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Abstract

The need to reduce fossil fuel consumption has created opportunities for alternative fuels, including the migration of
hydrogen as an unconventional alternative fuel. This alternative has more significant environmental and energy benefits
due to the acquisition of raw materials and the integration of renewable energy sources. The research presents a review of
historical evolution, a bibliometric analysis, and the processes used to produce and store this molecule. The POx and
pyrolysis processes have the highest amount of research. At the same time, electrolysis is the process that has had the most
significant growth, and research indicates that they allow greater sustainability due to the integration of renewable energies.
Research trends indicate studies for integrating renewable energy resources and materials to improve chemical properties
to increase capacity storage and decrease the risks due to high volatility.
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1. Introduction

Fuel demand is continuously growing [1], and fluctuations in
hydrocarbons' prices generate financial imbalances due to
high prices [2]. The countries must develop plans for the
implementation of renewable energy sources (RES) [3]-[5] as
a substitute for conventional thermal generation and power
distribution networks; according to Nigam et al., this
relationship often exceed exceeds 20% [6].

To reduce fuels in mobility, the government applies plans
like the use of biofuels [7], the electrification of the vehicle
fleet [8], improve the efficiency in combustion processes [9],
and the use of other fuels [10]-[12], like as the hydrogen. In
electrical energy production through thermal generation,
installing hybrid systems for combustion [13] reduces fossil
fuels. In the case of nuclear energy, the remaining energy
produces hydrogen [13]. This fuel can be stored and used at
high electricity prices [13], thus obtaining a lower
environmental impact than conventional fuels [14].

Hydrogen is a candidate to be an alternative fuel used to
generate electricity [15], [16] through fuel cells [17], [18],
which convert chemical energy to electrical energy using an
electrochemical process [19]. This alternative has become
necessary due to the possibility of using renewable energy for
its production [19]; previously, it was not viable due to its
high energy costs [20].

The growth of net installed electricity generation capacity
(NIEGC) with renewable energy resources invites us to study
alternatives to produce hydrogen. This research identifies the
knowledge gaps within each area, which focused on focused
research and innovation aimed at sustainable development of
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hydrogen technologies; these results may be the basis for
developing strategies, strengthening, and infrastructure
development to produce hydrogen as an alternative fuel.

2. Methodology

The research presents a bibliographic review on technological
developments around hydrogen. It begins with a compilation
of research that has marked technological development to
date. According to the bibliographic production indexed in the
Scopus database, a bibliometric analysis is carried out to
identify the behavior of the research and the countries that
make the most significant efforts. It presents the technologies
used for the production of hydrogen and ends with a
comparison of each technology. Finally, it presents the
storage technologies and associated hazards.

3. Results

3.1 Hydrogen as fuel

Hydrogen is a colorless gas, odorless, and harmless; it is the
most abundant element in the universe. It is the fuel of the
stars [21]. Hydrogen is 14.4 times even lighter than air and
condenses at -252.77 °C [22], [23]. When burned, this gas
produces much higher energies than other fuels. Unlike these,
its harmful combustion emissions turn out to be negligible
[23], [24].

Hydrogen is called an "energy vector" [25] because it is
not found in its pure state in nature but rather is found in
substances such as water, biomass, which includes plants and
animals [26]. Thus, hydrogen should not be exploited like
coal or oil but produced through chemical compounds [23],
[27].
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Pure hydrogen can be produced from other compounds
that contain this element [26]; each production method
requires an energy source such as thermal energy and
photocatalytic energy, energy for the breakdown of chemical
bonds [28], [29]. Some natural resources, like water, biomass,
and hydrocarbons, can produce hydrogen [30].

In 1541 T. Von Hohenheim artificially produced
hydrogen by reacting metals with strong acids, although he
did not know this molecule [31]. Hydrogen in the gaseous
state was recognized and described in 1766 by Henry
Cavendish as a "flammable gas" [22]. In 1800 William
Nicholson and Anthony Carlisle discovered electrolysis. In
this process, water molecules are broken down into hydrogen
and oxygen using an electrical current [32].

In 1839 William Grove built the first fuel cell, which
directly transformed chemical energy into electrical energy
[33], [34]. In 1920 Rudolf Erren used hydrogen as fuel in an
automobile [35]; by 1958, Francis Bacon T successfully built
the first fuel cell. The fuel is used as an energy supply method
by the National Aeronautics and Space Administration [15],
[36].

In the 1990s, Germany and the company Solar-
Wasserstoff-Bayern built a photovoltaic solar power
generation plant capable of producing 371 kWp; the energy
was used to produce hydrogen electrolysis [37]. In 1999, the
Shell company opened the first service stations to sell
hydrogen in Munich and Hamburg [38]. In 2003,
DaimlerChrysler Corporation, Ford Motor Company, General
Motors Corporation (GM), and the US government made joint
and developed technology to reduce oil consumption and
minimize vehicles' emissions [39]. One of the proposed
alternatives was to create electric vehicles powered by fuel
cells [19], [39].

Initiatives in countries like Belgium with 3MOTION, a
proposal to invest in Fuel Cell Buses (FCB), and achieve the
emission reduction [40], Australia built a wind power plant to
produce hydrogen through electrolysis [41], Germany
developed a train to use hydrogen using fuel cells [42];. At
the same time, the Uruguayan government, the state oil
company ANCAP and the National Administration of Power
Plants and Electric Transmissions (UTE) began the pilot
project called "Verne" to produce hydrogen and use it as gas
fuel in vehicles [43]. USA has 80 power plants using fuel
cells, with around 190 MW [43]; Red Lion Energy Center is
the largest capacity with 27 MW and is located in Delaware
[44]. These projects encourage governments to implement
and adopt technologies that use hydrogen to reduce the
environmental impact.

3.2. Bibliometric analysis

The methodology analyzed 15.543 documents obtained
through the search in the Scopus database. Using the
keywords "Hydrogen & Fuel & Type Technology" this input
allowed us to analyze the temporal evolution of the subject
between 2010 and 2020. Figure 1 presents a classification of
the processes. Figure 2 shows the number of publications
associated with the different methods. Finally, figure 3
illustrates the percentage relation of the annual publications
according to the process.

Figure 2 presents a constant growth in research production
on hydrogen, where the years 2019 and 2020 had the highest
growth. Figure 3 shows the percentage behavior of the
publications, more than 50% of annual investigations are in
Catalytic Reforming and Catalytic POx technologies. Non-
Catalytic POx investigations had a decrease in both
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percentage and quantity. On the other hand, the Electrolysis
had an increase, mainly in Anaerobic.
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Fig. 1. Classification of hydrogen production processes.

Non-catalytic

The top five countries with the highest contribution are
China with 4.354, the USA with 2.062, Spain with 920, the
UK with 791, Japan with 601, and Germany with 599
publications; this amount represents 54% of publications
indexed in Scopus. Figure 4 presents publications from these
five countries from 2010 to 2020 according to the
contributions.

China has the highest contribution; initially, it has a
substantial participation in the Non-Catalytic POx processes.
Then, they increased their investigations in the Catalytic
Reforming and Catalytic POX processes. Finally, for 2018,
the studies in Anaerobic processes increased. However, the
behavior of the other countries is similar. The significant
difference is the percentage of research carried out on
Electrolysis, mainly on Ion Exchange Membrane and
Anaerobic technologies.

3.3. Technologies for hydrogen production

Research on hydrogen production is geared for power
generation [45] and a substitute for fossil fuels [17], [46],
[47]. This section presents hydrogen production and obtention
[46], [48]; it identified the production mechanisms, chemical
reactions, process efficiency, and by-products.

3.3.1. Electrolysis

Electrolysis is a process by which a breakdown of the water
molecule is generated (H,0) by the action of electric current
flow, generated from sources such as solar or nuclear [30]
[49], In environmental conditions (25°C y 1 atm), a chemical
reaction occurs 2H,0 — 2H, + 0,. If the electrolysis is
carried out at low temperatures, there is an increase in the
consumption of electrical energy [50] and generates greater
inefficiency in the process [30]; for high temperatures, the
energy consumption increases, but the efficiency is
considered acceptable [30].

Huang et al. [51] y Li et al. [52] present the use of
electrolysis and anaerobic digestion to produce hydrogen
through a negative pressure control chamber and food waste.
The results show that by using only anaerobic digestion, it
obtains 49,39 ml H, g~ in production and combining the two
teams is obtained H, g~ [51]. Figure 4 shows the process
assembly; Through an anion exchange membrane and a DC
source connection, a reaction will be generated where the
water circulates in the membrane and hydrogen and hydroxyl
ions are formed [32].
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Fig. 4. Electrolysis process.

3.3.2. Fuel cells

The fuel cell is an energy conversion system that converts
chemical energy into electrical energy [33], [34]; they
transform hydrogen or any energy source containing
hydrogen [53] into electrical and thermal energy when fuel
and oxidant are supplied [54]. Figure 5 presents the process;
it begins with the entry of chemical energy as a fuel,
combustion, and a hydrolysis process for hydrogen
production are carried out; finally, this passes to the fuel cell
to generate electrical energy [34].
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They have advantages such as high electrical efficiency,
high temperature of the heat source, high energy density,
among others [55]. The reaction in the anode electrode is
2H, —» 4H* + 4e~ and the cathode electrode is 0, + 4H* +
4e~ — 2H,0, on both sides of the membrane are proton
exchange, the final reaction is 2H, + O, — 2H,0 +
Energy, the products are water and energy as the heat and
the electricity [56].

There are a variety of types of fuel cells [54], [57]; the
Alkaline Fuel Cell (AFC) operates at temperatures below 120
° C and uses 35-50% concentrated potassium hydroxide
(KOH)  electrolyte  [58]. The  electrodes  are
platinum/palladium for the anodes and gold/platinum for the
cathodes [59]. The fuel must be pure hydrogen; CO2 can form
potassium carbonate due to KOH and reduce efficiency. The
Polymer Electrolyte Fuel Cell (PEFC) operates at
temperatures below 100 °C to obtain good efficiency. It uses
a hydrated perfluorinated sulfonic acid polymeric membrane
to improve the conduction of protons [60], [61]. Platinum
supported on carbon is commonly used as a catalyst or
bifunctional metal electrocatilizers based on platinum and a
metallic element such as ruthenium. They require hydrogen
of high purity, and another fuel must go through a previous
reforming process [60]-[62].

The Phosphoric Acid Fuel Cell (PAFC) operates at
temperatures between 150-250 ° C; the electrodes are
platinum supported on carbon and concentrated phosphoric
acid as electrolyte [63]; it has a tolerance to pollutants
generated in the reforming process.

Molten Carbonate Fuel Cell (MCFC) operates at
temperatures above 650 °C; it uses as electrodes nickel doped
with chromium or aluminum for the anode, lithium nickel
oxide for the cathode. The electrolyte is a molten salt of alkali
carbonates (Li, Na, K) retained in a lithium aluminate matrix
[64], [65]. It can be fed directly with a hydrocarbon without
needing the previous step of transforming it into hydrogen
[66]-[68]. Direct Carbon Fuel Cell (DCFC) is a variation
[69], which uses a carbon-rich material as a fuel such as
biomass or coal, to convert directly into electrical energy [70],
[71].

The Solid Oxide Fuel Cell (SOFC) operates at
temperatures between 900-1000°C; it uses as electrodes a
mixture of ceramic and metal, Ni/ZrO2 at the lanthanum
manganite doped with strontium or selenium at the cathode.
The electrolyte is a non-porous metal oxide used by an
excellent ionic conductor, such as zirconium oxide stabilized
with yttrium oxide [72]. Like MCFC, they can use the waste
heat generated in the fuel reforming process [73]. The current
challenge is to lower the operating temperature in the range
of 600-800°C [74].

Air

]
3]
==

Electrical
Energy

Fuel
Processing

Fig. 5. Fuel cell operating diagram.

