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Abstract: This paper presents a theoretical analysis of the selected properties of HCNG fuel calculations
and a literature review of the other fuels that allow the storage of ecologically produced hydrogen.
Hydrogen has the most significant CO, reduction potential of all known fuels. However, its
transmission in pure form is still problematic, and its use as a component of fuels modified by it has
now become an issue of interest for researchers. Many types of hydrogen-enriched fuels have been
invented. However, this article will describe the reasons why HCNG may be the hydrogen-enriched
fuel of the future and why internal combustion (IC) piston engines working on two types of fuel could
be the future method of using it. CO, emissions are currently a serious problem in protecting the
Earth’s natural climate. However, secondarily, power grid stabilization with a large share of electricity
production from renewable energy sources must be stabilized with very flexible sources—as flexible
as multi-fuel IC engines. Their use is becoming an essential element of the electricity power systems
of Western countries, and there is a chance to use fuels with zero or close to zero CO, emissions, like
e-fuels and HCNG. Dual-fuel engines have become an effective way of using these types of fuels
efficiently; therefore, in this article, the parameters of hydrogen-enriched fuel selected in terms of
relevance to the use of IC engines are considered. Inaccuracies found in the literature analysis are
discussed, and the essential properties of HCNG and its advantages over other hydrogen-rich fuels
are summarized in terms of its use in dual-fuel (DF) IC engines.

Keywords: HCNG; hythane; CNG; LNG; HLNG; hydrogen; Hy; HVO/HCNG; dual-fuel; GHG; CO»;

internal combustion engines

1. Introduction

As environmental degradation continues, more and more attention is being paid
to researching alternative sources of energy. One such source is HCNG fuel, a mixture
of hydrogen and compressed natural gas (CNG), which can provide an alternative to
traditional fossil fuels. This article will present some of the primary selected properties of
HCNG fuel, which is produced by blending CNG fuel with hydrogen, and discuss how
these properties affect the applicability of this fuel in compression ignition (CI) engines.
The case will also be made that hydrogen-enriched fuel is the best option for CO, emission
reduction in engines currently in use.

In the introduction, other methods of supplying hydrogen to internal combustion
engines (ICEs) are compared with the possibilities of using HCNG fuel. The basic properties
and formation of hydrogen are analyzed, and many issues related to its positive impact
on the carbon footprints of industry and the transport and energy sectors are explained.
The results of a comprehensive literature review is presented, based on which the critical
properties of various HCNG fuel mixtures were determined. The primary objective of the
article, resulting from the analysis and emphasizing the differences found in the literature,
was to determine the possibilities offered by using HCNG in ICEs used in industry. These
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possibilities were shown in the form of simulated CO, emission charts, efficiency changes,
properties of HCNG, and conclusions. An analysis of the popular literature and problems
arising from insufficient information concerning HCNG was also presented.

Explanation of the Introduction

Increasing environmental awareness is leading to the search for alternative sources of
energy to replace traditional fossil fuels. Hydrogen represents one of the primary alternative
sources of energy. Hydrogen’s role as an alternative to hydrocarbon fuels is currently
limited due to the difficulty of its distribution and the costliness of its production [1].
Hydrogen is also an energy storage medium which can be competitive with other energy
storage methods [2] due to its physical properties and its ability to be used as a fuel; in other
words, it can be used to recover energy from mechanical energy (engines), thermal energy
(engines and heating equipment), and electrical energy (fuel cells and power generators [3]).
Due to the problems associated with using pure hydrogen, this fuel is used in various forms.
This article outlines basic methods of storing hydrogen in the form of fuels and presents the
advantages of individual hydrogen-rich fuels for use in ICEs, with a particular emphasis
on the case of dual-fuel CI engines. With current trends in global energy development,
such engines play crucial roles in stabilizing the electricity grid and providing flexible
power generation options, which is why ICEs continue to attract the interest of researchers.
The hydrogen usage problem in the context of the current needs of the energy market
considered in this article is related to the possibility of hydrogen production by renewable
energy sources and its ecological use in fuel cells or ICEs. For this reason, this article aims
to select the most reasonable form of hydrogen-modified fuel used by high-efficiency DF CI
engines, which have a very flexible response time to mechanical energy demand. Figure 1
shows the projected trend of change in daily electricity production associated with the
development of sources of renewable energy, where we can see the short response time
needed in the electrical grid when many solar systems are installed [4].
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Figure 1. Electrical energy production and production forecasts for German Amprion transmission
system operators (TSOs) area, in the coming years, using the example of 19 July 2010, taken from [4],
when the electricity produced by photovoltaic installations was already 2 GW, with a total electricity
production of 23.4 GW. The graph (a) shows an approximation based on data measured in 2010, while
the graph (b) present a simulation from [5] showing the changes expected for 2030 and 2050 and data
from 2010. Both graphs contain drawn ramps at the highest increase in power demand in the power grid.

The graph on the left of Figure 1 is from 2010 and shows a situation that is already
beginning to affect the US and EU electricity markets. The graph on the right shows the 2010
data, information about the power supply in 2030 and 2050, as approximated by [5], both with
PV (photovoltaic) supply and without it, and the predicted PV production in 2050. Predictions
from [5] consider future changes in energy demand, which were not considered in the graph
on the left. Despite the reduction in energy consumption in Germany in the coming years,
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the ramp that occurs after intense insolation during the day is very sharp, both in the 2050
and 2010 x 10 solar power installed scenarios. The occurrence of such phenomena will be
a demanding challenge for the electricity production systems. Fast activation of controllable
energy generation components within the system will require using energy sources with
a very short start-up period to full power. A large amount of installed RES dependent on
solar power leads to huge daily fluctuations in electricity production and requires excellent
flexibility on the part of electricity producers, who must be responsible for the amount of
power available in the grid to shut down and restart electricity production on a daily basis [6].
Such significant variations often depend on the current insolation, which can also vary during
the day, requiring an immediate response from energy suppliers [7]. Such short response
times are achievable for few energy producers, and of those that can use hydrogen for this
purpose, only combustion engines and fuel cells can be mentioned [3,8,9]. The latter is not
only still not a widely available technology [10], but also has to use hydrogen in its pure form,
which will be explained in this article as a serious drawback to their use. As far as ICEs are
concerned, only reciprocating piston engines show sufficient flexibility to use hydrogen in
any form. There currently needs to be more information available to determine the suitability
of hydrogen-enriched fuels for power generation in turbine combustion engines. ICEs have
a remarkable ability to serve as sources of electrical power [11]. Hydrogen-modified fuels
can, therefore, be used primarily in reciprocating engines, among which CI DF engines
show the highest efficiency in using the energy contained in the fuel, as the author has
already demonstrated in previous publications [12-15]. In the 2050 scenario, the potential for
hydrogen production can be observed when all energy demand is supplied by photovoltaic
energy, and there will still be excess energy in the energy system. This creates the potential to
store the excess energy produced, e.g., as chemical energy, in the form of hydrogen [7]. The
number of energy storage facilities enabling the storage of electricity in chemical batteries has
its limits, which will be able to be supplemented by hydrogen in the future. Such hydrogen,
produced during periods of excessive electricity production by photovoltaic installations,
will be used to fuel ICE, enabling the production of electrical energy during a sharp increase
in demand while production by PV installations decreases.

Apart from proving the viability of using ICEs in the following years, this section
emphasizes the novelty of this article and the justification for its publication. In addition
to deciding which hydrogen-rich fuels will allow for the most effective reduction in
carbon dioxide emissions by modern dual-fuel engines, this article develops HCNG fuel
parameters with a precise range of achievable values that cannot be found in the available
literature at the time of writing. The literature analysis conducted showed a lack of concrete
answers to the following question posed by the authors:

“What are the values of the key physicochemical properties of natural gas and
hydrogen mixtures, from the point of view of using those mixtures in DF ICE as the
main fuel, depending on their hydrogen concentration?”

The following sections of this article provide an answer to the aforementioned question.

2. Materials and Methods
2.1. Methodology and Materials Selection

The materials used in this article are based on the literature analysis and mathematical
calculations following widely known conventions, the principles of which were also based
on the literature sources. Most of the sources were rejected during the research, and the
sources considered worthy of citation were those with a high level of reputation and
safety from the point of view of the certainty of the correctness of the data they contain.
Additionally, when a popular science source was quoted, it had its justification. The method
that allowed for calculating the value of a given physical or chemical parameter of the
hydrogen-methane mixture was to select extreme values that were within the acceptable
literature framework and to select data that allowed for the creation of a specific framework
in which the given parameter of the HCNG fuel is defining. Information about the data
source used in the calculations is always provided with the calculation results.
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2.1.1. Explanation of the Selection of a Specific Fuel for Further Consideration

As a key part of this study, a literature analysis of the subject was carried out, and
calculations based on the collected data were prepared. The calculations were based on
commonly available and well-known mathematical formulae and physical relationships.
The graphs presented will describe the effect of increasing hydrogen content on selected
HCNG properties relevant to using this fuel in ICEs. It is important to note that the
properties of the two fuels found in various sources differ significantly, which leads to
discrepancies in calculations of the properties of HCNG itself. This will be described and
highlighted in the chart showing the two extreme values developed from the available data,
and the values in between may be taken as possible for this fuel. Hydrogen is often currently
only as “green” as the means of producing it. This is because its natural occurrence is rare
and it is not extracted in as large quantities as hydrocarbon fuels. Its occurrence in its pure
form in nature has not been used on a mass scale so far, but this type of source has existed
for a long time [16], and this type of hydrogen is called white hydrogen [17]. Its deposits
often occur together with deposits of natural gas or crude oil, which is best proven by the
recent discoveries of its sources in France [18-20]. It is worth noting, however, that even
white hydrogen will have an unavoidable carbon footprint related to the environmental
costs of its extraction, purification, or distribution, and this will depend directly on the
energy sources used to power these processes [21]. It should be mentioned that there are
still no official guidelines regarding the methodology for calculating well-to-wheel (WTW)
emissions from this type of mine source [22,23]. It is important information, too, that
hydrogen does not have a defined global warming potential (GWP) value in a normative
manner in law [24]. This means that it is not yet entirely possible to determine the impact
of the mass extraction of white hydrogen on the environment [25,26].

Hydrogen production in Europe is mainly achieved through steam reforming, water
electrolysis, and coal gasification [27]. Further on in the article, there will be various ways
of producing hydrogen illustrated—not only those prevalent in the European Union. Two
of the world’s most commonly used methods are summarized in Table 1 below, showing
the impact of each method on carbon dioxide emissions, depending on the method used
and the hydrogen concentration in the HCNG produced.

Table 1. WTW CO, emissions (g/M]) for HCNG are produced through different routes and with
different hydrogen content [28] and hydrogen production costs [29-36].

H, content [%] 100% 8% 20% 25% 30%
Electrolysis green electricity 66 ~ USD 3-6/kg [29,30,32] 64 62 60 59
CO; change [%] - —24% —64% —83% —10%
HembssEm gy UDLOMOER
CO; change [%] - +6.1%  +17%  +22% +27%
Reforming natural gas 66  USD 0.5-2/kg [34-36] 68 72 74 76
CO; change [%] - +3.5% +9.7% +13% +16%

Steam reforming is the most common method of producing hydrogen in Europe. It
involves heating natural gas (NG), oil, or biomass in the presence of steam in a reactor,
which releases hydrogen and carbon dioxide. This method is used in 96% of hydrogen
production [27]. “Producing a unit of hydrogen from water requires four times more
energy than from hydrocarbons”—this sentence helps us understand why 96% of world
hydrogen production is based on this method. However, it is good to know that production
from biomass can be much more climate-neutral and have similar advantages as hydrogen
production from hydrocarbons [37]. Hydrogen in this method can be produced continuously
and relatively cheaply in large quantities, but it also requires fossil fuels, which increases
greenhouse gas emissions [38].
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Water electrolysis is the second most common method of hydrogen production in
Europe. The process involves passing an electric current through water, which causes the
water molecules to break into hydrogen and oxygen. Electrolysis can be carried out using
renewable energy sources to produce hydrogen in an environmentally friendly way, but
the process is expensive and requires a large amount of electricity [39].

