speed 237 41.5 -

Flammability limits (vol percent in air) 4.1–75 1.5–7.6 0.6–5.5
Quenching the gap (cm) 0.06 0.2 -

Lower heating value per kilogram (MJ/kg) 120 44 -
Diffusion coefficient (cm2/s) under stoichiometric conditions 0.61 0.05 -

To employ pure hydrogen in engines, major engine modifications are necessary. In-
stead, hydrogen may be utilized as an auxiliary fuel in automobiles to minimize fuel
consumption and emissions, as a middle solution [40,41].
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Given the importance of hydrogen fuels as renewable and clean fuels in internal
combustion engines, it is important to examine their influence on spark and compression
ignition engines. The goal of this research is to look at how hydrogen fuels affect the
performance and emissions of spark and compression ignition engines.

2. Production Methods of Hydrogen

Hydrogen has become one of the most useful alternatives to fossil fuels today due
to its properties such as great range of flammability, minor quenching distance, minimal
ignition source energy, great diffusivity, and low density [42]. Since hydrogen is one of the
many elements in the environment, it is easily available [43].

Hydrogen is not available in its pure form in nature (atmosphere). However, it can
be produced from hydrogen-containing compounds such as fossil fuels, hydrogen sulfide,
biomass, and water. To acquire hydrogen, it must first be separated from the other elements
in the combination [42].

The following are ways for producing hydrogen. Due to their lower cost (less than
2 $/kg H2) compared to other methods, steam methane reforming and coal gasification are
the current industrially established processes for hydrogen production [17].

2.1. Steam Methane Reforming

Over 90% of the world’s hydrogen is produced using the steam methane reforming
process [44]. Under a 3–25 bar pressure (1 bar = 14.5 psi) in the presence of a catalyst,
methane combines with steam to form hydrogen, carbon monoxide, and a trace amount
of carbon dioxide. Methane steam reforming is an endothermic reaction, which means it
requires heat to complete the process [45]. Most of the hydrogen generated in the world
today is derived from natural gas.

The process of steam–methane reforming for hydrogen production is similar to that
of producing other fuels like ethanol, propane, or even gasoline. The first stage is to
generate carbon monoxide and steam, which are then combined with a catalyst to produce
more hydrogen. In a final production stage known as “pressure swing adsorption”, car-
bon dioxide and other impurities are removed from the gas stream, leaving essentially
pure hydrogen [45].

Reaction of steam–methane reforming [45]:

Heat + H2O + CH4 +→ CO + 3H2 (1)

Reaction between water and gas [45]:

H2O + CO→ Heat (few amount) + H2 + CO2 (2)

2.2. Electrolysis

Electrolysis is a viable method for generating carbon-free hydrogen from renewable
and nuclear energy. The process of splitting water into hydrogen and oxygen using
electricity is known as hydrogen generation. An electrolyte separates to the anode and the
cathode in an electrolyzer. Because of the varied types of electrolyte material and ionic
species they conducts, different electrolyzers work in different ways [46].

Recently, research has been done on hydrogen wind systems based on the electrolysis
of water with wind energy to generate the electricity required by this method using a renew-
able wind source. In this regard, sources including wind energy are used as a renewable
energy option. Using this technology, renewable energy-based electricity can be converted
to hydrogen, a carbon-free energy carrier that does not emit greenhouse gas [47,48].

2.3. Coal Gasification

Coal is made up of two parts: carbon-based matter (the decomposed remnants of
prehistoric plants) and mineral stuff (which comes from the ground from which the coal
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is dug). Carbon-based matter is made up of five primary components: carbon, hydrogen,
oxygen, nitrogen, and sulfur [49].

To comprehend gasification, we must first comprehend combustion. The full oxidation
of a fuel such as coal, which generates heat and carbon dioxide, is known as combustion.
Carbon dioxide is a non-combustible end product of the burning process because it cannot
be further oxidized. However, coal is not fully oxidized during gasification. Coal is
instead treated with a substance known as a gasification agent. Gasification is endothermic,
meaning it produces no heat. In reality, it requires heat input in order to proceed. Because
the resultant gas is not completely oxidized, it can be burnt as a fuel.