3.3.3. Natural gas steam reforming

Kalamaras et al. indicate that 50% of global hydrogen demand
occurs through steam reforming natural gas [75]. In the
United States, 95% of production is done by this method [76].
This technology is the cheapest [77], uses natural gas, mainly
methane [78]; it is an endothermic process because it exposes
natural gas to steam with high temperatures [19]. The reactor
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uses Palladium and Gold's membrane to obtain high purity
hydrogen [78]. Figure 6 presents the process and reactions.

CH, co H,
Reformed reaction | =) Oxidation reaction mm)  Hydrogen separator
H,0 H;0 co,

Rx01:  CH,+ H,0 - CO + 3H,
Rx02:  CO+ H,0 > CO, + H,
Rx03:  CH, + 2H,0 - C0O, + 3H,

Fig. 6. Natural gas steam reforming process.

The reforming process has two reactions, one of
reforming and the other of oxidation, finally, the hydrogen
(H,) is separated [26]. Catalysts such as nickel-boron—
alumina xerogel improve the efficiency of the reaction. [79],
the monolithic catalyst FeCrAlloy coated with ruthenium
(Ru) [80], among other things.

Methane is one of the most critical raw materials for
hydrogen production under this method [81]. However,
biomass is investigated as a surrogate due to its environmental
effects and cost reduction [82]. Recently, reforming
technology has improved the production of hydrogen to
purified hydrogen [83]. ITulianelli and Basile propose that
hydrogen perm-selective membrane be incorporated into a
reactor, improving the chemical reaction and obtaining
purified H2 in a single reactor [84]. This membrane must be
permeable and thermally stable using palladium, palladium

Pyrolysis
Inert
. Atmosphere
Biomass P Char
Heat

Fixed carbon,
Volatile material,
ash.

alloys, and an inorganic membrane such as niobium and
tantalum.

3.3.4. Pyrolysis

The pyrolysis consists of the decomposition of solid organic
material in the absence of oxygen and high temperatures [85],
[86]; through the application of heat temperature of 500°C is
reached for biomass and 1.200°C for coal [87]. Figure 7
presents the chemical reaction; the results depend on raw
material, temperature, pressure, and process time [88];
gaseous products such as hydrogen (H,), carbon monoxide
(€0) and carbon dioxide (€0,), liquids such as hydrocarbons
and solids such as carbonaceous residues and coke are
obtained [19].

[ Liquid

Gas

Hydrophilic

C0,,CO,CH,, H,

organics, C — 2 gases

tars

water,

C.,H, i H,+C0,+CO+ H,0 + C,H,, + Tar + Carbon

Fig. 7. Pyrolysis process in biomass.

The pyrolysis requires high temperatures. Performance
depends on reactor technology, process temperature, and the
raw material or biomass used [89], [90]. To improve the
technical and economic efficiency of the process, Tahmasebi
etal. [91], Niu et al. [92], and Ye et al. [93] performed lignite
pyrolysis with pressurized and restricted flow conditions,
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where high purity nitrogen is used as the scavenging gas.
Lignite, due to its energy potential and current reserves [94],
turns out to be a valuable source for the production of
(Co,H,), (€CO), (CH,), (CyH;), and (H,); Tahmasebi et al.
evidenced by increasing the temperature and pressure of the
process, increasing the concentration of hydrogen [91].
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Setiabudi et al. [95] y Bizkarra et al. [96] carried out a
double process; they start pyrolysis to biomass. The liquid or
oil by-product applies a steam reforming process, using
catalysts such as acetic acid, ethanol, and phenol. Yang et al.
present the extraction of hydrogen in waste from palm oil,
obtaining gases such as H,, CO, CO,, CH,, and traces of C,H,
and C,H, [88], its process grinds, dries, and heats the waste
to a temperature between 500 and 900 °C in the reactor. Side
reactions can occur within the reactor, increasing or
decreasing other gases other than hydrogen [97]. Pyrolysis
with the waste manages to generate H, and CO up to 70% of
the volume of the gas produced, however, when the maximum
temperature of 900 ° C is reached, it is possible to obtain €O,
and CH, [88], [98]; Yang et al. indicated that if the resistance
of the waste decreases the production of H, y CO and will
decreases [88].

Oxygen HP steam
Feed Feed l Partial Syngas
preteatment oxidation cooling
Demin

3.3.5. Partial Oxidation

Partial oxidation (POX) consists of incomplete oxidation of a
hydrocarbon [99], where carbon is oxidized, up to carbon
monoxide (CO), and releases hydrogen (H,). It is an
exothermic reaction with a standard enthalpy of -36 kJ/mol,
allowing to do without external burners [30], allowing
reactors to be more compact, reduces energy cost to 10-15%
and capital investment to 25-30% [100]. POX processes
preferentially use methane [101].

In the presence of catalysts, the reaction reaches
temperatures above 800°C [19]; if there is a high presence of
carbon monoxide, it can generate the deposition of charcoal
and cause the inhibition of the catalysts [19]; Nickel (Ni) is
used as a catalyst, and its activity and durability depend on
the size of the Ni core [101]. Without the presence of
catalysts, the temperature rises between 1.300 and 1.500°C
[102]. Figure 8 presents the POX process and reaction.

Sulphur  CO,
. Pressure Hydrogen
Acid gas . yeroe
— swing —
removal adsorption
Fuel Gas

2CH, + 0, - 2C0 + 4H,

Fig. 8. The partial oxidation process of methane.

The partial oxidation process begins with the entry and
preheating of a hydrocarbon and oxygen, an oxidation
reaction is carried out, and obtained a synthesis gas; this will
be recirculated to extract steam and remove acids such as CO,
and sulfides. Finally, adsorption is carried out by the pressure
oscillation (pressure swing adsorption) to extract the
hydrogen.

There is a process derived from this methodology called
partial catalytic oxidation. (CPOX), uses natural gas or other
hydrocarbon and a catalyst from the conventional POX
process. It produces synthesis gas rich in hydrogen and

Table 1. Technological comparison.

methanol, which can be used in the Fischer-Tropsch process
to obtain valuable products [103].

3.4. Technological comparison

Hydrogen is a possible candidate to replace fossil fuels [14],
[15]. However, its final price limits its competitiveness due to
the costs associated with storage and transportation [20].
Having an efficient production process and by-products that
deliver added value will help improve their competitiveness;
Table 1 presents a comparative summary of the technologies
presented.

Technique Ei:lvt‘;rial Efficiency l];?: ducts Cost Applications Comments
Use . Efficiency depends
unconventional N ratin
Water. energies  (wind, ?emperaturgp © &
Electrolysis Amd. and 50% - 70% - $2.77/KgH,. solar) .for the The cost depends on
alkaline [104] production of .
. . how the electrical
solutions hydrogen with a ener roduction
fuel  approach. s & P
[105][106] '
They are used as (l?iﬁcwncy 032?;?3;
cgntr.al or temperature and
distributed
Water €200 2000 | Eeneration, even | GEEREY
o/ _ 600 >
Fuel cells Metals 30% - 60% Heat. [107] as APU applications.
(Auxiliary Power
L . It produces few
Unit) in vehicles vibrations in its
and. P ortable operation.
applications. [34] Therefore, they are
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silent and do not
produce NOx.
Nickel-based
catalysts  using
$0.75 _ | alumina pellets as .
ngi‘cs)rmedsteam CH, 70% - 85% co, 0.77/KgH,. strlpgor“? for thef f)olslt-efﬁcwnt
[108] production of | technology.
hydrogen through
methane  steam
reforming. [109]
Reactors produce | Efficiency depends
hydrogen  from | on operating
. Coal - Tar, Coal, | $1.25 — 2.20 lastic waste | temperature and
Pyrolysis biomass 64% - 73% Water. /KgH,. [110] E)hrough catalytic presl:ure.
reforming. [111] Wide range of raw
materials.
Efficiency
improvement
through Ni/ALO;- Ellguences c:rtlierSt
Partial $1.48  /KeH Sic catalyst for consumption &y
oxidation CH, 60% - 75% o, ' E%2 1 hydrogen PHOn.
[112] . Compact reactors.
(POX) production, It . hich
. requires  hig
through _ partial temperatures
oxidation.[113], p ’
[114]

Table 1 presents critical elements to have a competitive
process, such as the required raw materials, the process's
efficiency, by-products with commercial value, and flexibility
in operation. Strengthening each of the elements or finding
alternatives will improve reliability and decrease operating
costs (OPEX). They propose having security or low
acquisition prices of raw materials, reducing energy
consumption, and using low-cost energy or renewable
energies to avoid using the grid.

The cost of hydrogen production is affected by the raw
material prices and the necessary infrastructure. Photovoltaic
electrolysis is the most expensive, and its cost is more than
$5/KgH, compared to other energy supplies [115]. The fuel
cell can use different fuels, such as methanol, ethanol, and
natural gas, having these different applications. However, fuel
cell manufacturing costs are not directly related to hydrogen
but are related to operating costs [116].

3.5. Hydrogen Storage

The storage factor is one of the most complex because it is a
highly volatile element in its pure state. [117]. Compared to
other fuels, hydrogen has low activation energy [118];
therefore, it does not require much energy to start combustion.
This factor generates a benefit in the combustion processes
and electrochemical processes [119], [120]. However, it is an
excellent security inconvenience due to the risk of
combustion [121]. Hydrogen has the particularity of being
colorless and odorless [118]; this makes leak detection
difficult, and detection equipment is required.

The hydrogen liquefaction process is currently used to
decrease the occupied volume. Going from a gaseous to a
liquid state [122]-[124], it cools down to temperatures below
-1000°F [125], making it difficult to change its state and direct
storage. Hydrogen has a low energy density [19], lower than
fossil fuels requiring large storage systems slower than fossil
fuels requiring larger storage systems [126]. The storage
system requires a high storage pressure to avoid
inconveniences, the use of materials that attract a large
number of hydrogen molecules, or a shallow storage
temperature [127].

These technologies are divided into two main groups,
which are physical storage and material-based storage. The
second group is subdivided into two main groups of sorption,
chemistry, and physics. [128]. Physical sorption also called
physisorption, is when a sorbate makes contact with a solid's
surface, known as the sorbent [129]. Chemisorption, or
chemical sorption, is that reaction between a sorbate and a
sorbent, whose results are variations in the chemical form of
sorbate [130]. Figure 9 presents the classification of the
technologies used for the storage of hydrogen.

One of the main challenges when evaluating hydrogen as
an alternative fuel is its storage and transportation [131],
[132]. Therefore, storage is one of the leading research
objects. Furthermore, hydrogen is one of the possible
alternative candidates to face progressive energy demand
[133]-[135]. Therefore, hydrogen storage in materials has
recently been studied [135]; this type of storage is carried out
through physical and chemical adsorption and reactions
[136].

Compressed Gas

One standard method to store hydrogen is through gas
compression, using gas cylinders with maximum capacities of
20MPa [137]. Four cylinders commonly provide compressed
air storage; Type I cylinder presents limitations in storage
efficiency, having pressure restrictions between 20 and 30
MPa. The type II container has an envelope fundamentally of
fiber resin [138]. Finally, the type III and type IV containers
are alloys of plastic fibers and embedded carbons. The main
difference is that Type III uses metal, and Type IV uses
polymers [139].

Liquid Gas

Hydrogen liquefaction is an alternative, in the liquid state has
a density of nearly 71 g/L at its boiling point of 20°K. It has a
low boiling point. Therefore, it requires a refrigeration system
that consumes 30% of its total energy [140], [141]. Therefore,
it is necessary to use cryogenic pressure vessels. However,
this technology becomes ineffective as hydrogen boils are
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present, in addition to the high use of energy to carry out the
hydrogen liquefaction process [142]-[144].

Cryo-compressed

The storage of hydrogen through Cryo-compressed containers
(CcH,) has excellent potential for fuel cell vehicles due to its
high density and thermal resistance [145], [146]. Cryo-
compressed storage makes use of liquefied hydrogen and
compressed hydrogen gas storage systems [147]. This type of
storage can minimize the loss of boiling from hydrogen
storage. Generally, the container is made of metal wrapped in
carbon fiber (Type III) [148]. At the same time, it conserves
a higher energy density of the system [148]. Furthermore, this
method allows storage at cryogenic temperatures at
temperatures of 20K and high pressures of at least 30Mpa, all
this at room temperature [149].