The third method popular in the EU is coal gasification, which converts coal into
a synthesis gas that contains hydrogen and oxygen. The synthesis gas can then be converted
into pure hydrogen [40]. This method is economically competitive because coal is relatively
cheap, but greenhouse gas emissions are high, making it controversial and criticized because
of its environmental impact. However, hydrogen produced from coal is a common fuel
source among hydrogen-modified fuels [41], and this production method is one of the
most efficient [42]. Figure 2 shows hydrogen production methods broken down by source,
production method, and the level of greenhouse gas emissions associated with each method [43].

Entrepreneurs investing in hydrogen technologies must pay attention to hydrogen
production and distribution costs, which are essential for business decisions. Many sources
in [29-36] provide information not only about current prices and production costs but also
about what the costs of hydrogen production were and will probably be in the future. The
problem with providing production costs is that they may be subject to strong fluctuations
resulting from the connection of costs with many factors. Additionally, the value of the
currencies in which these costs are expressed also changes over time. For this reason, this
article only hints at information about it without delving into this topic. In the case of costs,
however, the same problem occurs as in other issues determining the various physical
parameters of the fuels in question because, depending on the source, these costs may differ
significantly from each other. Most sources provide them in a vast range of prices, which
can be further analyzed in, for example, this position [32].

Additionally, these values depend on the place and exact date the material was developed,
so it is not easy to compare them, unlike physicochemical properties. Therefore, to avoid
speculating and maintain this article’s scientific character, the cost values are only mentioned
indicatively. For an excellent example of the large dispersion in the value of costs it is worth
reading this position paper [44]. A more critical parameter related to hydrogen production,
which can be quite clearly defined, is the level of carbon dioxide emissions, i.e., the impact
of hydrogen production on the environment, symbolically marked with colors assigned to
a given method of obtaining hydrogen. A symbolic representation of the “rainbow” that
illustrates various methods of producing hydrogen is shown in Figure 2 below.

Technology: Technology:
Matural aas Electrolysis
reforming Energy source:
Energy source: blue h‘.\"dfﬂgen Mixed- origin grid
Natural gas Technology: energy
5 ay:
GHG_ emissions: Pyrolysis GHG emissions:
Medium ) Energy source: Medium
gasification +CCUSRE ¢ = gas pink hydrogen | green hydroger
Energy source: GHG issi g -
Natural gas, coal bl Technology: Technology:
GHG emissions: Solid carbon Electrolysis Electrolysis
Low (by-product) Energy source: ||| Energy source:
Muclear Wind, Solar, Hydro,
GHG emissions:] | Gegthermal
Minimal GHG emissions:
Minimal

Figure 2. Hydrogen production methods with hydrogen “colors” and typed production technology
used energy sources and GHG emission levels—own drawing based on [43,45-48].
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Hydrogen production is closely linked to the availability of technology and raw
materials on site. There are more production types and categories than are shown on the
graph and described in this article, but other research articles can deeply explore that
topic [49-51]. Therefore, it may not be possible to consider producing and consuming
hydrogen at a single site so that it has a proxy role similar to water in a pumped storage
power station. Hence, the possibility of using it once transported to its final destination is
significant. Hence, the issue of the form in which hydrogen is distributed after production
arises and can be divided into several separate fuels:

hydrogen in pure form—compressed or liquefied;

methanol, HVO, and e-fuels;

hydrogen bound to nitrogen in the form of ammonia;

hydrogen is mixed with NG/methane to a compressed form of fuel named HCNG,
H,CNG, or “hythane”.

Using hydrogen in its pure form is technically challenging, costly, complex, and
energy-intensive. However, it can be distributed in a form bound with other elements, such
as nitrogen in the form of ammonia [52], or in a mixture with other combustible gases, such
as CNG in the form of so-called HCNG—a mixture of hydrogen and CNG. Its distribution
in this form offers several advantages, the most important of which is using the existing
CNG distribution infrastructure to distribute NG together with hydrogen [53]. The most
significant advantages with which hydrogen, as a fuel, can be characterized are its high
calorific value and the fact that no carbon dioxide is emitted when burning hydrogen.
When used as a fuel, it can replace traditional fossil fuels [3].

The following graphic (Figure 3) illustrates the production methods for hydrogen,
collected together with information on the gases produced with hydrogen and the raw
material from which these gases are produced.

a Steam Reformation

Methane —
H.O, heat
Ethanol L Grheatd 3 Synthesis Gas
Propane . o (H, CO, CO)
. Partial Oxidation
Gasoline L (0,) —
2

. Presurized 3 Synthesis Gas
Coal / biomas > Gasycication (Hz, CO)

Hydrogen

Biomas _— Il ———> CarbonDioxide ——> Purifled H,

Fermentation (Ha, Coz)

Hydrogen and

Water [ELOJ ————%  Blelmlymls ————2% o,y

Termochemical Water
> Splitting

Photobiological Water Hydrogen and

Water (H;0) —a—> Splitting G o

E Photoelektrochemical
Water Splitting

Figure 3. Diagram with hydrogen production methods based on [54].

There are more methods of producing hydrogen than in this article [55], but a closer
look at the subject is necessary to understand the problem of creating HCNG fuel more
fully. Many of the methods not mentioned here are often used in industrial processes. They
are not associated with the mass production of hydrogen to allow its further distribution
on a mass scale. Some are also completely unprofitable but are technically feasible and are
often used because of other technological processes associated with them, e.g., in industrial
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plants [56]. However, it is worth knowing that the hydrogen created in this way can be
a waste product and can be attempted to put into common usage, like hydrogen produced
by more standard methods [57].

It is worth demonstrating how a few zero-emission methods have produced a small
amount of hydrogen. The diagram below in Figure 4 from [58] shows the share of individual
natural resources in the industrial production of this element.

Water

 Coal18%

Figure 4. Hydrogen production natural sources in industrial hydrogen production—chart created by
authors, based on [58].

The very intriguing article found in reference [58] also presents the relative costs
of hydrogen production expected at that time for individual sources, where for water
electrolysis, the relative cost was the highest among those mentioned, which explains such
a low share of this method in the global hydrogen production.

The next section of this article will characterize the fuels that allow hydrogen to be
used as a fuel produced by the abovementioned methods.

2.1.2. Hydrogen in Its Pure Form

Hydrogen is the simplest chemical element consisting of one proton and one electron.
Under natural conditions on Earth, it is bound as a two-atom molecule [59].

One of the main problems with using hydrogen as a fuel is its low energy density
compared to other fuels such as petrol or diesel. For this reason, a hydrogen tank needs to
be much larger than the tank for other fuels to provide enough energy to cover the same
distance. Hydrogen can also be stored as metal hydrides, but again, exceptional storage
and transport conditions are required. These technologies are still in the research or testing
phase and are unavailable for widespread use [60].

Another problem with using hydrogen as a fuel is its tendency to oxidize. Hydrogen
gas is very reactive and easily forms explosive mixtures with oxygen or other oxidizers.
A hydrogen flame is virtually invisible, increasing the risk of explosion hazards, which will
be developed in the section that describes the properties of HCNG in this article.

There are, therefore, several reasons why hydrogen in its pure form is not used to
power ICEs [3]:

1.  Thelow energy density of hydrogen—hydrogen has a very low energy density, which
means that much larger quantities of hydrogen are required to obtain the same amount
of energy as from other fuels. In practice, required hydrogen storage tanks take up
more space than tanks storing other hydrocarbon fuels, complicating the practical use
of hydrogen for fueling ICEs [3].

2. Safety—hydrogen, in its pure form, is highly flammable and explosive. For this reason,
it requires special safety measures during storage, transport, and use. This requires
high costs and additional procedures, which increases costs and hinders its widespread
use, but keep in mind that safety procedures apply to all hydrocarbon fuels [61].

3. Reactivity—hydrogen is a highly reactive fuel. It readily reacts chemically with other
elements, including oxygen, and causes the so-called hydrogen sickness in steel,
i.e., the chemical corrosion related to the high permeability of this element, which
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penetrates steel structures and causes internal damage. This involves the need to
use unique materials resistant to this phenomenon and the fact that hydrogen, as
the lightest and smallest of all the elements, freely penetrates the structures of other
substances. Hence, there is a permanent loss of hydrogen in the tank in which it is
stored. This phenomenon cannot be avoided in the case of hydrogen stored in pure
form [62]. Hydrogen reactivity is visualized in cartoon form in Figure 5.

Difficulty in distributing hydrogen—due to the lack of suitable infrastructure and the
high reactivity of hydrogen, which causes hydrogen disease in steel in contact with it,
as well as its permeability, as it can pass through structures that are not permeable
to other fuels, such as steel pressure vessels, among others. For its mass distribution,
tankers and pipelines will also be needed, and transport in its pure form cannot be
based on the use of materials that are used to transport other liquefied or compressed
hydrocarbon fuels [63].

Storage difficulties—hydrogen gas requires special storage conditions. Tanks should
withstand high pressure, and their material should resist hydrogen permeation
and the hydrogen sickness it causes. Appropriate materials and technology must
be used to ensure safety and optimum storage conditions. In its liquefied form,
hydrogen requires very low storage temperatures and constant cooling due to the
orthopnea transformations that occur in hydrogen, which gives off heat in this process.
An additional factor in favor of the liquefaction method of stored hydrogen is the
possibility of improving its purity with this method and the significantly higher
potential for deifying the energy it contains. This is because the process of compressing
hydrogen does not proceed as in the case of the compression of an ideal gas—as the
pressure under which the compressed hydrogen is stored increases, the increase in its
density decreases—thus increasing the amount of energy that must be put into further
increasing the density of the compressed hydrogen. It is crucial to know that CNG is
compressed under 200 atmospheres—compressed hydrogen is used under a pressure
of about 300-700 atmospheres [64-66]. Compressing or liquefying hydrogen under
such considerable pressures or low temperatures is expensive. The phenomena of the
differences between hydrogen and ideal gas compression process can be seen in the
graph in Figure 6 below, where hydrogen is compared with ideal gas [58].

Lack of infrastructure—the distribution problem, as mentioned earlier, also translates
into the lack of a hydrogen distribution network, both on a local and global scale. All
investments aimed at the mass transmission of hydrogen over longer distances are
still only in the planning stage [67]. The local distribution network is deficient, and
hydrogen can currently only be delivered to selected locations [68], often creating
only temporary, local refueling stations [69].

Difficulty of production—hydrogen in its pure form is not found in natural sources, so it
must be produced. Currently, the most common processes for producing hydrogen from
hydrocarbon feedstocks involve greenhouse gas emissions and negative environmental
impacts. All standard hydrogen production methods also involve the production of
other substances (Figure 3). Pure hydrogen must, therefore, be separated from other
products. Producing pure hydrogen is expensive but represents a milestone in organizing
a zero-carbon economy. Product liquefaction is the most effective method of purifying
the produced hydrogen from impurities, which involves cooling the produced gas below
20.4 K [49].

