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Abstract: As the need for clean and sustainable energy sources grows rapidly, green hydrogen and
ammonia have become promising sources of low-carbon energy and important key players in the
transition to green energy. However, production and storage problems make it hard to use them
widely. The goal of this review paper is to give a complete overview of the latest technology for
the manufacture and storage of hydrogen and ammonia. This paper deals with hydrogen and
ammonia synthesis and storage. It examines the most recent technological breakthroughs in areas
such as electrolysis, reforming, C-ZEROS, HYSATA, DAE, sulfide, and SRBW, as well as novel storage
techniques, such as solid-state storage, plasma kinetics, and POWERPASTE. This article examines the
history of ammonia production and discusses some of the newer and more sustainable techniques
for producing ammonia, such as electrochemical and biological approaches. This study also looks
at how artificial intelligence (AI) and additive manufacturing (AM) could be used to revolutionize
the way green hydrogen and ammonia are produced, with an emphasis on recent breakthroughs
in Al-assisted catalyst design and 3D-printed reactors, as well as considering major investments in
the shift to green energy, such as Moroccan government programs, and how they may affect future
hydrogen and ammonia production.

Keywords: hydrogen generation; hydrogen storage; ammonia production; artificial intelligence;
additive manufacturing; investment

1. Introduction

As our global population grows and industrialization accelerates, energy demand
continues to soar. However, the conventional energy sources that we rely heavily on, such
as fossil fuels, come at a significant cost. The combustion of coal, oil, and natural gas
releases greenhouse gases, contributing to climate change and air pollution [1]. It has
become clear that we need to prioritize greener energy sources to mitigate these adverse
impacts, reduce carbon emissions, and achieve long-term sustainability. Among the various
options that have gained attention, hydrogen and ammonia have emerged as promising
candidates due to their potential to revolutionize the energy landscape [2]. Hydrogen
is a revolutionary energy carrier that has the potential to transform the way we utilize
and transition to sustainable energy sources, thereby facilitating sustainable development.
This versatile element possesses several key attributes that make it an ideal candidate to
address our energy needs in an environmentally friendly way [3]. Hydrogen’s versatility
enables its integration with various energy systems. It can be utilized as a standalone
fuel or blended with natural gas, offering a smooth transition for existing infrastructure.
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Additionally, it can be utilized in conjunction with renewable energy sources to store
surplus electricity generated during peak production, thereby mitigating the intermittency
issues associated with renewables. Forecasts indicate that by 2070, the global demand for
hydrogen is projected to exceed 500 million metric tons. Notably, the transportation sector
is anticipated to emerge as the primary consumer of hydrogen, as automotive companies
increasingly shift away from conventional combustion engines and petroleum-based motor
fuels. According to predictions, this sector alone is expected to require approximately
158.2 million metric tons of hydrogen by 2070, as depicted in Figure 1 [4]. The process of
utilizing electrolysis to separate water into hydrogen (H;) and oxygen (O,) is commonly
referred to as H,O electrolysis. In 2020, this method contributed approximately 0.03% of
the hydrogen used in chemical and energy feedstocks.
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Figure 1. According to a sustainable growth scenario, the projected global demand for hydrogen by
sector, spanning from 2019 to 2070, is presented in million metric tons [4].

In particular, Europe has more than 40% of the world’s installed electrolyzer capacity
in the world, with Canada (9%) and China (8%) also making significant contributions, as
depicted in Figure 2 [5].
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Figure 2. Global installed electrolysis capacity by technology and region. (Hydrogen projects database
2021) [5].

Ammonia, a key component of the hydrogen economy, also presents significant
environmental challenges. Despite being touted as a green fuel during the green revolution
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of the last century, ammonia continues to be a major energy guzzler in the current era. This
is particularly concerning, given that ammonia is a critical building block for the production
of fertilizers and is also an emerging energy vector for hydrogen-based systems. In fact,
the ammonia market was valued at a staggering 69 billion US dollars in 2021 (Figure 3) [6],
underscoring the importance of developing more sustainable methods for its production
and use. Ammonia production currently uses 1% of all fossil fuels, resulting in 1% of all
carbon dioxide emissions [7]. While this may not seem significant, on a global scale, it
is a major contributor to climate change. However, the world is beginning to recognize
the need for solutions to address this issue. One potential solution is a new process for
ammonia production that could be used worldwide. Ammonia is used in various industries,
including food and beverage, paper, leather, rubber, wastewater treatment, medication
creation, cold storage, and refrigeration systems, as well as in the printing and cosmetic
sectors [8]. However, the agricultural industry is by far the biggest producer and user of
ammonia. Currently, ammonia is produced by a fixed process called the Haber-Bosch
process. Nevertheless, this process is not environmentally friendly, as it requires significant
amounts of energy, with the reactants hydrogen and nitrogen needing to be pressurized
to around 150 to 300 times atmospheric pressure, that need sustainable modifications [9].
Hattori et al. (2020) discovered a new catalyst based on CaFH that operates at lower
temperatures and pressures to react hydrogen with nitrogen, which is typically captured
from the air to produce ammonia (NHj3) at 50 °C and can produce the same amount
of ammonia in a reaction where the operating conditions are 400 °C and 200 bar [10].
Snyder et al. (2023) introduced a groundbreaking type of metal-organic framework (MOF)
that exhibits exceptional capabilities in ammonia separation and extraction from the gas
mixture produced through the Haber—Bosch process [11]. This MOF is made up of copper
atoms linked by cyclohexane dicarboxylate organic molecules. When exposed to ammonia,
the MOF undergoes a transformation into a polymer containing copper and ammonia,
boasting an impressively high density of stored ammonia. What is remarkable is that these
polymer strands release the bound ammonia at relatively low temperatures, effectively
restoring the material back to its original rigid and porous MOF structure.
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Figure 3. Estimated global ammonia demand from 2021 to 2050 (in billions of dollars) [6].

The increasing focus on decarbonizing the energy sector has accelerated the adoption
of green hydrogen and ammonia technologies, with several countries and companies an-
nouncing ambitious targets for their production and use. Armijo et al. (2020) evaluated
the feasibility of producing green hydrogen and ammonia from variable solar and wind
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energy in Chile and Argentina. This study showed that flexible production processes can
improve the profitability and sustainability of green hydrogen and ammonia production.
It also highlighted the potential for Chile and Argentina to become major producers and
exporters of green hydrogen and ammonia and discussed the necessary regulatory and
policy frameworks for their development [12]. Salmon et al. (2021) examined the po-
tential of green ammonia as a carrier of renewable energy, particularly for long-distance
transportation and energy storage. The article discussed the benefits of green ammonia
production, such as its high energy density and ease of storage, and provided an overview
of the current status of green ammonia production technologies. The article also high-
lighted the challenges associated with green ammonia production, including the need
for efficient and cost-effective methods for production, storage, and transportation [13].
Kakavand et al. (2023) conducted a techno-economic assessment of green hydrogen and
ammonia from wind and solar energy in Iran. The authors evaluated the feasibility of
different configurations of electrolysis and ammonia synthesis processes, and analyzed the
economic and environmental impacts of the proposed systems. The study concluded that
the production of green hydrogen and ammonia from renewable sources can be econom-
ically viable and environmentally beneficial in Iran, and recommended further research
and development to scale up these technologies [14]. Ourya et al. (2023) investigated the
potential of producing green hydrogen in Morocco using a combination of photovoltaic
(PV) and wind energy sources. This research presented a techno-economic analysis of
the proposed system, evaluating the feasibility and sustainability of the green hydrogen
production process. The impact of various parameters, such as weather conditions, energy
demand, and capital costs, on the performance of the proposed system was also considered.
The results suggested that the proposed system had the potential to produce green hydro-
gen at a competitive cost while reducing greenhouse gas emissions. This study provided
valuable insights into the feasibility of green hydrogen production in Morocco, which could
contribute to the country’s energy transition towards a more sustainable future [15]. With
the abundance of research and projects in the field, hydrogen and ammonia have emerged
as highly promising solutions to achieve net-zero goals in various sectors, including power,
transport, heat, and energy storage [16]. It is an opportune time to invest in green hydrogen
and ammonia production technologies, as the potential applications of hydrogen expand
across multiple industries. From power generation to manufacturing processes in sectors
such as steelmaking and cement production, from fuel cells for electric vehicles to heavy
transport such as shipping, and from green ammonia production for fertilizers to applica-
tions in cleaning products, refrigeration, and electricity grid stabilization, the possibilities
for hydrogen utilization are vast. In our comprehensive review, we delve deeply into the
latest research and developments in these areas, exploring the transformative potential
of green hydrogen and ammonia in shaping the future of energy production. The paper
is organized into sections to provide a systematic analysis: Section 2 offers an overview
of current hydrogen production technology, while Section 3 investigates existing hydro-
gen storage systems. Section 4 focuses on conventional ammonia production methods,
followed by the exploration of advancements in ammonia manufacturing technology in
Section 5. Furthermore, we explore the integration of artificial intelligence (Al) into the
manufacturing process, examining how it can enhance efficiency and optimize hydrogen
and ammonia production. The benefits of incorporating 3D printing technology, such as
reducing material waste and enabling design flexibility, are discussed in Section 8. We
also explore how additive manufacturing (AM) can create complex geometries, structures,
and catalysts, leading to enhanced efficiency and performance in hydrogen and ammonia
generation. Finally, in Section 8, we take a closer look at the significance of ammonia and
hydrogen as vital investments in the green energy transition, with a specific focus on the
case of Morocco.
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2. Different Methods of Hydrogen Generation

Imagine a world where clean and sustainable energy is abundant, where our depen-
dence on fossil fuels is replaced by a greener alternative. This is the vision behind the
classification of hydrogen production based on colors, known as the “colors of hydrogen”
(Figure 4). It is an innovative approach that allows us to differentiate between different
methods of hydrogen production based on their environmental impact. Among these
colors, green hydrogen shines the brightest. It is produced through the electrolysis of water
using renewable energy sources, such as solar or wind power. This process emits no carbon
dioxide and holds the promise of a truly sustainable energy future. On the other end of
the spectrum, gray hydrogen represents the traditional and carbon-intensive method of
hydrogen production. It is derived from fossil fuels and releases significant amounts of
carbon dioxide into the atmosphere. The colors of hydrogen classification open our eyes to
the diverse pathways towards a cleaner energy landscape, prompting us to prioritize green
hydrogen and encouraging further research and development in this area. By embracing
green hydrogen, we can unlock a world of endless possibilities, where sustainable energy
powers our industries, propels our transportation, and preserves our planet for generations
to come.

Feedstock Production Process Source of Energy
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Thermochemical
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Figure 4. Classification of hydrogen production.