Ammonia

Ammonia is a liquid hydrogen storage carrier [150]; this
method mixes it with water to store hydrogen in liquid form
at ambient temperature and pressure. It provides high

densities and reduces the few cryogenic limitations [151],
[152]. Furthermore, by reforming ammonia, hydrogen can be
produced without generating harmful by-products [128]. The
development of catalysts would allow achieving an efficient
conversion to hydrogen from ammonia. The temperature is an
essential factor. The ruthenium-based catalyst requires
temperatures higher than 450°C [153].

Formic Acid

Formic acid is a promising material for hydrogen storage
[154], [155]. Tt is a light organic molecule capable of storing
liquid hydrogen at room temperature [156]. In addition, its
liquid state is more compact and safer than hydrogen in gas
[157]. Using formic acid as a molecule that stores hydrogen
requires catalysts that promote the reaction [158]. During the
reaction, hydrogen is produced free of CO. The co-produced
CO2 can be hydrogenated again to formic acid [159].
Hydrogen produced in this way is beneficial for fuel cell
applications [155], [160].

Compressed Gas

Fig. 9. Storage hydrogen classification.

Metal Hydrides
Metal hydrides have a high hydrogen storage capacity,
abundance and are lightweight. As a result, it is considered a
promising alternative in medium and small-scale applications
[135], [161], mainly in applications between 0.01 and 30
NmsH, [162]-[165]. This storage type uses reversible
hydrogen reactions with metals, intermetallic compounds,
and alloys [166]-[168].

The choice of metal hydride materials needs two critical
criteria. First, the formation and decomposition processes
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must have the capacity to be reversible. Second, the material
used must have a high reversible hydrogen storage capacity
under operating conditions [169].

The storage can be in carbonaceous materials [170],
metals and alloys [171], [172], borohydrides [173], and
materials formed by boron nitride [174], [175]. The last one
has demonstrated significant results in terms of performance.
Finally, the kinetic adsorption and desorption of hydrogen is
an additional property that MH materials must carry out the
storage and compression of hydrogen [176], [177].
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Liquid Organic Hydrogen Carriers

Liquid Organic Hydrogen Carriers (LOHC) are liquid with
low melting. The hydrogenated and dehydrogenated process
needs the presence of a catalyst [178]-[181]. The LOHC
hydrogenation is an exothermic reaction; it produces heat
with a temperature between 150°C to 170°C, this energy is
used [182]. The operating pressure depends on the exothermic
hydrogenation and endothermic dehydrogenation method.
However, both processes can be carried out at the same
temperature level [ 183], [184]. Furthermore, hydrogen LOHC
compared to molecular hydrogen has a marked increase in
volumetric energy density. Thus, facilitating its storage under
environmental conditions, with minimal energy losses during
transport [185].

Glass Microspheres

There are several well-established methods to produce hollow
glass microspheres (HGMs) [186], [187]. This material has
advantages such as high efficiency, safety, lightweight, low
density, nontoxic, low production cost [188]. Additionally,
they are strong materials due to their small diameters and can
contain hydrogen pressures of up to 150 MPa [189]. The
filling process in the HGMs is initially carried out with
hydrogen at high pressure with approximate levels of 350-700
bars at a temperature of 300 ° C; then, a rapid cooling process
is carried out at room temperature [190]. Finally, to achieve a
controlled release of hydrogen, they are reheated to 200-300
°C[191].

Carbon Material

Hydrogen can be stored in solid form by combining different
materials through physisorption and/or chemisorption [192].
It can be stored in its solid form with different carbon
materials [193]. Carbon materials retain a high hydrogen
storage capacity due to their large porous microstructures
with High Specific Surface Area (SSA) and low mass density
[194].

Carbon-based storage uses activated carbon (AC),
graphite, fullerene, and carbon nanostructures. Activated
carbon is a form of processed carbon that includes amorphous
carbon and graphite crystallites. Hydrogen adsorption in these
materials is strongly dependent on SSA and pore volume
[195]. Graphite is one of the four sp? ordered carbon
allotropes. Hydrogen is stored in its molecular form through
adsorption by Van der Waals forces. From this element arise
the porous graphite nanofibers (PGNF) that present an SSA
of 1400 m2G~* and a total pore volume of 2 cm3G~1 [196],
[197].

Fullerene is carbon molecules with a rolled layer of
graphene. They can take the form of spheres, ellipsoids, or
tubes. They are formed when carbon vaporizes, mixes with
inert gas, and slowly condenses [196], [198]. Nanostructures
are classified into Carbon NanoTubes (CNT) and carbon
nanofibers (CNF). CNT is formed when metallic catalysts are
included in the fullerene process with multiple graphene
sheets [199]. CNF is graphite platelets, and they are formed
in the application of hydrocarbons using nickel catalysts and
iron-based alloys [200].

Metal-Organic Framework

Metal-organic frameworks (MOF), also known as porous
coordination polymers (PCP), are porous materials built from
metal-containing nodes and are also organic linkers [201].
MOFs have ultra-high porosity and huge internal surfaces,
which extend beyond 6.000m?/g [202]. Together with the
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extraordinary degree of variability for both the organic and
inorganic components of their structures, they are attractive
for storing gases such as hydrogen and methane [203].

3.6. Hazard and safety of hydrogen

Hydrogen is odorless, colorless, and nontoxic [203]-[205]. Its
density is 0.0899kg/m3, and the boiling point is 20.39K
[206], [207]. Hydrogen has a minimum ignition energy
(0.017mJ) and a high heat of combustion of approximately
142kJ/gH, [208].

One of the most significant risks when using hydrogen is
its excellent permeability through different materials, leading
to different unique methods for specific applications [153].
As has already been discussed in this document, hydrogen has
good combustible and explosive properties. For this reason, it
is essential to maintain specific safety parameters and
continuous control when having any application related to this
element [209]. An important aspect is to maintain good
explosion ventilation in the work building [210].

Cao et al. propose a spherical ventilation system [211],
which considers flame propagation, effects of temperature,
and pressure in the ventilation. It evaluates the danger from
the explosion ventilation based on the effects of temperature
and pressure. In addition, another significant factor has a good
ignition and explosion suppression system in the event of
faults [211]-[213].

Another fault that can occur is filtration through
containers or pipes due to its small molecular size [214].
Consequently, hydrogen sensors are essential for continuous
monitoring and detection of leaks during transport, storage,
and any application [215].

Lee et al. present a chemochromic sensor used to detect
hydrogen leaks at room temperature through electrostatic
spray deposition of a solution of Pd and Wo3. The sensor
presented has a response time of 15s, when hydrogen levels
decrease by 1% at room temperature. In the same way, the
sensor can be reversible, allowing it to return to normal when
being in contact with the air again [216]. Semiconductor gas-
hydrogen sensors, based on metallic oxides, have been
implemented to a great extent to detect hydrogen gas [217].

Zhou et al. present a sensor for the detection of hydrogen
in the gaseous state. It is highly sensitive and manufactured
using microelectromechanical systems [218]. The sensor has
a quartz resonator, with an operating frequency of 165MHz,
accompanied by a 200nm palladium film. The sensor operates
wirelessly, exciting and detecting the resonator's vibration,
and uses non-contacting antennas. Research results show that
the sensor has a high level of sensitivity, allowing it to detect
leaks even with humidity in the air at room temperature.

Concerning security, Tolias e al. simulate the hydrogen
release diffusion behavior and identify the minimum safety
distances; that must implement to minimize the adverse
effects in cases of an explosion at hydrogen stations [219].

4. Discussion

Hydrogen requires improved production, storage, and end-use
to improve process efficiency and sustainability and design
economically viable business models. The cost of hydrogen
storage systems is higher than that of petroleum fuel storage;
the most significant challenges are increasing the efficiency,
durability, and cost of materials and components.
Technologies for hydrogen storage are under
investigation, and compressed storage is the most developed.
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However, metal hydrides are a potential alternative due to
their absorption and kinetic properties.

On the other hand, fuel cell systems are the most versatile
technology, but they must be cost-effective. The most critical
challenges are reducing costs and improving durability; The
research seeks to identify and develop new materials to reduce
costs and extend the component's useful life.

5. Conclusion

The work presented an evolution of hydrogen research as an
alternative to fossil fuels; it described and compared the
technologies used to produce hydrogen. Finally, it presented
the storage technologies, the review allowed for the
identification of challenges.

The production and storage of hydrogen require high
energy consumption for the chemical thermodynamic
processes involved due to exothermic reactions. The review
introduced hydrogen as an alternative fuel, which has
improved its viability due to the integration of renewable
energy; storage could be used when there is a shortage of
energy to meet the demand. The hydrogen's simplicity and

nature are significant drawbacks due to its high reactivity and
the risks associated with its volatility. It is changed to a liquid
state in storage to reduce the risk.

The cost reduction in the production, storage and transport
chain is related to the raw material and energy source used,
renewable energies being an attractive method due to
sustainability. Transportation remains a critical point due to
the high risks. Hydrogen has gained acceptance for use in
automobiles, using fuel cell technology, where storage is its
most significant challenge due to the amount that can be
stored. Like fossil fuels, infrastructure and investments are
required to make commercialization viable.

Research suggests that the process's economic and energy
efficiency needs to improve, integrate renewable energies, use
raw materials with lower economic/energy value, and give
economic value to the by-products of the processes used. The
most significant challenges are the business models and the
material sciences of the materials and components.

This is an Open Access article distributed under the terms of the Creative
Commons Attribution License.

References

1. J. Osorio Tovar, J. W. Grimaldo Guerrero, P. Pacheco Torres, and L.
Chaparro Badillo, “Chemical failure analysis of artificial lift system
in petroleum industry: A review,” J. Eng. Appl. Sci., vol. 13, no. 19,
2018, doi: 10.3923/jeasci.2018.8010.8015.

2. J. W. Grimaldo-Guerrero and Y. F. Contreras-Rueda, “Offshore oil
exploitation in the Caribbean Sea: Challenges for Colombia,” IOP
Conf. Ser. Mater. Sci. Eng., vol. 844, p. 012015, Jun. 2020, doi:
10.1088/1757-899X/844/1/012015.

3. R. Shahnazi and Z. Dehghan Shabani, “Do renewable energy
production spillovers matter in the EU?,” Renew. Energy, vol. 150,
pp. 786796, May 2020, doi: 10.1016/j.renene.2019.12.123.

4. J.Huang, W. Li, L. Guo, X. Hu, and J. W. Hall, “Renewable energy
and household economy in rural China,” Renew. Energy, Apr. 2020,
doi: 10.1016/j.renene.2020.03.151.

5.  A. Navon, P. Kulbekov, S. Dolev, G. Yehuda, and Y. Levron,
“Integration of distributed renewable energy sources in Israel:
Transmission congestion challenges and policy recommendations,”
Energy Policy, vol. 140, pp. 111-412, May 2020, doi:
10.1016/j.enpol.2020.111412.

6. K. Nigim, J. McQueen, and M. Persohn-Costa, “Operational modes
of hydrogen energy storage in a micro grid system,” in 2015 I[EEE
Electrical Power and Energy Conference: Smarter Resilient Power
Systems, EPEC 2015, 2016, pp. 473-477, doi:
10.1109/EPEC.2015.7379997.

7. L. Vinoth Kanna, K. Subramani, and A. Devaraj, “Experimental
investigation on constant-speed diesel engine fueled with biofuel
mixtures under the effect of fuel injection,” J. Comput. Appl. Res.
Mech. Eng., vol. 9, no. 2, pp. 225-233, Dec. 2020, doi:
10.22061/jcarme.2018.3421.1387.

8. M. Weiss, K. C. Cloos, and E. Helmers, “Energy efficiency trade -
offs in small to large electric vehicles,” Environ. Sci. Eur., vol. 32,
no. 46, 2020, doi: 10.1186/s12302-020-00307-8.

9. J. Lee, C. Park, J. Bae, Y. Kim, S. Lee, and C. Kim, “Comparison
between gasoline direct injection and compressed natural gas port
fuel injection under maximum load condition,” Energy, vol. 197,
Apr. 2020, doi: 10.1016/j.energy.2020.117173.

