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Abstract: This article discusses the problems of exhaust gas emissions in the context of the possibility
of their reduction through the use of fuels with hydrogen as an additive or hydrotreatment. These
fuels, thanks to their properties, may be a suitable response to more and more demanding restrictions
on exhaust emissions. The use of such fuels in reactivity controlled dual fuel engines (RCCI) is
currently the most effective way of using them in internal combustion (IC) engines. Low-temperature
combustion in this type of engine allows the use of all modern fuels intended for combustion engines
with high thermal efficiency. Thermal efficiency higher than in classic engines allows for additional
reduction of CO, emissions. In this work, the research on this subject was compiled, and conclusions
were drawn as to further possibilities of popularizing the use of these fuels in a wide spectrum of
applications and the prospect of using them on a mass scale.

Keywords: alternative fuels for IC engines; combustion control; emission characteristics; biofuels
blending; hydrogen enriched fuels; RCCI engine; HVO fuel; HCNG fuel; dual-fuel engine

1. Introduction

Three elements play a key role in the combustion of fuels for reciprocating internal
combustion engines. These include hydrogen—H, carbon—C, and oxygen—O. The reac-
tions leading to the release of chemical energy contained in the fuel in the form of heat
used by the engine to perform the work lead to the formation of water molecules.

Hydrogen and carbon are not supplied to the internal combustion engine in pure
forms—atoms are contained in the fuel with which engine is able to operate. Carbon in
its elemental form is a solid fuel, and hydrogen is a very low-density gas. Both of these
elements combine with oxygen after being broken down from the fuel’s building blocks.

In view of the harm effects of carbon dioxide, including its being a greenhouse gas
(GHQ) its release during fuel combustion is highly undesirable. For this reason, engineers
and researchers nowadays put emphasis on minimizing the emissions of this exhaust gas
component. To reduce emissions, fuels with the lowest carbon to hydrogen ratios are used.
Due to the systematic reductions in the permissible emissions of GHG, hydrogen is the
most desirable element in fuel.

High carbon dioxide emissions can be reduced by increasing the efficiency of the
internal combustion engine or reducing the carbon content of the fuel burned. Reasonable
use of alternative fuels will allow one to reduce these emissions through the use of both
of these factors. Effective reduction of GHG by reducing the number of carbon atoms in
the fuel and improving the efficiency of the engine can be achieved thanks to the fuels
presented in this study:.

In addition to the three key elements mentioned above other elements present in
the combustion chamber during this process also play important roles. Nitrogen is an
energy reservoir necessary for engine operation; it accumulates a significant portion of
the thermal energy generated in the fuel combustion process. Its participation in the
combustion process creates problems, such as the emission of nitric oxides and nitrous
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oxides, which are harmful to the health of living organisms. High levels of these compounds
in exhaust gas are mainly produced by CI engines. Modern exhaust gas treatment systems
allow for their complete elimination from exhaust gases during normal operation of the
warmed-up engine and the selective catalytic reduction system. Engines of this type also
show the highest efficiency that can be achieved; therefore—with the current state of
knowledge—they are the best option for the use of low-emission energy sources [1].

The use of alternative fuels in SI engines that are adapted to burn conventional hydro-
carbon fuels such as gasoline shows no measurable increase in overall engine efficiency.
The biggest impact that the use of an alternative fuel has on the overall efficiency of the
engine is a change to its thermal efficiency. Homogeneous and low-temperature methods of
combustion of the fuel-air mixture are the most effective methods to achieve high thermal
efficiency of the engine. This translates directly into the overall efficiency of the engine and
lowering of carbon dioxide emissions [2].

Fuels intended for internal combustion engines are delivered to them in gaseous
or liquid forms. In both cases, it is possible to improve their chemical compositions by
adding additives containing high-calorific hydrogen. However, to burn them with high
efficiency, it is necessary to ignite the homogeneous mixture with air and a suitably low
temperature [3].

The closest thing to this solution is a CI engine. A large portion of the engine biofuels
produced in the world is intended for combustion in diesel engines. Oils made from
biocomponents have already become popular and have widespread utility as additives to
diesel fuels all around the world [4].

In the case of gaseous fuels, their combustion in diesel engines is difficult due to the
specificity of the construction and operation of such an engine. Direct gas injection into the
engine TDC is not yet a proven solution that allows for independent operation of a diesel
engine using gas fuel [5].

A diesel engine can operate effectively using two fuels at the same time. The gaseous
fuel burned in this type of engine is ignited by a small dose of diesel fuel (pilot dose),
or another liquid fuel that replaces diesel and has similar properties to regular diesel.
The current aims when developing alternative engine fuels are continuously increasing
engine efficiency and reducing GHG emissions [6]. The most important greenhouse engine
combustion gases are colored yellow in all Table 1.

Table 1. Greenhouse gases [7].

Name Formula CO;-Equivalent
Carbone dioxide CO, 1
Methane CHy 25
Nitrous oxide N,O 310
Water vapor H,O Situation dependent
CFC-11, CFC-12 (chlorofluorocarbons) Cx, Fy, Cly 5700-11,900
Sulphur hexafluoride SFq 22,200
Ozone O3 Unknown

The fuel used in the engine has a major influence on GHG emissions. Each of the
listed compound has a designated global warming equivalent in relation to carbon dioxide.
Figure 1 shows the volume percentage for each of the various greenhouse gases in Earth’s
atmosphere and a graph of the carbon dioxide concentration in the atmosphere from the
XVII century to the XXI century.
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The reason why CO, emissions have become a significant problem is visible in both
the above charts from Figure 1. The largest share of greenhouse gases is CO,, and the
atmospheric concentration of this gas started to increase rapidly during the human indus-
trialization era. As CO; absorbs and emits infrared radiation, this and other greenhouse
gases trap the sun’s warmth over the earth’s surface—this is known as global warming [7].
CO; is the GHG that is currently the key to stopping the process of global warming, and
its emissions can be influenced by using alternative fuels for internal combustion engines.
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Figure 1. The pie chart shows the volume percentage for each of the various GHG. The graph shows
carbon dioxide concentration in the atmosphere over time, from Scripps Institution of Oceanography,
2015. Ice-core data were used before 1958, and Mauna Loa data after 1958 [8].

2. Materials and Methods

This article presents information on the most important achievements of alternative
fuels in terms of reducing exhaust emissions in modern and future RCCI dual-fuel engines.
Information sources were analyzed to document the possibility of using low-emission fuels
in dual-fuel combustion engines and the ways in which these fuels can be most effectively.
This paper presents the reasons for limiting the emissions of exhaust gas components,
such as carbon dioxide, methane, and nitrous oxide, and their impacts on global warming,
which are well-known and widely described. The types of internal combustion engine
which allow the use of the mentioned fuels and output the least of the harmful exhaust
components have been reported. It is an analytical work based on the state of knowledge
available at the moment. The researchers used scientific publications, books, conference
materials, university multimedia presentations, scientific search engines (Research Gate
and Google Scholar), and reports and studies made for companies. We also paid attention
to popular science sources concerning this issue. A detailed list can be found in the
bibliography.

3. Results
3.1. Biofuels and Alternative Fuels for Internal Combustion Engines

The fuel resources, fuel conversion technology, fuels themselves, and applications
of them are shown in Figure 2, which should be treated as an introduction to the follow-
ing analysis.
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Figure 2. Alternative fuels for internal combustion engines presented by manufacturer Wartsila in [7].

Liquid fuels are used for the primary fueling of classic diesel engines. Popular fuels
used to power diesel engines are diesel oil and biodiesel. Oils of vegetable origins are
distributed in mixtures with petroleum (hydrocarbon), making diesel fuels. Alternative
fuels are created to reduce GHG emissions and exhaust components resulting from the
combustion process. The alternative fuel (biofuel) production process may be based on
partial recirculation of the carbon that is in the natural cycle. This strategy is based on
plant-based products that, as they grow, take carbon dioxide from the atmosphere for their
growth. By storing the carbon contained in atmospheric CO,, they eliminate some of it from
the atmosphere. If exactly the same amount of CO, is later emitted into the atmosphere as
a result of the combustion of the fuel obtained from these plants, it is possible to speak of
full CO; recirculation. This is one of the main reasons scientists are trying to use biofuels
in industry, energy, and transport. The second important factor is the limited amounts of
non-renewable energy resources. The emphasis is on making them last by reducing energy
consumption and replacing them with alternative energy sources. As a condition for access
to the market in the European Union, biofuels must meet statutory requirements regarding
sustainability—including cultivation—to receive certification. These requirements are
enshrined in the EU directive 2009/28/EC which regulates the “Promotion of the Use of
Energy from Renewable Sources.” These also include proof of greenhouse gas reduction,
production which had to be reduced by 50% by 2018. In Germany, in the meantime, the
average reduction of GHG production is about 70%. The transport sector and agriculture
are being challenged to contribute to GHG reduction, partly as a result of the decisions of
the climate protection agreement in Paris. In addition, rising fossil fuel prices, along with
national tax advantages and biofuel quotas, favor a growing global demand for biofuels.
Currently biodiesels are mainly used in diesel fuel/biodiesel blends, but also as clean
fuels in Europe and many other non-European countries, such as the USA, Mexico, Brazil,
Argentina, Malaysia, and Indonesia [9].
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Biofuels can be classified on the basis of the quality requirements that are set in a
given country for liquid biofuels [10].

Polish domestic biofuels for diesel engines can be classified according to their origins.
They can be produced from methanol (FAME), ethanol (FAEE), or RME (rapeseed oil).
The biofuels available in Poland for diesel engines are diesel fuels containing 20% biofuel
produced from rapeseed oil or methanol. Pure methanol is not a desirable engine fuel
on its own, due to its properties and the products of its combustion, but it is a desirable
additive for other fuels. Details of the fuels’ properties are included in the regulations in
Poland [10]. An interesting alternative in the context of bi fuels is hydrotreated vegetable
oil (HVO), which is gaining popularity [11]. Biofuels can be manufactured all over the
world with many different plants and fruits. Figure 3 shows the global biooil production in
millions of tons per year, from the most commonly used plants.
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Figure 3. Global biooil production in millions tone per year [12].