2.1. Current Hydrogen Production

Hydrogen is one of the most abundant elements in the universe and ranks as the
initial element on the periodic table. Extraction of pure hydrogen is a complicated process
because we will usually find it bound up with other elements, for example, with oxygen
in water with carbon in methane (CHy), ethane (C,Hg), or polypropylene (CsHg), etc. We
have split up these bounds in Figure 5 [17,18], which shows the numerous technologies
used in the manufacture of both sustainable and non-sustainable hydrogen. Figure 6 shows
the frequency of using different methods of hydrogen production in the industry, where
the steam reforming method from hydrocarbons is the most often employed method of
manufacturing in the industry of hydrogen production [19].
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Figure 6. Hydrogen production methods [19].

The latest reviews [20,21] have covered most types of hydrogen production from
renewable sources of energy, as well as hydrogen production from fossil sources, the
commercial methods of which are summarized in Table 1. This comparison indicates that
not all hydrogen is created equal, but there is a whole rainbow of different ways to make it
(gray, turquoise, pink, blue, and green) [22]. This arbitrary color-coding system for how
hydrogen is produced despite the multiplicity of production sources. Gray, blue, and green
hydrogen remain the most dominant production methods that are attracting scientists
and industrialists.

Table 1. Summary of commercial hydrogen production methods, feedstock/existence, and efficiency.

Operating . .
Tecl}nology/ Feed Stocks Temperature .CO.Z Energy Efﬁilency Hydrogen Scope Ref
Existence o) Emissions Source (%) Color
Hydrogen
Quasi-clean production
Steam Natural gas/ by using re ;:rr;l:r‘?h of
reforming/ heavy 700 carbon Heat 85 Gray /blue th 8 [23,24]
commercial hydrocarbon capture and fme ane,
storage reforming with
(HO/

CH, = 1.50)
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Table 1. Cont.
Operating . .
Tecl}nology/ Feed Stocks Temperature (‘30.2 Energy Efﬁcolency Hydrogen Scope Ref
Existence o) Emissions Source (%) Color
Hydrogen
Partial Heavy Unclean PI'C;::’(?:::)IV a
oxidation/ hydrocarbon/ 523-593 with Heat 95 Gray formi . [23-25]
commercial natural gas emissions reforming using
(Cu/ZnO/Al,O3
catalyst)
Hydrogen
production via
PEM/. Water 20-200 Clean with — p1o tric 67-82 Green solid polymeric 1,3 5]
commercial no emissions electrolyte
-Anode: IrO,

-Cathode: Pt/C

2.2. Commercial Technologies of Hydrogen Generation

In this section of the review, we provide a concise overview of each method, providing
a high-level understanding without delving into intricate details. The purpose is to present
the key aspects and characteristics of each approach, highlighting its unique features and
distinguishing factors. While not exhaustive, this section offers valuable insights into
the specifics of each method, allowing readers to grasp the main principles and concepts
behind them [27,28].

(a) Steam Reforming

The endothermic conversion of natural gas and water vapor into hydrogen and carbon
monoxide occurs during steam reforming. The heat is frequently provided by the burning
of part of the natural feed gas. The process is generally carried out at temperatures that
range from 700 to 1000 °C [29].

Equation (1): Steam reforming of hydrocarbon [30]:

CnHm + nH;O = nCO + ((m/2)+ n) H, 1
Equation (2): Water—gas shift reaction [31]:
CO + Hzo — C02 + Hj (2)

CnHm represents a hydrocarbon with “n” carbon atoms and “m” hydrogen atoms.
nH,O represents “n” water molecules. nCO represents “n” molecules of carbon monoxide.
Finally, (m/2 + n) H; represents the total number of hydrogen gas molecules produced,
taking into account “m” hydrogen atoms from the hydrocarbon and “n” from water. The
second equation represents the reaction between carbon monoxide (CO) and water (H,O)
to produce carbon dioxide (CO,) and hydrogen gas (H;). This reaction is known as the

water—gas shift reaction (1).
(b) Partial Oxidation

In the process of producing hydrogen by the partial burning of hydrocarbons (natural
gas) with the equation for oxygen gas (3), the reaction is exothermic, meaning that heat is
released during the reaction. This heat can be utilized to maintain the reactor’s temperature,
eliminating the need for external heating. The carbon monoxide generated during the
partial oxidation process can then be further transformed into hydrogen gas using another
reaction, which is represented by Equation (2). The coefficients “n” and “m” represent the
stoichiometric coefficients, indicating the number of molecules of each component involved

in the reaction.
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Equation (3): Partial oxidation of hydrocarbons:
n m
CoHm + 5 0, - nCO + EH2 + heat 3)

(c) Proton exchange membrane (PEM) electrolysis

In PEM electrolyzers, an acidic polymer membrane acts as the electrolyte, separating
hydrogen from oxygen in water through the application of an electric current. The process
involves a negatively charged cathode and a positively charged anode. The reactions
involved in PEM electrolysis are as follows.

Equation (4): Anode reaction [32]:

1
H,O — 502 + 2HT +2e” (4)

At the anode, water is split into oxygen gas, hydrogen ions (protons), and electrons.
The protons are released into the electrolyte, while the electrons flow through an exter-
nal circuit.

Equation (5): Cathode reaction:

2H* +2e — Hy (5)

At the cathode, the protons from the anode combine with the electrons that have
traveled through the external circuit. This recombination produces hydrogen gas. These
reactions demonstrate the overall process of PEM electrolysis, where water is split into
oxygen and hydrogen gas by utilizing electricity. This method allows for the production
of “green hydrogen” using renewable energy sources. Although hydrogen produces zero
carbon emissions at the point of use, its cleanliness depends on the production pathway
and the energy sources used in the production process. Therefore, it is crucial to ensure the
origin of hydrogen to consider it as a clean energy.

In recent years, there has been a lot of interest in the various technologies of hydrogen
generation to play a significant role in integrating future energy systems and bridging the
transition from fossil-based energy to renewable energy. The methods of hydrogen gener-
ation can influence its cleanness, cost-effectiveness, and efficacy. All of this is dependent
on the feedstocks used to extract the hydrogen, the yield of production, and the available
energy resources [33].

2.3. Latest Hydrogen Production Process Advances

Almost 90% of all hydrogen that is produced today is from fossil fuel, called “gray
hydrogen.” In order to utilize hydrogen as a clean fuel or energy vector, it is essential to
clean up its production process. One approach to achieve this is through blue hydrogen,
which is produced from natural gas via steam reforming. Regardless of the nature of the
feed gas (such as methane or ethanol), the key factor is the production method, which
generates carbon dioxide (CO,) emissions. To prevent these emissions from being released
into the atmosphere, capture and storage of CO, technology should be employed. However,
it is important to consider potential leaks along the supply chain. While this method can
recover approximately 48% of CO, emissions, it falls short of fully addressing the issue,
as it is estimated that only 90% of CO, emissions can be effectively reduced [34]. Blue
hydrogen has been formally introduced into major economies” hydrogen programs. Figure 7
showcases the current and projected hydrogen production technologies, offering a visual
representation of the various methods currently available and those anticipated for future
development.

The following advancements show green hydrogen-generating systems in Figure 8,
which are still in the early stages of research for large-scale manufacturing and are exceed-
ingly promising for fulfilling global decarbonization goals.
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Figure 8. Recent hydrogen production technologies [36—43].
2.3.1. C-Zero Technology

A new technology dubbed the C-Zero process offers a compromise option for countries
that really heavily on exporting fossil fuels while also allowing them to adhere to green
energy goals, particularly the creation of hydrogen without carbon dioxide. This technology
(Figure 9) utilizes thermocatalysis to transform natural gas into turquoise hydrogen and
solid carbon via methane pyrolysis and heat.

CH4(g) + heat — 2H, + C(s) (6)

This could be a very interesting technology for energy transition [44]. This technology
focuses primarily on resolving the problem of CO, emission, but the leaks of methane
during the distribution process remain a problem that should be solved, because this release
of methane into the atmosphere is 80 times more powerful in warming plants than CO,.
According to the International Energy Agency, 1 ton of methane may be regarded as equal
to 28 to 36 tons of CO; in the atmosphere. There is a recent advanced technology that can
detect leaks of methane, but we cannot completely remove them [45]. The disadvantage of
this process is that it needs heat to drive its reaction. That heat can be produced in four
ways, as follows. (1) Burn a little bit of natural gas to drive the reaction so that this process
does not have zero emissions, but the CO, released in this process would still be a 75%
reduction compared to traditional steam methane. (2) Use about a third of the hydrogen



Appl. Sci. 2023,13, 8711

10 of 43

produced to drive this reaction. The goal of all recent technologies is to increase the yield
of hydrogen production, and using it again is not a good idea. (3) Use electric heating
by renewable energy, but the intermittence of this solution can provide a problem. (4) Its
climate value depends on providing clean energy for pyrolysis and physical carbon storage,
but using a hybrid system that mixes natural gas, hydrogen, and electrical solutions as a
source of heat and works with them all at the same time for greater efficiency, especially if
there is not much electrical energy available, can resolve this problem [46].

Carbon

Methaue + Heat

Figure 9. C-Zero process [44].

Producing hydrogen from natural gas costs about $1.5/kg, while pure hydrogen costs
about $5/kg. As a result, 1% of hydrogen in 2021 was produced through electrolysis [47].
With global economies aiming to become carbon neutral, green hydrogen has emerged as a
promising alternative; however, production costs must be reduced to make it economically
feasible for countries worldwide. The DOE announced the Hydrogen Shot initiative, which
seeks to reduce the price of pure hydrogen to $1/kg in 2050 [48]. As such, we still need
something new and innovative to properly produce it.