10. M. N. Anwar et al., “CO2 utilization: Turning greenhouse gas into
fuels and valuable products,” J. Environ. Manage., vol. 260, Apr.
2020, doi: 10.1016/j.jenvman.2019.110059.

11. M. Ali, R. Sultana, S. Tahir, I. A. Watson, and M. Saleem, “Prospects
of microalgal biodiesel production in Pakistan — A review,” Renew.
Sustain. Energy Rev., vol. 80, pp. 1588-1596, Dec. 2017, doi:
10.1016/j.rser.2017.08.062.

12. T. Pregger et al., “Future fuels-Analyses of the future prospects of
renewable synthetic fuels,” Energies, vol. 13, no. 1, Dec. 2019, doi:
10.3390/en13010138.

13. R. Pinsky, P. Sabharwall, J. Hartvigsen, and J. O’Brien,

“Comparative review of hydrogen production technologies for
nuclear hybrid energy systems,” Progress in Nuclear Energy, vol.
123. Elsevier Ltd, May-2020, doi: 10.1016/j.pnucene.2020.103317.

14. D. E. Bechtold, “Otras aplicaciones de hidrégeno y sus futuros
escenarios,” Centro Nacional de hidrogeno. pp. 1-22,2011.

15. 1. Hadjipaschalis, A. Poullikkas, and V. Efthimiou, “Overview of
current and future energy storage technologies for electric power
applications,” Renew. Sustain. Energy Rev., vol. 13, no. 6-7, pp.
1513-1522, 2009, doi: 10.1016/j.rser.2008.09.028.

16. A.H. Al-Badi, H. Yousef, O. Alaamri, M. Alabdusalam, Y. Alshidi,
and N. Alharthy, “Performance of a stand-alone renewable energy
system based on hydrogen energy storage,” in ISCCSP 2014 - 2014
6th International Symposium on Communications, Control and
Signal Processing, Proceedings, 2014, pp. 356-359, doi:
10.1109/ISCCSP.2014.6877887.

17. 1. Staffell et al., “The role of hydrogen and fuel cells in the global
energy system,” Energy Environ. Sci., vol. 12, no. 2, pp. 463—491,
2019, doi: 10.1039/C8EE01157E.

18. Y. Zhao et al., “A high-performance membrane electrode assembly
for polymer electrolyte membrane fuel cell with poly(arylene ether
sulfone) nanofibers as effective membrane reinforcements,” J.
Power Sources, vol. 444, Dec. 2019, doi:
10.1016/j.jpowsour.2019.227250.

19. J. I. Linares Hurtado and B. Y. Moratilla Soria, E/ hidrogeno y la
energia, Universida. Asociaciéon Nacional de Ingenieros del ICAI,
2007.

20. G. D. Berry and S. M. Aceves, “La Economia del Hidréogeno como
Solucion al Problema de la Estabilizacion del Clima Mundial*,” Acta
Univ., vol. 16, no. 1, pp. 5-14, 2006.

21. H. Song, G. Meynet, Z. Li, W. Peng, R. Zhang, and Q. Zhan, “The
Structure and Evolution of Massive Rotating Single and Binary
Population III Stars,” Astrophys. J., vol. 892, no. 1, p. 41, Mar. 2020,
doi: 10.3847/1538-4357/ab7993.

22. P. Asensio, “Hidrégeno y pila de combustible,” 2007.

23. M. Aguer Hortal and A. L. Miranda Barreras, El hidrégeno:
Fundamento de un futuro equilibrado. Ediciones Diaz de Santos,
2007.

24. L. Gutiérrez Jodra, “El hidrogéno, el combustible del futuro,”
Cienc.Exact.Fis.Nat. (Esp), vol. 99, no. 1, pp. 49-67, 2005.

25. A. C. Morales Ramos, M. Pérez Figueroa, J. R. Pérez Gallardo, and
S. De Leon Almaraz, “Energias renovables y el hidrogeno: un par
prometedor en la transicion energética de México,” Investig. y Cienc.
la Univ. Autonoma Aguascalientes, vol. 25, pp. 92—-101, 2017.

26. L. Pérez Moreno, “Produccion de hidrogeno mediante reacciones de
reformado en reactor de lecho fluidizado de dos zonas,” Universidad
de zaragoza, 2012.

27. Ministerio de Educacién Politica Social y Deporte, Fuentes de



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

John-William Grimaldo-Guerrero, Juan De la Hoz Barcelo, Daniel Rivera-Pacheco, Luis Ramos-Barrera and Ubaldo Martinez-Palacio/
Journal of Engineering Science and Technology Review 14 (5) (2021) 121 - 134

energia para el futuro, SECRETARIA. Espafia: MEPSYD, 2008.

J. Barco-Burgos, U. Eicker, N. Saldafia-Robles, A. L. Saldafa-
Robles, and V. Alcantar-Camarena, “Thermal characterization of an
alkaline electrolysis cell for hydrogen production at atmospheric
pressure,” Fuel, vol. 276, Sep. 2020, doi:
10.1016/j.fuel.2020.117910.

S. Li et al., “Chlorine-mediated photocatalytic hydrogen production
based on triazine covalent organic framework,” Appl. Catal. B

Environ., vol. 272, p. 118989, Sep. 2020, doi:
10.1016/j.apcatb.2020.118989.
A. Pino Priego, “Aprovechamiento de recursos energéticos

renovables no integrables en la red eléctrica. El caso de la produccion
de hidrogeno.,” Universidad de Sevilla, Sevilla, 2009.

C. M. Ayala Martinez and C. C. Grandett Campo, “Estado del Arte
Sobre La Obtencion De Hidrogeno Molecular a partir De Algas
Verdes,” Cartagena, 2012.

1. Asimov, A4 short history of chemistry. Greenwood Press, 1979.

J. Larminie and A. Dicks, Fuel Cell Systems Explained , vol. 2. UK:
J. Wiley, 2003.

W. Agila Galvez, “Deteccion y control del estado de una pila PEM
para funcionamiento 6ptimo: Arquitectura de agentes de percepcion
y control,” Leganés, 2013.

R. Sanz Villuendas, “Estudio tecnolégico sobre el vector hidrogeno
y sus aplicaciones en el siglo XXI,” Universidad Zaragoza, 2010.
A. Garcia-barrientos, Fuentes de Energias Alternas: Teoria y
Practica, no. August 2014. 2016.

E. I. Zoulias and N. Lymberopoulos, Hydrogen-based Autonomous
Power Systems. London: Springer London, 2008.

J. A. Ruiz Diaz and P. Ramos Castellanos, Cambio climdtico, jun
desafio a nuestro alcance? Ediciones Universidad de Salamanca,
2009.

N. R. Council, Review of the Research Program of the FreedomCAR
and Fuel Partnership. National Academies Press, 2008.

Van Hool NV, “3EMOTION | Hydrogen,” Oct-2018. .

T. Wilberforce, A. Alaswad, A. Palumbo, M. Dassisti, and A. G.
Olabi, “Advances in stationary and portable fuel cell applications,”
Int. J. Hydrogen Energy, vol. 41, no. 37, pp. 16509-16522, Oct.
2016, doi: 10.1016/j.ijhydene.2016.02.057.

BBC News Mundo, “Asi funciona el tren de hidrégeno que inici6
operaciones en Alemania, el primero en entrar en servicio comercial
en el mundo - BBC News Mundo,” Sep-2018. .

Presidencia de la Republica de Uruguay, “Proyecto para utilizar
hidrégeno como energia de avanzada en Uruguay recibe el respaldo
del BID,” Uruguay Presidencia, Dec-2019. .

Energy Information Administration EE. UU. (EIA), “Use of
hydrogen,” U.S Energy Information Administration, Jan-2020. .

D. N. Luta and A. K. Raji, “Decision-making between a grid
extension and a rural renewable off-grid system with hydrogen
generation,” Int. J. Hydrogen Energy, vol. 43, no. 20, pp. 9535-9548,
May 2018, doi: 10.1016/j.ijhydene.2018.04.032.

Y. Zhao, V. McDonell, and S. Samuelsen, “Assessment of the
combustion performance of a room furnace operating on pipeline
natural gas mixed with simulated biogas or hydrogen,” Int. J.
Hydrogen Energy, vol. 45, no. 19, pp. 11368-11379, Apr. 2020, doi:
10.1016/j.ijhydene.2020.02.071.

T. D. Rapson et al., “Engineering a solid-state metalloprotein
hydrogen evolution catalyst,” Sci. Rep., vol. 10, no. 1, pp. 1-9, Feb.
2020, doi: 10.1038/s41598-020-60730-y.

L. Wang, “Novel highly active Ni-Re super-alloy nanowire type
catalysts for CO-free hydrogen generation from steam methane
reforming,” Bull. Mater. Sci., vol. 43, no. 1, p. 93, Dec. 2020, doi:
10.1007/s12034-020-2070-3.

L. Mastropasqua, I. Pecenati, A. Giostri, and S. Campanari, “Solar
hydrogen production: Techno-economic analysis of a parabolic dish-
supported high-temperature electrolysis system,” Appl. Energy, vol.
261, p. 114392, Mar. 2020, doi: 10.1016/j.apenergy.2019.114392.

J. M. Rodriguez Cuesta, “Electrolisis a alta temperatura,”
Universidad de Sevilla, Sevilla, 2016.

J. Huang et al., “Continuous hydrogen production from food waste
by anaerobic digestion (AD) coupled single-chamber microbial
electrolysis cell (MEC) under negative pressure,” Waste Manag.,
vol. 103, pp. 61-66, Feb. 2020, doi: 10.1016/j.wasman.2019.12.015.
X. H. Li, D. W. Liang, Y. X. Bai, Y. T. Fan, and H. W. Hou,
“Enhanced H2 production from corn stalk by integrating dark
fermentation and single chamber microbial electrolysis cells with
double anode arrangement,” Int. J. Hydrogen Energy, vol. 39, no. 17,
pp. 8977-8982, Jun. 2014, doi: 10.1016/j.ijhydene.2014.03.065.

J. M. Thomas, P. P. Edwards, P. J. Dobson, and G. P. Owen,
“Decarbonising energy: The developing international activity in

130

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.
67.

68.

69.

70.

71.

72.

73.

hydrogen technologies and fuel cells,” Journal of Energy Chemistry,
vol. 51. Elsevier B.V., pp. 405-415, Dec-2020, doi:
10.1016/j.jechem.2020.03.087.

F. Wang et al., “A comprehensive review on high-temperature fuel
cells with carbon capture,” Appl. Energy, vol. 275, p. 115342, Oct.
2020, doi: 10.1016/j.apenergy.2020.115342.

H. Zhang, W. Kong, F. Dong, H. Xu, B. Chen, and M. Ni,
“Application of cascading thermoelectric generator and cooler for
waste heat recovery from solid oxide fuel cells,” Energy Convers.
Manag., vol. 148, pp. 1382-1390, Sep. 2017, doi:
10.1016/j.enconman.2017.06.089.

C.-Y. Hsieh, P. Pei, Q. Bai, A. Su, F.-B. Weng, and C.-Y. Lee,
“Results of a 200 hours lifetime test of a 7 kW Hybrid—Power fuel
cell system on electric forklifts,” Energy, vol. 214, p. 118941, Jan.
2021, doi: 10.1016/j.energy.2020.118941.

S. Giddey, S. P. S. Badwal, A. Kulkarni, and C. Munnings, “A
comprehensive review of direct carbon fuel cell technology,”
Progress in Energy and Combustion Science, vol. 38, no. 3.
Pergamon, pp- 360-399, 01-Jun-2012, doi:
10.1016/j.pecs.2012.01.003.

K. Kordesch et al., “Alkaline fuel cells applications,” J. Power
Sources, vol. 86,no. 1, pp. 162—165, Mar. 2000, doi: 10.1016/S0378-
7753(99)00429-2.