Both gaseous and liquid biofuels are commonly produced from many sources, and
the examples from the Polish market presented above constitute only a small portion of
the global variety of sources from which biofuels are produced today. There is widespread
research on the possibility of using oils of biological origins [13]. Such sources of their
origins, given by [14], include oils made of pongamia [15], algae [16], jatrophy [17], rice [18],
mushrooms [19], coffee grounds [20], palm trees [4], coconuts, peanuts, soybeans, linseeds,
and olives [12]; animal fat and sources of waste [21]; plastic [22]; used tires [23] and other
rubber products [24]; used oil [25], especially used engine oil [26], transformer oil [27]
and vegetable oil and sunflower oils [28]; municipal sewage [14]; and intermediates from
various technological processes, such as pyrolytic oil [29]. The plants and fruits most
commonly used to produce biofuels are shown in Figure 4. The chart also shows the
production efficiencies of individual plants and fruits per hectare. This parameter is very
important for potential usage of a given plant as a raw material for the production of
diesel biofuel.
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Figure 4. Annual yields of different liquids of biological origins [12].

In addition, alternative diesel fuels are made of ethanol [30] or coal [31]—coal to lig-
uids (CTL)—or synthetically [32,33]. Both natural gases and purified and methane-enriched
biogases can be changed into liquid fuels—gases to liquids (GTL)—but changes of this type
are associated with increases in the total emissions of well-to-wheels greenhouse gases
(WTW GHG) compared to the original compressed natural gases (CNG). However, the
emissions of WTW GHG are lower than those of the conventional fuel for diesel engines,
that is, diesel, but the methodology for calculating this value in relation to this fuel is
still limited due to difficulties in quantifying potential products that could be replaced by
GTL. “[The] GTL pathway has been limited until now because of the difficulty in quanti-
fying potential products to be displaced by GTL coproducts” [34]. For these reasons, the
analysis in this article covers fuels that are not subject to such transformations. Due to
the ease of obtaining them and their ecological value, biogases are desirable fuels. When
purified and enriched with methane, a biogas can be directed to gas network installations;
compressed and stored in cylinders; or burned in cogeneration installations with simul-
taneous production of heat and electricity, or in gas boilers. It should be remembered
that the main difference between a biogas and a natural gas is the methane content. In
order to achieve the caloric parameters in line with the standards of gas injected into the
natural gas network, such as the heat of combustion and the Wobbe index, it is necessary
to pre-purify agricultural biogas and to enrich it with methane [35]. Biogases, similarly to
biooils, can be produced from various types of biological and waste products [36]. The
chemical composition of a biogas strongly depends on the source it comes from. It often
contains significant amounts of hydrogen, which translates into lower CO; emissions in
the combustion process, but any crude biogas also contains many ballast components, such
as nitrogen and carbon dioxide, which must be removed in the cleaning process in order to
use the biogas in an internal combustion engine.

3.2. Description of a Dual-Fuel RCCI Engine

Even when modern and equipped with the best exhaust gas cleaning systems, internal
combustion (IC) engines always emit undesirable exhaust components. Figure 5 shows a
typical pie chart of the exhaust gases emitted by marine engines.
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Figure 5. The typical exhaust gases emitted by a modern, marine diesel engine [8].

Intuitively, there is a strong correlation between exhaust gas composition and the type
of fuel used in the engine. The basis for multi-fuel combustion is the use of modern diesel
engines that allow low-temperature combustion.

Combustion of fuels in internal combustion engines is based on the use of one type of
fuel which is ignited either by forced spark ignition (SI) or by compression ignition (CI).
The highest efficiency is currently achievable thanks to the ignition of a homogeneous
air—fuel mixture in homogeneous charge compression ignition (HCCI) engines, where the
ignition of all the fuel in the combustion chamber occurs simultaneously. This combustion
takes place at a lower temperature than in a classic diesel engine, which leads to lower heat
losses and the formation of less NOx, which translates into higher thermal efficiency for
engines with this type of ignition. To achieve ignition in the combustion chamber of the
engine, very specific (and difficult to achieve) conditions are required. Effective control
of the moment at which ignition takes place in all areas of the engine operation is hard to
achieve. For this reason, one of the variants of engines with this type of ignition method,
which has great potential for use today, is an engine powered by two fuels with an ignition
method called reactivity controlled compression ignition (RCCI).

RCClI is an ignition method in which highly reactive fuel is injected directly into the
cylinder. It mixes with the air and self-ignites, thereby initiating the ignition of poorly
reactive fuel, which is delivered via indirect injection to the combustion chamber earlier
in the process. The same method of fueling the engine characterizes the classic dual-fuel
engine, in which the fuel-air mixture is not homogeneous. Nowadays, every dual-fuel
engine that is being developed allows the formation of a homogeneous air—fuel mixture in
it. Figure 6 shows a schematic of classic dual-fuel injection system.
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Gas fuel injection Diesel fuel injection

Figure 6. Schematics of a direct dual-fuel injection process (prior injection of the poorly reactive
fuel) [8].

A different fueling strategy using these types of fuels is called direct dual-fuel strat-
ification (DDFS)—the difference is the use of direct injection for both fuels used in the
engine [37]. Direct injection of two fuels requires the use of several injectors or a special in-
jector, such as the product offered by Westport corporation [38], which has been mentioned
in all relevant publications covering dual-fuel engine solutions [39]. A schematic of DDFS
is shown in Figure 7.

Dual-fuel direct injection
Figure 7. Schematics of direct dual-fuel injection (both fuels injected directly) [8].

An engine powered by dual-fuel CNG/diesel requires only the already mentioned
pilot dose of diesel fuel to initiate the ignition. When using a gaseous fuel as an additional
poorly reactive fuel, it might be necessary to increase the amount of diesel fuel injected
due to the insufficient resistance of the additional gas fuel to knocking combustion. The
occurrence of knocking depends on many factors, but mainly the type of fuel and the
compression ratio in the engine. Knocking combustion causes the formation of uncontrolled
foci of fuel self-ignition, which hinder the proper course of the combustion process and
the operation of the internal combustion engine. Its presence determines the impossibility
of using certain fuels in an engine and the level of acceptable substitution of the basic
fuel. The Figure 8 shows a diagram of the power supply and ignition in an RCCI engine
powered by a mixture of CNG and diesel.
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Figure 8. Ignition and combustion in an RCCI engine; custom artwork based on [40].

High octane poorly reactive fuel (gasoline, alcohol, CNG, LPG, HCNG, biomethane,
and other fuels) in an RCCI engine is delivered with air by the engine intake system.
A premixed form of poorly reactive fuel is compressed and mixed with air to form a
combustible air—fuel mixture. Thanks to its high resistance to auto-ignition, this mixture
will not ignite despite the high temperature and pressure inside the cylinder. Reactive fuel
is injected near the top, dead center with respect to the piston. The fuel must have good
self-igniting properties, including a low flash point and the possibility of large atomization
of the fuel during the injection process. The ignition of highly reactive fuel initiates ignition
of the air housed with poorly reactive high octane fuel. The keys to controlling the moment
of ignition and the course of combustion of the fuels used in the engine is the injection
time and the properties of the reactive fuel, hence the name of this method of self-ignition.
Depending on the stratification and the degree of mixing of the high octane fuel with air,
the course of its combustion can be characterized in various ways, which is often a key
issue in RCCI combustion studies. The amount of a given type of fuel depends more than
anything else on the load on the engine and the fuel injection system. Figure 9 shows
a chart with the dependence of the engine load on the possibility of using both fuels in
different proportions. These proportions also determine the value of the replacement
coefficient, which in the case of a classic compression ignition engine converted into a
dual-fuel engine, says that about the amount of basic fuel (diesel) could be replaced by the
added fuel (gas). The formula for the mathematical representation of this value in classic
fuel supplied dual-fuel engines (the result of this formula is the ratio of energy basis) is
presented below:

mphy
mphp + mdhd

rpe = @D
where my, and m, indicate the mass flow rates of premixed, low reactivity, port injected
fuel (PFI) and directly injected (DI) high reactivity fuel, respectively; h, and hy are the

lower heating values of the PFI and DI fuels [41].
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Figure 9. An engine fueling window. Red represents the engine pilot fuel injection is taking place.
Light blue shows that the engine can be started in gas mode, synchronized, and loaded—the engine
will move to a back-up fuel after a time, if the engine load is not increased enough to get out of this
area. Dark blue means that this engine is able to run an up to 100% load on either fuel, but transfers
from liquid to gas are not permitted above 80% load—transfers from gas to liquid are permitted at
any load. The higher the fuel index, the more liquid fuel required [42].

Once a homogeneous mixture of gaseous fuel is formed with air, the fuel can also
self-ignite by a rapidly burning (pressure build-up) highly reactive fuel. Biofuel alcohols
contain, apart from hydrogen and carbon, oxygen, which reduces the energy density of
the fuel, but may facilitate the formation of a homogeneous mixture in the combustion
chamber. Many biofuels (including HVO) contain alcohols in their structures. This points
to the legitimacy of using these fuels in RCCI engines [6].

Thanks to the use of a poorly reactive fuel, homogeneously mixed with air, the ef-
ficiency of using the chemical energy contained in the fuel is increased. Its growth is
also influenced by the uniform temperature distribution in the combustion chamber. This
reduces the total amount of heat passing through the cylinder walls and prevents hot spots
from forming in the cylinder. This is clearly shown in Figure 10. The maximum combus-
tion temperature in the combustion chamber is lower than in conventional compression
ignition engines.

Diesel

T @ .

700 1025 1350 1675 2000

Figure 10. Temperature distribution in the combustion chamber of an RCCI engine powered by CNG
and diesel fuel, and in a classic diesel engine powered only by a diesel fuel [6].
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Due to low-temperature combustion process, emissions of nitrogen oxides, solid parti-
cles, and soot are reduced, just like in the classic HCCI engine. Minimizing the emissions
of some harmful exhaust components usually goes along with increasing the emissions
of others, such as NOx and the soot, CO, and THC group. The results of the emission
levels for RCCI engines depend on the type of engine, types of fuels, fueling strategies,
types of engine modifications, and the emissions focus on. For example, researchers in [41],
while focusing on measuring the levels of NOx and soot emissions, showed a very strong
correlation between the emissions of these two substances. High flame temperature is one
of the main factors causing the formation of nitrogen oxides during the combustion process.
For this reason, nitrogen oxides are not commonly formed in RCCI engines as intensively as
in a classic diesel engine. Another cause is the fuels having the stoichiometric compositions.
The amounts of oxygen and nitrogen in the combustion chamber during the process are
therefore reduced compared to a classic diesel engine. However, with higher loads and
a high degree of fuel exchange—close to the maximum—and when the EGR system is
not used—which inevitably results in an increase in the combustion temperature—there
will be a significant increase in NOx emissions, but allowing for sufficiently effective THC
afterburning noticeably lowers soot emissions, practically to zero [41].