The method of producing hydrogen from coal begins with partial oxidation, which
involves adding some air to the coal, which produces carbon dioxide through traditional
burning. However, not enough heat is provided to totally burn the coal—simply enough to
heat the gasification reaction. The partial oxidation process also produces carbon dioxide,
which is used as a gasifier. Carbon monoxide is formed when carbon dioxide interacts with
the remainder of the carbon in coal (this is an endothermic gasification reaction, which
needs heat input). There is no hydrogen yet. Carbon monoxide in the gas stream now reacts
with steam to produce hydrogen and carbon dioxide; therefore, we are now producing
hydrogen (Figure 1).
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2.4. Biomass Gasification

Gasification is a process that transforms organic or fossil-based carbonaceous mate-
rials into carbon monoxide, hydrogen, and carbon dioxide at high temperatures without
combustion. Biomass does not gasify as quickly as coal because it creates additional hydro-
carbon compounds in the gas mixture entering the gasifier, especially when no oxygen is
employed. As a result, an additional step to reform these hydrocarbons using a catalyst to
produce a clean syngas is usually required. An example of a simplified reaction is [50]:

H2O + O2 + C6H12O6 → H2 + CO2 + CO + other species (3)

Note that glucose is used as a cellulose substitute in the aforementioned process. The
content and complexity of the actual biomass varies greatly, with cellulose being one of the
most important components [51].

Supercritical water gasification is a promising hydrothermal technology for transform-
ing waste biomass to hydrogen-rich syngas (gaseous, liquid, and solid bio-products) and
bio-oil at high temperatures and elevated pressures [52]. Water in this process exists in its
supercritical condition (T > 374 ◦C, p > 22.1 MPa). Supercritical water conditions near the
critical point are mostly recommended; water can easily hydrolyze natural polymers of
biomass such as cellulose, hemicellulose, and lignin [53].
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2.5. Microbial Biomass Conversion

Microbial biomass conversion methods make use of microorganisms’ capacity to
consume and digest biomass while also releasing hydrogen. This study might lead to
commercial-scale systems in the mid- to long-term, depending on the path taken.

Refined sugars, raw biomass sources like maize stover, and even wastewater can be
used as organic matter. These methods are frequently referred to as “dark fermentation”
approaches since they do not need the use of light [54].

Microbes generate hydrogen directly in direct hydrogen fermentation. These bacteria
can break down complex compounds in a variety of ways, and enzymes may combine the
byproducts from some of these routes to create hydrogen [54].

Microbial electrolysis cells (MECs) are devices that generate hydrogen by combining
the energy and protons supplied by microorganisms breaking down organic materials with
a modest electric current. This technology is still in its early stages, and researchers are
striving to improve several elements of it, including searching for lower-cost materials and
determining the best microorganisms to employ (Figure 2) [54].
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2.6. Thermochemical Water Spliting Cycles

Thermochemical water splitting cycles (TWSCs) are a sequence of chemical processes
that use heat energy to generate hydrogen and oxygen from water [55]. The temperature
necessary for direct one-step water splitting is more than 2000 ◦C, necessitating the use
of a very high temperature heat source, and existing building materials are insufficiently
resistant for this operation [56]. As a result, TWSCs with two or more stages have been
studied and developed during the last 50 years. TWSCs are being researched in several
categories, with different technologies being developed characterized by different number
of stages and maximum operating temperature [57].

3. Methods of Using Hydrogen in Engines

Hydrogen may be utilized as a fuel in internal combustion engines; however, the
combustion structure of the fuel can be altered with modest engine changes. The usage of
hydrogen in an internal combustion engine is similar to that in other types of motors. In
different investigations on the use of hydrogen in internal combustion gasoline engines
within the automobile industry [58], hydrogen enters the combustion chamber of the motor
via injection or carburetor frameworks from the premixed complex.

3.1. Use of Hydrogen as a Direct Fuel

Traditional engines typically run on liquid fuels like gasoline and diesel. There are a
few motors that run on alternative fuels such as natural gas. Traditional engines cannot be
utilized directly with hydrogen, unless the combustion systems are modified. To be able to
combine various forms of electricity and hydrogen, a few novel ideas must be created [59].
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3.2. Use of Hydrogen as a Secondary Fuel

Hydrogen can be used as a main or secondary fuel in internal combustion engines.
Although there are certain disadvantages to employing hydrogen as a single fuel source,
it is more suited in the current scenario [60]. Even if this technique does not eliminate
reliance on fossil fuels, hydrogen will be utilized in conjunction with an economic shift in
the fuel framework, and harmful exhaust emissions will be minimized [61].

4. Methods to Provide Hydrogen to Internal Combustion Engines

The construction of hydrogen engines is similar to that of ordinary internal combustion
engines. However, to fix several issues, such as low power output, high NOx emissions,
and irregular combustion, various changes to the fuel delivery system and combustion
system are required [42]. To totally burn hydrogen, the air/fuel mass ratio must be 1:34,
meaning 1 part hydrogen must be combined with 34 parts of air in the cylinder. Hydrogen
makes up around 30% of the combustion chamber under stoichiometric circumstances [62].