Due to these limitations, hydrogen in hydrogen-bearing forms, such as hydrogen

bound to hydrocarbons, alcohols, or ammonia [70], or hydrogen in synthetic fuels, such
as methanol or ammonia, are usually used more successfully. These fuels have a higher
energy density and are easier to store, transport, and use in ICEs [71]. It is also possible to
distribute hydrogen in liquid form (LH2), which is more costly to distribute but has the
advantage of fitting more hydrogen mass into a smaller space [72]. This form of hydrogen
storage is increasingly used in heavy transport or industrial usage [73-77], but it is still
a rare option for commercial hydrogen use. There are ideas to store hydrogen in slush
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form [78], but it does not give a much higher energy density than others. The best option
for hydrogen storage is still metal hydrides [79-81], which are still not developed enough
for commercial use.

N\ ’ N\ 4

\‘l

! 4 - _ ¢ «

Figure 5. Pictorial representation of hydrogen atoms permeability through the chemical structure of
steel and steel hydrogen corrosion phenomena—authors’ own image.

—— Hydrogen

~——— Ideal gas

0 200 400 600 800 1000
Pressure [bar]

Figure 6. The function of the density of compressed hydrogen and ideal gas with the pressure of this
compression [58].

Hydrogen compression and lignification to LH2 fuel are related to the energy costs of
bringing it to this state. Both hydrogen and NG must be compressed or compressed and
chilled if they are to be stored in liquid form. Energy used for cooling and compressing is
the cost of the gaseous fuel distribution. Hydrogen compression, as shown in Figure 6, is
more inefficient than classical ideal gas and less effective than NG. Another disadvantage
compared to NG is the hydrogen condensation temperature equal to 20 K (in normal
pressure) and its triple point at 33 K level [82].

In comparison, NG has a condensation temperature at 111 K level [83] and a methane
triple point equal to 90 K [84]. The differences are visible and indicate significantly
lower requirements that must be achieved to liquefy methane compared to liquefying
hydrogen. The theoretically determined minimum amount of energy needed to cool
hydrogen, allowing its liquefaction, was 3.3 kWh, or 3.9 kWh, with the quantum conversion
of this hydrogen, which is better described in the following parts of this article. The
energy needed to compress hydrogen to a pressure of 350 atmospheres, at which liquefied
hydrogen is typically stored, is 1.05 kWh/kg.
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In comparison, its compression to 700 atmospheres requires consumption of at least
1.36 kWh/kg. This 1.05 kWh is more than 3% of the energy in H, counted as a low heating
value (LHV) for fuel compressed to 350 bars, more than 4% for 700 bars, and more than
14.7% for liquid hydrogen. Those values are calculated for theoretical minimal energy
values. The actual liquefaction energy requirements are much higher and can be within the
range of 10-13 kWh per kg of H,, which is 38.6% of its low heating value. With advanced
liquefaction technologies such as magnetic hydrogen liquefaction, it was possible to reach
the horizon of 7 kWh/kg, which is still more than 20% of hydrogen LHV. Actual, real
measured compression energy requirements are at a 3.2 kWh/kg level, which states 9.5%
of Hy LHYV [85]. Optimistically, it can be said that by introducing hydrogen to the state in
which it is stored, it has to waste from 10 to 40% of the energy potential, which can then
be recovered during its combustion. In comparison, LNG liquefaction energy cost is from
0.5 [86] to 0.8 [87] kWh/kg, which means around 6% of its LHV. This is a few times lower
energy cost than hydrogen, which is a significant advantage compared to these fuels.

2.1.3. Methanol, HVO and E-Fuels

Synthetically produced fuels such as e-fuels [88,89] require hydrogen and carbon for
their formation. Carbon can come from spent hydrocarbon substances or from carbon dioxide
captured from the air [90]. Both of these methods may represent the future of fuel production
for ICEs but are currently expensive and low-volume technologies. Already well-known and
widely available fuels such as methanol [91] can also be produced this way. Its production
already produces carbon dioxide emissions, and the aim of using green hydrogen is to
distribute it further without emissions. Examples of contemporary e-fuels include HDO
(hydrodeoxy-generated fuel) [92-94] or the aviation fuel UOP (name adopted from the name
of the enterprise), which is produced from carbon dioxide recovered from the atmosphere [95].

Among the fuels of interest, however, is HVO (hydrotreated vegetable oil), which allows
diesel to be replaced by a low-carbon equivalent [96]. The low carbon footprint of this fuel is
due to its lower carbon chemical value, thanks to the enrichment of this fuel by hydrogenation
during the hydrotreating process. “HVO100 Renewable Diesel is a premium fossil-free diesel
product made of renewable raw materials, which does not release any new carbon dioxide into
the atmosphere. The fuel meets the criteria for 2nd generation biodiesel based on waste” [97].
However, there are already fuels whose production reduces the amount of carbon dioxide in
the atmosphere during their production, as in the case of the described e-fuels. The legislative
aspect of their qualification as zero-emission fuels is not yet certain, and at the moment, the
reduction in CO, emissions during fuel combustion is the primary concern [98-101].

HVO s a high cetane number fuel, already described in detail in publications [96,97,102-108].
Several articles have analyzed it to define it as the best high-cetane number fuel for DF
CI engines [109,110]. It is a hydrogen-enriched fuel but cannot be considered a direct
source for hydrogen storage and further distribution. The same applies to the other fuels
mentioned here, as e-fuels or methanol use hydrogen by binding it irreversibly. In those
fuels, hydrogen is released in the burning process, unlike ammonia and HCNG, described
later, enabling hydrogen to be used unbound once it has been delivered in bound form to
its final destination.

2.1.4. Ammonia Used as a Fuel for ICEs

Ammonia is a chemical compound with the formula NH3, which can potentially be
used as a fuel in ICE. Unlike hydrogen, ammonia is solid at room temperature, which
makes it easier to store and transport.

Concepts for transporting hydrogen in the form of ammonia to use pure hydrogen
at the end of the distribution process have existed for a long time. However, only in the
last few decades has this idea started to become real. What is essential is that ammonia
can easily be converted into hydrogen via the catalysis process [111], which breaks down
ammonia into hydrogen and nitrogen. The hydrogen can then be used as fuel in an ICE,
similar to pure hydrogen from a tank. It is possible because ammonia, also known as
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hydrogen nitrate, is a chemical compound of nitrogen and hydrogen atoms. One of the
benefits of using ammonia as a hydrogen source is that ammonia can be stored in liquid
form, making it easier to transport and store [112]. Ammonia is widely used in the chemical
and pharmaceutical industries as a raw material for fertilizers. However, there has been
recent interest in ammonia as an alternative fuel for ICEs, and now it is one of the alternative
fuels being explored as a possible energy source for them [113].

Ammonia has several characteristics that make it attractive as a fuel, including its
high energy content, ability to be stored as a liquid at standard temperature and pressure,
and low greenhouse gas emissions during combustion. Nevertheless, this fuel has many
disadvantages which are [112,114-116]:

High chemical reactivity, causing corrosion of steel;

Harmful in contact with living organisms;

High volatility under normal conditions, posing a danger to humans who inhale
ammonia vapor;

High freezing point, causing ammonia to solidify when it is used in winter conditions;
Higher N, O emission from ICE using ammonia as a fuel [117];

Low energy density relative to other liquid motor fuels;

increased NOx emissions due to introducing more nitrogen into the combustion
chamber [118] which introduces a new way of NOy formation from the ICE point of
view due to the emergence of the fuel mechanism of NOy formation [119].

For the use of ammonia as a fuel in ICEs, we must remember one of the main
disadvantages: using ammonia as a fuel is a challenge—it is toxic and corrosive so that it
can lead to faster engine wear. To solve these problems, unique materials and an engine
design that will resist corrosion are required—a problem applies to using hydrogen in its
pure form [120]. Direct combustion of ammonia in an ICE requires a unique engine design
to withstand these problems. Engines specifically designed to burn ammonia must have
materials and finishes that are corrosion-resistant and able to withstand the aggressive
components of ammonia. Ammonia has the potential to become one of the alternative
fuels for combustion engines, especially in applications where liquid energy storage and
transport are required [121].

Another way to use ammonia as a fuel is to produce hydrogen by decomposing NHj3
and then using it in ICEs. In this method, ammonia is heated and then decomposed into
hydrogen and nitrogen using a particular catalyst, and the hydrogen can then be used to
power ICEs. Large companies are already specializing in such technology, such as [122],
which, together with [123], is already preparing the world’s first cargo ship using only
pure ammonia for propulsion [124]. It is worth remembering that shipping is one of the
biggest emitters of GHGs and harmful exhaust components in the transport sector today. In
addition to the example cited here, more projects re-advertising the use of green ammonia
in marine transport can be found [125-130]. All kinds of hydrogen-enriched fuels are
essential for the maritime industry [131], one of the biggest CO, issuers [132]. The vast
number of ships and water transport courses worldwide [133] makes last year’s ammonia
fuel considerable progress there.

However, some challenges and risks are associated with using ammonia as a fuel
for ICEs. This is possible, and this fuel can be successfully used in HCCI/RCCI LTC
engines [134]. However, one of the main problems is the toxicity of ammonia and its high
pressure in the liquefied state, which requires special safety procedures during production,
transport, storage, and refueling. In addition, using ammonia as a fuel requires engine
modifications, which may incur additional costs [135].

Ammonia can be produced in large quantities from water and NG or other fossil fuels,
which means that it is available in sufficient quantities to replace the hydrocarbon fuels
used to date from which it can be produced. However, this avenue is not being considered
for reducing greenhouse gas (GHG) emissions because the only technologies of interest
are those that produce minimal GHG emissions [136]. It is also crucial that hydrogen from
ammonia can be produced “on board” in the vehicle or at the engine directly from ammonia
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fuel, which is also used by the engine. Hydrogen co-burned with ammonia as a one-fuel
mixture gives promising results, improving the performance of the engine fueled in this
way. Researchers in [137] extensively described both these phenomena and the concept of
simultaneous fueling of the engine, with both fuels, while supplying only ammonia fuel to
the engine, which is partially reformed to hydrogen while fueling the engine.

Despite these challenges, research and projects exist to develop CI engines that use
ammonia as fuel [138]. For example, Cummins, Wartsild, and MAN, a company specializing
in the manufacture of ICEs, are working on a technology that will allow CI engines to be
fueled with ammonia [139-142].

The properties of ammonia outlined here prevent it from being easily distributed
as a fuel. Its distribution-impeding properties, such as toxicity and corrosive properties,
may hinder its widespread use. There is also no distribution network for this fuel, and its
production cost is reported in [115] to be higher than that of hydrogen alone, especially
since, as such, it is based on previously produced hydrogen. The fuel HCNG, described
last, does not have the ammonia fuel disadvantages mentioned here, which is related to its
straightforward production and distribution system.

2.1.5. HCNG, H,CNG, Hythane

Hythane (HCNG) is a mixture of hydrogen and compressed NG, the composition of
which varies depending on the ratio of hydrogen to NG. HCNG is a fuel created by adding
hydrogen to CNG [143]. Mixtures of hydrogen and CNG are called various names. In some
countries, the fuel is registered as HyCNG (hydrogen to compressed natural gas) [144]
or HCNG (hydrogenated compressed natural gas), or Hytan (Polish name) [145]—and in
the American original—Hythane [146]. For this article, mixtures of hydrogen with NG in
proportions that do not cause hydrogen sickness will be referred to simply as HCNG. With
a hydrogen volumetric content of 50% level [147], HCNG has a much higher hydrogen
content than traditional fossil fuels, but this is primarily due to the high hydrogen mass
content of the methane itself because methane is still the most significant mass part of this
fuel with those proportions [14].