J.L. Tan et al., “Preparation and characterization of palladium-nickel
on graphene oxide support as anode catalyst for alkaline direct
ethanol fuel cell,” Appl. Catal. A Gen., vol. 531, pp. 29-35, Feb.
2017, doi: 10.1016/j.apcata.2016.11.034.

J. Asensio et al., “Pilas de combustible de Membrana polimérica,”
Afinidad Rev. quimica teorica y Apl., vol. 68, no. 554, pp. 246258,
2011.

H. Peng, Q. Li, M. Hu, L. Xiao, J. Lu, and L. Zhuang, “Alkaline
polymer electrolyte fuel cells stably working at 80 °C,” J. Power
Sources, vol. 390, pp. 165-167, Jun. 2018, doi:
10.1016/j.jpowsour.2018.04.047.

S. Takahashi, T. Mashio, N. Horibe, K. Akizuki, and A. Ohma,
“Analysis of the Microstructure Formation Process and Its Influence
on the Performance of Polymer Electrolyte Fuel-Cell Catalyst
Layers,” ChemElectroChem, vol. 2, no. 10, pp. 1560-1567, Oct.
2015, doi: 10.1002/celc.201500131.

X. Chen, Y. Wang, L. Cai, and Y. Zhou, “Maximum power output
and load matching of a phosphoric acid fuel cell-thermoelectric
generator hybrid system,” J. Power Sources, vol. 294, pp. 430436,
Jun. 2015, doi: 10.1016/j.jpowsour.2015.06.085.

E. Acikkalp, L. Chen, and M. H. Ahmadi, “Comparative
performance analyses of molten carbonate fuel cell-alkali metal
thermal to electric converter and molten carbonate fuel cell-thermo-
electric generator hybrid systems,” Energy Reports, vol. 6, pp. 10—
16, Nov. 2020, doi: 10.1016/j.egyr.2019.11.108.

B. Ghorbani, M. Mehrpooya, and S. A. Mousavi, “Hybrid molten
carbonate fuel cell power plant and multiple-effect desalination
system,” J. Clean. Prod., vol. 220, pp. 1039-1051, May 2019, doi:
10.1016/j.jclepro.2019.02.215.

O. Tokio, “Energy carriers and conversion systems.,” 2009.

S. Koomson and C. G. Lee, “Lifetime expectancy of molten
carbonate fuel cells: Part II. Cell life simulation using bench and
coin-type cells,” Int. J Hydrogen Energy, Aug. 2020, doi:
10.1016/j.ijhydene.2020.07.217.

T. Wejrzanowski et al., “Metallic foam supported electrodes for
molten carbonate fuel cells,” Mater. Des., vol. 193, p. 108864, Aug.
2020, doi: 10.1016/j.matdes.2020.108864.

L. Kouchachvili and M. Ikura, “Performance of direct carbon fuel
cell,” Int. J. Hydrogen Energy, vol. 36, no. 16, pp. 10263-10268,
Aug. 2011, doi: 10.1016/j.ijhydene.2010.10.036.

L. Xing, X. Bai, Y. Gao, and Z. Cao, “Improving clean electrical
power generation: A theoretical modelling analysis of a molten
sodium hydroxide direct carbon fuel cell with low pollution,” J.
Clean. Prod., p. 124623, Oct. 2020, doi:
10.1016/j.jclepro.2020.124623.

1. Filahi, M. Hasnaoui, A. Amahmid, A. El Mansouri, M. Alouah,
and Y. Dahani, “Multiple-relaxation-time Lattice-Boltzmann
simulation of direct carbon fuel cell,” in Materials Today:
Proceedings, 2020, vol. 27, pp. 3157-3160, doi:
10.1016/j.matpr.2020.03.831.

H. J. Kim et al., “Ru/Samaria-doped ceria gradient cermet anode for
direct-methane solid oxide fuel cell,” Appl. Surf. Sci., vol. 538, p.
148105, Feb. 2021, doi: 10.1016/j.apsusc.2020.148105.

R. J. Braun, S. Kameswaran, J. Yamanis, and E. Sun, “Highly
efficient IGFC hybrid power systems employing bottoming organic
rankine cycles with optional carbon capture,” J. Eng. Gas Turbines



74,

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

John-William Grimaldo-Guerrero, Juan De la Hoz Barcelo, Daniel Rivera-Pacheco, Luis Ramos-Barrera and Ubaldo Martinez-Palacio/
Journal of Engineering Science and Technology Review 14 (5) (2021) 121 - 134

Power, vol. 134, no. 2, Feb. 2012, doi: 10.1115/1.4004374.

M. Ma, X. Yang, J. Qiao, W. Sun, Z. Wang, and K. Sun, “Progress
and challenges of carbon-fueled solid oxide fuel cells anode,”
Journal of Energy Chemistry, vol. 56. Elsevier B.V., pp. 209-222,
May-2021, doi: 10.1016/j.jechem.2020.08.013.

C. M. Kalamaras, A. M. Efstathiou, Y. Al-Assaf, and A. Poullikkas,
“Hydrogen Production Technologies: Current State and Future
Developments,” Conf. Pap. Energy, vol. 2013, 2013, doi:
10.1155/2013/690627.

“Hydrogen Production: Natural Gas Reforming-Department of
Energy,” Energy Efficiency & Renewable Energy. .

G. W. Crabtree, Mildred S. Dresselhaus, and Michelle V. Buchanan.,
“The Hydrogen Energy,” Phys. Today, vol. 57, pp. 39-44, 2004.

B. Anzelmo, J. Wilcox, and S. Liguori, “Hydrogen production via
natural gas steam reforming in a Pd-Au membrane reactor.
Comparison between methane and natural gas steam reforming
reactions,” J. Memb. Sci., vol. 568, pp. 113-120, Dec. 2018, doi:
10.1016/j.memsci.2018.09.054.

S. Park, J. Yoo, S. J. Han, J. H. Song, E. J. Lee, and 1. K. Song,
“Steam reforming of liquefied natural gas (LNG) for hydrogen
production over nickel-boron—alumina xerogel catalyst,” Int. J.
Hydrogen Energy, vol. 42, no. 22, pp. 15096-15106, Jun. 2017, doi:
10.1016/j.ijhydene.2017.04.282.

K. Y. Koo, H. J. Eom, S. C. Kwon, U. H. Jung, and W. L. Yoon,
“Ru-coated metal monolith catalyst prepared by novel coating
method for hydrogen production via natural gas steam reforming,”
Catal. Today, vol. 293-294, pp. 129-135, Sep. 2017, doi:
10.1016/j.cattod.2016.11.016.

V. V Petrunin, I. V Marov, and N. G. Kodochigov, “Hydrogen
energy and large scale hydrogen production with nuclear power
plants based on high-temperature reactors,” J. Phys. Conf. Ser., vol.
1683, p. 042031, 2020, doi: 10.1088/1742-6596/1683/4/042031.

L. Kaiwen, Y. Bin, and Z. Tao, “Economic analysis of hydrogen
production from steam reforming process: A literature review,”
Energy Sources, Part B: Economics, Planning and Policy, vol. 13,
no. 2. Taylor and Francis Inc., pp. 109-115, Feb-2018, doi:
10.1080/15567249.2017.1387619.

E. Shagdar, B. G. Lougou, Y. Shuai, E. Ganbold, O. P. Chinonso,
and H. Tan, “Process analysis of solar steam reforming of methane
for producing low-carbon hydrogen,” RSC Adv., vol. 10, no. 21, pp.
1258212597, Mar. 2020, doi: 10.1039/c9ra09835f.

A. Tulianelli and A. Basile, “Development of membrane reactor
technology for H2 production in reforming process for low-
temperature fuel cells,” in Current Trends and Future Developments
on (Bio-) Membranes, Elsevier, 2020, pp. 287-305.

M. Klug, “Pirolisis, un proceso para derretir biomasa,” Rev. Quim.
PUCP , vol. 26, pp. 27-40, 2012.

A. Demirbas and G. Arin, “An Overview of Biomass Pyrolysis,”
Energy Sources, vol. 24, no. 5, pp. 471-482, May 2002, doi:
10.1080/00908310252889979.

K. Rajendran, R. Lin, D. M. Wall, and J. D. Murphy, “Influential
Aspects in Waste Management Practices,” in Sustainable Resource
Recovery and Zero Waste Approaches, Elsevier, 2019, pp. 65-78.
H. Yang, R. Yan, H. Chen, D. H. Lee, D. T. Liang, and C. Zheng,
“Pyrolysis of palm oil wastes for enhanced production of hydrogen
rich gases,” Fuel Process. Technol., vol. 87, no. 10, pp. 935-942,
Oct. 2006, doi: 10.1016/j.fuproc.2006.07.001.

A. C. Martinez Villalba and L. D. Bohérquez Leoén, “Evaluacion de
la eficiencia de biochar producido a partir de pirdlisis lenta de bagazo
de cafia como medio filtrante para retencion de fenoles en matriz
acuosa,” Universidad de La Salle, Bogota, 2017.

X. Wang, W. Lv, L. Guo, M. Zhai, P. Dong, and G. Qi, “Energy and
exergy analysis of rice husk high-temperature pyrolysis,” Int. J.
Hydrogen Energy, vol. 41, no. 46, pp. 21121-21130, Dec. 2016, doi:
10.1016/j.ijhydene.2016.09.155.

A. Tahmasebi, K. Maliutina, T. Matamba, J. H. Kim, C. H. Jeon, and
J. Yu, “Pressurized entrained-flow pyrolysis of lignite for enhanced
production of hydrogen-rich gas and chemical raw materials,” J.
Anal. Appl. Pyrolysis, vol. 145, p. 104741, Jan. 2020, doi:
10.1016/j.jaap.2019.104741.

S. Niu et al., “Investigation into the yields and characteristics of
products from lignite low-temperature pyrolysis under CO 2 and N
2 atmospheres,” J. Anal. Appl. Pyrolysis, vol. 138, pp. 161-169, Mar.
2019, doi: 10.1016/j.jaap.2018.12.020.

C. ping Ye, H. jun Huang, X. hong Li, W. ying Li, and J. Feng, “The
oxygen evolution during pyrolysis of HunlunBuir lignite under
different heating modes,” Fuel, vol. 207, pp. 85-92, Nov. 2017, doi:
10.1016/j.fuel.2017.06.062.

. B. P. BP, “BP Statistical Review of World Energy 2019,” 2019.

131

95. H.D. Setiabudi, M. A. A. Aziz, S. Abdullah, L. P. Teh, and R. Jusoh,
“Hydrogen production from catalytic steam reforming of biomass
pyrolysis oil or bio-oil derivatives: A review,” Int. J. Hydrogen
Energy, Nov. 2019, doi: 10.1016/j.ijhydene.2019.10.141.

K. Bizkarra, J. M. Bermudez, P. Arcelus-Arrillaga, V. L. Barrio, J.

F. Cambra, and M. Millan, ‘“Nickel based monometallic and

bimetallic catalysts for synthetic and real bio-oil steam reforming,”

Int. J. Hydrogen Energy, vol. 43, no. 26, pp. 11706-11718, Jun.

2018, doi: 10.1016/j.ijhydene.2018.03.049.

X. Dai, C. Wu, H. Li, and Y. Chen, “The fast pyrolysis of biomass

in CFB reactor,” Energy and Fuels, vol. 14, no. 3, pp. 552-557, May

2000, doi: 10.1021/ef9901645.

R. Yan, H. Yang, T. Chin, D. T. Liang, H. Chen, and C. Zheng,

“Influence of temperature on the distribution of gaseous products

from pyrolyzing palm oil wastes,” Combust. Flame, vol. 142, no. 1—

2, pp. 24-32, Jul. 2005, doi: 10.1016/j.combustflame.2005.02.005.

R. Pitchai and K. Klier, “Partial Oxidation of Methane,” Catal. Rev.,

vol. 28, no. I, pp. 13-88,  Feb. 1986, doi:

10.1080/03602458608068085.

100.G. Pantaleo, V. La Parola, F. Deganello, R. K. Singha, R. Bal, and
A. M. Venezia, “Ni/CeO2 catalysts for methane partial oxidation:
Synthesis driven structural and catalytic effects,” Appl. Catal. B
Environ., vol. 189, pp. 233-241, Jul. 2016, doi:
10.1016/j.apcatb.2016.02.064.