It is extremely important during RCCI engine tests to check what modifications and
what ways of fueling the engine have been applied in experiments. After creating an
effective dual-fuel supply system, the most important modifications are the geometry of
combustion chamber and shape of DI fuel injector. Researchers have shown that piston
bowl geometry changes are the most important modifications in the conversion of a classic
diesel CI engine to an RCCI engine. Some have created their own piston modifications for
existing engines [43,44] using advanced simulation software, such as computational fluid
dynamics (CFD), in order to optimize the final shape. Figure 11 shows some changes that
can be made to an existing piston bowl.

b
’

- L
- N
Figure 11. Cross-sectional views of the stock (left),) and bathtub (right) piston bowl geometries [43].

The form of combustion chamber in an RCCI engine is fundamentally different than
in a classical CI diesel engine. The swirl ratio of the air—fuel mixture must be higher and the
surface of the combustion chamber should be far smaller. This method of combustion of
the air—fuel mixture necessitates flame propagation throughout the entire space above the
piston. It also reduces the heat transfer surface, which leads to reduced thermal losses of the
engine and an increase in its thermal efficiency. Changing the geometry of the combustion
chamber inside the piston also allows one to easily change the compression ratio in the
engine. Compression ratios can be 14.9:1, 16.1:1, or 18.7:1 because different piston bowl
geometries have different effects on combustion [45]. Each of these compression ratios
translates into a different piston shape and requires changes to the reactive fuel injection
system. Researchers have created pistons for compression ratios 14.4:1 and 11:1 [43]. The
effects of these changes are clearly visible in the emissions of harmful exhaust components
and overall engine performance. Two groups of researchers collaborated to propose a piston
bowl for an RCCI engine with a 15.3:1 compression ratio in exchange for the 17.5:1 stock
engine [42]. This simple change had a significant impact on the engine’s operating range,
allowing it to be used as an RCCI engine. Figure 12 shows charts of injection-combustion
strategies for two different compression ratio options.
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Figure 12. Injection-combustion strategies used for a dual-mode engine: dual-mode RCCI/CDC (left) and a dual-mode

dual-fuel (right) [46].

The graphs above show an increase in the range in which it is possible to operate the
engine in dual-fuel mode, along with a reduction in the compression ratio. However, in
addition to reducing the compression ratio, the researchers significantly changed the shape
of the piston, allowing the engine to run on both fuels simultaneously throughout its entire
operating range. This change is shown in Figure 13.

3)) -

+ CR 17,51 (stock)
== CR 15,3:1 (RCCI)

)
(=]
|

Height (mm)
1

0 L] ] L] l L] ] L] l 1) 1)
0 20 Radius (mm) 40

e

Figure 13. A cross-sectional view of the stock and RCCI piston bowl geometries [46].

Some researchers changed the compression ratio of an engine without significantly
modifying the shape of the combustion chamber itself, which is classically located inside the
piston crown. The compression ratio values adopted for the designed pistons were 16.5:1,
15.5:1, and 14.5:1 [47]. This made it possible to study the influences of the compression ratio
itself on the performance and emissions of dual-fuel engines without any influence from
the shape of the combustion chamber itself. The effects of the changes presented by the
researchers were visible in the emissions of all harmful exhaust components. It was shown
that the emissions of MHC and particulate matter PM;( decreased as the compression
ratio in the engine decreased. There were slight increases in CO and NOX. However, these
changes were not significant. This study also focused on the impact of the compression
ratio on the CO; emissions, as shown in Table 2 (reproduced).
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Table 2. A comparison of NEDC estimations of FC, CO,, CO, equivalents, and global cycle rp at
different compression ratios [47].

CR=16.5D CR =16.5 DF CR =15.5 DF CR =14.5 DF
CO;, [g/kWh] 154.2 135.4 135.2 135.7
CO; saving [%] - —12.2 —12.3 —12.0
GHG emissions [gcop-eq/km] 154.2 191.4 188.2 183.7
FC (diesel+CHy,) [kg/100 km] 47 5.6 6.51 6.5
Average rpe on NEDC [%] - 54.7 58.2 60.4
EC [MJ/100 km] 202.9 261.6 303.2 305.2

The data above clearly show that the engine compression ratio has no influence on
greenhouse gas emissions. The authors themselves drew this conclusion: “The DF CO2
saving over the test cycle are completely attributed to the intrinsic H/C characteristics of
methane fuel; The GHG potential increase passing from diesel to dual-fuel mode due to
the MHC emissions, the DF-CO2 equivalent calculated by means of the NEDC estimation
increase of about 22% compared to diesel mode. In order to have the same GHG impact of
diesel mode a global reduction of MHC emission (about 65%) is required.” The effect of
the compression ratio, in the absence significant changes to the shape of the combustion
chamber, is not a sufficiently important issue in dual-fuel engines to be considered high-
priority among the necessary engine modifications. Nearly a decade ago, researchers
optimized the geometry of the combustion chamber in the RCCI engine, along with its
compression ratio and the shape of the direct fuel injector [48]. These optimizations are
necessary for the RCCI engine to efficiently convert fuel to mechanical energy. It was clearly
indicated that the effect of the swirling of the air—fuel mixture in a classic diesel engine
does not translate to dual-fuel engines, which is well illustrated by the sharp edges marked
in the upper part of the piston shown in Figure 14. Changing the shape of the piston
also requires adjustment of the shape of the highly reactive fuel injector, which should be
adapted to the other modifications in order to be able to achieve optimal combustion of the
fuel-air mixture, leading to minimization of CO, emissions in these engines.
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Figure 14. A comparison of RCCI and classic CI engine pistons with a combustion chamber inside
each [46].

In the figure above, the edges marked in red circles are the most important parts of
the piston, which lead to the formation of turbulence in the fuel-air mixture. In the case of
CDC, their use is necessary for proper combustion and ignition. Figure 15 shows examples
of the shape of the injector used in a classic compression ignition engine. Clearly, only
the shape shown in the left part of the figure could be used in an RCCI engine, in which
the ignition of the fuel-air mixture should occur in all of the space above the piston as
simultaneously as possible.
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Figure 15. A comparison of the combustion process in the CDC for different shapes of piston
crown [7].

The shape of piston that is optimal for working in an RCCI engine is shown in
Figure 16 [46]. The differences in the shapes of the two pistons show the significance of
injection of the fuel directly into the combustion chamber.

Modified RCCI piston Stock GM 1.9 liter piston

Figure 16. A comparison of RCCI and classic CI engines made for dual-fuel research [46].

It should be mentioned here how important in the development of RCCI engines are
the tests carried out with changes in the various types of fuels used. Scientists conducting
this type of research should be commended. However, despite the significant contributions
to the development of this field of science, this type of research has been carried out
mainly in dual-fuel engines that do not use the alternative fuels with the greatest potential
to reduce carbon dioxide emissions. It will be possible in the future to conduct further
research with the use of other types of fuels described in this article.

Shape changes to the fuel injector and other parameters of RCCI engines are potential
sources of advancement for modern single-fuel diesel engines, which are powered in a
similar way to dual-fuel engines. Part of the fuel is added to the cylinder before the fuel-air
compression stroke. Such engines operate on the basis of premixed charge compression
ignition (PCCI) [49], where the already pre-stratified mixture is ignited. Developments in
these engines are related to the developments in RCCI engines, because designers have to
face similar problems and introduce solutions for the same elements. For PCCI engines
though, the problems are centered on the use of one type of fuel, as it is difficult to create
an engine that works efficiently on this principle. The possibility of using two independent
fuels that fulfill different functions in the combustion process gives an advantage to RCCI
engines that constitutes their superiority to other engines that use low-temperature fuels.
Both of these solutions allow for an effective reduction of CO,, soot and NOX emissions.
However, dual-fuel engines extend the range of fuels that can used to the entire range of
fuels currently used in internal combustion engines, because they use the fuels intended
for both CI and SI engines.
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3.3. Hydrogen-Enriched Alternative Fuels
3.3.1. Pure Hydrogen as Fuel for IC Engines

Using hydrogen to generate energy reduces the level of environmental pollution
released (and the degradation of the planet’s natural resources) if it is obtained from
renewable sources. There are many methods of producing hydrogen, but if hydrogen
is treated as a renewable fuel, it must come from a renewable source. It means that
its production cannot involve the consumption of other fuels included in the group of
non-renewable energy sources [50].

When hydrogen is burned, the energy of hydrogen’s chemical bonds is converted
into thermal energy, and then into mechanical energy. Currently, there are solutions
that allow the electrochemical energy of hydrogen to be produced by the combination of
oxygen and hydrogen. Then, for its use, an electric motor is used connected to a fuel cell
running on hydrogen or a fuel rich in hydrogen. This solution, known for decades, has not
been popularized (despite being an attractive option for cars powered by electrochemical
batteries) due to the low availability of fuel cells as a result of the high prices of the
raw materials needed for their production, and above all, the problems related to the
distribution and storage of hydrogen [51].

To use hydrogen generated by renewable energy sources in internal combustion
engines, the most effective strategy is to mix the hydrogen with other fuels and co-
combust them.

Hydrogen as the basic fuel for internal combustion engines has not been widely used
and does not have a wide distribution network. Unlike natural gas, which is widely
available in virtually every country in the world, hydrogen is currently available only
in a small number of places. The solution to this problem turned out to be Hythane, in
which hydrogen is co-distributed with natural gas. This mixture can use the natural gas
distribution infrastructure without any modifications.

3.3.2. Hydrogen and Methane as Fuels for IC Engines

Hydrogen, just like natural gas, is called a cryogenic liquid because its liquid phase is
below 200 K (—73 °C). Under atmospheric conditions, hydrogen is present as a gas. For
storage, it must be kept under pressure or in cryogenic conditions. However, its liquid
phase has a very narrow temperature range (only 6 degrees Kelvin), and it has a low
boiling point, which makes it difficult to store in a liquid form. Increasing the pressure
under which liquid hydrogen can be stored will not significantly increase the boiling point,
because at just 13 MPa it will approach the critical temperature. The density of gaseous
hydrogen increases with pressure slower than it would appear from the ideal gas equation.