“Hythane” as a reserved fuel in the USA is a mixture of hydrogen and CNG in which
the volume ratio of hydrogen to CNG can be within a specific range, as defined by the fuel
standard. In the case of ‘Hythane’, understood as a fuel registered in the USA in [148], the
hydrogen volumetric or mole content ranges from 4% to 30%. In the case of a fuel that is
a mixture of hydrogen and NG not strictly defined by law, the hydrogen content of NG that
allows the fuel to be used in existing gas distribution systems is limited at several levels:

e  The correct operation of gas meters in the low-pressure NG distribution system allows
a hydrogen content of up to 12% by volume in the NG distribution system [149-151];

e A 20% hydrogen content by volume guarantees the correct operation of valves in the
low-pressure NG distribution system [152-155];

e  Approximately 50% is the limit that is not exceeded at present due to the hydrogen
sickness of steel, which does not occur when hydrogen is distributed with NG up to
a hydrogen content of 50% by volume in the mixture [147,152,155-157].

As can be seen, the restrictions on hydrogen content primarily apply to a low-pressure
system, allowing hydrogen to be distributed directly to end users. In the case of gaseous
fuel for ICE, it can be distributed via high-pressure pipelines adapted to distribute NG
along with hydrogen or via the CNG distribution network, which allows HCNG fuel to be
distributed in the same way as CNG. Hydrogen distributed in this way does not require
high-pressure tanks of such strength, as it can be distributed at lower pressures [152].

Comparing this fuel with the other mentioned fuels containing an increased amount of
hydrogen, HCNG is the only hydrocarbon fuel that has the potential to efficiently distribute
and utilize hydrogen in a way that allows for minimal GHG emissions when it is used
in an ICE without negative consequences for that engine. The production process for
this fuel is extremely simple and not energy expensive, with the energy intensity of the
production process being the primary issue in achieving a low carbon, hydrogen-based
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fuel, even when it is green hydrogen [14]. Using HCNG in the existing CNG distribution
infrastructure is not very expensive, and the cost of compressing hydrogen to add it to
CNG is only a tiny fraction of the cost that would have to be incurred to distribute pure
hydrogen independently.

For this reason, the next section of the article will provide a more accurate explanation of
the physical and chemical properties of HCNG, allowing for its effective use in an ICE. Many
of them can be found in various sources—including those quoted in the article—however, all
the graphs developed in this article are based on our calculations carried out to determine
the properties of this fuel based on the components of pure hydrogen and NG most
commonly available in the native territory country of the authors of this article, i.e., Poland,
where other researchers determine NG parameters as in [158].

3. Results

The results in the article are the developed properties of HCNG fuel based on data
collected in a literature review on the fundamental properties of hydrogen and natural gas.
Most properties have been visualized using charts in which the functions are represented
by two curves representing the extreme (the highest and the lowest) values of the given
variable. The Results section consists of smaller subsections in which various properties of
hydrogen and methane mixtures will be discussed.

3.1. Basic Properties of HCNG

This section of the present article will describe the properties of hydrogen and NG that
affect selected HCNG properties relevant to using this fuel in a DF CI engine. The fuel itself
is a mixture of hydrogen and NG in a proportion that allows the precise determination
of the chemical content of each element in this fuel, as can be seen in the graph in
Figure 7 below.

The hydrogen content in the graph in Figure 7 increases proportionally, directly to its
content in HCNG, while the carbon content decreases. Based on these data, it is possible to
calculate theoretical values of carbon dioxide emissions during the combustion of a given fuel
composition. The ratio of hydrogen and carbon atoms in HCNG fuel changes non-linearly.

1.0
0.9
0.8
0.7

l>— Hydrocarbon fuels

0.6
0.5
0.4
0.3
0.2

Proportion ratios [-]

Hydrocarbon fu€

0.1
0.0

0 10 20 30 40 50 60 70 80 90 100
Mass hydrogen content in HCNG [%]

Figure 7. Graph of the mass fraction of elements C (red color) and H (blue color) in HCNG and ratio
on numbers of their molecules (green), calculations based on fundamental chemical properties of
hydrocarbons [159,160].

Due to the great potential of this fuel to distribute green hydrogen in the future, it is
also essential to focus on the effect of hydrogen on the properties of this fuel. Although
the properties of both gases are essential for this fuel, the properties of Hj itself can be
more easily determined than those of NG, whose composition is highly dependent on its
source and purification method. This has already been described in detail in an article
written by the authors [14]. At the same time, the relevant properties of H; require further
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explanation, as its concentration in HCNG can be altered, and its influence on the properties
of this fuel can be modified depending on how it affects the operation of combustion
engines. The basic properties of each are summarized in Table 2 below, where the key ones
allow an understanding of the differences between these gases and their sources and the
literature sources.

Table 2. Basic properties of hydrogen and natural gas, with information about the literature sources
[28,102-106].

Natural Gas Hydrogen Source
Hydrogen to carbon ratio 4:1 - [161]
48-50 120 [161]
Energy density [M]/kg] 49.15 119.9 [158]
50.02 119.93 [58]
Energy density [M]/dm?] 12.6 3.0 [162]
903 793 [163]
Auto ignition temperature [K] 813 858 [161]
810 858 [157,164,165]
0.29 0.02 [161]
Minimum ignition Energy [m]]
0.274 0.017 [163,164]
Minimum spark ignition (SI) Energy [m] ] 0.29 0.02 [162]
Octane rating 120+ 130+ [161]
Octane number RON 120 - [162]
5.3-15% 4-75% [163]
Flammability limits [%] 5.3-14% 4-70% [161]
5.3-17% 4-70% [164]
Stoichiometric Air/fuel ratio 9.48 29.53 [162]
Stoichiometric F/A [kgg,q1 /K81 0.058 0.029 [161]
Wobbe Index, MJ/Nm? 47.91-53.28 40.65-48.23 [161]
37-45 265-325 [161]
Flame velocity in the air at NTP [cm/s]
38.5 315 [164]
2148 2318 [161,163]
Flame temperature [K]
2230 2396 [164]
0.7 0.07 [161]
0.657 0.8988 [166]
Density [g /L]
- 0.08375 [167]
0.668 0.084 [164]
Density (gaseous) [kg /m°] 0.716 0.09 [162]
Mainly emissions HC, CO, CO,, NO,, CHy H,0O, NOx [161]
Energy Density [M]/Lts] 25.3 2.9 at 350 bars [161]
Molecular weight [kg /kmol] 16.043 2.016 [162]
Lower heating value [M] /kg] 50 120 (6]
Higher heating value 2002 141.86
55.9 142.2 [168]
Laminar flame speed [cm /s] ~42 ~230 [162]
Lower explosive limit [%] 6.3 18.3 [164]
Higher explosive limit [%] 13.5 59 [164]
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As can be seen, these fuels share many differences, but more significant are the
differences in the data available from different sources. There are many other properties
and differences between these fuels, which are easy to find in research articles in familiar,
publicly available sources. The extreme values from Table 2 above were used for further
calculations, allowing us to determine the range in which the Polish HCNG fuel properties
may be. Table 2 will allow for the further analysis of the properties of the HCNG fuel, and
the values shown in the table will allow for a better understanding of the characteristics of
many HCNG properties.

When developing the effect of hydrogen on the properties of HCNG, this significantly
impacted the results, as will be seen in many graphs. The most important differences are
the calorific value and the densities of both fuels, which influence the energy-type density
of both fuels. The effect of hydrogen on HCNG has the most significant impact on the fuel’s
density and energy density, as hydrogen, which has an order of magnitude lower density
than NG, “dilutes” the fuel energetically as its share increases. The graph in Figure 8 shows
the variation in hydrogen density with the hydrogen content of HCNG.
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Figure 8. Chart of the HCNG density as the function of mass hydrogen content [161,162,166]. The
orange line is based on these sources that give a higher value of calculated density, and the blue line
is based on sources that give a lower density value.

The properties of HCNG are similar to those of pure CNG, but the addition of
hydrogen affects several other parameters. Compared to CNG, hythane has a higher
calorific value, but the volumetric energy density decreases as the hydrogen content of this
fuel increases. To better understand this effect, it is necessary to look at its variation in the
extent to which it is currently possible to distribute this fuel via the existing infrastructure
responsible for CNG distribution. To look at the function for the hydrogen content range
HCNGO—HCNGHSO0, it is first necessary to understand the differences due to different
values in the various data sources. The graph in Figure 9 below gives the volumetric
hydrogen content as a function of its mass content, which is an essential determinant for
calculating the volumetric and mass hydrogen content in HCNG.

As can be seen, the hydrogen content by volume of about 50%, corresponding to the
HCNGSO0 fuel, corresponds to about 12% of the hydrogen content by mass in HCNG. In
this range, the changes associated with the addition of hydrogen are the most intense but
will represent both changes in this and the full range of hydrogen content in HCNG, from
0 to 100% of the mass hydrogen content in the fuel. In the case of density, exceptionally,
the most significant discrepancies arise from the three sources [161,162,166] describing the
NG/methane and hydrogen densities. The differences between the sources are not large
but have a very significant effect on the other properties of HCNG, as seen in the following
graph. It is good to see those charts in the medium zoom, with a 0-12% hydrogen mass
content range like below. The graph in Figure 10 shows the dependence of the HCNG
density on the hydrogen content of HCNG in the range of hydrogen mass concentrations
from zero to 12, i.e., up to about 50% of the volume of hydrogen content.
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Figure 9. Volume content of hydrogen in HCNG and mass ratio of hydrogen to methane in HCNG,
based on extreme values of NG and hydrogen densities [161,162,166]. The orange line is based on
these sources which give a higher value of the volumetric content of Hy in HCNG, and the blue line
is based on sources that give a lower value of the volumetric content of Hy in HCNG. The light blue
line represents the mass ratio of hydrogen to methane in HCNG.
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Figure 10. Chart of density as the function of hydrogen mass content in HCNGO0-12 (max ~50% of
volumetric hydrogen content in HCNG) [161,162,166]. The orange line is based on these sources
that give a higher value of calculated density, and the blue line is based on sources that give a lower
density value. The legend at the top corresponds to the volume concentration of hydrogen, thus

determining the “x” value for HCNGx fuel, which is based on the values calculated and shown in the
previous chart, where the colors of the legend also correspond to the relevant literature sources.

The density of HCNG in the range from 0 to 50% hydrogen by volume in HCNG
decreases in direct proportion to the hydrogen content of the mixture. In this range,
a proportional decrease in density is evident. It is essential to emphasize in the introductory
section describing the selected properties of HCNG the influence of the quantum properties
of hydrogen on its physical properties. The most important of these is the effect on
hydrogen density. In the case of this fuel, its quantum properties significantly impact its
use as a fuel. The hydrogen atom comprises one proton and one electron, making it the
simplest chemical element. Its physical and chemical properties result from the strong
interaction between the proton and electron and the orbital structure of the electrons.
Because of this atom’s simple structure, this fuel’s physical properties are influenced by
the behavior of the proton and electron of this element [169], which will be described in
the following subsection below.
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3.1.1. Quantum Hydrogen Fuel Properties, and Why Is There no “HLNG” Fuel?

Due to the problem of the quantum properties of hydrogen described in this sub-section,
no technical solutions are currently used to prepare “HLNG” fuel for distribution. The
worst problem is the methane melting point temperature, which is higher than the
hydrogen evaporation point temperature. This difference makes it impossible to make
liquid the blend of these substances at one time and place, and further use of this
fuel could be possible only when all of this fuel is heated and evaporated [170]. The
indication is the stratification of HCNG during liquefaction and fuel evaporation due
to the different liquefaction temperatures of the two components. This would lead to
several adverse phenomena, so it should be remembered that hydrogen-methane mixtures
can currently only be distributed in compressed form because of methane and hydrogen
properties [171-173]. In the liquefaction process, LNG is purified to about 99% of methane
because other substances have different liquefaction temperatures. Hydrogen needs much
more energy to be used in liquid form than methane. In this case, for fuel supply in
hythane on ships, it would be possible only to transport both fuels independently or
generate hydrogen on board the ship. Such installations will be justified when emission
regulations begin to urge shipowners to reduce GHG emissions below the level that
can be met by using hythane to fuel marine engines. NG transported on large ships
is always stored in liquid form, i.e., as LNG. For various reasons, as described below,
mixtures of NG and hydrogen are not stored in this form. In addition to the different
condensation temperatures of methane and hydrogen and the density that makes it
difficult to mix these fuels in liquid form, the problem is also caused by the straightforward
structure of hydrogen atoms, whose quantum properties have an enormous impact on
their physicochemical properties.