As a result, three unique fuel delivery techniques were investigated in order to deter-
mine their potential as fuel cells.

4.1. Fuel Carburetion Technique

In hydrogen engines, the use of a gas carburetor, which is one of the oldest and most
efficient techniques, offers advantages. Because a carburetor is often employed in a gasoline
engine, the hydrogen fuel gasification process may be simply utilized to turn a widely used
gasoline engine into a hydrogen engine.

The air–hydrogen mixture enters the intake manifold on a regular basis. A valve
regulates the quantity of hydrogenated air to be combined, which powers the motor. Some
engines need the addition of water. Steam and hydrogenated air are combined to increase
engine performance, especially when the speed is too high. This is determined by the
quantity of injected fuel. Because of the lower volumetric efficiency and system losses,
the engine power is reduced by 15%. This method may also produce engine pre-ignition,
recoil, and knock since the ratio remains constant [63,64]. Figure 3 presents a schematic
depiction of the fuel carburetion process in action [65].
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4.2. Inlet Manifold and Inlet Port Injection Technique

The intake port injection procedure is depicted in Figure 4. Hydrogen is delivered
to the cylinder by mechanical or electrical injectors that may operate at varying rates and
mixes with the air coming in through the intake manifold. The intake manifold plays a
crucial role. The unfavorable effects of the carburizing technique, such as premature aging,
shrinkage, and shock formation, were removed [66,67].
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4.3. Direct Injection Systems

After the intake valve is closed, an air–fuel combination is formed in the combustion
cylinder, which is a more technically sophisticated mechanism. After compression, hy-
drogen is delivered straight into the combustion chamber, similar to what achieved with
numerous injections. Due to its fast diffusion, hydrogen will rapidly combine with air
and can be utilized as a source of ignition for the spark plug [68]. The direct-injection
hydrogen engine outperforms the other two technologies in terms of performance and
efficiency. Furthermore, in hydrogen direct-injection engines, excessive auto-ignition tem-
perature, pressure increase, and combustion delay may occur [69]. Figure 5 depicts the
direct injection mode.
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5. Impact of Hydrogen Fuels on the Performance of Internal Combustion (IC) Engines

The use of hydrogen in gasoline engines has been extensively researched, and various
modifications to these engines are required due to hydrogen’s properties [62]. Previous re-
search on hydrogen’s usage in internal combustion engines has concentrated on combining
hydrogen with gasoline or diesel fuel and evaluating the performance enhancement [71–74].

5.1. Power and Torque

Because the lower heat value (LHV) of hydrogen (120 MJ/kg) is larger than those of
diesel (43.6 MJ/kg) and gasoline (43.4 MJ/kg) when used as an addition in spark ignition
(SI) and compression ignition (CI) engines, hydrogen reduces the volumetric efficiency of
the engine [75]. Inside the engine, hydrogen expands more than liquid fuels, thus reducing
the volumetric efficiency of hydrogen engines. This is predictable, because the intake
manifold generally heats up to help the evaporation of liquid fuels (diesel and gasoline).
According to researchers, the stoichiometric composition of hydrogen–air fuel includes
about 30% of hydrogen, and the ratio in volume of fully vaporized gasoline in gasoline
and air mixtures is 20 [76,77]. This reduction in volumetric efficiency in a diesel engine



Energies 2021, 14, 6209 8 of 20

using hydrogen based on the percentage of energy is shown in Figure 6 [78]. Figure 7
shows the same amount of reduction in a study on an SI engine using methane as the base
fuel, with an LHV value close to that of gasoline (50) and hydrogen [79]. According to
Figures 6 and 7, with the increase in the amount of hydrogen in the fuel, the amount of
volumetric efficiency of the engine decreases, and the higher the amount of hydrogen, the
greater the decrease in volumetric efficiency.
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This reduction in volumetric efficiency will reduce engine power and torque. Figure 8
shows the amount of power and torque reduction in a CI engine using 25 and 50% hydro-
gen [78]. As can be seen from the diagrams, with an increasing percentage of hydrogen,
engine power and torque decrease. This power and torque reduction has also been reported
for gasoline engines using hydrogen [80].
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5.2. Brake Thermal Efficiency

Because of hydrogen’s large molecular thermal capacity and the fact that adding hy-
drogen to internal combustion engines causes the combustion phase to shift and decreases
combustion efficiency [78], as hydrogen is added to SI and CI engines, the fuel brake
thermal efficiency (BTE) drops. Figure 9 shows the reduction in the amount of BTA in a
CIA engine by adding hydrogen to the base fuel, which is diesel. Similar results have been
reported by other researchers for the reduction of BTE in these engines [81,82].
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Figure 10 shows the reduction in BTE in a methane-based SI engine with the addition
of hydrogen.