Many alternative fuels contain hydrogen. Natural gas has the highest ratio of hydrogen
to carbon among all hydrocarbon fuels. Natural gas (NG) is distributed for internal
combustion engines in several forms. The most popular are compressed natural gas and
liquified natural gas (LNG).

NG as a fuel for internal combustion engines is considered an alternative to both CI
and SI engines. NG used in conventional SI engines is not problematic in the context of
interference with engine structure. On the other hand, a CI engine requires the addition of a
spark ignition system, or co-combustion with some liquid fuel dedicated for a diesel engine.

Natural gas contains the lowest amount of carbon among all hydrocarbon fuels. It is a
widely available fuel extracted from underground sources, just like oil. A comparison of
their basic properties is presented in Table 3.
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Table 3. The properties of hydrogen and natural gas. The figures from two sources were used to
construct the table [52,53].

Natural Gas Hydrogen Source
Hydrogen to carbon ratio 4:1 - [52]
Energy density (MJ/kg) 48-50 120 [52]
Energy density (M]/ dm?) 12.6 3.0 [53]
813 858 [52]

Auto ignition temperature (K)

858 810 [53]
Minimum ignition Energy (m]) 0.29 0.02 [52]
Minimum spark ignition Energy (m]) 0.29 0.02 [53]
Octane rating 120+ 130+ [52]
Octane number RON 120 - [53]
Flammability limits (%) 5.3-14% 4-70% [52]
Stoichiometric Air-fuel ratio 9.48 29.53 [53]
Stoichiometric F/A (kgg,o1/K8,ir) 0.058 0.029 [52]
Wobbe index (MJ/Nm?) 47.91-53.28 40.65-48.23 [52]
Flame velocity in air at NTP (cm/s) 37-45 265-325 [52]
Flame temperature (K) 2148 2318 [52]
Density (g/L) 0.7 0.07 [52]
Density (gaseous) (kg/m?) 0.716 0.09 [53]
Mainly emissions HC, CO, CO,, NO,, CHy H,0, NOx [52]
Energy Density (M]/Lts) 25.3 2.9 at 350 bars [52]
Molecular weight (kg/kmol) 19 2.016 [53]
Lower heating value (M]/kg) 50 120 [53]
Laminar flame speed (cm/s) ~42 ~230 [53]

Natural gas may significantly differ in properties depending on its degree of process-
ing after its extraction. Properties that must be met by natural gas sold as CNG or LNG
fuel are determined by the law in force in a given distribution area. Sheets of characteristics
are available in each country where fuel is distributed. In the case of Poland, CNG and
LNG have two independent fuel charters [54].

Liquid fuel based on natural gas, LNG, comes from many different sources and varies
significantly in chemical composition. The Wobbe numbers (Wobbe index) among the
LNG delivered to Poland from various countries may be in range of 54.22 to 56.86 for the
upper Wobbe index and from 48.86 to 51.31 MJ/m?3 for the lower Wobbe index. These
depend on low heating value (LHV) and high heating value (HHV) of the fuel, which are
37.15-41.71 MJ/m? (LHV) and 41.17-46.06 MJ/m? (HHV) for LNG. In delivery systems,
the upper index of the Wobbe number should be at minimum level of 45, and the maximum
level 56.9 MJ/m?®. Values for various countries are shown in Table 4. Interesting is that
for Trinidad LNG fuel, the HHYV is lower than the LHV for fuels from Oman, Australia,
and Malysia. The Polish standard requires a minimal HHV greater than 34 MJ/m?3, and an
LHV not less than 31 MJ/m?>. This shows how important in laboratory research it will be
to determine the fuel source and its physicochemical properties [55].

Many sources show different parameters and requirements for CNG fuel. For example,
in [7], for LHV the minimal value is 31 MJ/nm?3. That requirement is for a Wartsila ship
engine, which can work in dual-fuel mode. HHV and LHV parameters are different for
gases from different countries: Groningen NG from the Netherlands has an HHV equal
to 35.1 MJ/m? and an LHV equal to 31.6 MJ/m?3. Ecofisk NG from Norway has an HHV
equal to 44.0 MJ/m? and an LHV equal to 39.8 MJ/m?>. Danish Gas from Denmark has
HHYV equal to 46.2 MJ/m?® and an LHV equal to 41.7 MJ/m?3. Each country can pride itself
on natural gas with unique physicochemical properties.
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Table 4. Different sources of LNG fuel in Poland [55].

‘ Ingredients H, H; W, w; o q
Extraction of Methane  Ethane Propane C4+ (HHV) (LHV) (Upper) (Lower)

NG (% mol) (MJ/m®) (MJ/m®) (% mol) (MJ/m®) (MJ/m®) (MJ/m®) (MJ/m®) (kg/m3) -
Brunei 89.76 45.40 41.10 2.29 45.40 41.10 56.50 51.14 0.835 0.646
Trinidad 96.14 4117 37.15 0.07 41.17 37.15 54.22 48.86 0.746 0.578
Algeria 88.83 44.15 39.92 0.38 44.15 39.92 55.85 50.5 0.808 0.625
Indonesia 90.18 44.22 39.98 1.03 44.22 39.98 55.88 50.53 0.809 0.626
Nigeria 90.53 44.57 40.31 1.47 44.57 40.31 56.08 50.71 0.817 0.632
Qatar 89.27 44.61 40.36 1.16 44.61 40.36 56.09 50.73 0.818 0.633
Abu Dhabi 85.96 44.61 40.36 0.14 44.61 40.36 56.10 50.77 0.818 0.632
Malaysia 87.64 45.78 4145 1.50 45.78 4145 56.71 51.33 0.843 0.652
Australia 86.41 45.69 41.37 0.95 45.69 41.37 56.67 51.31 0.841 0.650
Oman 86.61 46.06 41.71 1.76 46.06 41.71 56.86 51.5 0.848 0.656

Tables 5 and 6 show the chemical compositions of LNG fuel from similar countries
as in Table 4. Differences are shown not only among different countries, but among data
sources too.

Table 5. Chemical compositions of LNG imported from various countries all over the world [56].

Terminal Methane Ethane Propane Butane Nitrogen
Abu Dhabi 87.07 11.41 1.27 0.14 0.11
Alaska 99.8 0.10 NA NA NA
Algeria 91.40 7.87 0.44 0.00 0.28
Australia 87.82 8.30 2.98 0.88 0.01
Brunei 89.40 6.30 2.80 1.30 0.00
Indonesia 90.60 6.00 2.48 0.82 0.09
Malaysia 91.15 4.28 2.87 1.36 0.32
Oman 87.66 9.72 2.04 0.69 0.00
Qatar 89.87 6.65 2.30 0.98 0.19
Trinidad 92.26 6.39 091 043 0.00
Nigeria 91.60 4.60 2.40 1.30 0.10

Table 6. Chemical compositions of LNG imported from various countries all over the world [57]. Data for NG from
Schrodinger, in the right column, are from [7].

Composition Mole (%) Mole (%) Mole (%) Mole (%) Mole (%) Mole (%) Mole (%) Mole (%)
Country Nigeria India UEA Malaysia China Thailand Norway Schrodengen
Methane 92.69 82.2 94 94.42 80.00 76.4 99.5 69.97
Nitrogen 2.18 7.7 0 0.44 0 1.8 0 21.52

Carbon dioxide 0.52 0.2 1 0.57 19.05 13.4 0 2.1
Ethane 3.43 6.1 4 2.29 0 6.3 0.3 2.5
Isobutene 0.12 1 0 0 0 0 0
n-butane 0.15 04 0 0.25 0 0 0 047
Propane 0.71 2.4 1 0.03 0 2.1 0
n-propane 0.09 0 0 0 0 0 0 09
Hexane 0.11 0 0 0 0 0 0 0.23
Others 0 0 0 2 0 0 0 2.29
Oxygen 0 0 0 0 0.95 0 0 0.02
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Natural gas production (extraction) must also be accompanied by numerous processes
for purification and enrichment, but the chemical compositions of natural gas from various
sources still differ significantly [58].

Noticeable is that at that moment it is difficult to accurately define the chemical
composition of natural gas applied as a fuel. That problem appears in every scientific
attempt at having natural gas supply an internal combustion engine. Researchers in [57]
presented the average CNG composition on the basis of information from many countries
and sources, which is shown in Figure 17.

Pentane - 0.3

Butane - 0.06 Propane - 1.36
Carbon dioxide - 0.78 Ethane -4.2

Nitrogen - 5.2
g \\\

Figure 17. The average chemical composition of CNG fuel [57].

The differences in the chemical compositions of gaseous fuels concern not only the
processed natural gas but also the natural biogas itself.

The presented differences in LNG’s chemical composition and properties from various
sources may facilitate the introduction of biogas (biomethane) into countries where regula-
tions specifying the distribution of natural gas are not too restrictive. Such discrepancies
do not normally occur with conventional engine fuels such as diesel and gasoline. Hence,
the conclusion can be drawn that there is a greater potential for the production of biogas
than biodiesel, due to the lower quality requirements that are currently imposed on it, that
is natural gas, compared to diesel fuel.

Production of NG is increasing, and most countries do not allow its production to
decline. Stocks of natural gas are greater than those of crude oil, so investing in clean
combustion technologies for this fuel is a more far-reaching investment than in the case
of classic liquid fuels. Figure 18 shows levels of production for NG. Such a far-reaching
strategy for the use of fuel combustion technology also applies to hydrogen fuel and
biofuels, which can be treated as renewable fuels for IC engines.
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Figure 18. The production of natural gas in different countries [7].

Natural gas mixes well with air, forming homogeneous mixtures. Due to the high
activation energy, the laminar flame velocity of the gas—air mixture is lower than it is
for other fuels. This is especially true when working with low to medium loads. This
extends the combustion period, worsening the efficiency of the circuit. In addition, the
extended duration of combustion means that when the exhaust valve is opened, both the
pressure and the temperature of the exhaust gas are higher than when burning traditional
hydrocarbon fuels. This is counteracted by using different values of the ignition angle,
higher values of the compression ratio, and compact combustion chambers, which result in
high swirling of the charge [6].

3.3.3. Hydrogen and Methane as One Fuel for IC Engines

Both natural gas and pure hydrogen can be stored in liquefied (LNG, LH2—liquid
hydrogen) and compressed forms (CNG, CH2—compressed hydrogen), and in both forms
it is possible to store them in similar types of tanks. However, their mixture stored in liquid
form is not used. The proper name Hythane should be treated equally to the fuel known as
HCNG. This nomenclature is related to the country of distribution. In the USA, this fuel is
known as Hythane, and in Europe and Asia, HCNG. Its characteristic features include:

- Ahigh octane number;

- Good ignition properties;

- Wide flammability range and good diffusivity;

- A high auto-ignition temperature at a low boiling point;

- Low density and energy density;

- The possibility of obtaining from processes other than crude oil processing.