Molecular hydrogen (Hj) exists in two forms with slightly different physical pro-
perties—orthohydrogen and para-hydrogen. The form of occurrence depends on the proton
spins orientation in the hydrogen atoms. Orthohydrogen molecules have parallel spins,
while para-hydrogen molecules have antiparallel spins. In other words, in orthohydrogen,
the spins of the protons are directed in the same way, and in para-hydrogen—the opposite
is true. The chemical properties of both hydrogen forms are the same but differ significantly
in thermodynamic and physical properties. The content of individual hydrogen gas forms
strictly depends on the temperature—the closer it is to absolute zero, the higher the content
of hydrogen para-hydrogen in such cooled hydrogen. The orthohydrogen to para-hydrogen
ratio is already three to one at room temperature.

Table 3 clearly shows the differences in the physical and thermodynamic properties of
different forms of hydrogen [3]. It differs significantly in density in various forms—pure
para-hydrogen has a density of about 22% greater than that of hydrogen in the surrounding
air; the specific heat of para-hydrogen is also several percent higher, while the entropy of
para-hydrogen is less by about 9%. The other properties are already similar to each other.

Table 3. Chosen physical and thermodynamic properties of different quantum forms of hydrogen [3].

Properties Hydrogen
Para-Hydrogen 75% of Ortho- + 25% of Para-H,
Density in 0 °C, 103 mol/cm? 0.0546 0.0446
Cpin 0 °C, J/(molxK) 30.35 28.59
Cvin0°C, J/(molxK) 21.87 20.3
Enthalpy in 0 °C, J/mol 7656.6 7749.2
Internal energy in 0 °C, J/mol 5384.5 5477.1
Entropy in 0 °C, J/ (molxK) 127.77 139.59
Thermal conductivity in 0 °C, 1.841 174

mW /(cmxK)
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There are possibilities of changing orthohydrogen into hydrogen para-hydrogen
with the help of catalysts, such as paramagnetic, or by lowering the temperature of
hydrogen [174]. However, these are long-term processes, as a result of which heat is released
(at the level of 527 J /g Hp). The “instantaneous” condensation of ordinary hydrogen (75%
orthohydrogen and 25% para-hydrogen) will result in liquid hydrogen having the exact
proportions of both forms of hydrogen as in hydrogen under normal conditions. Only
under the influence of long-term hydrogen storage in liquid form will the ortho—para
conversion occur spontaneously, up to the achievement of over 99.8% of para-hydrogen
content under the achieved equilibrium conditions. In condensing the hydrogen process
into a liquid form, the standard procedure is to convert the hydrogen into a stable quantum
form of para-hydrogen [85]. Para—ortho conversion is a fundamental phenomenon in
storing LH2 to maintain the correct temperature, preventing excessive evaporation [175].
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 hydrogen vaporization (447 J/g
Hy) at low temperatures is lower than the heat of ortho—vapor transformation and causes
evaporation of the condensed hydrogen and liquid losses even in the best-insulated tanks.
Various types of catalysts have been used to convert ortho- into para-hydrogen before
it is stored [174]. The thermal effects of the ortho—para hydrogen conversion may also
have an impact on safety because the rapidity of this exothermic reaction may lead to
such a “rapid” increase in temperature that it may lead to an increase in the pressure of
the hydrogen gas accumulated in the tank [176]. The heat of this conversion is 1.5 times
higher than the heat of the vaporization of hydrogen (703 kJ/mol). The evaporation
process can lead to boiling liquid expanding vapor explosion (BLEVE), directly related
to ortho—para-hydrogen conversion [177]. Figure 11 below shows the cartoon depiction
of the quantum hydrogen phenomenon compared with the schematic representation of
hydrogen atoms.
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Figure 11. Graphical representation of the quantum spin properties of hydrogen—authors’ graphics
prepared, based on [178].

The rotational orientation of interconnected diatomic hydrogen atoms affects their
chemical and physical properties. These are important from the point of view of using
clean hydrogen as a fuel. This significantly impacts the ability to store hydrogen in liquid
form because, in normal conditions, most hydrogen atoms “want to rotate in the same
way”, like in the left part of Figure 12, where the spin of both atoms is similar. Intensive
cooling of hydrogen causes the spin change to be visible on the right part of Figure 12. The
change in spin involves a change in energy, which makes it challenging to keep hydrogen
in a cryogenic state because, even in the cryogenic condition, hydrogen atoms gradually
change their spin. Figure 12 was created to make the spin idea more understandable and
accessible to the reader.
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Figure 12. Low (grey) and high (blue) heating values of HCNG fuel and hydrocarbon fuels (red) as
the function of hydrogen mass content in HCNG and volumetric heating values (orange [158,162],
yellow [158,166]) as the function of mass content in HCNG [158,161,162,166,168].

We can use only hydrogen with antiparallel proton spins to increase the energy
density from a unit of hydrogen volume. The temperature at which a mixture of the two
forms of hydrogen or various types of catalysts induces the conversion can be used to
convert orthohydrogen into para-hydrogen. Table 4 shows roughly how the content of
para-hydrogen in molecular hydrogen changes with the change in its temperature.

Table 4. The content of para-hydrogen in molecular hydrogen depends on its temperature [174].

Temperature [K] 20.39 30 40 70 120 200 250 300

Para-hydrogen in

2y 99.80 97.02 8873 5588 3296 2597 2526 25.07
hydrogen in %

The conversion is not immediate and takes a certain amount of time. However, its pace
is sufficient for over 50% of the liquefied hydrogen to evaporate within a dozen or so days
of the condensation. Formula (1) [59] is used to determine the content of para-hydrogen
“x” in liquid hydrogen after a sufficiently long time “y

“ t//

at the initial concentration “y”.
x = (y +0.00855 x t)/(1 + 0.00855 x t) (1)

It can be calculated that it takes almost a thousand hours (over five weeks) to increase
the concentration of para-hydrogen to over 90%. If the liquefied hydrogen were consumed
quickly, it would not need to be converted to para-hydrogen. However, if the hydrogen
fuel were to be stored for several days or weeks, most of the liquefied hydrogen would
evaporate due to the conversion, and only the continuous removal of heat from it would
keep the fuel liquid. In the case of joint storage of liquefied hydrogen and methane, it
would generate additional problems that do not occur in the storage of LNG, and one of
the assumptions for the creation of the hythane fuel was the possibility of using standard
installations used for NG for its distribution.

To solve the problem related to the conversion of hydrogen after its condensation,
special catalysts are used to convert orthohydrogen into hydrogen vapor quickly and at
a temperature that does not lead to the condensation of hydrogen molecules. In most cases,
the hydrogen molecules are first brought to a suitable temperature and then allowed to
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contact the catalyst by the hydrogen molecules. Molecules adsorbed on the catalyst surface
break away from it as a parahydrate. Catalysts can be oxides of various metals or activated
carbon in the form of granules with a diameter of 1 mm. The reaction is carried out during
the condensation of hydrogen, i.e., at temperatures below 300 K. If, however, the hydrogen
already converted to para-hydrogen had not condensed, it would remain in its form even
when brought back to room temperature. The reconversion of hydrogen to a specific ratio
occurs only at a temperature of about 1000 K in the presence of a platinum, nickel, or
tungsten catalyst. The transformation also improves the parameters desired for the fuel,
even for the gaseous form of hydrogen. However, the temperature at which most of the
transformations are carried out is closer to the condensation temperature than to room
temperature [3].

Installations of this type designed for the preparation of hydrogen to store it together
with NG have yet to be commonly and accessibly described in free scientific publications [179].

3.1.2. Characteristics of HCNG Properties Relevant to Its Use as Engine Fuel

Compression ignition (CI-diesel) engines are used in various applications, including
cars, trucks, buses, construction and agricultural machinery, shipbuilding, industry and
generator sets, or polygeneration. Their ease of adaptation to DF operation allows those
engines to be adapted to run on multiple fuels. It enables most industries using ICEs to
switch to alternative engine fuels with lower greenhouse gas emissions. CI engines are
highly efficient, and much more economical than spark ignition (SI) engines, and their
versions operating in DF mode are even more efficient.

In single-fuel CI engines, fuel is injected directly into the combustion chamber, where
compression and heating of the fuel-air mixture to a high temperature leads to CL. Using
a second fuel—a low-reactive and high-octane number fuel—in a CI engine allows for
increased use of the entire space above the piston of this ICE. The combustion starts after
the self-ignition of high-reactive, high-cetane fuel—is injected directly into the combustion
chamber. The best DF engines are reactivity-controlled compression ignition (RCCI) engines,
where efficiency is even higher [180-182]. This method of fueling and combustion is
accurately described in [183], where the importance of using these types of engines is well
explained. It is essential to know that high-methane NG, hydrogen, and ammonia fuels
have the same high octane number value at 120-130 [184]. All CI ICEs can be modernized
to DF combustion [185]. Those engines are some of the most considerable CO, emitters
in the world [132]. Hydrogen, in addition to fuels, would allow companies and industrial
plants that use ICEs to produce energy to reduce GHG emissions. This translates into
the company’s reputation and the possibility of receiving subsidies for developing and
constructing this type of installation. This is important because HCNG usage in this
engine type requires specific fuel properties and values. HCNG and hydrogen can be used
successfully in DF engines [186]. Hydrogen and HCNG, with a large amount of this fuel,
have one characteristic value at a much higher level than other engine fuels. That value is
its calorific value; one of the most important parameters characterizing a fuel is its calorific
value. The graph below shows its value as a function of the mass content of hydrogen
in HCNG.

This value characterizes the amount of heat energy obtained from fuel combustion
without the energy benefits associated with energy recovery from condensation. In the case
of liquid and solid fuels, this value is, under normal conditions, adequate for the suitability
of the fuel in question from the point of view of its use in mobile units due to its similar
volumetric calorific value [187]. Gaseous fuels pose a problem, as the amount of chemical
energy contained per unit volume depends on the conditions under which they are found.
The lower curves in Figure 12 represent the volumetric energy density of HCNG, which, in
contrast to the calorific value seen in the upper two lines, is not uniformly proportional
to the mass content of hydrogen in HCNG. This can be seen more clearly in the following
close-up shown in Figure 13:
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Figure 13. Low (grey) and high (blue) heating values of HCNG fuel as the function of hydrogen mass
content in HCNG [158,161,162,166,168].
The graph in Figure 14 shows the volumetric chemical energy density contained in
HCNG from HCNGO to HCNGS50. The higher the decrease in energy density, the lower is
the hydrogen content of HCNG. Therefore, the most significant effect of adding hydrogen
is on the pure CNG to which it is doped. If HCNG is to be distributed via a pressure tank
system designed for CNG, it significantly reduces the amount of energy stored in that tank.
In the case of vehicles, this translates into a reduction in the range of that vehicle, for, in the
case of the use of HCNG in vehicles, the limit to the hydrogen content of HCNG is not only
its ability to penetrate and corrode metal components but also its ability to store a certain
amount of energy in a fuel tank limitation volume. Figure 14 below shows the values of the
relative changes in calorific value and volumetric energy density as a function of the mass
content of hydrogen in HCNG.
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Figure 14. Percentage, relative change in the mass heating values for low (grey) and high (blue)
heating values, and volumetric heating values (orange [158,162], yellow [158,166]) as the function of
mass content in HCNG [158,161,162,166,168].
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Changes in volumetric energy density, as seen in the graph in Figure 14, are most
intense for hydrogen contents up to 30-40% by mass of hydrogen in HCNG. Above this
value, the density practically does not change anymore, while the calorific value increases
linearly with the increasing hydrogen content in HCNG. Four functions are presented
in the diagram in Figure 15; however, in this case, discrepancies in the source values
on which the calculations are based do not cause significant differences between the
calculated results, so the functions practically coincide. Due to the significance of the
effect of hydrogen content on the volumetric energy density of HCNG, the graph below
shows two functions presenting extreme values of calculated volumetric energy densities
as a function of hydrogen content in HCNG from HCNGO0 to HCNGS50.