2.3.2. Gold Hydrogen

To reach the Paris Agreement’s objective, according to the idea of the demand for low-
carbon hydrogen and 60% of oil and natural gas reserves having to be in the ground [49],
a company called Cemvita has developed a new type of hydrogen called gold hydrogen
for just $1/kg from depleted and abandoned oil and gas (Figure 10). Petroleum is called
“liquid gold” because of its high value in the market and the fact that it is difficult and
expensive to extract. “Gold” hydrogen is a new form of carbon-neutral hydrogen recovered
from depleted oil reservoirs that are prepared for abandonment. This gold hydrogen is
created by employing microbes that can degrade residual oil in oil wells and break it down
into hydrogen and carbon dioxide. Gold hydrogen production and usage can not only
get us closer to carbon neutrality but can also extend the life of these wells, which were
previously nothing more than a big burden [50].
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2.3.3. Antenna Reactor

A team from Rice’s Laboratory Nanophotonic has used ammonia to create hydrogen
without emitting any carbon gas. They expose ammonia to a novel inexpensive and
abundant nanomaterial’s catalyst based on copper-iron capable of converting ammonia into
clean hydrogen using only the power of light rather than heat and create a chemical reaction
to acquire hydrogen (Figure 11). This process represents a significant advance in the field of
sustainable energy generation: the creation of a scalable photocatalyst constructed of low-
cost raw materials, making it a low-cost option for hydrogen generation [51]. Conventional
ammonia breakdown catalysts rely on high temperatures, which use a lot of energy and
can create toxic byproducts. As a result, it is a cleaner and more sustainable hydrogen
manufacturing process. The photocatalyst’s usage of transition metals makes it an efficient
and effective method for converting ammonia to hydrogen. Because this method may be
driven by either sunlight or energy-efficient LEDs, it is both environmentally friendly and
cost-effective. Unlike existing thermal catalysts, which are often comprised of precious
materials, the novel photocatalyst is built of low-cost raw materials, making it a more
accessible and practical alternative for large-scale hydrogen generation [52]. Ultimately,
this groundbreaking technology has the potential to transform the field of sustainable
energy generation and contribute to a more environmentally friendly future.

Reaction
cell

Figure 11. Experiments of copper—iron plasmonic photocatalysts for hydrogen synthesis from
ammonia [51].
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2.3.4. HYSATA Technology

The Korean Institute of Science and Technology recently conducted a test with a team
of researchers on a novel membrane and electrode module. This module showcases a re-
markable 10-fold performance advantage compared to current proton exchange membrane
(PEM) technology. The company Hysata has developed this groundbreaking technology,
which operates differently from traditional electrolysis cells (Figure 12). Instead of having
the anode and cathode electrodes in direct contact with the liquid, this technology uti-
lizes a porous hydrophilic separator placed between the cathode and anode. Moreover,
it leverages capillary action to draw up the electrolyte on only one side of the electrode,
thereby facilitating the direct production of hydrogen and oxygen without the presence
of air bubbles. This innovative approach achieves an impressive efficiency rate of up to
98%, while requiring an energy expenditure of 40.4 kWh/kg. These results surpass those
of current commercial electrolytes [53].

Cathode pe . Anode
(H2) (02)

Spownge
2 /membrane

HYSATA

Electrolyte
Reservoir

Figure 12. HYSATA technology [54].

One of the primary challenges associated with electrolyzers is their high consumption
of pure water during hydrogen production. However, in many regions of the world, pure
water is a scarce resource with limited availability, posing difficulties for electrolyzers
that rely on it. To address this issue, the development of a technique that enables the
use of abundant saltwater as a viable alternative is crucial. In addition to enhancing
the efficiency of the electrolysis process, effective water desalination plays a vital role
in prolonging the life span of electrolyzers. By removing impurities, water desalination
ensures clean electrodes and facilitates smooth operation of the electrolysis process. This,
in turn, optimizes the performance and efficiency of the electrolyzers, leading to increased
hydrogen gas production and reduced energy consumption [55].

2.3.5. DAE Technology

DAE technology is a new technology that produces hydrogen directly from air, wher-
ever on Earth, without the need for any other freshwater source. The direct air electrolyzer
(DAE) collects and transforms air moisture, even at 4% humidity. This electrolyzer has
two flat plates that serve as the anode and cathode, Figure 13. A porous material, such as
a melamine sponge or sintered glass foam, is sandwiched between the two plates. This
medium is immersed in a hygroscopic ionic solution, which is a chemical capable of ab-
sorbing moisture from the air. Connect it to an energy source, expose it to air, and at the
cathode and anode, hydrogen and oxygen begin to be released [56].
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= 2

Cathode

Moisture capture
from air

Figure 13. A schematic depiction of the DAE module’s cross section [56].

2.3.6. Gallium—-Aluminum Composite Technology

Amberchan et al. (2022) discovered a novel approach to manufacture hydrogen from
water at room temperature by producing a gallium—aluminum composite that can react
with water under normal conditions (Figure 14). As the concentration of gallium in the
composite grows, so does the production. Hydrogen might be utilized to power fuel cells
or internal combustion engines, and could then replace gasoline. The hydrogen is created
in an amazingly simple way: water is added to a liquid alloy of aluminum and gallium to
make hydrogen, which can then be immediately fed into an engine. The approach causes a
chemical reaction in water that divides the oxygen and hydrogen, releasing hydrogen in the
process. It may be used with any available water supply, including wastewater, commercial
drinks, and even ocean water [57]. Table 2 illustrates the optimal mixing conditions along
with different sources of gallium, aluminum and water, providing valuable insights into
the best combination for achieving desired results.

&

Galluim-Aluminum
Alloy

Water

Figure 14. Water splitting and hydrogen generation using Ga-Al composite [57].

Table 2. Optimum mixing conditions, as well as varied gallium, aluminum, and water sources [57].

Ga: Al Ratio Variations H; Production (%)
3:1 Tap water 90
31 Artificial seawater 30

3:1 Ocean water 30
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2.3.7. SRBW Technology

RMIT University engineers have devised a technique to improve the efficiency of
the electrolysis process used to create hydrogen from water. The engineers were able to
dramatically enhance the output of hydrogen generated during the electrolysis process by
using sound waves, which might have significant implications for the renewable energy
sector. Typically, the electrolysis process necessitates the use of corrosive electrolytes
and costly electrodes such as platinum or iridium, both of which may be expensive and
ecologically damaging to produce. The RMIT University engineers created a process that
includes exposing the water to high-frequency sound waves that cause a vibration, which
helps in the breakdown of water molecules into their component atoms. This technology
has been demonstrated to be considerably more efficient than typical electrolysis methods,
with a net positive energy saving of more than 27%. In general, employing sound waves to
produce hydrogen is a viable method that might help in solving the problems posed by
current electrolysis methods. This technology may lead to more environmentally friendly
and cost-effective ways by reducing the need for pricey and environmentally destructive
materials [58].

2.3.8. Solhyde Technology

A startup called Solhyde Technology is developing a hydrogen panel that produces
hydrogen from air humidity using sunlight and a photocatalyst. This innovation makes it
perfect for decentralized hydrogen generation in homes, enterprises, and communities. The
panel works by collecting airborne water molecules and storing them in a tube structure.
When the panel’s photocatalyst is activated by sunshine, the stored water is divided into
pure hydrogen and oxygen. In comparison to conventional electrolysis methods, this
technology has a number of advantages, such as the lack of a requirement for clean water
or energy, lower operational costs, and a lower environmental impact. Moreover, it has
the ability to produce hydrogen locally and on demand, making it a potentially beneficial
technology for use in transportation, energy storage, and other fields. A huge roof would
produce 2 to 4 tons of hydrogen annually, whereas 20 hydrogen panels on a small roof at
home would produce 240 kg annually [59].

Table 3 provides a concise summary of the advantages and disadvantages associated
with the latest advancements in hydrogen production processes. It highlights the key
benefits and drawbacks of each method, offering valuable insights into their respective
strengths and limitations. By presenting this information in a structured format, the
table allows for easy comparison and evaluation of the different approaches, enabling
researchers and industry professionals to make informed decisions regarding the most
suitable hydrogen production method for their specific needs.

Table 3. Comparative analysis of hydrogen synthesis technologies.

Technology Pros Cons Ref
Thermocatalysis is used in the process to convert
natural gas into turquoise hydrogen and solid
carbon through methane pyrolysis and heat.
This method enables the production of hydrogen The potential release of
without carbon dioxide emissions. methane during the
It contributes to the achievement of green energy distribution phase poses a
objectives. challenge to achieving a

C-Zero [60-64]

The C-Zero process provides a solution for countries
heavily dependent on fossil fuel exports.

It allows these countries to meet their green energy
goals while still utilizing their natural resources.
This process enables a transition towards
sustainable energy while maximizing the use of
existing fossil fuel reserves.

fully environmentally
friendly process.
Probability of leaks of
methane
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Table 3. Cont.
Technology Pros Cons Ref
7. It offers a 75% reduction in emissions compared to
traditional steam methane production methods.
8.  This reduction in CO, emissions demonstrates the
potential of the C-Zero process in mitigating the
environmental impact of hydrogen production.
9.  The process employs a hybrid system that integrates
natural gas, hydrogen, and electrical solutions for
heat generation.
The production of gold
hydrogen does generate
1.  Gold hydrogen production offers potential benefits carbon dioxide emissions,
in terms of carbon neutrality and the ability to which require careful
extend the life span of abandoned oil wells. management and mitigation
Gold Hydrogen 2. Properly harnessing gold hydrogen production can strategies. [65-67]
contribute to both environmental sustainability and Further evaluation is
the utilization of existing oil resources. required on the efficiency of
microbial degradation
processes.
1. A nanomaterial catalyst based on copper—iron has
been developed to convert ammonia into clean Practical i .
hydrogen using light rather than heat. ractical implementation of
yaros 518 . the technology on a larger
2. The photocatalyst is constructed using affordable 1 hallen
raw materials, which makes it a cost-effective choice s}(ia ¢ may pose Cf i enges
Antenna Reactor for scalable hydrogen generation. that %‘gqulr'e careclll [51]
3. This method provides a cleaner and more efficient const e.zratlon an
alternative to conventional ammonia breakdown resoh%tlion, .d('es.plte the
. . promising initial results.
catalysts, which rely on high temperatures, consume
more energy, and produce toxic byproducts.
1. Porous hydrophilic separator Significant consumption of
2. Capillary action for efficient electrolyte transport pure water for hydrogen
3. Enables direct production of hydrogen and oxygen production.
4. Eliminates air bubble formation In regions with water
Hysata 5. Atleast 10 times better performance than current scarcity, the availability of [54,55]
commercial electrolyzers large quantities of pure
6.  The efficiency of Hysata’s technology reaches 98% water can pose a challenge
7.  Energy expenditure: 40.4 kWh/kg for electrolyzer usage.
1.  DAE technology offers a new approach to hydrogen
production by directly extracting it from the air.
2. Eliminates the need for additional freshwater
sources.
3.  Consists of two flat plates functioning as the anode
and cathode. Limited efficiency and
4. Porous material (e.g., melamine sponge or sintered productivity compared to
DAE glass foam) sandwiched between plates, immersed other hydrogen production [56]
in a hygroscopic ionic solution. methods.
5. Hygroscopic solution absorbs moisture from the air,
enabling the release of hydrogen and oxygen.
6.  DAE electrolyzers can collect and convert air