In dual-fuel diesel engines, the level of replacement of diesel with natural gas CHy is
much higher than in the case of LPG, mainly due to the higher resistance of methane to
knocking combustion and the higher calorific value of CNG [59]. The methane used as fuel
is characterized by the highest octane number, reaching up to 130 octane. In the case of
HCNG, this value will depend on the hydrogen content and whether the octane number
is determined by the motor octane number (MON) or research octane number (RON).
Hydrogen has an MON value of 70 and an RON value of 130; the octane values of methane
are between 120 and 130. Generally, for gaseous fuels, it is assumed that the fuel resistance
to knocking should be characterized by the value of the methane number, and not the
octane number. Two extreme points have been adopted for LPG. Its value is considered to
be 100 for pure methane and 0 for hydrogen. The higher the methane number value, the
higher the fuel’s resistance to knocking combustion. Natural gas belonging to the H group
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should have a minimum methane number above 65 (16726: 2018). In [60], calculations were
carried out, the results of which allowed them to state that, “Adding hydrogen to natural
gas, in an amount that allows to maintain the physicochemical parameters of the gas
specified in the relevant standards, reduces the methane number of the resulting natural
gas-hydrogen mixture by a maximum of 22.1%. It should be added that in none of the
analyzed cases the obtained methane number value was lower than the minimum value of
65. With regard to the optimal methane number value for gaseous fuels, it can be concluded
that the addition of hydrogen to natural gas, while maintaining the assumptions made
in the scope of energy parameters and gas density, may increase the knocking properties
of the resulting mixture and contribute to the fact that it will not be an optimal fuel. The
performed calculations and analyses also showed that the change in the value of the
methane number of the natural gas-hydrogen mixture is proportional to the amount of
hydrogen introduced into natural gas.” This means that the hydrogen content in the fuel
will proportionally characterize the value of the methane number of the fuel, which in our
case is HCNG.

Hydrogen, when co-fired with other fuels, will more completely combust than the
other fuels. Its physical ranking gives it a strong possibility of combusting independently
in a reciprocating engine. That idea has not been disseminated to this day, despite many
attempts and much scientific research [50].

Hythane is far more promising. It is a mixture of CH4 and Hy, and makes a number
of interesting tariff lists for its designation as combustion fuel. Besides the fact that arc
fired natural gas by the very nature of crude oil emits more CO, than other hydrocarbons,
it is possible to enrich natural gas with pure hydrogen. Such fuel is called Hythane, or
HCNG, or H2CNG (compressed natural gas enriched with hydrogen). In [61], it was
discovered, among other things, that the velocity of the laminar start-up of the methane-
hydrogen mixture can be predicted with the square of the hydrogen proportion in the fuel.
According to the research of some scientists, the fuel is most economical as a mixture of gas
consisting of 11-36% hydrogen. As hydrogen content increases, the moment at which the
reinforcement of the mixture is reached and the maximum pressure value in the polymer
chamber is reached changes, which results in the need to create a map of the engine’s
operation in order to test an engine operating with two types of methane fuel, CNG and
LNG. Heat release and maximum pressure according to crank angle is shown on Figure 19.
Hythane reduces fuel consumption and lowers CO, CO,, and NOx emissions, but also
provides less power and torque. According to some researchers, the amount of primary
HC emitted is unchanged.
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Figure 19. Graphs of temperature and pressure during the combustion of CNG with different amounts of additive
hydrogen [61]. HCNG15 fuel had 14 vol.% hydrogen, and HCNG30 29.7 vol.%. The energy content of hydrogen in such fuel
is approximately 4.6% for HCNG15 and 11.4% for HCNG30.
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The big advantage of HCNG is the possibility of their common storage, both in the
vehicle and in petrol stations. Fuel enrichment to an appropriate level of hydrogen content
can be carried out in regular CNG petrol stations, and deliveries of hydrogen fuel are not
as frequent and expensive for petrol stations as with the sale of pure hydrogen [62].

In order for this fuel to meet certain safety standards, the ratio among the individual
gases, although it may be variable (different), should not have above a certain concentration
of hydrogen. The maximum ratio that is considered safe for this gas mixture is 1:1 (volume).
In most European countries where it has already been legally regulated, HCNG may
get up to 9% of its energy content from hydrogen, the same amount as natural gas in
a transmission system. In the USA, Hythane contains approximately 20% hydrogen by
volume. A higher concentration of hydrogen mixed with natural gas is currently difficult
to distribute, due to the intense increase in the impact of hydrogen on steel, which was
used to build the existing methane distribution network, and the metal parts of tanks and
engines. A mixture of hydrogen and methane does not become highly explosive until it
exceeds 50% hydrogen content. Based on the gas distributed in Europe, a value that is
even slightly above 50% by volume of hydrogen can be assumed. Not exceeding this value
prevents the occurrence of hydrogen disease, in which hydrogen molecules penetrate the
walls of the materials they come into contact with, leading to their degradation, which
occurs with steel [63].

It should be noted that as the hydrogen content in the mixture increases, the calorific
content decreases, and yet the fuel consumption with a hydrogen concentration within a
certain range is lower than for a gas containing almost only methane or a large amount of
hydrogen. This shows very well how such fuel affects the economics of using the energy
contained in it.

In Hythane, there are different numbers of hydrogen atoms per carbon atom, depend-
ing on the proportions of the gases. As the concentration of hydrogen in Hythane increases,
the amount of carbon dioxide emitted decreases, but the actual emissions of WTW GHG
depend on the method of producing mixed hydrogen, as shown in Table 7 [64].

Table 7. WTW CO, emissions (g/M]) for HCNG produced by different means and with different
hydrogen contents [64].

H, Content 0% 8% 20% 25% 30%
Electrolysis green electricity 66 64 62 60 59
CO; change 0% —2.4% —6.4% —8.3% —10%
Electrolysis EU-mix electricity 66 70 77 80 84
CO; change 0% +6.1% +17% +22% +27%
Reforming natural gas 66 68 72 74 76
CO; change 0% +3.5% +9.7% +13% +16%

The combustion of fuels is always associated with the emission of substances into the
atmosphere. In the case of GHG emitted by internal combustion engines, the three most
common chemical compounds include carbon dioxide, methane, and nitrous oxide. These
all contribute to the greenhouse effect. The amount of carbon dioxide emitted as a result of
combustion of a given fuel is standardized for each country and precisely specified in the
relevant documents. In Poland reports are prepared by government institutions [65-67].
These data are collected annually due to the Emission Trading System for CO, emissions in
force in the EU. Carbon dioxide emissions from natural gas combustion for 2017 were found
in [65] to total 56.1 kg /GJ. In 2019 [66], the total was about 55.5 kg /G]J. In 2021 [67], the value
of emissions is expected to continue to decline. CO, emissions from biogas combustion
totaled 54.6 kg /GJ; diesel oils, 74.1 kg/GJ; LPG, 63.1 kg/G]J; and petrol, 69.3 kg/GJ. The
value for natural gas has changed over the years, in contrast to the other motor fuels
mentioned here. This proves the significant influence of natural gas sources on its chemical
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composition, and the amounts of natural gas imported from particular sources differ from
year to year. The lower emissions value for biogas proves the noticeable increase hydrogen
content in this gas. In the case of HCNG—calculating it purely (strictly) proportionally—
with a hydrogen content of 15% by volume, Poland could achieve CO, emissions at a level
close to the level of biogas CO, emissions. With a hydrogen content of 30%, it would be
possible to fall below this level. At 50% hydrogen by volume, the CO, emissions would
be reduced to the level of about 51 kg/GJ [68]. The changes in the thermal efficiency of
the engine for different hydrogen contents in Hythane should be taken into account, and
based on the analyzed test results, it can be assumed that the hydrogen concentration in
HCNG should be in the range of a few to a dozen or so percent.

It should be noted that the emissions based on the method of fuel life cycle evaluation
(WTW) for gas oil are the highest of conventional motor fuels, and its replacement by fuel
such as HVO, CNG, or HCNG should be the highest priority for the internal combustion
engine, to meet more ecological standards [69]. Carbon dioxide emissions from an engine
operating on HCNG with different hydrogen concentrations, depending on RPM and the
air to fuel ratio is shown on Figure 20.
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Figure 20. Carbon dioxide emissions from an engine operating on HCNG with different hydrogen
concentrations, depending on RPM and the air to fuel ratio [64].

A hydrogen and methane mixture (in addition to reducing GHG) significantly reduces
the amounts of toxic exhaust components emitted as well. In many studies, combusting
HCNG showed reductions in CO and NOx emissions. According to some research results,
the emissions of HC compounds remained constant. When an engine with constant RPM
was supplied with HCNG gas of various concentrations, an increase in NOx emissions was
seen as the concentration of hydrogen in the fuel mixture increased [53]. The research in [70]
also showed an increase in NOx emissions with an increase in hydrogen concentration in
the gas mixture. Such results are obvious from the point of view of the physiochemistry of
combustion, because it is very difficult to create a fuel that could reduce both the emissions
of chemical compounds containing carbon and those containing nitrogen, because the
mechanisms of their formation require opposite physical conditions. The issue of emissions
of these compounds by HCNG-powered engines is currently the subject of research in
many studies [71-77]. Worth noting is that the experimental values of NOx emissions are
higher than the calculated values resulting from a simulation [72]. Figure 21 shows the
NOx emission values that should theoretically occur in the Hythane combustion process
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under various engine operating conditions (A, B, C, D, E, F), modeled by various methods
(models I, II, and III), and the experimental values which were recorded (experimental).
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Figure 21. The levels of NOX concentration in the exhaust gas determined on the basis of simulation models—models I, II,
and III—and on the basis of the experimental results in various, established engine operating conditions, defined by the
letters A, B, C, D, E, and F, signifying the concentrations of H2 in HCNG composition as follows: A—0% H2; B—5% H2;
C—7% H2; D—10% H2; E—13% H2 [73].

The emission of other undesirable chemicals, such as HC, CH,4, CO,, and CO, in most
of the studies cited in this article, did not much changed or decrease the overall level of
emissions. Emissions always depend on the degree of hydrogen enrichment, and not in a
linear way.