Mass hydrogen content in HCNG [%]

2 3 4 5 6 7 8 9 10 11 12

Figure 15. Percentage change in calorific volumetric values as the function of hydrogen mass
content in HCNGO0-12 (max ~50% of volumetric hydrogen content in HCNG), where the green line is
a pure NG fuel in HCNG [158,161,162,166,168]. The yellow and orange curves are typical Polish NG
representation (red), and pure methane is CNG (yellow) [58,162].

The changes in volumetric energy density calculated based on the two sources presenting
extreme values do not differ significantly from each other, and differences are only apparent
at higher hydrogen contents in HCNG. More attention should be paid here to the fact that
diluting CNG with hydrogen to the level of fuel HCNG50 already causes a drop in energy
density by more than 35%. In such a case, HCNG40 fuel already has 1/3 less energy per
unit of its volume than CNG stored under the same conditions. HCNG25 already reduces
the energy density of the fuel by 1/5.

It should be borne in mind that in the case of high contamination of a base fuel such
as CNG with non-combustible chemical compounds such as nitrogen, the addition of
hydrogen will not reduce the energy density of HCNG as intensively as in the case of the
almost pure methane [58] seen in the diagrams. The nitrogen content in NG can be up to
21.5% [188], which lowers its calorific value by more than 1/5. An example of the effect
of hydrogen on highly nitrogenized NG is shown in the additional curve in Figure 16 to
illustrate the reduced effect of hydrogen on lowering the volumetric energy value of HCNG.

Equally important from the point of view of the user of gaseous fuels is knowledge of
the Wobbe index of a given fuel. Its value represents the energy density of a given gaseous
fuel to its relative density—relative to the density of air [189]. This value can indicate the
interchangeability of fuel gases with different chemical compositions of similarity between
NG and a specific propane—air mixture [190,191]. The graph in Figure 16 below shows the
variation in the Wobbe index as a function of the hydrogen content of HCNG.
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Figure 16. High (grey) and low (orange) Wobbe index are the functions of hydrogen mass content
in HCNG.

Calculated based on [158,161,162,166,168] and compared with values from many other
publications [192-194] which have different values, however, often within the specified
range, where hydrogen has very similar values in all publications and NG does not. It is
essential to know that NG has so many different values in the Wobbe index that those charts
could look so different in the case of the used source, where some of them [191,195-209]
are strongly divergent. It can strongly depend on NG’s propane or butane content [210].

The Wobbe index provides information on the properties of the fuel, allowing it to be
used in many areas. Its influence on the performance of an engine running on a given fuel
is a matter described in the literature [211], and more emphasis is placed on this parameter
when powering RCCI engines, in which gaseous fuels will be the primary source of energy
in these fuels [211]. Figure 16 clearly shows the differences in the Wobbe index values
depending on the source from which the data for the calculations are drawn [191-194]. In
addition, it is essential to note that further analysis of the literature on the subject shows
even more significant differences in the value of this parameter to the NG fuel [191-194],
which further confirms the magnitude of the differences in the composition, and thus the
physical properties, of this fuel. On the other hand, the course of the Wobbe index as
a function of the hydrogen content in HCNG is consistent, with its value decreasing up
to a hydrogen content of about 35% by mass of hydrogen in HCNG and then increasing
until pure hydrogen is reached. The maximum enrichment of HCNG in hydrogen is also
confirmed in [212]. Figure 17 shows the Wobbe index value for different HCNG fuels from 0
to 50% of volumetric hydrogen content in this fuel (0-12 mass hydrogen content in HCNG).

The decrease in Wobbe index values is relatively uniform at hydrogen contents
in HCNG of no more than 50% by volume. Both the upper and lower values change
similarly. Increasing the hydrogen content in this concentration range, therefore, worsens
the magnesium properties of this fuel.

The properties of hythane can be tailored by changing the ratio of hydrogen to NG.
The use of hythane can lead to a reduction in greenhouse gas emissions as well as harmful
substances. Hythane is safer than pure hydrogen, as pure hydrogen is highly explosive,
while HCNG is less explosive due to its high methane content [155]. Modeling has shown
that the explosive properties of hythane are slightly higher than methane’s, and for both
these fuels, the explosion pressure is much lower than for hydrogen [213].
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Figure 17. High values (grey) and low values (orange) of the Wobbe index as the function of
hydrogen mass content in HCNGO0-12 (max ~50% of volumetric hydrogen content in HCNG). They
are calculated based on [158,161,162,166,168] in a combination enabling the determination of the
extremes of the highest and lowest possible Wobbe index values.

The explosive properties of HCNG must be determined based on experimental tests,
as the knowledge of values characterizing the individual component fuels—hydrogen and
NG—will not allow the values for HCNG at different hydrogen contents to be worked
out by calculation, as they do not change arithmetically. Fuel stratification may occur
when the fuel mixes with air, so the parameter characterizing methane may become more
critical in some areas and hydrogen in others. For this reason, the parameters for both fuels
are essential and will be presented here, and HCNG should be regarded as a fuel with
explosive potential in the full range between these values if no binding tests are carried out
in this field [214].

The explosive limits of hydrogen in air are 18.3% to 59% in volume [164,215,216].
Explosive concentration limits are described [217] as a range from 4% to 75% of the
hydrogen content in the air [218]. The extensive hydrogen explosion range, flame wave
propagation speed of 3.15m/s [219] (in another publication, 1.7 m/s [220]), the accumulation
of vapors in the upper parts of confined spaces, and a high capacity for diffusion make
it necessary to use a multilevel hydrogen detection system (aspiration, ultrasonic, and
flame detectors), as well as ventilation systems enabling the removal of vapors from
explosive atmospheres [164]. The laminar flame speed should be precise, too, but simple
calculations are insufficient to obtain correct results; there are simulation results in other
research studies [221-223]. This value determines the time of the combustion process in
the engine. However, in RCCI/HCCI (homogeneous charge compression ignition) and
LTC (low temperature combustion) [224,225] engines this parameter does not affect the
combustion process [226]. In DF engines, it is crucial to correctly calculate the heat release
ratio, which is described in the following sections.

The explosion limits of NG are related to the high methane content of the fuel. The gas
forms flammable and explosive mixtures with air. It is lighter than air and accumulates in
the upper part of rooms. Ignition or explosion can be caused, for example, by sparks.
The description of the gas states that it can form explosive and flammable mixtures
with air. “Vapors are lighter than air and accumulate in the upper parts of the rooms.
Ensure effective ventilation. Keep concentrations of hazardous constituents in air below
permissible exposure levels and explosive concentrations. Do not use open flames. Do
not use sparking devices or tools; ventilation and electrical installations must be by the
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conditions regarding fire and explosion hazards. Protect against static electricity discharges
(earthing, bridging)” [227]. Notably, in Polish standards or data sheets for NG as a fuel,
its properties are characterized based on the results obtained from testing pure methane.
This gives grounds for a similar treatment of HCNG as an explosive fuel, where extreme
values developed based on methane and hydrogen tests will constitute the basis for the
specification sheets for this fuel. The most critical conflagration hazardous hydrogen and
methane parameters are collected in Table 5 below.

Table 5. Physical properties related to fire and explosion hazards with information about explosive
properties of natural gas and hydrogen [164,228-234]. The base source is [164].

Natural Gas Methane Hydrogen HCNG50
Lower flammability volumetric limit [%] 5.3/4.4 [234] 5[230] 4 ~5
Higher flammability volumetric limit [%] 17 14.3 [230] 75 ~24
Lower explosive volumetric limit [%] 6.3 5[233] 18.3 ~7
Higher explosive volumetric limit [%] 135 15 [233] 59 ~20
Maximal flame speed [m/s] 0.374 [231] 0.385 3.15/2.933 [231] ~0.68
Minimal ignition energy [m]] 0.31 [229] 0.274 0.017 ~0.27
Self-ignition temperature [°C] 582 [232] 537/540 [228] 585 ~583

Studies on the explosion hazard of HCNG have been conducted by [235,236]. It is
worth referring to experimental research on this topic; mathematical calculations will not
translate here into innate phenomena that may occur in the case of HCNG. The values
calculated for HCNG are averaged values based on the bulk composition of the mixture.
To find out the actual data, it should refer to specific research on this topic, which, as
described in the conclusions, is insufficient to determine this type of information with high
certainty for various HCNG fuel compositions. Values from Table 5 for HCNG mixtures
should be measured or simulated in special programs; those values depend on the mixture
homogenization, stratification, flow laminarization, temperature, uniformity of heating,
and many others that cannot be simulated by simple calculations, which has limited the
authors of this article.

Octane number: HCNG has an octane number close to the LO of pure CNG, which
means it can be used in higher compression engines without the risk of ignition ahead of
time. One of the challenges of using pure H; in CI engines is the relatively high combustion
temperature of hydrogen, which can produce problems with loss of engine power, as well
as increased emissions of nitrogen oxides (NOx). To prevent this, HCNG fuel can be used.
Hydrogen has a lower ignition temperature than CNG, so it is easier to ignite the mixture
and start the engine at low temperatures with a low ignition energy value, which is also
lower for hydrogen and is only 858 K [164]. The combustion temperature is also essential,
the theoretical values of which are shown in the following graph in Figure 18.

In Figure 18, there is a uniform, linear increase in combustion flame temperature as
the hydrogen content of the fuel increases. However, the differences are not significant,
and the value of this temperature is more influenced by the method of determining it
(different sources give divergent values) than by the changed hydrogen content of the
mixture. It is also worth noting that there is a theoretically calculated temperature, and
the actual value in the ICD is usually significantly lower. In addition, it is influenced by
the value of the excess air ratio, which is variable in DF engines. Variations in the value
of this temperature will, therefore, have little effect on the operation of these engines, as
will differences in the values of the minimum auto-ignition temperature of the CNG and
hydrogen mixtures [157,164,165].
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Figure 18. Theoretical combustion flame temperature of HCNG as the function of hydrogen mass
content in HCNG. The orange curve is from [164], and the blue curve is from [161].