moisture, even at low humidity levels (as low
as 4%).
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Table 3. Cont.
Technology Pros Cons Ref
Concentration of gallium in
1. The use of gallium-aluminum composite enables the composite.
hydrogen production from water at room Provides control over the
temperature. hydrogen output.
2. Eliminates the need for high temperatures or Availability and cost of
) additional energy sources. gallium can pose challenges
.Galhum— 3. This technology is applicable to various water for large-scale [57]
AluminumComposite sources, including wastewater, commercial implementation.
beverages, ocean water Cost associated with
4. Offers versatility and accessibility in hydrogen extracting and utilizing
production. gallium in the composite
5. Provides control over the hydrogen output may affect economic
viability.
1. SRBW technology utilizes high-frequency sound f;l;ts};:;eseamh is needed
waves to expose water. s Scalability and practical
2. Induces vibrations that aid in the breakdown of ) .
implementation on a larger
water molecules. scale
3. Water molecules are separated into hydrogen and Feasiiaility of integrating
4 Exygen atOT“s' ¢ 279 sound wave-assisted
SRBW ' NErgy saving ot over /7. electrolysis systems into [58]
5.  Indicates higher efficiency compared to traditional existing infrastructure
methods. . L Addressing potential
6.  Potential for reducing energy consumption in the L
. challenges and limitations.
hydrogen production process. Further investigation
7. More cost-effective solution. .
. . . required to ensure
8. Environmentally friendly alternative. . .
successful implementation.
1. Enables decentralized hydrogen generation through
a hydrogen panel. . - . Further research and
2. Produces hydrogen from air humidity using development required to
sunlight and a photocatalyst. optimize efficiency and
3.  Eliminates the need for clean water or external 0
enerey SOUTCes scalability of Solhyde
&Y' i . technology for large-scale
Solhvde 4. Results in lower operational costs and reduced . - 59
Y . . . deployment is needed in [59]
environmental impact compared to conventional
electrolysis methods three key areas: panel
Y oo . durability, cost-effectiveness,
5. Hydrogen panel can be installed in homes, and inteeration with
enterprises, and communities. existin ;gnfrastructure
6.  Allows for decentralized hydrogen production. & ‘
7. Promotes energy independence.

3. Recent Trends in Hydrogen Storage: Gas, Liquid, Solid

Hydrogen storage is one of the most difficult tasks. Hydrogen is kept in special
materials and high-pressure tanks, such as those seen in such vehicles as cars and trains.
These tanks are not only huge and expensive to construct, but they are also unsuitable for
recycling and long-term storage. Because of this, researchers from all around the world are
working to find ways to address these limitations and fully use hydrogen. Hydrogen has
the advantage of being able to be kept in a variety of forms, including gaseous, liquid, and
sometimes solid, despite the fact that storage poses major difficulties.

3.1. Current Hydrogen Storage

The various types of hydrogen storage systems now in use are depicted in
Figure 15 [68,69]. Compressed gas and cryogenic liquid are the two types of hydrogen
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storage that are most often used. In various shapes, sizes, and capacities, metal or com-
posite cylinders or tanks are used to store compressed hydrogen gas. Often, the gas is
compressed to pressures between 350 and 700 bar, requiring a significant amount of energy.
High pressures also put a strain on container materials, which can lead to wear and failure
over time. Cryogenic liquid hydrogen is stored at very low temperatures (—253 °C) in
specially designed containers that minimize heat transmission. Although this method
has a higher energy density than compressed gas, cryogenic storage and transportation
systems are complicated and costly. Additionally, the danger of asphyxiation and frostbite
makes it crucial to handle and store cryogenic liquids carefully. Chemical storage in metal
hydrides, chemical hydrides, and ammonia are further hydrogen storage possibilities being
considered. These technologies have the potential to offer higher energy densities and
lower operating pressures than compressed gas storage, but they also come with their own
set of technical and financial difficulties [70].

( Hydrogen Storage
‘\ Physical based

Hydrogen (,‘ﬁuleal Sorption (Menl Sorption

Material based

P

it Metal Uaterials

te & Formic

!

aunic

Figure 15. Current hydrogen storage methods [68,69].

Hydrogen storage containers necessitate the use of robust materials that can resist
high pressures while also preventing leaks. In the design of hydrogen storage tanks, mate-
rials including metals, polymers, and carbon fibers are frequently employed. Composite
materials have played a significant role in the development of the green hydrogen and
ammonia industry. One application of composites in this industry is in the construction of
pressure vessels used for storing hydrogen and ammonia. These pressure vessels require
materials that can withstand high pressures and offer superior resistance to hydrogen
and ammonia permeation. Composite materials, such as carbon fiber-reinforced polymers
(CFRPs), are ideal for this purpose due to their high strength-to-weight ratio and excellent
resistance to permeation [71-75]. One important factor affecting hydrogen’s compatibility
with storage materials is its interaction with metals. This interaction can have both chemical
and physical effects: embrittlement, wet corrosion, and dry corrosion [76]. Under normal
conditions, atmospheric corrosion is a rare chemical reaction that occurs between a dry gas
and a metal, resulting in the slow erosion of the thickness of the tank wall [77]. At high
temperatures, hydrides may be generated when hydrogen reacts with certain metals. As
the temperature decreases below a specific point, known as the “no ductility” temperature,
some metals can become more brittle and lose their ductility property [78]. Cryogenic
metal storage tanks have been involved in numerous accidents, attributed to cold embrit-
tlement [79]. The results of various investigations that looked into how storage materials
interacted with hydrogen are compiled in Table 4. The precise mechanisms causing the
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phenomenon are still unknown, despite the fact that component failure may be a result.
A deep understanding of the storage material’s interactions with hydrogen is required in
order to choose suitable materials for storing it.

Table 4. A hydrogen embrittlement mechanism in several materials and alloys used for hydrogen
storage applications [80].

Materials

Mechanisms Ref

Stainless steel

Hydrogen diffuses into the grain boundaries, mixing with carbon to form

methane gas, which boosts system pressure and causes breaking. (811

Carbon steel

The introduction of hydrogen into the material reduces the material’s
micromechanical characteristics. The failure of transition from ductile to

brittle occurs. The diffusion of hydrogen into the steel material enhances the [82]
combined activities of hydrogen-enhanced localized plasticity and
hydrogen-enhanced decohesion.

Because of the lower solubility of hydrogen in aluminum at low

Aluminum and aluminum alloys temperatures, the passage of hydrogen to casting imperfections and drops [83]

causes fissures.

Fissures and blisters form as a result of hydrogen diffusion into
oxygen-bearing copper and copper alloys annealed in a hydrogen

Copper and copper alloys atmosphere. The copper material’s fracture toughness and ductility are (841
reduced.
Nickel and nickel-based alloys Hydrogen adsorption at fracture tips of nickel and nickel-based materials [85]

accelerates crack propagation in aqueous hydrogen.

3.2. Latest Hydrogen Storage Technology

Hydrogen storage technology continues to evolve, driven by the increasing demand
for clean and sustainable energy solutions. Two notable advancement in this field is
the innovative hydrogen storage technology developed by Plasma Kinetics and Leibniz
Institute. These technologies described in Figure 16 has the potential to revolutionize
various industries and pave the way for a hydrogen-powered future.

New Hydrogen Storage
y o Technologies |
\‘\ \ | J/// \ \ | v(///
\\\\ // . \\\\ P

\ |

Y

Figure 16. Modern ways for storing hydrogen [86,87].

3.2.1. Plasma Kinetics

This innovation is the first hydrogen-based energy system to offer carbon-free energy
capture, storage, and transport. This technology involves a light-activated nanoscale film
that nine to ten times flimsier than human hair but it is able to absorb hydrogen from the
air at low temperatures and pressure. This storage process is less expensive than traditional
methods, requiring only light to be shone on the film in order to extract hydrogen onto an
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internal graphite-based structure directly from smokestacks. The technology could capture
99.99% pure hydrogen. Compared to alternative storage technologies, plasma kinetics
technology has the following advantages. (1) A dense solid state for storing hydrogen is
both secure and nonflammable. This might potentially improve security and lower the risk
of accidents or leaks associated with current hydrogen storage methods. (2) In the process
of capturing and storing hydrogen, neither pressure nor energy is required. (3) The whole
nanophotonic film may be recycled, which could reduce the influence on the environment
by minimizing waste. (4) This method can minimize the amount of infrastructure needed
for hydrogen storage and distribution, removing the need for pipes and fixed-structure
pumping stations. (5) It has quiet operation that reduces noise pollution [86].

3.2.2. POWERPASTE

The Leibniz Institute for Polymer Research Dresden (IPF) in cooperation with Dres-
den’s Fraunhofer Institute for Manufacturing Technology and Advanced Materials (IFAM)
developed new technology based on solid magnesium hydride in the form of a goop called
POWERPASTE. This matter has an approximately 10% hydrogen capacity, which means
that 1 kg of hydrogen weighs the same as 10 kg of POWERPASTE with a power range of
100 W to 10 kW. The hydrogen is released when POWERPASTE comes into contact with any
specific type of water. It can use a variety of different water sources, including tap water
and even salt water. This technology provides several advantages: (1) its composition is
not toxic and is safe, and it may be transported without any special safety precautions or
worries; (2) it has a 5-year storage life, making it a reliable and practical option for storing
hydrogen; (3) it is easily recyclable and is produced at a low cost of roughly €2/kg [87].
The parts of a POWERPASTE power supply system are depicted in Figure 17. It has three
main parts: a hydrogen generator, a water tank, and a POWERPASTE cartridge.

b | [ / g

POWER PASTE
Hydrogew
generator aQa SI/\ Hydrogen
Water
7
ByProduct Mg(0H)2

Figure 17. POWERPASTE-based power system [87].

Table 5 presents a comparison between the plasma kinetics and POWER-PASTE
technologies, highlighting their respective characteristics and performance metrics.

Generating and storing hydrogen on a large scale is a challenge that requires additional
study and development. Those technologies will become more widely available and cost-
effective in the next few years, making hydrogen a more viable option for large-scale energy
generation and storage. Table 6 provides a comprehensive summary of the advantages
and disadvantages of the latest hydrogen storage technologies. It offers a concise overview
of the strengths and weaknesses associated with each technology, allowing for a quick
comparison and evaluation of their respective merits. By examining this table, readers
can gain valuable insights into the various aspects that contribute to the effectiveness and
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feasibility of these storage methods, enabling them to make informed decisions based on
their specific requirements and priorities.

Table 5. Comparison between the plasma kinetics and POWERPASTE technologies. [86,87].