During research on the effects of fueling an engine with HCNG gases of different
compositions (from 0 to 13% hydrogen content) when using biofuel as the ignition initiating
fuel, the lowest emission values of harmful exhaust components and the highest thermal
efficiency were achieved with the use of HCNG containing 10% hydrogen [52]. Emission
of CO, was the lowest for the hydrogen concentration of 10%, which proves the high
combustion efficiency of fuel of this composition. By comparison, HCNG with a hydro-
gen content ranging from 18 to 20% is used to power India’s public transport fleet [69].
Figure 22 presents the emissions of toxic exhaust components produced by methane fuel
and Hythane, showing some of the benefits of using Hythane.

3.3.4. HCNG Applications

There is a negative side of the popularity of alternative fuels such as CNG and HCNG:
they are commonly portrayed as fuels only marked by superlatives. In many countries,
such as India [64] and China [78], the implementation of these fuels for common use in
automotive transport is very intensive, but knowledge about them is lacking, sometimes
promoting false information about them.
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Figure 22. Pressure, emission and efficiency of an engine fueled with HCNG fuel with the following composition: (a) —0%
Hy, (b)—5% Hy, (¢)—7% Hy, (d)—10% Hy, (e)—13% H, with dual-fuel supply system [72].

Achieving low emissions requires significant interference in the design of the internal
combustion engine, which must be preceded by research and optimization of the design for
the combustion of a new type of fuel. In both single-fuel diesel engines and dual-fuel diesel
engines (RCCI), it is necessary to adapt the combustion chamber to run on a new type
of fuel. The shape of the combustion chamber in RCCI engines is very important for the
formation of harmful chemical compounds contained in exhaust gases [6,79,80]. The degree
of swirling of the air—fuel mixture changes, which makes it possible to completely burn the
fuel. After installing the gas installation, engine operation should be optimized with the
use of an engine dynamometer and an exhaust pollution measurement system (which is
not always the case). Reducing carbon dioxide emissions when running on natural gas or
Hythane does not always mean reducing GHG emissions. During the start-up of natural
gas engines (CNG/LNG), in the case of unsuccessful ignition, methane is emitted in an
amount related to the fuel consumption. Its emission during unsuccessful attempts to start
the engine contributes to the overall CH4 emissions of the engine during its operation. This
gas is 20 times more dangerous than carbon dioxide [7]. Much relevant data on HCNG
combustion are still being gathered, but information about the differences in emissions
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among typical fuels is very popular, especially for dual-fuel engines. Table 8 shows the
emissions of a typical, modern, medium-speed marine engine without an exhaust gas
treatment system.

Table 8. Emissions produced in the shipping industry: a typical medium-speed engine produced
after the year 2000 without a post-treatment system. Emissions depend on fuel quality and engine
type [7].

Fuel SOx (g/kWh)  NOx (g/kWh) PM (g/kWh) CO, (g/kWh)
Heavy Fuel Oil 13 9-12 15 580-630
Gasoil 2 8-11 0.25-0.5 580-630
Diesel 0.4 8-11 0.15-0.25 580630
LNG 0 2 ~0 430-480

Researchers try to determine the speed of flame propagation in a combustion chamber
(laminar burning speed correlations), which makes it possible to properly design the
combustion chamber of an engine [81]. The influences of such obvious matters as the
injection pressure of the pilot dose of diesel fuel on the BTE of the thermal efficiency of the
engine are still being investigated [82]. This topic has been examined with different fuel
injection angles and different combustion chamber shapes [6,79,80]. These parameters have
the greatest impacts on the level of swirling of the fuel-air mixture, which for different fuel
mixtures has different impacts on efficiency. The operation of an engine with HCNG fuel,
compared to the use of a standard engine with a timing system (negative valve overlaps),
designed for operation with conventional fuels such as diesel or gasoline, lessens the
efficiency of using the alternative fuel, that is, HCNG, as shown in [83]. Only the effects of
the use of a double pilot dose in dual-fuel engines have been investigated [84]. All of these
factors affect the emissions of an engine powered by these fuels. Taking them into account
should be an obligation when publishing any material related to these fuels and potential
investments. The cost of such major engine modifications is many times greater than just
supplying the engine with gas fuel and enabling its failure-free operation. Alarmingly
high emissions of harmful exhaust components have been demonstrated in research [72].
The study [85] showed that the emissions of city buses converted to use CNG significantly
exceed the assumed emission standards. The modifications to the engines are very often
based on the conversion of a diesel engine to a petrol engine. It has been proven that the
use of a laser ignition system in place of spark plugs allows one to increase the engine’s
operating parameters, which proves the non-homogeneous combustion of the fuel-air
mixture in diesel engines powered by such a gas [86]. The use of HCNG is possible in all
applications where natural gas is used in compressed form. It is also possible when natural
gas is doped with hydrogen at the stage of feeding the engine. In this case, it is possible
to use LNG and enrich it with hydrogen. Most often, Hythane is used as a complete fuel,
delivered and stored as is.

Adding hydrogen to natural gas at the stage of supplying the engine with both fuels is
possible in cases where the hydrogen is stored independently as a second source of power,
and when hydrogen is produced or supplied to the engine from another source. This can
be achieved in stationary engines powered by natural gas from the municipal network and
powered by hydrogen from self-production—for example, from industrial processes that
are carried out locally (or produced from renewable energy sources). This would allow
companies and industrial plants that use internal combustion engines to produce energy
to reduce GHG emissions, which will help any such company’s reputation and provide
the possibility of receiving subsidies for the development and construction of this type
of installation. In the case of Hythane on ships, it would also be possible to transport
both fuels independently (or to generate hydrogen onboard the ship), but the use of such
installations will be justified when emission regulations begin to urge shipowners to reduce
GHG emissions below a level which can be met by using Hythane to power marine engines.
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Natural gas transported on large ships is always stored in liquid form, in the form of
LNG. This is because, in addition to the different condensation temperatures of methane
and hydrogen, and their different densities which make it difficult to mix these fuels in
liquid form, the problem is the very simple structure of hydrogen atoms, whose quantum
properties have a large impact on their physicochemical properties. Hydrogen (H;) exists
in two forms with slightly different physical properties. Molecules can exist in one of
two forms—as orthohydrogen or parahydrogen. The form depends on the orientations
of proton spins in the hydrogen atoms. The orthohydrogen molecules have parallel spins,
whereas the spins of parahydrogen have antiparallel spins. In other words, in the orthohy-
drogen, the spins of the protons are in the same direction, and in the parahydrogen, the
opposite. The chemical properties of both of these forms of hydrogen are the same, but they
differ significantly in thermodynamic and physical properties. The contents of individual
forms of hydrogen gas strictly depend on the temperature—the closer it is to absolute
zero, the higher the content of parahydrogen. At room temperature, the orthohydrogen
to parahydrogen ratio is already three to one. Table 9 clearly shows the differences in
the physical and thermodynamic properties of different forms of hydrogen [50]. It differs
significantly in density in various forms—pure parahydrogen has a density that is about
22% greater than that of hydrogen in the surrounding air. The specific heat of parahydrogen
is also several percent higher, and the entropy of parahydrogen is less by about 9%. The
other properties are similar to each other.

Table 9. The physical and thermodynamic properties of different forms of hydrogen [50].

Hydrogen
Properties Para-Hydrogen 75% of Ortho- + 25% of Para-
Density in 0 °C, 103 mol/cm? 0.0546 0.0446
Cpin0°C,J/(mol x K) 30.35 28.59
Cvin0°C,]/(mol x K) 21.87 20.3
Enthalpy in 0 °C, J/mol 7656.6 7749.2
Internal energy in 0 °C, J/mol 5384.5 54771
Entropy in 0 °C, J/(mol x K) 127.77 139.59
Thermal conductivity in 0 °C, 1.841 1.740

mW/(cm x K)

There are way of changing orthohydrogen into parahydrogen with the help of cata-
lysts—paramagnetic ones—or it can be done by lowering the temperature of the hydro-
gen [87]. However, these are long-term processes, as a result of which heat is released
(at the level of 527 J /g Hy). The “instantaneous” condensation of normal hydrogen (75%
orthohydrogen and 25% parahydrogen) would result in liquid hydrogen having the same
proportions of both forms of hydrogen as in hydrogen under normal conditions. Only
under the influence of long-term storage of hydrogen in liquid form would the ortho—para
conversion take place spontaneously, and then the parahydrogen content would reach over
99.8% under the equilibrium conditions. The heat released changes with the temperature of
the liquid hydrogen and increases as the temperature of the converting hydrogen decreases.
Hence, difficulties in storing hydrogen in liquid form may arise, because the heat of hydro-
gen vaporization (447 ] /g Hy) at low temperatures is lower than the heat of ortho—vapor
transformation and causes evaporation of condensed hydrogen and liquid losses, even in
the best insulated tanks. Various types of catalysts have been used to convert orthane into
parahydrogen before it is stored.

Installations of this type designed for the preparation of hydrogen for the purpose
of storing it together with natural gas have not been described in scientific publications.
Due to the problem of ortho—para hydrogen transformations described here, currently no
technical solutions are used to prepare “HLNG” fuel for distribution.
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3.3.5. Hydrotreated Vegetable Oil
Properties

Hydrotreated vegetable oil (HVO) is a form of synthetic diesel, an alternative renew-
able fuel for CI engines that is produced from vegetable fats and oils. Hydrogen in HVO
production is used as a catalyst in the creation process instead of methanol in regular FAME
biodiesel production. This makes HVO far more stable. In many ways, HVO is actually
superior to other forms of fuel. Table 10 compares the different characteristics of regular
diesel, FAME, and HVO biodiesel. HVO’s impacts on the exhaust emissions of these fuels
are helpful. It has low solubility in water and the cetane number is high. Large differences
between the cetane numbers of conventional diesel fuel and HVO would require some
adjustments in the engine control to compensate for the fuel igniting earlier in the cycle,
though this does not always happen. The lubricity is very low due to the absence of sulfur
and oxygen compounds in the fuel; therefore, a lubricating additive is required [88]. The
heating value per mass of HVO is higher due to the higher hydrogen content. The density
is lower due to the paraffinic nature and the lower final boiling point. The cold properties
of these fuels can also be controlled to meet the local requirements by adjusting the severity
of the process or by additional processing. In any case, HVOs and paraffinic synthetic
fuels will require good properties for a viable future, because fuel requirements set by
legislation and fuel standards are becoming more stringent, due to new regulations for
exhaust emissions, fuel economy, and onboard diagnostics [89].