Several essential parameters for using this fuel in ICEs are not discussed in this article,
as it proved difficult to calculate values for the individual hydrogen contents of HCNG
fuel, and the relevance of specific parameters relates more to the use of SI engines than CI
engines. These include the limiting quenching distance of 0.6 mm for hydrogen (0.64 mm in
norm [237]) and 2 mm for CNG [3,238], but it depends on the combustion parameters of the
methane—air mixture; the quenching distance for methane or NG could be bigger—2.5 mm
for [239], or much more extensive—more than 3 mm for [240-242]. The minimum energy
required to ignite the air—fuel mixture is 0.02 m]J for the hydrogen-air mixture and 0.29 m]
for the CNG-air mixture [162], or 0.017 mJ and 0.274 m] [163], so it depends on the data
source and research method. In contrast, auto-ignition temperatures ranged from 793 to
858 for hydrogen and 810 to 903 for methane [157,163-165] or 537 °C for methane and
585 for hydrogen [209]. Another vital piece of information about that kind of mixture is
the DDT parameter (deflagration-to-detonation transition), which informs us about the
type of combustion that appears in the combustion chamber when a natural gas/hydrogen
mixture is burning [243]. This parameter informs us about safety considerations, too.
Researchers in [244] said that “Contrary to expectations based on the well-known high
reactivity of hydrogen, it turned out that with an increase in, the run-up distance and
time of DDT change nonmonotonically,” which proves that without specialized tests or
simulations, many parameters determining the hydrogen and methane mixture cannot be
determined. In [245], the author shows some parameters depending on whether the engine
is fueled by methane or hydrogen. Finding points located “in between” those fuels for
HCNG fuel in an algorithmic way may be burdened with too large an error; however, we
recommend reading this work and taking into account that for HCNG fuel, these values will
be between the values corresponding to the engine operation on methane and hydrogen.
A good example is the ignition delay of diesel fuel as a function of the excess air ratio
in the atmosphere of a fuel-air mixture. The fuel could be methane, hydrogen, or other
low-reactivity fuels [245].

However, important from the point of view of the use of a given fuel in an ICE is the
kappa coefficient, also known as the adiabatic exponent, defined as the ratio of the specific
heat of a gaseous fuel at constant pressure to the pressure at constant volume [246]. Its
value, calculated from changes in the specific heat of the mixture, can be seen in Figure 19.
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Figure 19. Kappa value of pure HCNG as the function of hydrogen mass content—blue chart based
on [247-250], yellow chart based on [251-254].

The calculated values are based on [247-249,251-253], and all were reported with
the original Kappa values of substances [255] and calculated by the chemical formulas
from [256]. They agree with the ranges in which these values can be found. Hydrogen,
a two-atom gas, mixed with methane, a multi-atom gas, leads to a change in the specific
heat of this mixture [257]. A change in the specific heat defined at constant pressure and the
specific heat defined at the constant volume of the mixture leads to a change in the adiabatic
exponent of that mixture [258]. The kappa value will also depend on the temperature at
which the compressed /heated substances are located [259-261].

The adiabatic coefficient directly affects the theoretical efficiency of an ICE [262]—both
that of a SI engine [263,264] (theoretical efficiency for the Otto cycle) and that of a CI
engine (Sabathe cycle) [265,266]. The effect of the fuel fed to the engine on the value
of the adiabatic exponent relevant to the compression process will only be significant
if the fuel is supplied to the engine indirectly [267], i.e., it begins to form a fuel-air
mixture with the air before compression begins in the engine [268,269]. Indirect fuel
injection allows for a good air-fuel mixture and allows changing the kappa value before
the compression stroke. Hydrogen significantly impacts it, and RCCI engines need
a homogeneous mixture of low-reactive fuel and air. Direct injection will not give the
fuel enough time to mix with the air [11,270]. However, in the case of direct hydrogen
injection, it significantly limits the time of its influence on the metal elements of the
intake system. It significantly reduces the potential for hydrogen penetration into the
crankcase, primarily during compression stroke. Injection timing and duration must be
optimally selected to make the engine run properly with optimal work parameters and
emission levels [11,271]. Fuel mixed with air changes the kappa value of the mixture,
and the hydrogen content in HCNG is essential enough to make a chart with an X-axis
containing this parameter affecting the kappa value of the air—fuel mixture. Figure 20
below shows a graph comparing the exponent values of the adiabatic fuel-air mixture
created with HCNG fuel.

As can be seen, the calculation results of the adiabatic exponent for fuel-air mixtures
composed of HCNG and air and the value of the HCNG fuel itself differ in the case of the
fuel-air mixture [272]. In this case, the kappa value is close to the value corresponding
to that for air [248]. This is due to the high air content of this mixture relative to the
amount of fuel it contains. As the hydrogen concentration in HCNG increases, the kappa
value increases, and this is due to the kappa value of hydrogen being very close to that of
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air—in contrast to the value for methane being significantly lower. However, the air fuel
ratio is extremely important, which varies significantly between sources [238,273-284], and
Figure 21 below shows several values depending on which source is used.
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Figure 20. Four charts represent HCNG mixed with air in stoichiometric proportion as the function
of hydrogen mass content in HCNGO0-12 (max ~50% of volumetric hydrogen content in HCNG), and
two of them are the same as in Figure 19—only for pure HCNG kappa value. The kappa value of
pure HCNG is on the blue chart based on [247-250] and the yellow chart based on [251-254]. HCNG
mixed with air represents a grey chart based on [162,247-250], an orange chart based on [162,251-254],
a brown chart based on [161,251-254], and dark blue (invisible on this chart—look at Figure 21)
represent HCNG-air value based on [161,247-250].
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Figure 21. Kappa value of HCNG mixed with air in stoichiometric proportion as the function of
hydrogen mass content in HCNGO0-12 (max ~50% of volumetric hydrogen content in HCNG), where
dark blue chart-based AFR value from [161,247-250], orange from [162,251-254], grey from [162,247-250],
and brown from [161,251-254].
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The values in the diagram shown in Figure 21 strongly depend on the value of the
air-fuel ratio adopted. This has the most significant influence on the kappa value. In
this case, the effect of the hydrogen content alone helps to illustrate the trend, but only
an accurate determination of the AFR will allow this value to be determined.

However, it significantly impacts engine operation if HCNG is introduced indirectly [263]
or directly before the engine’s compression stroke. In such a case, we should take a value
for pure air compression results for the change in kappa vs. kappa for CNG delivered by
the intake manifold. The theoretical efficiency values depending on the compression ratio
of the engine have been calculated, collected, analyzed, and are presented in Table 6 below:

Table 6. The theoretical efficiency of ICEs as a function of compression ratio (CR) compared with
the kappa value of pure air, CNG mixed with air, and HCNG50 mixed with air and the proportional
percentage difference between CNG and HCNG theoretical ICE efficiency—"“AIR" efficiency is
a reference for comparison for SI engine (left side of the table) and CI (right side of the table) [285].

CR AIR CNG HCNG Diff.: CR AIR CNG HCNG Diff.:
6 51.1% 51.0% 51.1% —0.31% 16 72.2% 72.0% 72.2% —0.25%
7 54.1% 53.9% 54.1% —0.30% 17 73.0% 72.8% 73.0% —0.25%
8 56.4% 56.3% 56.5% —0.29% 18 73.8% 73.6% 73.8% —0.24%
9 58.5% 58.3% 58.5% —0.28% 19 74.5% 74.3% 74.5% —0.24%
10 60.2% 60.0% 60.2% —0.28% 20 75.2% 75.0% 75.2% —0.24%
11 61.7% 61.5% 61.7% —0.27% 21 75.8% 75.6% 75.8% —0.23%
12 63.0% 62.8% 63.0% —0.27% 22 76.4% 76.2% 76.4% —0.23%
13 64.1% 64.0% 64.1% —0.26% 23 77.0% 76.8% 77.0% —0.23%
14 65.2% 65.0% 65.2% —0.26% 24 77.5% 77.3% 77.5% —0.23%

Average difference: —0.28% Average difference: —0.24%

The table shows that the differences in the achieved theoretical efficiency are insignificant
and amount to about a quarter of a percent for engines compressing a stoichiometric
fuel-air mixture. The results are based on one dataset [161,251-254] and may differ when
using other sources. The used kappa values give the most significant difference, but the
used AFR makes a more negligible difference than those from [162]. AFR from [161] was
used because this value is much more prevalent in research publications, and if another
value was found, it was close to this.

The simulations performed differ strongly even for the sources cited in this article
for developing the other values calculated here. It should be borne in mind that direct
injection systems are developed where the type of fuel used does not affect the value of
the adiabatic exponent of the compressed air theoretical efficiency [286]. The effect at
the level of 0.25 percent is quite negligible. It may affect SI engines more, as not only
is the shift value higher, these engines run on a stoichiometric mixture [287], in contrast
to DF CI engines where the mixture composition is rarely close to stoichiometric and
the excess air equates the kappa values for the CNG-air mixture with the HCNG-air
mixture [245]. It is also worth noting that the coefficients appearing in the Sabathe cycle
efficiency formula [288], consistent with values concerning ClI efficiency, taken from [284],
constant for all compression ratios and selected based on [289], were used to calculate
the efficiency of CI engines. These values vary for different compression ratios and are
individual for different engines and engine types [290].

An important parameter affecting the values of these coefficients is, among other
things, the rate of heat release in the engine [291]. This parameter will be influenced by the
hydrogen content of the fuel-air mixture, as the use of hydrogen in an engine—whether
as an additive, as an independent fuel, or mixed with CNG, as in the case of HCNG—is
always associated with an acceleration of the combustion reaction and an increase in
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the maximum pressure in the combustion chamber [292] relative to other fuels used in
reciprocating engines [293]. This is related to fuel properties such as minimum ignition
energy, flash point, specific heat, rate of flame propagation, and quenching distance [294].
The pressure build-up virtually always coincides with the time course of the amount of
energy developed, as can be seen from the graphs in Figure 22 which show the energy
developed as a function of the angle of rotation of the crankshaft.
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Figure 22. Heat release rate (HRR) value as the function of crankshaft angle degrees (CAD) for CNG
and different HCNG fuels [295].

Heat release rate (HRR) differs for different fuels [296-298]. As we can see in Figure 22,
hydrogen boosts the HRR and makes it more prominent, which was described in many
sources [299-302]. The calculation of that parameter makes no sense using simple mathematical
methods. However, it can be measured [303,304], and more often, it can be simulated [305,306]
or calculated [307,308] in more advanced computer programs [309-311]. With HRR increasing,
the maximum peak combustion pressure is increasing, too [223,312]. Bigger HRR and
combustion pressure can be an advantage or disadvantage because it depends on the type
of engine where it is changed [313,314]. The most important thing is to prepare the engine
correctly to use fuel like HCNG.

Burning hydrogen is cleaner than burning fossil gases, which means that emissions of
certain harmful substances are much lower. Most importantly, burning hydrogen produces
neither carbon dioxide nor methane, the primary greenhouse gas that humanity is trying to
decrease [161]. The emission of ICEs is particularly combated, and the problem of increased
methane emissions is particularly acute with the use of CNG in ICEs. Although this fuel
reduces carbon dioxide emissions, its use will unfortunately always be associated with
increased methane emissions [315]. Hydrogen, as an additive to CNG, can help reduce
both emissions [316]. Changes in methane emissions will not be included in the simulation
calculations, as such calculations require a more sophisticated model of the specific engine,
as methane emissions are not elementary to the operation of ICEs and are an undesirable
phenomenon associated with incomplete combustion of the fuel [315]. Instead, drawing up
the carbon dioxide emission diagrams for DF engines shown below was possible.

Carbon dioxide emissions decrease as the hydrogen content of HCNG increases. The
graph in Figure 23 shows the theoretical values for 100% efficiency of the use of this fuel.
More practical values are shown in the following graph in Figure 24, where carbon dioxide
emissions are simulated for real-world ICEs.
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Figure 23. Theoretical, CO; emission is calculated for a 100% efficiency combustion process as the
function of hydrogen mass content in HCNG, calculations based on [158] fuel parameters.
— 600
<=
2 DF HCNG/HVO
E 500 ICE with 25% of
= replacement
g \ —DF HCNG/HVO
2 400 ICE with 50% of
£ replacement
% —DF HCNG/HVO
S 300 ICE with 75% of
replacement
DF HCNG/HVO
200 ICE with 95% of
replacement
=—DF HCNG/HVO
100 ICE with 9% of
replacement
0 SF SIICE HCNG
0 10 20 30 40 50 60 70 80 90 100

Mass hydrogen content in HCNG [%]

Figure 24. The theoretical CO, emission for different types of engines and fuel replacement level for
DF engines is calculated as the function of hydrogen mass content in HCNG—calculations based
on [104,158,161,268,317-325] sources.