Storage/Feature Plasma Kinetics POWERPASTE Compressed Liquid Metal Hydride
Temp/Press stored 25°C/1 bar Ambient 25°C/350-700 bar ~ —252.87 °C/1 bar +175 °C/20 bar
Energy 8.7 kWh/kg 1.6 kWh/kg 1.8-6.5 kWh/kg 11.5 kWh/kg 34.8 kWh/kg
Flammability Nonflammable Nonflammable Flammable Flammable Flammable
Explosive in air Nonexplosive Nonexplosive Explosive Explosive Non-explosive
Stored Molecule MgHX Hybrid MgH, H, covalent H; covalent MgH, Hybrid
Table 6. Comparative analysis of hydrogen storage technologies.
Technology Pros Cons Ref

Plasma Kinetics

POWERPASTE

St

=

*® NG

Offers a dense solid-state storage solution for
hydrogen.

Improves security and reduces the risk of accidents or
leaks.

Does not require high pressure or additional energy
input during the hydrogen capture and storage
process.

The nanophotonic film used in the technology is
recyclable.

Minimizes waste and reduces environmental impact.
Minimizes the need for extensive infrastructure such
as pipelines and fixed structures for hydrogen storage
and distribution.

Operates quietly, minimizing noise pollution.

The composition of POWERPASTE is nontoxic and
safe.

Allows for transportation without special safety
precautions.

POWERPASTE has a storage life of 5 years.

Provides a reliable and practical option for hydrogen
storage.

POWERPASTE can utilize various water sources.
Includes tap water and saltwater.

Adaptable and accessible in different environments.
POWERPASTE is easily recyclable, reducing waste
and promoting environmental sustainability.
Production cost estimated at around €2/kg, ensuring
cost-effectiveness.

Requires further research
and development to
optimize efficiency and
scalability for practical
applications.
Cost-effectiveness of
large-scale implementation
needs evaluation.
Thorough assessment
required for reliable and
efficient hydrogen capture
and storage.

The hydrogen capacity of
POWERPASTE is
approximately 10% by
weight.

Requires larger quantities of
POWERPASTE compared to
pure hydrogen for the same
energy output.

(86]

(871

4. The Hydrogen Highway

Hydrogen, a clean and versatile energy carrier, is increasingly being considered for
injection into commercial gas pipelines for transportation purposes. This emerging practice,
known as hydrogen blending, holds significant potential for decarbonizing the transporta-
tion sector and reducing greenhouse gas emissions. Injection of hydrogen into commercial
gas pipelines has gained considerable attention as a key pathway for integrating hydrogen
into existing energy infrastructure. This practice allows for the utilization of existing gas
pipelines, storage facilities, and distribution networks, making it a cost-effective option
for scaling up hydrogen deployment. Several studies and use cases have explored the
feasibility, outcomes, and limitations of hydrogen injection into gas pipelines. However,
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there is significant doubt about whether hydrogen can be safely blended into existing
pipelines at proportions high enough to make a significant impact [88]. Research suggests
that utilities can only safely blend up to 20% hydrogen with natural gas using today’s
pipelines and appliances [89]. The blend limits depend on the design and condition of
current pipeline materials, pipeline infrastructure equipment, and applications that utilize
natural gas. The HyBlend team is testing pipeline materials in varying concentrations of hy-
drogen at pressures up to 100 bar to assess their susceptibility to hydrogen effects. However,
the article does not mention any specific use cases of hydrogen injection into commercial
gas pipelines [88,89]. Further research and collaboration among industries, academia, and
policymakers are necessary to address any technical, safety, and regulatory hurdles and
unlock the full potential of hydrogen injection into commercial gas pipelines. Looking to
the future, hydrogen blending can act as a stepping stone towards the widespread adoption
of pure hydrogen as a transportation fuel. It allows for the development of hydrogen infras-
tructure, including hydrogen production facilities and refueling stations while capitalizing
on the existing natural gas distribution network. This gradual approach not only mitigates
the upfront costs and infrastructure requirements but also enables a smoother transition for
end users and facilitates market acceptance.

As the production of renewable hydrogen expands, the potential for higher blend-
ing percentages increases. Renewable hydrogen, produced through processes such as
electrolysis powered by renewable energy sources, ensures a carbon-neutral or even carbon-
negative energy carrier. By scaling up renewable hydrogen production, the carbon footprint
of blended hydrogen transportation can be significantly reduced, contributing to decar-
bonization goals. Embracing these opportunities will contribute to the ongoing transition
towards a sustainable and decarbonized energy future. Blending hydrogen into existing
gas infrastructure presents several challenges and uncertainties, presented in Table 7.

Table 7. Challenges and uncertainties of blending hydrogen.

Blending Hydrogen Challenges and Uncertainties Ref
The energy density of hydrogen is lower than that of natural gas, which
Energy density reduces the pipeline’s capacity to transport energy and may not sufficiently [88]

service end-user energy demands.

Hydrogen-induced cracking

Hydrogen is the smallest element and can easily permeate solid metals,
rendering pipeline steel susceptible to cracking. This can lead to pipeline [90]
fractures and safety risks.

The impact of hydrogen on plastic piping, compressors, valves, and other

Impact on non-pipeline equipment non-pipeline equipment, such as storage facilities, still needs to be properly [90]

evaluated.

Hydrogen’s lower energy per unit volume means the flow along the pipeline

Flow rate will have to increase, raising questions over the consequences and costs of [90]
doing that.
. Blending more hydrogen in gas pipelines overall results in a greater chance of
Safety risks pipeline leaks and the embrittlement of steel pipelines. 1]
There is a lack of real-world demonstrations, though projects are currently
Lack of real-world demonstrations underway to demonstrate larger-scale pipeline systems with differing blends ~ [90]

of hydrogen

5. Recent Technologies Used in Ammonia Production

Ammonia is a colorless gas with a strong aroma made up of nitrogen and hydrogen
atoms with a molecular weight of 17.03 g/mol and chemical formula NHs. It is highly
soluble in water and used in cleaning agents, chemical products, and in the production of
fertilizers, which involves the conversion of atmospheric nitrogen into a form that can be
used by plants and other organisms. Ammonia can be produced with a chemical interaction
between nitrogen gas and hydrogen gas in the presence of a catalyst that accelerates the
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reaction and increases the ammonia production yield. There are two ways to produce am-
monia: conventionally or with sustainable methods. Table 8 presents the characteristics of
anhydrous ammonia, providing a comprehensive overview of its properties and attributes.

Table 8. Anhydrous ammonia characteristics [92].

Characteristics Value
Physical state Liquid
Melting point -78°C
Boiling point —33.4°C
Critical temperature 133 °C
Critical density 0.23 g/cm
Critical volume 4.225cm3/g
Critical thermal conductivity 0.522k]/Khm
Heat of fusion at (1 bar) 332.3kJ/kg
Vapor pressure at 20 °C 861 kPa
Boiling point (at 1 bar) 239.72K
Heat of vaporization (at 1 bar) 1.37 MJ /kg
Standard enthalpy of formation (gas at 298 K, 1 bar) —46.22 kJ /mol
Standard entropy (gas at 298 K, 1 bar) 192.731 J/mol.K
Free enthalpy of formation (gas at 298 K, 1 bar) —16.391 kJ /mol
Net heating value (LHV) 18.57 M] /kg
Vapor density at 20 °C 0.656 kg/m3
Liquid density at 20 °C 610 kg/m3

Solubility in water 51-53 g NH3/100 mL water

Autoignition temperature 651 °C

5.1. Conventional Ammonia Production

In this way, ammonia is produced by the Haber-Bosh process. Hydrogen used in this
process is produced using a catalyst at high temperatures and pressures from hydrocarbon
sources. Recent developments in catalyst technology have improved the efficiency of
the Haber-Bosch process, enabling lower operating temperatures and pressures. The
production of ammonia, which remains the most widely used technique, involves the
utilization of several catalyst types with unique properties, as illustrated in Figure 18 and
Table 9 [93].

Figure 18. Catalysts used in the Haber—Bosh process [94].
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Table 9. Ammonia synthesis rate employing various materials as catalysts under various operational
parameters [93].

Reactor Reactor Ammonia Synthesis
Catalyst Temperature Pressure Rate [umol g1 h-1] Ref
°Q) [bar]
Iron 100 1 155 [94]
7% Fe/CeO, (applied electric field 6 mA) 300 1 1703 [94]
20% Fe-BaH,
1.2% Fe/BaCeO3.,HyN, 400 o 6800 541
FeOOH/ Al,O3 (K (5 wt%)) 500 90 32,850 [94]
Ruthenium 50 1 50 [95]
Ru(12 wt%)/CaFH 400 10 60,200 [94]
Ru(5 wt%)/La0.5Pr0.501.75
Ru(5 wt%)/ /Pr203 400 30 64,000 [96]
Ru/AC-G (Ba 9 wt%) 400 100 312,500 [94]
Cobalt 300 10 1866 [96]
20% Co—-BaH; (chemical looping process)
20% Co-BaH, 350 10 576 [96]
Nickel 300 10 48 [96]
Ni-BaH,
NI/CeN NPs 400 90 6500 [95]
molybdenum nitride and ternary nitrides 400 90 1450 [95]
CeN NPs 500 10 354 [97]
Nil.1Fe0.9Mo3N
NiCoMo3N 400 10 166 [94]
K2[Mn(NH>)4 400 100 11,141 [94]

Boron Radical for Ammonia Synthesis

University Paul Sabatier researchers discovered new methods that can give a kinet-
ically and thermodynamically advantageous to produce ammonia at room temperature
without metals or hydrogen gas using reactive boron compounds. These boron-centered
radicals were produced by combining organic boron halides with a strong reducing agent
that transformed molecular nitrogen into borylamines. This, when combined with aqueous
acid, yielded ammonium chloride by decomposing the stable three bounds of molecular
nitrogen. Figure 19 presents this novel strategy that expands the potential for ammonia
production without relying on fossil-based basic sources [98].

Ro 2
R e BOW>=" (1) cy,Bel
Cy,BCI B=N= R red.
— R 1 _ _ e H4Cl
+ red. R |I- ) \J
3 e interaction /E =4 (2) xs HCI
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Figure 19. Boron radical reaction [98].

5.2. Sustainable Ammonia Synthesis Technologies

In recent years, there has been a growing number of companies investing in green
ammonia production to discover new technologies and make it more efficient and cost-
competitive with traditional ways of production. The future of energy is changing, and
green ammonia is playing an important part in this transition by promoting the integration
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of renewable energy into the energy grid and reducing the carbon footprint of transporta-
tion and industry. Figure 20 illustrates the many technologies used to produce green
ammonia [99].

{ Green Ammonia

Production

Figure 20. Green ammonia production technologies [99].