Table 10. The properties of diesel fuel components obtained from fossil and bio-renewable resources [88].

Diesel Fuel Made from FAME

Properties Crude Oil Processing Biodiesel HVO
Oxygen content (%) 0 11 0
Aroma content (% (m/m)) 15+ 30 0 0
Density in 15 °C (kg/m?3) 830 + 840 880 770 + 780
Sulfur content (mg/kg) <10 <5 <5
Heat value (M]/kg) 43 38 44
Cloud point (°C) -15+0 -5+ +15 —-25+-10
Boiling range (°C) 180 = 360 340 =+ 355 180 + 320
Cetane numer 50 =55 50 =53 70 =90

Table 11 presents a comparative effect of the use of HVO or FAME on the operation of
a typical diesel engine. Virtually all operational factors favor HVO.

Table 11. The influence of the type of biofuel on the operation of a diesel engine [88].

Hydrocarbon Biofuel from the

Factor HVO Process Biofuel B100 (FAME)
. . . Engines created for working
Engine type Every diesel engine on this type of fuel only
Ignition properties At the level of refinery diesel fuel Similar to diesel fuel
Lubricating properties Lack. the use of lubricating Very good

additives is required
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Table 11. Cont.

Factor

Hydrocarbon Biofuel from the
HVO Process

Biofuel B100 (FAME)

Low temperature
operation

Normally, adequately to the
low-temperature properties of
the fuel

Difficult compared to normal
diesel fuel, inferior low
temperature properties

Atomization and
evaporation of fuel in the
combustion chamber

At the level of refinery diesel fuel.

Fuel injector systems are factory
set for the typically diesel
fuel properties.

Deteriorated. Higher density
and viscosity and
lower volatility

Engine power

Rated

Slightly smaller

Fuel consumption

At the level of refinery diesel fuel

Slightly bigger

Tendency to form
precipitates and lacquers
in the supply system

At the level of refinery diesel fuel

Probability of increasing the
amount of sediments

Emission of components
harmful to health

At the level of refinery diesel fuel

Lower emissions of carbon
monoxides and particulate
matter. Higher nitrogen oxide
emissions are possible

Effects on materials used
in the engines fuel system
and in the
distribution system

At the level of refinery diesel fuel.

Used materials are compatible
with hydrocarbon fuels

Some plastics and painted
surfaces dissolve upon contact
with FAME

Influence on engine oil

At the level of refinery diesel fuel.

Engine oils are compatible with
hydrocarbon fuels

More frequent engine
oil changes

Production and storage [11].

The biocomponents obtained in the process of hydroconversion (Figure 23) of veg-

etable oils and animal fats, known as HVO, are hydrocarbon paraffin fractions obtained
as a result of the catalytic process of the hydroconversion of triglycerides of fatty acids
present in vegetable oils and animal fats. If non-food or waste materials are used, they
are classified as second-generation biomass components. Triglycerides can be divided
into simple ones, containing three identical fatty acids, and complex ones, consisting of
three different fatty acids. According to the presence of and number of double bonds, fatty
acids can be divided into saturated, monounsaturated, and polyunsaturated [11]. The
physicochemical properties of a triglyceride depend on the properties of the fatty acids,
and in the case of complex triglycerides, on the relative positions of the individual acids
in the triglyceride molecules. Saturated fatty acid triglycerides have high freezing points
(above 30 °C) and better oxidative stability than unsaturated acid triglycerides, which are
more reactive due to the presence of double bonds. The hydroconversion process of fatty
acid triglycerides consists of three steps:

Hydrogenation of double bonds in triglyceride hydrocarbon chains;

Breakdown of the triglyceride molecule into propene and fatty acids;
Decomposition of fatty acids into n-paraffinic hydrocarbon. Water, carbon dioxide,
and carbon monoxide are produced; and propene is hydrogenated to propane.
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Figure 23. Rapeseed 0il’s hydroconversion process [90].

Figure 24 shows the chemical molding process and composition of HVO.
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Figure 24. The chemical formation and composition of HVO [11].

The pioneer in the research of the hydroconversion of vegetable oils and animal fats
into hydrocarbon fuel components, and then in the commercialization of this technology on
an industrial scale, was the oil company Neste Oil. In Finland, July 2007, the world’s first
industrial site for the production of high-carbohydrate diesel biocomponents from natural
oils and fats was commissioned, under the name NExBTL, with a production capacity of
170,000 tons per year. As a result of the development of this technology, the HVO process
is offered by companies such as:
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Axens IFP (Vegan);

Honeywell UOP (Ecofining—Green Diesel);
Neste Oil (NExBTL);

Syntroleum;

UPM (BioVerno).

In total, the production capacity of the existing industrial HVO installations in the
world exceeds 3 million tons per year.

Logistics and Storage Benefits

HVO, compared to FAME, retains very good properties in terms of storage capacity
(Table 12). It is less hygroscopic, has no tendency to foam, relatively slowly decomposes,
and has no tendency to form a sediment in storage installations.

Table 12. Influences of the type of biofuel on the distribution and storage system [89].

Content HVO FAME

Possibility of decomposition
(hydrolysis), formation of

Slight tendency to form stable permanent emulsions with

Contact with free water

emulsions . .
water, formation of corrosive
compounds
Solubility of water in fuel Low High hygroscopicity
Tendency to foaming Low Higher
Susceptibility to microbial At a different level High

contamination

Rapid degradation of fuel due
to aging processes; the need to
use effective antioxidant

Fuel stability during

long-term storage High, low aging process

additives
Tendency to form deposits At a different level High
Biodegradability Low, long term decomposition High, faster decomposition

GHG Emissions

Engine tests have shown environmental and performance benefits of hydrotreated
vegetable oils as renewable diesel fuels.

Most of the studies available have shown that HVO usually leads to exhaust emissions
benefits with normal engine performance. Substantial reductions in THC, NOx, CO, and
HC emissions have been reported with the use of HVOs [88]. Official information from the
Neste Renewable Diesel Handbook says that 90% of CO, emissions are reduced when using
HVO as opposed to regular diesel fuel [90]. Significant impacts on PM, HC, and CO engine
emissions were observed by [89]. They reported the emission results with biodiesel, HVO,
and regular diesel in engines tested in testbeds and city busses. In most cases, all regulated
emissions, such as NOx, PM, CO, and HC, decreased with HVO compared to regular
diesel, although an increase NOx was also observed [91]. According to another study [92]
where exhaust emission tests were performed with different engine sizes (heavy trucks
and passenger car engines), reductions of particulate mass, carbon monoxide (CO), and
hydrocarbon (HC) emissions were noticed. A study by Soo-Young [93] in 2014 found that
the use of HVO reduced NOx, PM, HC, and CO emissions without making any changes to
the engine or its control. According to the study reported in [94], where exhaust emission
tests were performed on heavy duty turbocharged diesel engines, average reductions in
all emissions were clear. The most significant reduction of about 35% was measured in
smoke. With HVO, emissions of NOx were reduced by about 5%. A reduction in specific
fuel consumption by 5% was also noticed. Therein, the advantages of using HVO also
appeared in relation to typical biodiesel. The study showed averages of all speeds and
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loads with default injection timing. Emissions of HVO and biodiesel compared with to
normal diesel fuel are shown on Figure 25.

THC NO« CcO FSN SFC (grav.)

B svo

B - viodiesel EN-590-30

0 - regular diesel fuel

Figure 25. Emissions of HVO and EN 590-30 compared with those of regular diesel fuel [94].

In general, most of the studies that examined HVO found it to be a fuel which can
help to reduce GHG emissions. Another observation is that in most cases, HVO i=was
examined under steady-state engine operation or in a vehicle, and as a result there is a lack
of information from transient conditions, which are experienced for most of the operating
life of vehicle. Furthermore, HVO was investigated in existing engines only, by changing
the fuel. Default engine settings are not optimal for HVO combustion because of its slightly
different properties.

There is also no information about the use of HVO as a pilot fuel in the context of
dual-fuel systems. Of course, this should be investigated in the near future. Nevertheless,
the available knowledge about HVO indicates that there is potential for the use of this fuel
in the context of modern RCCI systems to reduce overall GHG emissions.

3.4. Hydrogen-Enriched Alternative Fuels—Summary

In RCCI engines, a high energy share of a poorly reactive gaseous fuel allows one to
reduce exhaust opacity and reduce the emissions of harmful exhaust components, such as
solid particles, NOx, CO, CO,, and NMHC [95]. As the engine load increases, the share of
diesel fuel (HVO) in the proportion of fuels used increases. This leads to slight increases in
the emissions of harmful exhaust components, but it also has an impact on the emission of
carbon dioxide. The combustion of diesel fuel produces more CO; than in the combustion
of CNG [96]. The emission of many harmful exhaust components depends on the energy
proportions of the fuels used in RCCI engines (it is possible to “control” the emissions).
The introduction of appropriate settings for the operation of such an engine may decide
whether or not to meet a specific exhaust emission standard, without physical interference
in its construction.

In RCCI engines, despite the positive impacts of a high share of CNG or HCNG on
CO; emissions and some harmful exhaust components, too much of it in the combustion
process leads to reductions in performance for the engine’s operating parameters. Figure 26
shows the operating parameters of the engine powered by both fuels at its maximum load
compared to the engine operating only on diesel fuel [97].
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Figure 26. Parameters of a CI engine powered by diesel fuel (black) or CNG and ON (red) with
maximum output power and torque [97].

Tests were usually carried out on CNG and diesel fuels. This type of setup in RCCI
engines is common in scientific works. Given the trend of reducing GHG emissions, it is
advisable to carry out tests with this type of engine with alternative fuels that allow for the
maximal reduction of CO2 emissions, and to check these fuels’ impacts on the operating
parameters of the engine, because there are no studies available in the literature that would
allow one to determine the impacts described in this article of fuels on the performance of
RCCI engines.

4. Discussion

Certain considerations in the preparation of this article left the authors in doubt about
several points, and we address them here.

The work [61] contains quite specific information on the combustion characteristics of
hydrogen mixed with natural gas. It was an original work by one author, which is currently
not available among the other works by this author. Other publications by this author,
where he appears most often with other authors, do not in most cases concern the topics
we discussed, and in the case of one topic related to HCNG, they did not present such
bold theoretical theses, but numerical and empirical studies and their results. Although
the author’s publication [61] was a source of very interesting data, we have some doubts
as to the validity (2012).