DF engines are characterized by the dependence of carbon dioxide emissions on the
degree to which high-octane fuel is replaced by a high-octane fuel such as HCNG. A critical
limit here is the carbon dioxide emissions of SI engines that burn only HCNG without
adding a higher hydrocarbon fuel such as diesel or the HVO used here. The range from 0 to
12 wt.% hydrogen content in HCNG (HCNGO0-HCNGD50) is essential from the point of view
of the possibility of using HCNG in the currently existing transmission infrastructure. They
clearly show that even at a replacement level of 75%, carbon dioxide emissions are lower
than those from SI engines. Such values can be achieved today with higher generation
installations for engines that use CNG as the primary fuel.
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3.2. Discrepancies in HCNG Data

The information found on hydrogen and NG presents very different values for the
different physical properties of the two fuels. In addition, the formation found in popular
scientific sources also presents diverging information. However, while dealing with
scientific sources, the discrepancies may be due to the accuracy of the research or different
sources; indeed, in the case of popular scientific sources, contradictory information can
already be found, which indicates their incorrectness.

This can have severe consequences for people who use such sources and then adapt
this knowledge to practical applications. At the end of the article, some examples of
problems encountered while obtaining information about this fuel found in popular science
sources will be presented.

The negative side of the popularity of alternative fuels such as CNG and HCNG
should also be considered, which creates the image commonly portrayed as a fuel only
marked by superlatives. In many countries, such as India [28] or China [326], implementing
these fuels for everyday use in automotive transport is very intensive.

Mass conversion of diesel engines to run on gaseous fuels such as CNG and HCNG does
not reduce the emission of harmful exhaust components to the same extent as presented in
the media and popular science [327-331]. Each engine converted into an alternative-fueled
engine should be adequately prepared for it. Merely allowing it to work and achieve
satisfactory operating parameters is not tantamount to achieving the expected level of
emissions comparable to that achieved in a laboratory on another, well-calibrated test
engine. In the case of public tenders, the essential criterion determining the implementation
of a given solution is the price, which, for the majority of vehicles belonging to the state
public sphere, excludes the possibility of conducting thorough emission tests after vehicle
conversion. However, much of the information widely available in popular science does
not always provide factual information. Popular TV programs in India (where CNG and
HCNG vehicles are prevalent), easily accessible on “YouTube” [328,329,331], show much
false information. A chart commonly used in popular science environments, available on
Wikipedia [330], does not meet the primary mathematical relationships based on the sum
and difference of the values presented. This graph is presented below in Figure 25.
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Figure 25. A famous graphic from Wikipedia showing HCNG advantages, [330] shows toxic
components of exhaust gas combustion from CNG and hythane gases.
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Unfortunately, emission tests and research are costly investments [332], which will
not be returned to entities investing in this type of solution, and legal conditions will not
require the universality of this type of research, among others—due to the limited access to
such specialized equipment, allowing them to be carried out. Achieving the low emissions
that can be achieved in research engines requires significant interference in the ICE design,
preceded by its research and optimization of the design for the combustion of a new fuel
type. In both single-fuel CI engines and DF CI engines (and RCCI engines, of course),
it is required to adapt the combustion chamber to run on a new type of fuel. In these
works [183,332,333], the authors have repeatedly shown that the shape of the combustion
chamber in RCCI engines is crucial for forming harmful chemical compounds in exhaust
gases. The air—fuel mixture’s degree of swirling changes, making it possible to burn the
fuel [334] completely. After installing the gas fueling system, engine operation should be
optimized using an engine dynamometer and an exhaust pollution measurement system
(which is not always accessible). Reducing carbon dioxide emissions when running on
NG or hythane does not always mean reducing greenhouse gas (GHG) emissions. During
the start-up of NG engines, in the case of unsuccessful ignition, methane is emitted. In
that situation, the emission of CHy, is equal to the CNG/LNG gas fuel consumption. Its
emission during unsuccessful attempts to start the engine contributes to the overall CHy
emission of the engine during its life (operation). This gas emitted into the atmosphere
is 20 times more dangerous than carbon dioxide [335]. Much relevant data on HCNG
combustion are still being researched and developed, but information about differences in
emissions for typical fuels, especially those used in DF engines, is prevalent.

4. Discussion

The purpose of this paper was to present the properties of HCNG and the problems
associated with obtaining information on this fuel, namely the significant disparity between
the physical and chemical properties of the two fuels involved. Using the data found,
a range of values was created within which HCNG fuel should fall, making it easier for
researchers to use data on this fuel in the future.

However, some of the data were so strongly divergent that the authors decided to list
them here, as they are essential to verify in the future to find the actual physical constants
describing these fuels:

Density of NG used in the European Union (EU);
Air hydrogen fuel ratio;

Wobbe index;

Combustion temperature;

Parameters determining the safety of using HCNG;
Emission of harmful components in the exhaust gas.

The emissions listed at the end will vary depending on the equipment (engine) in
which the fuel was burned. However, in the authors’ opinion, a study should be carried
out to determine approximate values of emissions from the combustion of these fuels
because “zero-emission” hydrogen will always cause NOx emissions during combustion.
In contrast, NG, often characterized as a low-emission fuel for GHG emissions during
incomplete combustion, will cause CHy emissions to have a much higher GWP potential
than CO,. However, the authors’ literature analysis shows significant discrepancies or
silence on that topic.

An essential point in the authors’ opinion is the necessity of using zero-emission fuels
regarding CO, emissions norms by 2050 within the EU [336]. The lower emission values
characterizing HCNG will not replace zero-emission fuel. However, if the technology for
using this fuel is developed, it may be possible to use pure hydrogen or ammonia in the
same way as HCNG (both of which have a high octane number and can be used in both
CI and SI engines) [14]. For this to happen, however, an infrastructure is needed to enable
the widespread use of these fuels [63]. The authors believe that HCNG fuel offers the most
tremendous potential for decarbonizing industry and the transport and energy sectors.



Energies 2024, 17, 1525

34 of 48

When it comes to comparing the performance of an ICE and a fuel cell [337], it
should be remembered that the high efficiency of hydrogen fuel cells [338] is currently
comparable to that of industrial DF engines and gas turbines [319,339]. Fuel cells also have
disadvantages that cannot be easily eliminated [340-342], which in some applications gives
an advantage in favor of using ICE. The world is still considering which of these devices
will be better for the use of hydrogen [343]. An increase in this efficiency may result from
the development of the engines themselves and the introduction of utility-scale versions
of HCCI or RCCI engines, as well as from the start of widespread waste heat recovery of
the engine, raising the efficiency of electricity generation by another few percentage points.
However, even with the efficiency of ICEs at the level known from currently used motor
vehicles, ICEs are considered an indispensable tool for humanity to use the generated
hydrogen. If the infrastructure allows the widespread use of clean hydrogen, both these
types of power machines can use it with similar success. For the time being, it is more
important, in the authors” opinion, to address the decarbonization of the industry using
the current infrastructure. The costs of building infrastructure for a new global hydrogen
transmission infrastructure are several times higher than the basis provided in the following
references [31,344-347].

The research in this article, like any research, has its limitations.

e  Firstly, it was impossible to review all the available literature, so the authors may have
omitted some essential sources;

e  Secondly, it was not possible to determine in a simple, computational way many
parameters that would be important from the point of view of using HCNG in DF ICEs;

e  Some of the parameters should be examined experimentally or numerically in a more
advanced way and with greater accuracy than in the existing, widely available literature;

e  Another limitation is the knowledge of the exact chemical composition of natural gas,
which is highly variable, and adding its variability to the calculations would lead to
a solid dispersion in the results [14].

5. Conclusions

Hydrogen has properties that mean that its use as a fuel requires specific procedures
to deliver it efficiently and safely to its point of use. It can exist in the form of many fuels
when used as an energy source. Based on this analysis, the authors conclude that HCNG is
the fuel with the best properties for using hydrogen as a fuel. Apart from this, the authors
have successfully continuously determined many parameters determining the properties of
HCNG, which cannot be collected in one place in the generally available literature. Because
the article was already defined in the introduction as a study allowing for the answer to
two questions, the conclusions will also be divided into two sections to be better related to
the introduction and the whole article.

Proving that HCNG is the best low-emission fuel that can be used in DF ICEs can be
based on the following conclusions:

o  The NG distribution infrastructure allows the distribution of HCNG without incurring
additional significant expansion costs—the costs of modifying it are a fraction of the
costs associated with creating a supply infrastructure for other hydrogen fuels;

e  Using HCNG with a hydrogen concentration of no more than 50% of the fuel content
in industrial DF engines allows lower CO, emissions than in SI engines. This will also
be the case for smaller CI engines if the degree of substitution achieved in this engine
is sufficiently high. Therefore, this fuel fits in very well with current trends in the use
of DF engines in industry and transport;

Carbon dioxide emissions can be reduced to zero if HCNG contains nearly 100% hydrogen;
The decrease in energy density of HCNG with increasing hydrogen content in the fuel
can be compensated for by increasing the storage pressure of the fuel.
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Proving that the question “What are the values of the key physicochemical properties
of natural gas and hydrogen mixtures, from the point of view of using those mixtures in
DF ICE as the main fuel, depending on their hydrogen concentration?” has been answered:

e  The non-linear change in the density of HCNG depending on the hydrogen content in
the mixture is consistent with the available data on this subject because hydrogen has
properties different from those of an ideal gas;

e The decrease in the Wobbe index is only initially above a particular value; this
coefficient starts to increase, which is a good indication of the stability of this fuel.
The Wobbe index reaches its minimum value at a certain hydrogen content in the
HCNG mixture;

e  The increase in combustion temperature with increasing hydrogen content will not
pose a problem for using this fuel in the engine, as these values are not significantly
higher than the base values;

e Adding hydrogen to CNG improves the value of the adiabatic exponent, which affects
the efficiency of the ICE. However, its effect cannot be precisely determined using the
divergent data from scientific publications. This property has excellent potential for
further research on this topic;

e  An analysis of the literature revealed a lack of specific standards for HCNG fuel. In the
available literature, a vast discrepancy was found in the data on hydrogen’s physical
and chemical properties. Information in the popular science literature also contains
discrepancies to mislead the reader into a particular reaction to the information read.
These cases, in the authors’ opinion, unambiguously indicate the need for verification
and further analysis of the properties of HCNG fuel, defining in which range of values
of specified parameters the properties of this fuel should be contained.
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Abbreviations

BLEVE  boiling liquid expanding vapor explosion

CI compression ignition
CH,4 methane

CNG compressed natural gas
CcO carbon monoxide

CO, carbon dioxide

DF dual-fuel

EU European Union

GHG greenhouse gas(es)
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GWP global warming potential

Hy hydrogen
H2CNG  hydrogen to compressed natural gas
HCCI homogeneous charge compression ignition

HCNG  hydrogen enriched compressed natural gas
HDO hydrodeoxy-generated fuel

HLNG hydrogen-enriched liquefied natural gas
HVO hydrotreated vegetable oil

IC internal combustion

ICE internal combustion engine(s)

LNG liquefied natural gas

LPG liquefied petroleum gas

LTC low-temperature combustion

NOx nitrogen oxide

RCCI reactivity-controlled compression ignition
RES renewable energy sources

SI spark ignition

TSO transmission system operators

uoP fuel name adopted from the name of the enterprise
us United States

WTW well-to-wheel
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