5.3. New Ammonia Generation Routes
5.3.1. Electrochemical Ammonia Synthesis

Electrochemical ammonia production is an example of a new way to produce ammonia
without the hydrogen production plant but using water as a source of hydrogen. This
reaction involves oxidizing water at the anode, which releases protons that move to the
cathode side via a solid or liquid electrolyte chosen based on the type of electrochemical cell.
This electrolyte is a conductive solution that facilitates the migration of ions between the
electrodes when electricity is applied. Under mild conditions, nitrogen interacts with the
protons in the cathode to form ammonia. Table 10 highlights several experimental efforts
using electrochemical electrolyte ammonia production. Figure 21 displays the different
electrolytes employed in the synthesis of ammonia [99].

Table 10. Electrochemical Electrolyte ammonia production [99].

Electrochemical Ammonia Yield
Synthesis Reaction T (°Q) Electrolyte Cathode 2
(mol/s cm—2)
Electrolyte
High Temperature 550 BaZrgy Cepo Y 0103 Ni-BZCY72 286 x 10711
In electrolytes with pH < 6:
Molten State Np(g) + 6H" + 66~ —2NHj( 400 LiCl, KCl, CsCl + Li3N Al 367 x 10710
2H* +2e~ —>H2(g)
Low Temperature Room T Nafion Fe/Fe304 111 x 10711

In electrolytes with pH > 8:
Nz(g) + 6H,0 + 6e~ —>2NH3(g)
2H,0 + 2e~ _>H2(g) +20H™
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Figure 21. Different electrolytes used for electrochemical ammonia synthesis [99].
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5.3.2. Photocatalytic Ammonia Synthesis

The use of photocatalysts to create sustainable power and avoid global warming
is one promising area of research. Electrochemical approaches for ammonia synthesis
frequently require the use of costly and sometimes poisonous electrocatalysts, whereas
photocatalysts may employ cheap and abundant materials. The semiconductor catalyst
converts light energy into chemical energy, which is then utilized to drive the processes
required for ammonia generation. Positively charged (h*) holes are left in the valence
band by the migration of excited electrons from the valence band to the conduction band,
then photoreduction of N, and photooxidation of water take place simultaneously in the
photochemical cell to produce ammonia. If the valence band of a semiconductor is higher
than +1.23 V at pH 0 or +0.82 V at pH 7, surface holes (h*) can oxidize water to produce
oxygen gas (O,) and protons (H*) via the oxygen evolution reaction (OER), as described in
Equation (7). The H* reduces to H; on the cathodic side using photogenerated electrons
from the conduction band of the semiconductor that contributes to the reduction of N, to
NHj3. To obtain considerable H, production rates, a high-work-potential metal such as Ni,
Pd, Pt, or Au must be used as a co-catalyst [100]. Table 11 and Figures 22 and 23 illustrate
the catalysts utilized for photocatalytic ammonia production, providing an overview of
their properties and effectiveness in facilitating the ammonia synthesis process.

H,0 +4h*— O, + 4H* (7)
2H* +2e” —H, 8)

N, + 6H* + 6e~ —2NH; ©)
2N + 6H,0—4NH; + 30, (10)

Table 11. Photocatalytic ammonia production catalysts.

Ammonia Yield

T Q) Catalyst Light Radiation umol-h—1.g—1 Ref
n/a Alkynylated N-TiO; Xenon lamp 83.11 [101]
25 Fe-doped TiO, Uuv 400 [99]
n/a ZnO/CuCoy04 pn uv 3460 [102]

25 TiO,@C/g-C3Ny Xenon Lamp 250.6 [99]
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Table 11. Cont.

Ammonia Yield

T (°O) Catalyst Light Radiation umol-h-1.g—1 Ref
25 TiO, /Au/a-TiO, uv 13.4nmol cm~2h~1! [103]
360 K/Ru/TiO,-xHx uv 450-495 [104]
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Figure 22. Photocatalytic ammonia synthesis [100].
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Figure 23. Operational parameters in the photocatalysis process [105].

The band gap, VB and CB levels, and photocatalyst stability must all be taken into
account. Dynamic constraints such as electron transport may make reducing N, to NHs

challenging.

5.3.3. Nonthermal Plasma Process

This process involves the use of ionized gas containing charged particles called plasma
in order to activate the nitrogen and hydrogen and promote the formation of ammonia [106].
This technology has been shown to be a promising transition to lower temperatures and di-
rect ammonia synthesis. The three main variables and factors that influence the nonthermal
plasma-assisted ammonia synthesis process are reactor design, operating parameters, and
the catalyst, which plays an important role in production yield. Many efforts have been
made to develop the catalysts shown in Table 12 to simplify and improve the efficiency of

this technology.
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Table 12. Recent catalysts used for nonthermal process synthesis [107-110].

Process Plasma Reactor Type Operating Conditions Catalyst Ammonia Yield
Nonthermal plasma DBD discharge Ambient conditions Au, Pt, Pd, Ag, Cu 41 pmol-min—!
energy around 20 eV DBD discharge 200 °C Co-Ni bimetal 1500 pmol- g1 h~!
and the catalyst were -
used to dissociate the DBD discharge N/A Cu tangled 250 mL min~!
triple bound of N=N Microwave plasma 327 to 427 °C N/A 1.5 (mmol g~ 1)

and produce the N d 1ol
radical that combines vancec piasma Ambient conditions Ru 2.67 mmol gcat™! h~!
with H, molecules in reactor
order to generate NHj. DBD discharge Ambient Conditions Zeolite 5A 15.5 gNH3/kWh

However, several limitations must still be addressed before these techniques may
be deployed in large-scale applications. Olabi et al. [99] summarizes the advantages and
disadvantages of several ammonia synthesis methods, despite the fact that all synthe-
sis techniques meet considerable challenges. In comparison to the Haber-Bosh process,
biotechnological ammonia is still inefficient for large-scale synthesis. Haber—Bosh tech-
nology has been developed during a century of industrial applications around the world.
To reduce the current highly significant greenhouse gas emissions associated with the
fertilizer industry, it should shift ammonia production to a carbon-neutral process that can
be accomplished at any scale and in any part of the world.

6. Recent Trends in Ammonia Storage Technologies

Ammonia has been stored in pressure tanks such as spheres able to hold up to 2000 tons
in liquid form since the start of industrial-scale ammonia manufacture nearly a century ago.
In the industry, ammonia is stored in tanks with capacity for up to 50,000 tons of ammonia
at ambient pressure and —33 °C located in plant sites and distribution hubs. Figure 24
describes many storage options [111,112].

- & @
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Figure 24. Various ammonia storage techniques [111,112].

Previously, one-wall tanks were used in some places, but current practice, based on the
QRA, recommends the use of DWDI tanks for bulk storage to achieve a risk threshold as
low as reasonably practicable (ALARP) [111]. Table 13 presents the most common types of
atmospheric ammonia storage tanks and storage facilities [113]. In comparison to hydrogen,
which still faces material difficulties for pipeline transportation, ammonia is frequently
transported over long distances using carbon steel pipes. To transport ammonia over a
distance of 1610 km, it requires only 1119 k] /kg-Hj,, which is significantly lower than the
14,814 kJ /kg-H; required for hydrogen transport [114].



Appl. Sci. 2023,13, 8711

28 of 43

Table 13. Ammonia storage tank and storage facility types [113].

Type of Storage Tank

Comment

Storage Facility

Double-wall steel storage tanks
DWDI with insulation on the
outside surface

Double-wall tanks or
double-containment tanks are steel
tanks with two walls and perlite
insulation between them.

Several precautions need to be taken to ensure the
secure operation of liquid ammonia storage tanks:
(1) Auto-closing valves must be installed on the
principal input and output flow lines. (2) The

Steel tanks with a single wall

Tanks made of steel with a single
wall and outside insulation.
Concrete bunds made of Rockwool
or foam insulation are installed
around some of these tanks to keep
the contents confined.

cooling system must be constructed with robust and
time-tested industrial compressors. (3) Auto-mode
compressors can assist with tank pressure regulation
during loading and unloading. Critical service
should be inspected, and critical instruments and
controls should have a backup. (4) To reduce
fugitive ammonia emissions, a closed ventilation
system for ammonia should be included in the
construction. Thermal relief valves must be installed
on ammonia systems to prevent blockage or heat
penetration. (5) An ammonia gas leakage detection
system is required inside the storage container.

(6) Lightning and earthing protection must be
provided for the tank. One of the refrigerated
holding compressors requires emergency power to
maintain tank pressure during power outages. In
emergency situations, a flare is essential, and it is
advisable to indicate the direction of the wind.

Table 14 provides a comprehensive comparison of the characteristics of compressed
hydrogen, liquid hydrogen, and liquid ammonia, allowing for an assessment of their
respective properties and features.

Table 14. Compressed hydrogen, liquid hydrogen, and liquid ammonia comparisons [115].

Properties Unit Compressed Hydrogen Liquid Hydrogen Liquid Ammonia
Storage method - Compression Liquefaction Liquefaction
Temperature °C 25 —252.9 25
Storage pressure bar 690 1 9.9
Density kg/m3 39 70.8 600
Volumetric hydrogen content kg-H2/ m3 42.2 70.8 121
Energy to extract hydrogen kJ/mol-H, - 0.907 30.6

Solid-state storage has recently gained attention from researchers and companies as a
promising technology for transportation applications by employing metal amine complexes
to fix ammonia in solid form to face challenges such as toxicity and transportation. Table 15
describes the proprieties of different metal amines that can be used in this case [116].

Table 15. The characteristics of various metal amine complexes [116].

. . . Ammonia -
Amine . 3 Gravimetric Decomposition
Complex Density (gfem) Hydrogen Wt% Vapor Pressure Temperature
at 25 °C (bar)
Sr(NH3)sCl, 1.3 8.20 0.554 308
Mg(NH3)6Cly 1.16 9.19 0.002 415
Ca(NH3)sCl, 1.09 9.78 0.627 305
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Much research in this field is required to improve this way of storage. As a result,
future development should concentrate on solid-state storage.