101.L. Li, S. He, Y. Song, J. Zhao, W. Ji, and C. T. Au, “Fine-tunable
Ni@porous  silica  core-shell ~ nanocatalysts: Synthesis,
characterization, and catalytic properties in partial oxidation of
methane to syngas,” J. Catal., vol. 288, pp. 54-64, Apr. 2012, doi:
10.1016/j.jcat.2012.01.004.

102.J. V. Gimeno, “Oxidacién parcial de metano sobre catalizadores
NiAl 2 O 4 /CeO 2,” Universidad del Pais Vasco, 2016.

103.R. Ma, B. Xu, and X. Zhang, “Catalytic partial oxidation (CPOX) of
natural gas and renewable hydrocarbons/oxygenated
hydrocarbons—A review,” Catalysis Today, vol. 338. Elsevier B.V.,
pp. 18-30, Nov-2019, doi: 10.1016/j.cattod.2019.06.025.

104.1. Dincer and C. Acar, “Review and evaluation of hydrogen
production methods for better sustainability,” Int. J. Hydrogen
Energy, vol. 40, no. 34, pp. 11094-11111, Aug. 2015, doi:
10.1016/j.ijhydene.2014.12.035.

105.J. Chi and H. Yu, “Water electrolysis based on renewable energy for
hydrogen production,” Cuihua Xuebao/Chinese J. Catal., vol. 39, no.
3, pp- 390-394, Mar. 2018, doi: 10.1016/S1872-2067(17)62949-8.

106.Y. Wu et al., “Solar-driven self-powered alkaline seawater
electrolysis via multifunctional earth-abundant heterostructures,”
Chem. Eng. J., vol. 411, p. 128538, May 2021, doi:
10.1016/j.cej.2021.128538.

107.1. Vincent and D. Bessarabov, “Low cost hydrogen production by
anion exchange membrane electrolysis: A review,” Renew. Sustain.
Energy  Rev., wvol. 81, pp. 1690-1704, 2017, doi:
10.1016/j.rser.2017.05.258.

108.F. Safari and I. Dincer, “A review and comparative evaluation of
thermochemical water splitting cycles for hydrogen production,”
Energy Convers. Manag., vol. 205, p. 112182, 2019, doi:
10.1016/j.enconman.2019.112182.

109.Y. Kim, E. Cho, and C. Hyun Ko, “Preparation of Ni-based egg-
shell-type catalyst on cylinder-shaped alumina pellets and its
application for hydrogen production via steam methane reforming,”
Int. J. Hydrogen Energy, vol. 44, no. 11, pp. 5314-5323, Feb. 2019,
doi: 10.1016/j.ijhydene.2018.08.100.

110.P. Nikolaidis and A. Poullikkas, “A comparative overview of
hydrogen production processes,” Renew. Sustain. Energy Rev., vol.
67, pp. 597-611, Jan. 2017, doi: 10.1016/j.rser.2016.09.044.

111.P. T. Williams, “Hydrogen and Carbon Nanotubes from Pyrolysis-
Catalysis of Waste Plastics: A Review,” Waste and Biomass
Valorization, vol. 12, mno. 1, pp. 1-28, Jan. 2021, doi:
10.1007/512649-020-01054-w.

112.S. Shiva Kumar and V. Himabindu, “Hydrogen production by PEM
water electrolysis — A review,” Mater. Sci. Energy Technol., vol. 2,
no. 3, pp. 442-454, Dec. 2019, doi: 10.1016/j.mset.2019.03.002.

113.M. Liao et al., “Hydrogen production from partial oxidation of
propane: Effect of SiC addition on Ni/Al 2 O 3 catalyst,” Appl.
Energy,  vol. 252, p. 113435, Oct. 2019, doi:
10.1016/j.apenergy.2019.113435.

114.M. Liao et al., “Efficient hydrogen production from partial oxidation
of propane over SiC doped Ni/A1203 catalyst,” in Energy Procedia,
2019, vol. 158, pp. 1772-1779, doi: 10.1016/j.egypro.2019.01.419.

115.A. Yilanci, I. Dincer, and H. K. Ozturk, “A review on solar-
hydrogen/fuel cell hybrid energy systems for stationary
applications,” Prog. Energy Combust. Sci., vol. 35, no. 3, pp. 231—

96.

97.

98.

99.



John-William Grimaldo-Guerrero, Juan De la Hoz Barcelo, Daniel Rivera-Pacheco, Luis Ramos-Barrera and Ubaldo Martinez-Palacio/
Journal of Engineering Science and Technology Review 14 (5) (2021) 121 - 134

244, Jun. 2009, doi: 10.1016/j.pecs.2008.07.004.

116.J. Wang, “Barriers of scaling-up fuel cells: Cost, durability and
reliability,” Energy, vol. 80, pp. 509-521, Feb. 2015, doi:
10.1016/j.energy.2014.12.007.

117.K. L. Salcedo Rodriguez and F. A. PEREZ Ph D, “Hydrogen and
palladium properties and ther role in alternative energetic sources
development,” Sci. Tech., vol. 15, pp. 343-346, 2009.

118.A. Causapé Rodriguez, “Las tecnologias de almacenamiento de
hidrogeno en vehiculos y su proyeccion de futuro,” An. mecdnica y
Electr., pp. 20-23, 2006.

119.A. Mardani and H. Karimi Motaalegh Mahalegi, “Hydrogen
enrichment of methane and syngas for MILD combustion,” Int. J.
Hydrogen Energy, vol. 44, no. 18, pp. 9423-9437, Apr. 2019, doi:
10.1016/j.ijhydene.2019.02.072.

120.K. Jurewicz, E. Frackowiak, and F. Béguin, “Towards the
mechanism of electrochemical hydrogen storage in nanostructured
carbon materials,” Appl. Phys. A, vol. 78, no. 7, pp. 981-987, Apr.
2004, doi: 10.1007/s00339-003-2418-8.

121.D. A. Crowl and Y. Do Jo, “The hazards and risks of hydrogen,” J.
Loss Prev. Process Ind., vol. 20, no. 2, pp. 158-164, Mar. 2007, doi:
10.1016/j.j1p.2007.02.002.

122.L. Yin and Y. Ju, “Process optimization and analysis of a novel
hydrogen liquefaction cycle,” Int. J. Refrig., vol. 110, pp. 219-230,
Feb. 2020, doi: 10.1016/j.ijrefrig.2019.11.004.

123.S. Seyam, I. Dincer, and M. Agelin-Chaab, “Analysis of a clean
hydrogen liquefaction plant integrated with a geothermal system,” J.
Clean. Prod., vol. 243, p. 118562, Jan. 2020, doi:
10.1016/j.jclepro.2019.118562.

124.C. Yilmaz and O. Kaska, “Performance analysis and optimization of
a hydrogen liquefaction system assisted by geothermal absorption
precooling refrigeration cycle,” Int. J. Hydrogen Energy, vol. 43, no.
44, pp. 20203-20213, Nov. 2018, doi:
10.1016/j.ijhydene.2018.08.019.

125.M. Mendoza Juarez, “Sintesis Evolutiva del Proceso de Licuefaccion
de Hidrocarburos,” Universidad de las Américas Puebla, Puebla,
2004.

126.C. M. White, R. R. Steeper, and A. E. Lutz, “The hydrogen-fueled
internal combustion engine: a technical review,” Int. J. Hydrogen
Energy, vol. 31, no. 10, pp. 1292-1305, Aug. 2006, doi:
10.1016/j.ijhydene.2005.12.001.

127.R. Moradi and K. M. Groth, “Hydrogen storage and delivery: Review
of the state of the art technologies and risk and reliability analysis,”
International Journal of Hydrogen Energy, vol. 44, no. 23. Elsevier
Ltd, pp. 12254-12269, May-2019, doi:
10.1016/j.ijhydene.2019.03.041.

128.S. Niaz, T. Manzoor, and A. H. Pandith, “Hydrogen storage:
Materials, methods and perspectives,” Renewable and Sustainable
Energy Reviews, vol. 50. Elsevier Ltd, pp. 457-469, May-2015, doi:
10.1016/j.rser.2015.05.011.

129.M. D. J. Marin A., “Remocién de As en soluciéon empleando
biomasas no vivas de maleza acuatica,” Universidad Auténoma del
estado de México, Toluca, 2010.

130.F. Granados Correa, “Sorciéon de radioisotopos en solidos
inorganicos,” Universidad Auténoma Metropolitana iztapalapa,
Ciudad de Mexico, 2004.

131.F. Zhang, P. Zhao, M. Niu, and J. Maddy, “The survey of key
technologies in hydrogen energy storage,” Int. J. Hydrogen Energy,
vol. 41, no. 33, pp. 14535-14552, Sep. 2016, doi:
10.1016/j.ijhydene.2016.05.293.

132.K. Miiller and W. Arlt, “Status and Development in Hydrogen
Transport and Storage for Energy Applications,” Energy Technol.,
vol. 1, no. 9, pp. 501-511, Sep. 2013, doi: 10.1002/ente.201300055.

133.U. Sahaym and M. G. Norton, “Advances in the application of
nanotechnology in enabling a ‘hydrogen economy,’” J. Mater. Sci.,
vol. 43, no. 16, pp. 5395-5429, Aug. 2008, doi: 10.1007/s10853-
008-2749-0.

134.Y. Jia, C. Sun, S. Shen, J. Zou, S. S. Mao, and X. Yao, “Combination
of nanosizing and interfacial effect: Future perspective for designing
Mg-based nanomaterials for hydrogen storage,” Renew. Sustain.
Energy Rev., vol. 44, pp. 289-303, Apr. 2015, doi:
10.1016/j.rser.2014.12.032.

135.B. Sakintuna, F. Lamari-Darkrim, and M. Hirscher, “Metal hydride
materials for solid hydrogen storage: A review,” Int. J. Hydrogen
Energy, vol. 32, no. 9, pp. 1121-1140, Jun. 2007, doi:
10.1016/j.ijhydene.2006.11.022.

136.M. G. Nijkamp, J. E. M. J. Raaymakers, A. J. van Dillen, and K. P.
de Jong, “Hydrogen storage using physisorption — materials
demands,” Appl. Phys. A Mater. Sci. Process., vol. 72, no. 5, pp.
619-623, May 2001, doi: 10.1007/s003390100847.

132

137.J. Ogden, A. M. Jaffe, D. Scheitrum, Z. McDonald, and M. Miller,
“Natural gas as a bridge to hydrogen transportation fuel: Insights
from the literature,” Energy Policy, vol. 115, pp. 317-329, Apr.
2018, doi: 10.1016/j.enpol.2017.12.049.

138.H. Barthelemy, M. Weber, and F. Barbier, “Hydrogen storage:
Recent improvements and industrial perspectives,” Int. J. Hydrogen
Energy, vol. 42, no. 11, pp. 7254-7262, Mar. 2017, doi:
10.1016/j.ijhydene.2016.03.178.

139.F. Colom, S and Weber, M and Barbier, “Storhy: A European
development of composite vessels for 70MPa Hydrogen storage,” in
World Hydrogen Energy Conference, 2008.

140.C. J. Webb, “A review of catalyst-enhanced magnesium hydride as a
hydrogen storage material,” J. Phys. Chem. Solids, vol. 84, no. 1, pp.
96-106, Sep. 2015, doi: 10.1016/j.jpcs.2014.06.014.

141.A. Midilli, M. Ay, 1. Dincer, and M. A. Rosen, “On hydrogen and
hydrogen energy strategies I : Current status and needs,” Renewable
and Sustainable Energy Reviews, vol. 9, no. 3. Elsevier Ltd, pp. 255—
271, Jun-2005, doi: 10.1016/j.rser.2004.05.003.

142.D. Schitea, M. Deveci, M. Iordache, K. Bilgili, I. Z. Akyurt, and L.
Tordache, “Hydrogen mobility roll-up site selection using
intuitionistic fuzzy sets based WASPAS, COPRAS and EDAS,” Int.
J. Hydrogen Energy, vol. 44, no. 16, pp. 8585-8600, Mar. 2019, doi:
10.1016/j.ijhydene.2019.02.011.