Several aspects of hydrogen fuel are being investigated, including the addition of
hydrogen to various fuels with varying operating characteristics. However, one of the
essential characteristics to evaluate in a performance study is the change in compression
ratio. Engines with greater operational compression ratios offer better thermal efficiency
and higher power output according to prior research [71–74,83]. The hydrogen engine’s
power loss can be minimized by raising the compression ratio [84]. Other researchers have
reported an increase in BTE as the compression ratio increases [80,85].
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5.3. Brake-Specific Fuel Consumption

In a diesel dual-fuel engine, hydrogen burns faster and has a nine-fold higher flame
speed. The rate of heat release increases as the load and hydrogen substitution increase [86].
As a result, mixing hydrogen with diesel fuel in a CI engine raises the brake-specific fuel
consumption. Figure 11 demonstrates how adding hydrogen to diesel fuel increases the
quantity of BSFC produced at various speeds.
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By injecting hydrogen in varied hydrogen ratios, the equivalent brake-specific fuel
consumption (BSFC) increases compared to what observed when using gasoline, due to
the reduction in engine power (when hydrogen injection methods that lower engine power
are utilized). Changing water injection and ignition times, on the other hand, can eliminate
the degradation caused by hydrogen injection and successfully lower BSFC [87–91].

6. Impact of Hydrogen Fuels on Emissions of Internal Combustion (IC) Engines

The most hazardous pollutants generated by gasoline engines are HC, CO, and NOx.
Hydrogen has a number of unique combustion properties that aid in the full burning
of gasoline [92]. Diesel engines produce more hazardous emissions including nitrogen
oxides (NOx), unburned hydrocarbons (UHC), carbon monoxide (CO), and soot. These
contaminants have the potential to affect human health and the environment. Diesel
engines also emit more pollutants than any other type of engine in the world, which makes
them a major source of air pollution [92].
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Hydrogen is used as a motor fuel because it decreases pollutants. In fact, hazardous
chemicals are not produced as a result of hydrogen combustion. Various studies have
focused on using hydrogen as a fuel in vehicles in the past 30 years [93,94].

6.1. CO Emissions

The emission of carbon monoxide (CO) causes holes in the ozone layer and is danger-
ous for the environment. Incomplete combustion in the engine will lead to the formation
of carbon monoxide [95]. Adding hydrogen to internal combustion engines reduces the
amount of carbon monoxide emissions in CI and SI engines. Because hydrogen is not a
hydrocarbon fuel since its molecules lack carbon, increasing the hydrogen mass fraction in
the fuel would lower the rate of hydrocarbon synthesis [96]. Furthermore, a high hydrogen
flame raises cylinder pressure and improves combustion efficiency. Because of its high
diffusion coefficient, pre-combustion hydrogen produces a more homogenous flammable
mixture and improves oxygen availability. As a result of these factors, the amount of carbon
monoxide produced by internal combustion engines is lowered [97]. Figures 12 and 13
show the reduction of carbon monoxide emissions using hydrogen as a fuel in diesel and
gasoline engines, respectively.

6.2. CO2 Emissions

Carbon dioxide (CO2) production can be caused by a lack of oxygen and a low
temperature in the combustion chamber. This is harmful to the environment because of its
influence on global warming [98]. The H/C rate increases when hydrogen is employed
as a fuel in internal combustion engines, resulting in a reduction in combustion time and
an increase in combustion efficiency [99]. Hydrogen, on the other hand, is a clean fuel
that does not release CO2 and, therefore, lowers CO2 emissions [100]. Researchers have
reported examples of emission reductions, as shown in Figures 14 and 15.
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6.3. UHC Emissions

Hydrocarbons that do not burn completely in the combustion process inside the
combustion chamber will emit unburned hydrocarbon (UHC) in the exhaust gases [35].
As mentioned, adding hydrogen to the fuel will homogenize the mixture and increase the
flame speed. In addition, due to the lack of hydrocarbons in hydrogen fuel, its addition to
combustion engine fuels will reduce the emission of unburned hydrocarbons. Reduced
emissions of unburned hydrocarbons can be seen in Figures 16 and 17 for diesel and
gasoline engines.
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6.4. NOx Emissions

Nitrogen oxides are produced by the high temperatures achieved during the combus-
tion process in the combustion chamber. Some nitrogen in the air combines with oxygen in
the presence of heat. The air/fuel ratio, compression ratio, engine speed, ignition timing,
and thermal dilution have an effect on the amount of NOx produced [101,102].