7. Economic Assessment and Future Perspectives of Hydrogen and
Ammonia Production

Green hydrogen and ammonia are promising renewable energy solutions that could
revolutionize global energy markets and contribute significantly to reducing greenhouse
gas emissions. However, making green ammonia economically on a large scale is still
a challenge. The economic feasibility of green hydrogen and ammonia technologies is
determined by several factors, including initial investment costs, operational expenses,
and potential cost savings. The initial investment costs for green hydrogen and ammonia
technologies can be high, and this can be a significant barrier to their widespread adoption.
However, the operational expenses of these technologies are generally lower than those
of traditional fossil fuel-based technologies. Potential cost savings can also be achieved
through the use of green hydrogen and ammonia technologies. The cost of green hydrogen
and ammonia is an important factor in determining their economic feasibility. According
to one study, green hydrogen can be separated from ammonia to sell at about $1.50/kg
compared to traditional green hydrogen, which sells for up to $15/kg [117]. The production
of green ammonia from clean hydrogen is technically feasible and economically viable,
and it could significantly reduce global natural gas demand [118]. However, making green
ammonia economically on a large scale is still a challenge, and at current ammonia prices,
green ammonia would not be profitable, even when considering a present-day optimistic
hydrogen price [119]. The cost of producing hydrogen varies depends on the method used.
Making hydrogen from natural gas costs about $1.50 per kilogram, while clean hydrogen
costs about $5 per kilogram [120]. The Department of Energy launched a program called
Hydrogen Shot, which aims to reduce the cost of clean hydrogen to $1 per kilogram in one
decade [120] A techno-economic analysis of a green ammonia production plant in Chile and
its subsequent transport to Japan shows that the production of ammonia using hydrogen
by means of electrolysis (carried out with solar energy) is economically feasible. Using that
ammonia with Kontak’s technology, which Hydrofuel has previously acquired, allows for
the production of green NH3 using $0.02/kWh electricity for as low as $220 a ton, whereas
fossil fuel-derived NHj is currently selling at $1500 to $2000 a ton [117]. Here are some
details on the economic assessment and future perspectives of hydrogen production:

e  The cost of producing hydrogen from renewable electricity could fall 30% by 2030 as
a result of declining costs of renewables and the increasing number of policies and
projects around the world [121].

e  Steam reforming of natural gas is currently the most efficient, low-cost method for
hydrogen production [122].

e Hydrogen used for the production of electricity through electrolysis using renewable
energy systems is a costlier proposition [123].

e  Green hydrogen production systems have been analyzed for their economic feasibility.
An optimization model was used to evaluate the levelized cost of green hydrogen
(LCOH) for different case studies, including variations in capital expenditure (CAPEX),
power purchase agreement (PPA), electrolyzer CAPEX, storage CAPEX, and total
CAPEX. The results showed that the LCOH of green hydrogen can be competitive
with fossil fuel-based hydrogen production under certain conditions [124].

e A systematic review of various hydrogen production methods found that hydrogen is a
low- or zero-carbon energy source that is considered the most promising and potential
energy carrier of the future. One study presented an economic assessment to evaluate
cost-effectiveness based on different economic indicators, including sensitivity analysis
and uncertainty analysis [125].

e An economic assessment of hydrogen technologies participating in California elec-
tricity markets found that hydrogen production can be cost-competitive with other
energy sources, such as natural gas, in certain markets and applications [126].
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The IEA’s Ammonia Technology Roadmap, published in 2021, explores three possible
futures for ammonia production and aims to reduce emissions from the industry. The report
highlights that the world will need more ammonia with fewer emissions in the future, as an
increasingly larger and affluent global population will lead to growth in ammonia demand.
The report also notes that ammonia production accounts for around 2% of total final energy
consumption and 1.3% of CO, emissions from the energy system [127,128].

Recent studies have evaluated the feasibility of producing green ammonia, which is
produced using renewable energy sources, and blue ammonia, which is produced using
fossil fuels with carbon capture and storage [129,130] A techno-economic evaluation of
ammonia production via integrated biomass gasification in an existing pulp and paper
mill was also conducted [131]. These assessments have shown that green ammonia pro-
duction can be cost-competitive with fossil-fuel-based ammonia production under certain
conditions. In a roadmap to the ammonia economy published in 2020, the authors envisage
renewable ammonia being produced in the future at a scale that is significant in terms of
global fossil fuel use [132].

8. Recent Progress in Artificial Intelligence and Additive Manufacturing for Green
Hydrogen and Ammonia Production

One of the challenges in producing green hydrogen and ammonia is optimizing the
production process to maximize efficiency and reduce costs. This is where Al and AM
are used. Artificial intelligence (Al), a subset of computer science combining advanced
computing and statistics, is the ability of a machine to receive inputs and produce a behavior
or reaction similar to that of an intelligent person. While humans have natural cognitive
skills and learn through experience, artificial intelligence (Al) is based on data and algo-
rithms [133]. Figure 25 shows the input parameters needed to produce hydrogen using
artificial intelligence [134]. Al solutions are designed to enhance rather than replace human
decision-making. Al may increase the quantity and quality of information accessible to
human decision-makers by analyzing massive volumes of data and delivering insights and
recommendations, ultimately leading to better and more informed decisions. Artificial intel-
ligence (AlI) tools are increasingly being recognized as a promising approach for modeling
and optimizing bioprocesses. These tools have the potential to significantly improve the
design and operation of production equipment, as well as predict and prevent equipment
failures [135]. Figure 26 presents several Al technologies that have been used in these
systems [136,137]. Response surface methodology (RSM) and artificial neural networks
(ANNSs) have demonstrated their superior predictive accuracy in modeling complex nonlin-
ear bioprocesses, making them more efficient tools for optimizing the design and operation
of production equipment. Depending on the manufacturing system, AM may signify a
variety of things. can be used to manufacture complex components with higher precision
and less waste, reducing material costs and increasing production efficiency [138]. Recent
progress in artificial intelligence (Al) and additive manufacturing (AM) has the potential to
completely transform the way green hydrogen and ammonia are produced.
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Figure 25. Water splitting via artificial intelligence technology [134].
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Figure 26. Al technologies [136,137].

8.1. Al in the Generation of Green Hydrogen and Ammonia

RSM, ANNSs, and ML are still the most common Al methods employed in hydrogen
and ammonia production. RSM is a statistical approach that uses polynomial regression
analysis to generate a second-order model equation that may be used to find a link between
the input and output variables of a process [139]. ANNs may be designed to analyze
equipment efficiency and detect possible problems before they cause a breakdown [140].
These methods are modeling systems that can aid operators in optimizing the operation
of the electrolyte, such as the voltage and current used, in order to maximize hydrogen
and ammonia production while minimizing energy consumption costs, and in boosting
the operation of the reactor. The nature of the inputs differs depending on the mode of
production, which can be either fossil or water splitting. In general, compared to RSM,
ANN s have proven to be more efficient in simulating bioprocesses by numerous studies,
proving that they can perform effectively even with minimal input. The ANN can then
change the process variables in real time to maintain optimal conditions, resulting in
increased efficiency and lower energy consumption [141]. In hydrogen and ammonia
production systems, ML can also detect quality concerns, estimate energy demand, and
optimize energy use. Additionally, these models may be trained to detect and diagnose
problems in the manufacturing system, resulting in faster resolution and less downtime.
Eventually, this leads to cost reductions in manufacturing and maintenance [142]. Figure 27
describes and depicts the impact of Al in this process [143-145].

Roles of AT

Figure 27. Al roles [143-145].

development of Ja::;s;:{:::s :::-::s The development of Can predict the Tl:oﬁee\;:l:me:a:of
preduchve models that process variables and algoritiwms that can performance of greew evaluate the
can anticipate changes developwent of identify the root cause | hydrogen and ammonia environwiewtal
in process variables and algorithos et can of problems and production processes Tmpoct of these
adjust the production identify anomalies or suggest appropriate | under dm"f"* operating processes and
process deviations from worwal | cOYrective actions conditions identify opportunities
| ) L operation ) ) for improvement




Appl. Sci. 2023,13, 8711

32 0f43

8.2. AM’s Role in the Production of Green Hydrogen and Ammonia

Additive manufacturing (AM), commonly known as 3D printing, has gained signifi-
cant attention in recent years as a powerful tool for fabricating complicated geometries with
great precision and accuracy. This is especially helpful for making reactors and catalysts.
Researchers have used 3D printing to fabricate microreactors with complex geometries for
the synthesis of ammonia. These microreactors have shown higher conversion rates and
selectivity compared to traditional reactors, which could lead to more efficient and sustain-
able ammonia production [146]. Additive manufacturing can also be used to fabricate novel
catalysts for green hydrogen and ammonia production. For example, researchers have de-
veloped 3D-printed nickel foam catalysts for the electrolysis of water to produce hydrogen.
These catalysts have shown higher activity and durability compared to traditional catalysts,
which could lead to more efficient and cost-effective hydrogen production [147]. Additive
manufacturing can also be used to fabricate components for renewable energy systems,
such as wind turbines and solar panels, which can provide the electricity needed for green
hydrogen and ammonia production. Other researchers have used 3D printing to fabricate
wind turbine blades with optimized shapes for increased energy production [148]. As this
technology advances, it may become critical in the transition to a more sustainable and
carbon-free future. Figure 28 depicts the advanced varieties of AM employed in numerous
industries, including energy conversion 3D printing [149].

@/q Sheets Lamination )

Figure 28. Techniques of additive manufacturing [149].

Aerosol jet printing [150] and laser powder bed fusion are two forms of AM that are
commonly employed in the production of green hydrogen and ammonia. Catalysts are
printed onto electrodes and membranes for electrochemical technology using 3D print-
ing [151,152]. The advantages of Al techniques can be summarized as follows. (1) Al
automates processes, permitting robots to perform optimization tasks automatically and
without the need for human intervention. Moreover, Al technologies reduce the time neces-
sary for data processing, allowing for real-time operation execution. (2) Al technologies
have been identified that enhance reasoning, reduce human errors, and remove failures
caused by human limits. Despite its capabilities and potential to boost productivity and
quality on a variety of levels, Al technologies do have significant limitations, including
data. The availability of data is a key barrier to deploying Al systems. The fuel cell sector,
for example, has major obstacles in implementing Al solutions due to a limitation of de-
pendable or high-quality data [153]. Additive manufacturing offers various advantages,
including the ability to produce complex geometries and structures that would be hard to
achieve with traditional manufacturing processes, as well as eliminating waste and reduc-
ing the environmental effect of manufacturing. Also, it removes the need for costly tooling
and installation costs and enables the creation of components and products on demand,
decreasing the need for inventory storage and delivery process lead times. It may employ
a variety of materials, including metals, polymers, ceramics, and composites, to create
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components and products with special characteristics. Overall, the benefits of additive
manufacturing make it a powerful tool for a wide range of uses, including prototypes, and
complex and unique geometries [154].

9. Green Hydrogen and Ammonia: A Key Investment in the Green Energy Transition

Governments, private organizations, and investors are investing in green energy
research and development to promote rapid use of these clean energy sources. Despite its
potential for decarbonization in a variety of industries, such as transportation, industry,
and power production, the demand for green hydrogen and ammonia is anticipated to
increase significantly globally in the coming years, as shown in Figure 29.
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Figure 29. Future demand for ammonia and hydrogen until 2050 [155].