Papers looking at specific results of tests on HCNG with a specific composition are
very difficult to compare with each other. The composition of fuels should be determined
by the regulations governing its chemical and physical parameters. In many countries, fuel
such as HCNG is not registered, so there are no regulations governing its composition.
The composition itself may therefore be determined by researchers in a way that differs
from other researchers, and the method itself may not be disclosed, because showing all
information in scientific works is neither recommended nor common practice. Supposed
differences in the composition of HCNG gas, which theoretically can be compared with
each other, may in practice turn out to be incorrect. For this reason, one should be very
careful when comparing results from different papers.
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As already described in detail in the article, natural gas itself can significantly differ
in chemical composition depending on the source, and the creation of Hythane is based
100% on this base fuel. The problem with the formation of ortho- and parahydrogen in
hydrogen fuel has also been described in detail; it also introduces some inaccuracies in the
physicochemical parameters of the final fuel. The use of even chemically pure hydrogen
can lead to the use of hydrogen with undesirable physical properties for a given application.
Hythane is a fuel that not only widely used yet, and it is very strongly dependent on the
“component fuels” that create it; therefore, its parameterization is a noticeable problem
for researchers, so we are not convinced that the current information on the precisely
parameterized composition of HCNG can be relied upon.

There is also a lack of studies in the scientific literature that describe the use of Hythane
in a dual-fuel or RCCI engine. This also applies to the possibility of using HVO as a pilot
dose. In the context of the HVO, its use in “dual fueling” was also not tested, and that
should be done. In a dual-fuel system, the focus is on replacing liquid fuel with gas fuel as
much as possible, so the issue of pilot fuel becomes secondary. Nevertheless, HVO should
be examined in terms of its ability to initiate combustion in RCCI and the emissions it puts
out in this mode of operation. This leads to the conclusion that despite the analysis carried
out, further research is needed in regard to the use of this type of low-emission alternative
fuel in high-performance dual-fuel engines. Studies heading in this direction can be found.
Take [98] as an example: studies of an engine powered by HCNG and B100 fuel were
performed. Additional research is still needed on this subject though. The existing research
of this type could not always be linked with the research on emissions of exhaust gas
components related to the issues of global warming.

Due to the lack of a sufficient amount of research of this type, we have decided to also
support these efforts with significant research on fuels of this type in single-fuel internal
combustion engines, and further research will allow us to conduct a far more in-depth
analysis on this subject of interest.

Finally, it is necessary to mention the extensive bibliography related to the subject of
the dual-fuel engine itself. There is a lot of information about it. Readers may find the
references on this subject helpful, but because the subject of the RCCI engine itself is not
the focus of this article, the items related to it have been limited to the minimum necessary,
which proves the wealth of literature available on this subject [6,79,80].

N,O emissions are important for global warming, but the N,O concentrations in IC
engines’ exhaust gases in comparison to CO, concentrations are insignificant, and the
number of researchers focusing on that topic is small. The greater problem is CHy, the
emission of which is proportionally more common, and with the advent of new regulations
limiting the emission of harmful exhaust components, compliance with them may become
problematic when fueling an engine with fuel based on natural gas.

The latest Euro 7 scenarios assume the introduction of a limitation of methane in
the exhaust gas, measured as a separate component of the exhaust gas. Its permitted
emission level differs in the two main scenarios envisaged for the new Euro 7 standard.
Tables 13 and 14 show the emission limits for light and heavy-duty vehicles, taking into
account Euro 6, which is already in force, and the two scenarios for Euro 7: A and B.

Table 13. Euro 7 emission limits scenarios—LDV in mg/km, #/km [99].

Euro7 Scenarios NOx SPNjg CO CHs W N, O NH;
EURO 6 60/80 (SI/CI) 6 x 1011 1000/500 (SI/CI) - - -
A 30 1 x 1011 300 10 10 5
B 10 6 x 1010 100 5 5 2

(1) Suggested to limit weighted sum of CHy and N>O instead of separate limits.
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Table 14. Euro 7 emission limits scenarios—HDYV in mg/kWh and #/kWh [99].

Euro7 Scenarios ~ NOx SPNjg co cH/™D NOO®  NMHC NH3
10 ppm
11 _ pp
EURO VI 460 6 x 101 (SPNps) 4000 500 (S) 160(CLTHO) PP
A 120 4 x 101 1500 100 50 50 20
B 40 1 x 101 400 50 25 25 @ 10

(1) Suggested to limit weighted sum of CH4 and N,O instead of separate limits; (2) Impact of HC-burner for EAT
heating on NMHC emissions and durability for CNG tbd.

The predicted emission limit for methane is very strict and may prevent the use of
CNG and LNG as standalone fuels, as many engines powered by these fuels may have
serious problems with meeting such a stringent standard. Depending on which scenario
is finally introduced by the EU, alternative fuels such as HCNG and HVO may have a
significant impact on the possibility of meeting them, thanks to the possibility of effectively
reducing greenhouse gas emissions caused by internal combustion engines.

5. Conclusions

Alternative fuels could be the key to reducing CO, emissions and other greenhouse
gases in the combustion process.

Researchers regularly write about the advantages of using hydrogen as a fuel for
internal combustion engines. For example: “A hydrogen fueled internal combustion engine
has great advantages on exhaust emissions including carbon dioxide (CO,) emission in
comparison with a conventional engine fueling fossil fuel” [100]. One must bear in mind
the difficulties of using it on its own. However, fuels rich with it enable reductions in
CO, emissions.

Both HCNG and CNG are commonly researched and used in IC engines. The amount
of CNG research by far exceeds the amount of HCNG research, and the same is true of
the number of applications in practice. Both of these fuels have shown high potential for
reducing CO; emissions in tests. HCNG has been more impressive, and CO; emissions
decreased with the content of hydrogen in the fuel. There is also a lack of widespread
research on N»O emissions, which indicates further uncertainty about the climate impact
of this type of fuel.

The studies that were successfully analyzed do not strictly concern the influences
of the analyzed fuels on global warming. The works that treated the analyzed fuels as
sources of power for dual-fuel or RCCI engines were also rare. In the case of the fuels
selected by the authors, the co-combustion of which would have the greatest potential
to reduce CO, emissions, it was not possible to obtain a research paper in which both
these fuels (HVO and HCNG) were used in RCCI engine emission tests. Despite the lack
of consistent reference data, the overall picture of the knowledge available indicates the
validity of further work in the context of RCCI with a dual-fuel supply of HCNG and HVO
(as a pilot dose). All data on the emissions of the combustion of these fuels in mono-fuel
systems report measurable benefits through reduced GHG emissions. Further work should
be empirical, or measure engine performance and emissions on laboratory engine beds, in
dyno testing, and in tests in real cars travelling in traffic.

We noticed a problem with the parameterization of the physicochemical properties
of gaseous fuels. The spread between the various fuels is big; the problem is strongest for
NG and HCNG fuels. Big differences in parameters are not only allowed by regulations.
Large differences in the parameters of some fuels are not only allowed by the regulations,
but also often in cases of new fuels, such as HCNG, are not covered by them at all. This is
certainly a fact used by their producers. Even in research, there are noticeable differences in
the chemical composition of different HCNG, which also did not agree with the theoretical
calculations carried out by the author. For this reason, the properties of natural gas taken
from one of the cited works were used in the Table 15 below.
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Table 15. Summary table with a comparison of important fuel parameters [11,66-68,101-104].

Petrol Diesel B20 B100 HVO LPG E100 M100 CNG HCNG15 HCNG30 HCNG50
C/H % of weight 9 7.26/6.73 6.63 6.32 5.49 4.65 4 3 3 2.77 2.52 2.15
ratio molecular ~3:4 ~3:5 0.56 0.53 0.46 ~2:5 1:3 1:4 1:4 0.23/0.24 0.21/0.22 0.18/0.19
Hydrogen weight 12 26.5 28.39 31.75
content [%] ** 10 /(12.96) 128 1217 154 177 13 125 2 2575 (265) (27.5)
Carbon weight 73.5 71.61 68.25
content [%] ** 90 87.2/(86.93) 84.87 76.96 84.6 823 52 37.5 75 (74.25) (73.5) (72.5)
Approximate CO, 56.1 55 53.56 51.05
- ~69 ~74 ~63 ~62 70
emission level ~73% ~70 ~70* - - - -
g/ MJ] [66,67] ** /(71) /(69) /@1) - /64) [0 5535 543 52.85 50.37
CH4 emission ver . . . .
p40 tential low low low low low low low low higK high high medium/high
N0 emission Very medium medium high low very high high medium low low low
potential [103] high & high & &
HC, CO, HC, CO, HC
. i A HC, CO, ' HCCO, ¢ HC, HC, HC, NO,, NO,, NO,,
Trother substancess N, COuNOxxoro N (or NO;  NO  NO,  NOx  NOx  NOy  {ov
NOx, NOx. NOx. NOXx. NOx. NOx. NOx,  NOx, CHy. CHs,. CHy.
Source [66,67]+ [104] [101,102] [102] [102] [11] [101] [101] [104] [68] * [68]* [68]* [68] *

* Due to a different chemical composition of CNG in every country and from every source, in the table, NG-based fuels are pure. The
compositions of NG and H; are in volumetric proportions from [62], and the items dependent on others, for example, the C/H ratio or the
specific content of hydrogen in HCNG15, were calculated by the authors. ** A few values are reported twice, as there are differences among

the sources.

6. Final Summary Conclusions

1.  The aim is to minimize GHG emissions from internal combustion engines. Alterna-
tive fuels are being developed to reduce carbon dioxide emissions by reducing the
amounts of carbon therein.

2. RCClI engines, due to the specificity of their functioning, allow for very effective use
of the fuels burned, while ensuring low GHG emissions.

3. Gaseous fuels based on natural gas have very diverse chemical compositions, but
show the greatest potential to reduce CO2 emissions. These fuels can be enriched with
hydrogen, which further improves their emission properties. There are also highly
reactive fuels (when used as pilot dose fuels), and hydrogen is used for refining them.

4. There have been a very small number of empirical studies examining the feasibility
of using low-emission fuels in RCCI engines.

5. Anissue worth discussing is the emissions of other greenhouse gases (N20 and CH4),
on which should be focused by conducting further research and reviews in the context
of the use of alternative hydrogen-enriched fuels in RCCL
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