143.K. Mazloomi and C. Gomes, “Hydrogen as an energy carrier:
Prospects and challenges,” Renewable and Sustainable Energy
Reviews, vol. 16, no. 5. Pergamon, pp. 3024-3033, Jun-2012, doi:
10.1016/j.rser.2012.02.028.

144.E. David, “An overview of advanced materials for hydrogen
storage,” in Journal of Materials Processing Technology, 2005, vol.
162-163, no. SPEC. ISS., pp- 169-177, doi:
10.1016/j.jmatprotec.2005.02.027.

145.L. Chen, R. Xiao, C. Cheng, G. Tian, S. Chen, and Y. Hou,
“Thermodynamic analysis of the para-to-ortho hydrogen conversion
in cryo-compressed hydrogen vessels for automotive applications,”
Int. J. Hydrogen Energy, vol. 45, no. 46, pp. 24928-24937, Sep.
2020, doi: 10.1016/j.ijhydene.2020.05.252.

146.R. Xiao, G. Tian, Y. Hou, S. Chen, C. Cheng, and L. Chen, “Effects
of cooling-recovery venting on the performance of cryo-compressed
hydrogen storage for automotive applications,” Appl. Energy, vol.
269, p. 115143, Jul. 2020, doi: 10.1016/j.apenergy.2020.115143.

147.R. K. Ahluwalia et al., “Technical assessment of cryo-compressed
hydrogen storage tank systems for automotive applications,” Int. J.
Hydrogen Energy, vol. 35, no. 9, pp. 4171-4184, May 2010, doi:
10.1016/j.ijhydene.2010.02.074.

148.R. K. Ahluwalia, J.-K. Peng, and T. Q. Hua, “Cryo-compressed
hydrogen storage,” in Compendium of Hydrogen Energy, vol. 2, Ram
B. Gupta, Angelo Basile, and T. Nejat Veziroglu, Eds. Elsevier,
2016, pp. 119-145.

149.Detlef Stolten, Remzi C. Samsun, and Nancy Garland, Fuel Cells:
Data, Facts, and Figures, vol. 1. 2016.

150.J. W. Erisman, M. A. Sutton, J. Galloway, Z. Klimont, and W.
Winiwarter, “How a century of ammonia synthesis changed the
world,” Nat. Geosci., vol. 1, no. 10, pp. 636—639, Oct. 2008, doi:
10.1038/ngeo0325.

151.G. THOMAS, “Potential roles of ammonia in a hydrogen economy.,”
2006. .

152.D. Kirk, R. E., Othmer, D. F., Grayson, M., & Eckroth, “No Title,”
Encyclopedia of chemical technology Vol 23.2001.

153.M. Hirscher et al., “Materials for hydrogen-based energy storage —
past, recent progress and future outlook,” J. Alloys Compd., vol. 827,
p. 153548, Jun. 2020, doi: 10.1016/j.jallcom.2019.153548.

154.Z. Xin et al., “Towards Hydrogen Storage through an Efficient
Ruthenium-Catalyzed Dehydrogenation of Formic Acid,”
ChemSusChem, vol. 11, no. 13, pp. 2077-2082, Jul. 2018, doi:
10.1002/cssc.201800408.

155.N. Mardini and Y. Bicer, “Direct synthesis of formic acid as
hydrogen carrier from CO2 for cleaner power generation through
direct formic acid fuel cell,” Int. J. Hydrogen Energy, vol. 46, no. 24,
pp. 13050-13060, Apr. 2021, doi: 10.1016/j.ijhydene.2021.01.124.

156.K. Miiller, K. Brooks, and T. Autrey, “Hydrogen Storage in Formic
Acid: A Comparison of Process Options,” Energy and Fuels, vol. 31,
no. 11, pp- 12603-12611, Nov. 2017, doi:
10.1021/acs.energyfuels.7b02997.

157.R. van Putten, T. Wissink, T. Swinkels, and E. A. Pidko, “Fuelling
the hydrogen economy: Scale-up of an integrated formic acid-to-
power system,” Int. J. Hydrogen Energy, vol. 44, no. 53, pp. 28533—
28541, Nov. 2019, doi: 10.1016/j.ijjhydene.2019.01.153.

158.A. K. Singh, S. Singh, and A. Kumar, “Hydrogen Energy Future with
Formic Acid: A Renewable Chemical Hydrogen Storage System,”



John-William Grimaldo-Guerrero, Juan De la Hoz Barcelo, Daniel Rivera-Pacheco, Luis Ramos-Barrera and Ubaldo Martinez-Palacio/
Journal of Engineering Science and Technology Review 14 (5) (2021) 121 - 134

Catal. Sci. Technol.,
10.1039/x0xx00000x.

159.F. Joo, “Breakthroughs in hydrogen storage-formic acid as a
sustainable storage material for hydrogen,” ChemSusChem, vol. 1,
no. 10, pp. 805-808, Oct. 2008, doi: 10.1002/cssc.200800133.

160.Y. Zhou, X. Zhu, B. Zhang, D. D. Ye, R. Chen, and Q. Liao, “High
performance formic acid fuel cell benefits from Pd-PdO catalyst
supported by ordered mesoporous carbon,” Int. J. Hydrogen Energy,
vol. 45, no. 53, pp. 29235-29245, Oct. 2020, doi:
10.1016/j.ijhydene.2020.07.169.

161.E. Ruse et al, “Hydrogen storage kinetics: The graphene
nanoplatelet size effect,” Carbon N. Y., vol. 130, pp. 369-376, Apr.
2018, doi: 10.1016/j.carbon.2018.01.012.

162.E. Varkaraki, N. Lymberopoulos, and A. Zachariou, “Hydrogen
based emergency back-up system for telecommunication
applications,” in Journal of Power Sources, 2003, vol. 118, no. 1-2,
pp. 14-22, doi: 10.1016/S0378-7753(03)00056-9.

163.G. Doucet, C. Etiévant, C. Puyenchet, S. Grigoriev, and P. Millet,
“Hydrogen-based PEM auxiliary power unit,” Int. J. Hydrogen
Energy, vol. 34, no. 11, pp. 4983-4989, Jun. 2009, doi:
10.1016/j.ijhydene.2008.12.029.

164.J. Fernandez-Moreno, G. Guelbenzu, A. J. Martin, M. A. Folgado, P.
Ferreira-Aparicio, and A. M. Chaparro, “A portable system powered
with hydrogen and one single air-breathing PEM fuel cell,” 4ppl.
Energy,  vol. 109, pp. 60-66, Sep. 2013, doi:
10.1016/j.apenergy.2013.03.076.

165.G. Kyriakarakos, A. I. Dounis, S. Rozakis, K. G. Arvanitis, and G.
Papadakis, “Polygeneration microgrids: A viable solution in remote
areas for supplying power, potable water and hydrogen as
transportation fuel,” Appl. Energy, vol. 88, no. 12, pp. 4517-4526,
Dec. 2011, doi: 10.1016/j.apenergy.2011.05.038.

166.T. Maeda et al., “Numerical simulation of the hydrogen storage with
reaction heat recovery using metal hydride in the totalized hydrogen
energy utilization system,” Int. J. Hydrogen Energy, vol. 36, no. 17,
pp. 10845-10854, Aug. 2011, doi: 10.1016/j.ijhydene.2011.06.024.

167.M. V. Lototskyy, I. Tolj, L. Pickering, C. Sita, F. Barbir, and V.
Yartys, “The use of metal hydrides in fuel cell applications,”
Progress in Natural Science: Materials International, vol. 27, no. 1.
Elsevier B.V., pp. 3-20, Feb-2017, doi: 10.1016/j.pnsc.2017.01.008.

168.D. Parra, M. Gillott, and G. S. Walker, “Design, testing and
evaluation of a community hydrogen storage system for end user
applications,” Int. J. Hydrogen Energy, vol. 41, no. 10, pp. 5215—
5229, Mar. 2016, doi: 10.1016/j.ijhydene.2016.01.098.

169.B. P. Tarasov et al., “Metal hydride hydrogen storage and
compression systems for energy storage technologies,” Int. J.
Hydrogen Energy, vol. 46, no. 25, pp. 13647-13657, Apr. 2020, doi:
10.1016/j.ijhydene.2020.07.085.

170.C. Milanese et al., “Solid State Hydrogen Storage in Alanates and
Alanate-Based Compounds: A Review,” Metals (Basel)., vol. 8, no.
8, p. 567, Jul. 2018, doi: 10.3390/met8080567.

171.W. S. Khan et al., “Hydrogen storage and PL properties of novel
Cd/CdO shelled hollow microspheres prepared under NH3 gas
environment,” Int. J. Hydrogen Energy, vol. 38, no. 5, pp. 2332—
2336, Feb. 2013, doi: 10.1016/j.ijhydene.2012.11.121.

172.C. Iwakura, H. Inoue, and S. Nohara, “Hydrogen—Metal Systems:
Electrochemical Reactions (Fundamentals and Applications),” in
Encyclopedia of Materials: Science and Technology, P. V. K.H.
Jirgen Buschow, Robert W. Cahn, Merton C. Flemings, Bernhard
Tlschner, Edward J. Kramer, Subhash Mahajan, Ed. Elsevier, 2001,
pp. 3923-3941.

173.]. Jepsen et al., “Fundamental Material Properties of the 2LiBH4-
MgH2 Reactive Hydride Composite for Hydrogen Storage: (I)
Thermodynamic and Heat Transfer Properties,” Energies, vol. 11,
no. 5, p. 1081, Apr. 2018, doi: 10.3390/en11051081.

174.Y. Yang et al., “Boron nitride quantum dots decorated ultrathin
porous g-C3N4: Intensified exciton dissociation and charge transfer
for promoting visible-light-driven molecular oxygen activation,”
Appl. Catal. B Environ., vol. 245, pp. 87-99, May 2019, doi:
10.1016/j.apcatb.2018.12.049.

175.D. Golberg et al., “Boron Nitride Nanotubes and Nanosheets,” ACS
Nano, vol. 4, no. 6, pp. 2979-2993, Jun. 2010, doi:
10.1021/nn1006495.

176.M. V. Lototskyy, V. A. Yartys, B. G. Pollet, and R. C. Bowman,
“Metal hydride hydrogen compressors: A review,” in International
Journal of Hydrogen Energy, 2014, vol. 39, no. 11, pp. 58185851,
doi: 10.1016/j.ijhydene.2014.01.158.

177.B. P. Tarasov, M. S. Bocharnikov, Y. B. Yanenko, P. V Fursikov, K.
B. Minko, and M. V Lototskyy, “Metal hydride hydrogen
compressors for energy storage systems: layout features and results

vol. 6, no. 1, pp. 1-3, 2016, doi:

133

of long-term tests,” J. Phys. Energy, vol. 2, no. 2, p. 024005, Feb.
2020, doi: 10.1088/2515-7655/ab6465.

178.P. T. Aakko-Saksa, C. Cook, J. Kiviaho, and T. Repo, “Liquid
organic hydrogen carriers for transportation and storing of renewable
energy — Review and discussion,” Journal of Power Sources, vol.
396. Elsevier B.V., pp. 803-823, Aug-2018, doi:
10.1016/j.jpowsour.2018.04.011.

179.F. Sotoodeh and K. J. Smith, “Structure sensitivity of dodecahydro-
N-ethylcarbazole dehydrogenation over Pd catalysts,” J. Catal., vol.
279, no. 1, pp. 3647, Apr. 2011, doi: 10.1016/j.jcat.2010.12.022.

180.R. B. Biniwale, S. Rayalu, S. Devotta, and M. Ichikawa, “Chemical
hydrides: A solution to high capacity hydrogen storage and supply,”
Int. J. Hydrogen Energy, vol. 33, no. 1, pp. 360-365, Jan. 2008, doi:
10.1016/j.ijhydene.2007.07.028.