Because of its features such as fast flame speed, low ignition energy required, and
high adiabatic temperature, hydrogen is regarded as a suitable fuel for combustion. These
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features contribute to a rise in the temperature of the working fluid in the cylinder as well
as to an increase in NOx (Figures 18 and 19).
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6.5. Soot Emissions

Soot emission is specific to diesel engines. Due to the heterogeneous nature of diesel
combustion, there is a wide distribution of fuel/air ratios within the cylinder. Soot forma-
tion mainly takes place in the fuel-rich zone at high temperature and high pressure. Soot
is typical to fuel–air mixtures that are too lean to auto-ignite or to support a propagating
flame. It can also be caused by fuel–air mixtures that are too rich to ignite [103].
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The high coefficient of hydrogen emission and the great access of fuel to oxygen will
increase the homogeneity of the flammable mixture and the amount of H/C in the total
fuel, which will reduce soot in diesel engines [104]. Figure 20 shows examples of soot
reduction using hydrogen in diesel engines.
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7. Conclusions

Energy should be cleaner and more efficient in the future. In comparison with other
alternative fuels, hydrogen is the most effective to reduce or eliminate harmful vehicle
emissions and their environmental impact. Because hydrogen is one of the numerous
elements found in the atmosphere, it is readily available and one of the most useful alterna-
tives to fossil fuels today. Currently, the most used technique for hydrogen generation is
steam–methane reforming.

In this review, the effect of adding hydrogen as a fuel on the performance and exhaust
emissions of spark ignition (SI) and compression ignition (CI) engines was investigated.
The following results were obtained after reviewing the literature:

1. When hydrogen is used as an additive in spark ignition (SI) and compression ignition
(CI) engines, it will reduce the volumetric efficiency of the engine because the lower
heat value (LHV) of hydrogen (120 MJ/kg) is higher than those of diesel (43.6 MJ/kg)
and gasoline (43.4 MJ/kg). This reduction in volumetric efficiency will reduce engine
power and torque.

2. Due to the high molecular thermal capacity of hydrogen and to the fact that with the
addition of hydrogen in internal combustion engines, the progress of the combustion
phase changes and reduces the combustion efficiency, in SI and CI engines the addition
of hydrogen as a fuel decreases brake thermal efficiency (BTE).

3. Hydrogen burns quickly and has a nine-fold faster flame speed in a diesel dual-fuel
engine. The heat release rate rises as the load rises and hydrogen substitution rises.
For this reason, adding hydrogen to diesel fuel in CI engines increases brake-specific
fuel consumption (BSFC). By injecting hydrogen at varied ratios, the equivalent brake-
specific fuel consumption (BSFC) increases compared to what observed when using
gasoline due to the reduction in engine power (when hydrogen injection methods
that lower engine power are utilized).

4. Adding hydrogen to internal combustion engines reduces the amount of carbon
monoxide emissions from CI and SI engines. Because hydrogen is not a hydrocarbon
fuel since its molecule lacks carbon, increasing the hydrogen mass fraction in the fuel
will lower the rate of hydrocarbon synthesis. Furthermore, a high hydrogen flame
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raises the cylinder’s pressure and improves combustion efficiency. Because of its
high diffusion coefficient, pre-combustion hydrogen produces a more homogenous
flammable mixture and improves oxygen availability. As a result of these factors, the
amounts of carbon monoxide (CO) and unburned hydrocarbon (UHC) produced by
internal combustion engines are lowered.

5. When hydrogen is used as a fuel in internal combustion engines, the H/C rate
rises, resulting in a decrease in combustion time and an improvement in combustion
efficiency. On the other hand, because hydrogen is a clean fuel, it does not emit CO2,
and its usage reduces CO2 emissions.

6. Because of its features such as fast flame speed, low ignition energy required, and
high adiabatic temperature, hydrogen is regarded as a suitable fuel for combustion.
These features contribute to a rise in the temperature of the working fluid in the
cylinder as well as to an increase in NOx.

7. The high coefficient of hydrogen emission and the greater access of fuel to oxygen
will increase the homogeneity of the flammable mixture and the amount of H/C in
the total fuel, which will reduce the soot in diesel engines.

8. With the usage of hydrogen in the majority of internal combustion engines, haz-
ardous exhaust pollutants are reduced, and engines’ overall performance improves.
When considering its environmental and economic benefits, hydrogen is a clean and
sustainable energy source.
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