According to the Hydrogen Council, the world’s yearly demand for hydrogen alone
might approach 500-680 million metric tons by 2050 [156]. Take the example of Morocco,
which has put forward an ambitious plan to develop green hydrogen and ammonia as part
of its strategy efforts to decrease its dependence on petroleum and coal and to advance
sustainable economic growth. In 2020, the Moroccan government announced a roadmap to
create a green hydrogen sector in the country by 2030, which includes the construction of a
sustainable hydrogen manufacturing plant, the creation of a regulatory framework, and
the promotion of research and innovation. The government has also announced plans to
develop a green ammonia project, which will involve the production of ammonia using
renewable energy sources such as wind and solar power. The country is a major producer
of phosphate, a key ingredient in fertilizer production that accounts for 85%. The data
in Table 16 were taken from statistical databases from reports of the Minister of Energy,
Mines, and the Environment. Renewable hydrogen and ammonia can cover nitrogen
fertilizer requirements. This provides several benefits to Moroccan producers, such as
decreasing the need to import from other countries and encouraging the microeconomy to
consume local products in accordance with the economy of the country. Three important
axes must be depended on to allow the implementation of the national policy for green
hydrogen and ammonia in order to meet local demand and optimize national potential,
particularly through exports: (1) technology, which includes technological improvements
for cost reductions; (2) investment and supply, which includes investment conditions in the
green hydrogen sector and its derivative products; and (3) finding market gaps or unmet
needs and creating products or services to fill those gaps, ultimately leading to the creation
of new markets [157,158].
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Table 16. Assessment of domestic demand for green hydrogen and its derivatives as a raw mate-
rial [159].

Application Unit Optimistic
2030 2040 2050
Ammonia TWh (Hj) 6.4 19 20
Mt (Amm) 1.2 3.6 3.8
Hydrogen TWh 0.4 0.8 14
Total TWh 6.8 19.8 21.4
Eq. EnR capacity GW 3.4 9.9 10.7

9.1. Energy Transition: Case of Morocco
9.1.1. Cost Reduction

Morocco will be able to contribute to cost reduction through various actions, such as
testing new technologies, R&D activities and innovation, facilitating cost savings along
the value chain, notably by deploying projects with a capacity of 1 GW in the medium
term [159].

9.1.2. Research and Innovation

Morocco will be able to cooperate with partner countries in the optimization and
co-development of green hydrogen technologies and their derivatives in order to mutualize
efforts in the field of research and new technologies and contribute to the creation of a
regional cluster through the creation of a research and innovation cluster in partnership
between the Ministry of Energy, Mines and Environment and IRESEN, MASEN, and other
institutions. In terms of public—private partnership, the OCP Group will be a driving
force through the first pilot projects for the production of green energy, in particular green
ammonia [159].

9.1.3. Local Industrial Integration

The private sector will ensure local industrial integration by developing human and
material resources. This integration will improve Morocco’s capacity to participate in
the sector’s value chain and will ensure the transfer of knowledge. Good coordination
between universities and vocational training institutions and a strong commitment to
the socioeconomic world in research and development will be essential to human capital
employable by national and international companies in the sector [159].

9.2. Investment

It is necessary to structure and organize the sector in the form of clusters and ecosys-
tems in order to create synergies in the use of infrastructures. This will allow better
management of infrastructure development for the establishment of green hydrogen and
its derivatives sector. The government, in partnership with local authorities, will ensure the
coordination and coordinate and adjust specific regulatory frameworks that can accelerate
the deployment of the green hydrogen and derivatives industry while encouraging private
investment [159].

9.2.1. Industrial and Infrastructure Cluster

In order to establish synergies in the utilization of infrastructures, the sector must
be structured and organized in the form of clusters and ecosystems. This will enable
better control of infrastructure development for the construction of the green hydrogen
industry and its derivatives. In collaboration with local governments, the government
will ensure the coordination and revision of certain regulatory frameworks that can speed
the deployment of the green hydrogen sector and its derivatives while promoting private
investment [159].
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9.2.2. Funding

Direct assistance may be provided in the form of public—private partnerships, direct
finance through bilateral or multilateral partnerships, or advantageous tax treatment.
Certain tools and initiatives will be designed to help the industry acquire funding. They
include financial instruments that reduce risk, such as investment guarantees, federal
financial loan guarantees, and export credit guarantees [159].

9.3. Markets and Demand
9.3.1. Exports

The creation of an export industry for green hydrogen and its derivatives will be ac-
complished primarily through the introduction of synthetic liquid-fueled marine transport,
the deployment of appropriate port infrastructure, and the deployment of production,
storage, and export infrastructure. Green hydrogen products will be taxed more favorably.
The primary consumers of Moroccan green hydrogen products will be Europe and nations
striving to cut their GHG emissions by 95% by 2050 [159].

9.3.2. Storage

To boost the utilization of green hydrogen and its derivatives for energy purposes, it
will be necessary to develop a storage plan. Morocco will assess the technical feasibility of
storing green hydrogen and its derivatives in different forms, particularly in salt cavities.
The storage plan will be drawn up on the basis of long-term technical and economic
modeling of the national energy system and that of the interconnected countries [159].

9.3.3. Domestic Markets

Green hydrogen products will need to become more competitive in order to gain trac-
tion at the national level. Several degrees of involvement will be used: (1) the government
will assist businesses by arranging information exchanges and platforms that may serve as
a foundation for coordinated planning of various sections of the industry; (2) assistance
for R&D, demonstration facilities, and scaling up through grants, research tax credits,
infrastructure investment support, and so on; (3) by encouraging industry and private
heavy transport firms to employ synthetic fuels, specialized markets will be created and
developed; and (4) implementing technical incentives through the imposition of long-term
carbon pricing [159].

Morocco boasts an abundance of renewable energy resources, including water, sun,
biomass, and wind, which are crucial for producing clean hydrogen. With its 3500 km
coastline, the country has the potential to develop impressive wind energy capacities, with
wind speeds that can reach up to 10 m/s, which could potentially translate into 135 GW of
wind power. Additionally, Morocco has one of the highest rates of solar insolation in the
world, with between 3000-3600 h in the Moroccan Sahara. At the end of 2019, Morocco’s
renewable energy capacity reached 3685 MW, including 700 MW of solar energy, 1215 MW
of wind power, and 1770 MW of hydroelectricity, with a goal of reaching 6000 MW before the
end of 2020. The country has been aiming to be a world leader in the hydrogen sector since
2016, with hydrogen being a key part of the equation. Morocco’s potential development
in the hydrogen industry will lead to the production of hydrogen derivatives, such as
green ammonia, which will be used by Moroccan industries such as OCP to reinforce its
position as a leading international player in the fertilizer sector. In partnership with the
German Corporation for International Cooperation and the German Moroccan Energy
partnership (GIZ-PAREMA), Morocco has set a target of 42% of electricity supply coming
from renewables by 2020, moving to 52% by 2030, with plans to add up to 11 GW of solar,
wind, and hydropower capacity by 2030. Morocco has already built the Noor solar complex
in Ouarzazate, which will have 582 MW of capacity. By aggregating solar and wind energy
output in Morocco, a high load factor for hydrogen electrolysis can be achieved, with the
potential for hydrogen to be produced in Morocco for around €1/kg, beating expected costs
in Europe and cost-competitive with high-carbon-emitting hydrogen production via SMR
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without CCS. Wind power is a key technology with benefits for the MENA region, and the
natural resources in North Africa, particularly Morocco, present a huge opportunity for the
region to be a key player in the development of the hydrogen sector [160]. The outlook for
green hydrogen and ammonia is highly promising, with these energy sources considered
to be essential to the transition to green energy and efforts to combat climate change. The
need for renewable energy sources is anticipated to increase quickly as the globe transitions
to a low-carbon economy, and green hydrogen and ammonia are seen as key enablers of
this transition. The outlook for green hydrogen and ammonia is highly promising, with the
potential for significant growth, innovation, and impact in the context of the green energy
transition and climate change mitigation. While there are still challenges and barriers to
widespread adoption, the commitment and investment by governments, companies, and
researchers around the world suggests that green hydrogen and ammonia will be essential
in the transition to a future with zero-carbon emissions.

10. Conclusions

This paper presents a comprehensive overview of the latest technological advancements
in the field of storage and conversion of hydrogen and ammonia. The areas of focus include
electrolysis, reforming, C-Zero, Hysata, DAE, Solhyde, and SRBW, which are all promising
methods of energy conversion. Additionally, the article highlights novel storage techniques,
such as solid-state storage, plasma kinetics, and POWERPASTE, which offer efficient ways
of storing energy. The latest technologies have shown promising results in overcoming
challenges of scalability and environmental impact. Similarly, improvements in energy
storage technologies, such as solid-state storage, liquid storage, and compressed gas storage,
have made them more efficient and environmentally friendly, thereby increasing their
viability as energy carriers. Al and additive manufacturing can be used to analyze large
datasets and create complex geometries, which can help researchers identify patterns and
make predictions about the performance of different process parameters, improve their
performance, and reduce their weight. By using this information to optimize production
processes, it is possible to increase the efficiency of hydrogen and ammonia production and
storage while reducing costs and minimizing waste. These advancements have the potential
to significantly reduce the dependence on fossil fuels and accelerate the transition to a
cleaner, more sustainable energy future. The purpose of this study is to offer an overview
of the Moroccan scheme aimed at boosting capacity, research, and innovation in the green
hydrogen and ammonia sectors. Morocco is located at the crossroads of Africa, Europe, and
the Middle East, making it an ideal location for the production and distribution of clean
hydrogen. The country is also home to abundant renewable energy resources, including
solar, wind, and hydro, which can be harnessed to produce green ammonia and hydrogen.
These initiatives have positioned Morocco as a leader in renewable energy in Africa and
have laid the groundwork for the development of the clean hydrogen sector. If Morocco
can successfully develop its clean hydrogen sector, it could have significant economic and
environmental benefits. The development of the hydrogen energy sector and ammonia
presents a significant opportunity to reshape the economy. By focusing on the production
and export of green ammonia and hydrogen, countries can establish a new source of income
while simultaneously reducing their reliance on fossil fuels and combating climate change.
This transition not only aligns with sustainable practices but also opens doors to new
job opportunities and contributes to overall economic growth. The combined impact of
these advancements holds immense potential for driving positive change and creating a
prosperous, sustainable future for both the country and the global community.
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Nomenclature

Al artificial intelligence

AM additive manufacturing
PEM proton-exchange membrane

SOEC  solid oxide electrolysis cell

MOF  metal-organic framework

SRBW  surface-reflected bulk wave

GHG  greenhouse gas

ANN  artificial neutral network

GA genetic algorithm

FL fuzzy logic

RSM response surface methodology

IGC International Code for the Construction and Equipment of Ships Carrying Liquefied
Gases in Bulk

TSSE temperature-swap solvent extraction

QRA quantitative risk assessment

DWDI  double wall, double integrity

NRR nitrogen reduction reaction
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