181.K. Mii Ller, R. Aslam, A. Fischer, K. Stark, P. Wasserscheid, and W.
Arlt, “Experimental assessment of the degree of hydrogen loading
for the dibenzyl toluene based LOHC system,” Int. J. Hydrogen
Energy, vol. 41, no. 47, pp. 22097-22103, Dec. 2016, doi:
10.1016/j.ijhydene.2016.09.196.

182.D. Teichmann, W. Arlt, and P. Wasserscheid, “Liquid Organic
Hydrogen Carriers as an efficient vector for the transport and storage
of renewable energy,” Int. J. Hydrogen Energy, vol. 37, no. 23, pp.
18118-18132, Dec. 2012, doi: 10.1016/j.ijhydene.2012.08.066.

183.P. M. Modisha, C. N. M. Ouma, R. Garidzirai, P. Wasserscheid, and
D. Bessarabov, “The Prospect of Hydrogen Storage Using Liquid
Organic Hydrogen Carriers,” Energy & Fuels, vol. 33, no. 4, pp.
2778-2796, Apr. 2019, doi: 10.1021/acs.energyfuels.9b00296.

184.P. Preuster, C. Papp, and P. Wasserscheid, “Liquid Organic
Hydrogen Carriers (LOHCs): Toward a Hydrogen-free Hydrogen
Economy,” Acc. Chem. Res., vol. 50, no. 1, pp. 74-85, Jan. 2017,
doi: 10.1021/acs.accounts.6b00474.

185.M. Niermann, S. Driinert, M. Kaltschmitt, and K. Bonhoff, “Liquid
organic hydrogen carriers (LOHCs) — techno-economic analysis of
LOHC:s in a defined process chain,” Energy Environ. Sci., vol. 12,
no. 1, pp. 290-307, 2019, doi: 10.1039/C8EE02700E.

186.X. Qi, C. Gao, Z. Zhang, S. Chen, B. Li, and S. Wei, “Production
and characterization of hollow glass microspheres with high
diffusivity for hydrogen storage,” Int. J. Hydrogen Energy, vol. 37,
no. 2, 1518-1530, Jan. 2012, doi:
10.1016/j.ijhydene.2011.10.034.

187.S. Dalai, S. Vijayalakshmi, P. Sharma, and K. Yeon Choo,
“Magnesium and iron loaded hollow glass microspheres (HGMs) for
hydrogen storage,” Int. J. Hydrogen Energy, vol. 39, pp. 16451—
16458, Oct. 2014, doi: 10.1016/j.ijhydene.2014.03.062.

188.M. Zarezadeh Mehrizi, J. Abdi, M. Rezakazemi, and E. Salehi, “A
review on recent advances in hollow spheres for hydrogen storage,”
Int. J. Hydrogen Energy, vol. 45, no. 35, pp. 17583-17604, 2020,
doi: 10.1016/j.ijhydene.2020.04.201.

189.D. K. Kohli, R. K. Khardekar, R. Singh, and P. K. Gupta, “Glass
micro-container based hydrogen storage scheme,” Int. J. Hydrogen
Energy, vol. 33, no. 1, pp. 417422, Jan. 2008, doi:
10.1016/j.ijhydene.2007.07.044.

190.G. G. Wicks, L. K. Heung, and R. F. Schumacher, “Microspheres
and microworlds,” Am. Ceram. Soc. Bull., vol. 87, no. 6, pp. 23-28,
Jun. 2008.

191.J. E. Shelby, F.C. Raszewski, and M.M. Hall, Fuels-hydrogen
storage: hydrogen storage in glass microspheres, Encyclopedia of
Electrochemical Power Sources. 2013.

192.R. Singh, A. Altace, and S. Gautam, “Nanomaterials in the
advancement of hydrogen energy storage,” Heliyon, vol. 6, no. 7, p.
€04487, Jul. 2020, doi: 10.1016/j.heliyon.2020.¢04487.

193.S. H. Jhi, Y. K. Kwon, K. Bradley, and J. C. P. Gabriel, “Hydrogen
storage by physisorption: Beyond carbon,” Solid State Commun.,
vol. 129, mno. 12, pp. 769-773, Mar. 2004, doi:
10.1016/j.ss¢.2003.12.032.

194.H. Akasaka et al., “Hydrogen storage ability of porous carbon
material fabricated from coffee bean wastes,” Int. J. Hydrogen
Energy, vol. 36, mno. 1, pp. 580-585, 2011, doi:
10.1016/j.ijhydene.2010.09.102.

195.S. J. Yang, H. Jung, T. Kim, and C. R. Park, “Recent advances in
hydrogen storage technologies based on mnanoporous carbon
materials,” Prog. Nat. Sci. Mater. Int., vol. 22, no. 6, pp. 631-638,
Dec. 2012, doi: 10.1016/j.pnsc.2012.11.006.

196.R. Strobel, J. Garche, P. T. Moseley, L. Jorissen, and G. Wolf,
“Hydrogen storage by carbon materials,” J. Power Sources, vol. 159,
pp. 781-801, 2006, doi: 10.1016/j.jpowsour.2006.03.047.

197.B. J. Kim and S. J. Park, “Preparation of nanoporous carbons from
graphite nanofibres,” Nanotechnology, vol. 17, no. 17, pp. 4395—
4398, Aug. 2006, doi: 10.1088/0957-4484/17/17/018.



John-William Grimaldo-Guerrero, Juan De la Hoz Barcelo, Daniel Rivera-Pacheco, Luis Ramos-Barrera and Ubaldo Martinez-Palacio/
Journal of Engineering Science and Technology Review 14 (5) (2021) 121 - 134

198.M. Yoon, S. Yang, E. Wang, and Z. Zheng, “Charged fullerenes as
high-capacity hydrogen storage media,” Nano Lett., vol. 7, no. 9, pp.
2578-2583, Sep. 2007, doi: 10.1021/n1070809a.

199.C. Liu, Y. Chen, C.-Z. Wu, S.-T. Xu, and H.-M. Cheng, “Hydrogen
storage in carbon nanotubes revisited,” Carbon N. Y., vol. 48, no. 2,
pp. 452455, 2010, doi: 10.1016/j.carbon.2009.09.060.

200.Y. Yi Rii M, A. Taralp, and T. Nejat Veziroglu, “Storage of
hydrogen in nanostructured carbon materials,” Int. J. Hydrogen
Energy, vol. 34, pp. 3784-3798, Mar. 2009, doi:
10.1016/j.ijhydene.2009.03.001.

201.H. C. J. Zhou and S. Kitagawa, “Metal-Organic Frameworks
(MOFs),” Chem. Soc. Rev., vol. 43, no. 16, pp. 5415-5418, Aug.
2014, doi: 10.1039/c4cs90059¢1.

202.H. C. Zhou, J. R. Long, and O. M. Yaghi, “Introduction to metal-
organic frameworks,” Chemical Reviews, vol. 112, no. 2. American
Chemical Society, pp. 673-674, Feb-2012, doi: 10.1021/cr300014x.

203.G. Choubey, W. Huang, L. Yan, H. Babazadeh, and K. Pandey,
“Hydrogen fuel in scramjet engines-A brief review,” Int. J.
Hydrogen Energy, vol. 45, no. 33, pp. 16799-16815, Jun. 2020, doi:
10.1016/j.ijhydene.2020.04.086.

204.P. Kumar, R. Britter, and N. Gupta, “Hydrogen Fuel: Opportunities
and Barriers,” J. Fuel Cell Sci. Technol., vol. 6, no. 2, May 2009, doi:
10.1115/1.3005384.

205.Y. S. H. Najjar, “Hydrogen safety: The road toward green
technology,” International Journal of Hydrogen Energy, vol. 38, no.
25. Elsevier Ltd, pp. 10716-10728, Aug-2013, doi:
10.1016/j.ijhydene.2013.05.126.

206.D. Cecere, E. Giacomazzi, and A. Ingenito, “A review on hydrogen
industrial aerospace applications,” Int. J. Hydrogen Energy, vol. 39,
no. 20, Pp- 10731-10747, Jul. 2014, doi:
10.1016/j.ijhydene.2014.04.126.

207.T. Hiibert, L. Boon-Brett, and W. J. Buttner, Sensors for Safety and
Process Control in Hydrogen Technologies - Thomas Hiibert, Lois
Boon-Brett, William Buttner - Google Libros, Ilustrada., vol. 1. New
York: CRC Press, 2018.

208.T. Hiibert, L. Boon-Brett, G. Black, and U. Banach, “Hydrogen
sensors-A review,” Sensors Actuators, B Chem., vol. 157, no. 2, pp.
329-352,2011, doi: 10.1016/j.snb.2011.04.070.

209.A. Kumar et al., “Hydrogen selective gas sensor in humid
environment based on polymer coated nanostructured-doped tin
oxide,” Sensors Actuators B, vol. 155, pp. 884—892, Jul. 2011, doi:
10.1016/j.snb.2011.01.065.

210.H. Hadef, B. Negrou, T. as Gonz alez Ayuso, M. ebarek Djebabra,
M. Ramadan, and M. Ben Boulaid -Batna, “Preliminary hazard

134

identification for risk assessment on a complex system for hydrogen
production highlights,” Int. J. Hydrogen Energy, vol. 45, no.
20, pp. 11855-11865, Apr. 2019, doi:
10.1016/j.ijhydene.2019.10.162.

211.W. Cao et al., “Explosion venting hazards of temperature effects and
pressure characteristics for premixed hydrogen-air mixtures in a
spherical container,” Fuel, vol. 290, p. 120034, Apr. 2021, doi:
10.1016/j.fuel.2020.120034.

212.Y. Zhang et al., “Dynamic hazard evaluation of explosion severity
for premixed hydrogen—air mixtures in a spherical pressure vessel,”
Fuel, vol. 261, p- 116433, Feb. 2020, doi:
10.1016/j.fuel.2019.116433.

213.1. Ivanov, A. M. Baranov, S. Akbari, S. Mironov, and E. Karpova,
“Methodology for estimating potential explosion hazard of
hydrocarbon with hydrogen mixtures without identifying gas
composition,” Sensors Actuators, B Chem., vol. 293, pp. 273-280,
Aug. 2019, doi: 10.1016/j.snb.2019.05.001.

214.B. J. Lee and . S. Jeung, “Numerical study of spontaneous ignition
of pressurized hydrogen released by the failure of a rupture disk into
a tube,” Int. J. Hydrogen Energy, vol. 34, no. 20, pp. 8763-8769,
Oct. 2009, doi: 10.1016/j.ijhydene.2009.08.034.

215.1. Darmadi, F. A. A. Nugroho, and C. Langhammer, “High-
Performance Nanostructured Palladium-Based Hydrogen Sensors -
Current Limitations and Strategies for Their Mitigation,” ACS
Sensors, vol. 5, no. 11, pp. 3306-3327, Nov. 2020, doi:
10.1021/acssensors.0c02019.

216.J. Lee, H. Koo, S. Y. Kim, S.J. Kim, and W. Lee, “Electrostatic spray
deposition of chemochromic WO3-Pd sensor for hydrogen leakage
detection at room temperature,” Sensors Actuators, B Chem., vol.
327, p. 128930, Jan. 2021, doi: 10.1016/j.snb.2020.128930.

217.W. J. Buttner, M. B. Post, R. Burgess, and C. Rivkin, “An overview
of hydrogen safety sensors and requirements,” Int. J. Hydrogen
Energy, vol. 36, no. 3, pp. 2462-2470, Feb. 2011, doi:
10.1016/j.ijhydene.2010.04.176.

218.L. Zhou, F. Kato, N. Nakamura, Y. Oshikane, A. Nagakubo, and H.
Ogi, “MEMS hydrogen gas sensor with wireless quartz crystal
resonator,” Sensors Actuators, B Chem., vol. 334, p. 129651, May
2021, doi: 10.1016/j.snb.2021.129651.

219.1. C. Tolias et al., “Best practice guidelines in numerical simulations
and CFD benchmarking for hydrogen safety applications,” Int. J.
Hydrogen Energy, vol. 44, no. 17, pp. 9050-9062, Apr. 2019, doi:
10.1016/j.ijhydene.2018.06.005.



