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Abstract

The primary cause of global warming is the burning of fossil fuels. Therefore, we are looking for
alternative solutions for electricity generation, such as the increased use of renewable energies such as
solar, wind and hydropower. The main drawback of these energy generation methods is the high degree
of weather dependence, highly unbalanced, so the creation of a complex energy storage system is of
paramount importance. This system would store the excess energy as a buffer, balancing the periodicity
between demand and supply. Hydrogen storage (hydrogen is produced by the electrolysis of water using
renewable energy) in the form of clathrate can be one of the possible forms of energy storage. To
facilitate hydrogen supply in a future with zero carbon emissions, it is necessary to examine the technical
aspects and feasibility of adsorption of hydrogen in high surface area materials. The capturing of
molecular hydrogen in a crystalline guest molecule, i.e., water, as a storage method is a relatively new
technology. Hydrogen hydrate is a promising medium for hydrogen storage, with advantages such as
low production cost, safety, lack of negative environmental effects. The aim of this study is to present
the latest developments in hydrogen storage in the form of hydrates and to present the challenges of this
research area.
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1. Introduction

To comply with international climate protection agreements, energy from renewable sources is playing
an increasingly important role. The advantage is that the amount of greenhouse gases emitted is small,
thus helping to combat climate change caused using fossil fuels. The contribution of such renewable
energy sources to the energy mix has grown significantly over the last decade and has become a primary
source of electricity. Hydrogen produced from renewable energy sources is considered to be an attractive
renewable energy source with great potential to reduce dependence on imported energy sources. In
addition to its many uses, such as fuel, fuel cell, food industry, refinery, etc., hydrogen has proven to be
a secondary energy source, an important energy source. (Seo et al., 2020) Energy consumption varies
according to demand (daily and seasonal changes or peak demand), while energy production can be said
to be constant. To manage and control fluctuations, the excess electricity produced in the form of
hydrogen must be temporarily stored so that it can be used later as consumption demands increase.
Therefore, the conversion of surplus energy to hydrogen and its storage in the form of hydrates is one
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way to compensate for this energy shortage. The hydrogen produced can be stored in a variety of ways,
such as in high pressure gas cylinders, adsorbed on high specific surface area materials, and absorbed at
the interstitial sites of the host metal by covalent and ionic chemical bonding. (Zuttel, 2004; Reuf3 et al.,
2017) Figure 1 outlines the possibilities for storing hydrogen in physical form and materials.
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Figure 1. Comparison of physical storage of hydrogen and material-based hydrogen storage
(Renetal., 2017)

Because today’s intensive research is focused on developing solid-phase hydrogen storage systems.
Hydrogen hydrate is a promising medium for hydrogen storage, with advantages such as low production
cost, safety, lack of negative environmental effects.

2. Hydrogen as an energy carrier

Burning 1 m3 of hydrogen generates 12.7 MJ of energy, which is a high energy potential, although
lower, than that of methane (40 MJ). The energy produced by hydrogen is less than the energy needed
to produce a unit amount, so hydrogen is not considered an energy source. However, it can be easily
converted into electricity or heat, so its ability to transmit or store energy makes it an efficient energy
carrier. In addition, the loss during energy transmission is much lower using gaseous carrier (<0.1%)
than using the electricity grid (8%). For non-industrial activities, hydrogen as an energy source can be
considered as an efficient substitute for natural gas. (Davison et al., 2010) When blended into the
existing natural gas network, this hydrogen-natural gas mixture is being explored as an energy carrier
or as an alternative fuel (Mehra et al., 2017). By delivering energy to end-use devices hydrogen can be
recovered or extracted by conventional separation methods (e.g., pressure fluctuation adsorption) to suit
a wide range of applications. (Kura et al., 2017). It can also be injected into subsurface geological
formations to meet seasonal needs. Hydrogen storage in underground structures is safer than above
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ground storage beyond storage capacity. According to Taylor (1986), underground storage is the
cheapest method for storing large amounts of gaseous hydrogen (Taylor et al., 1986).

3. Pysical properties of hydrogen

Knowledge of the physical properties of hydrogen helps ensure safe and successful storage. Because
hydrogen is less dense than natural gas, storing the same amount of hydrogen requires more pressure.
The lower viscosity of hydrogen relative to methane results in greater hydrogen mobility, which can
lead to lower residual hydrogen in porous media containing hydrogen and methane, and more efficient
hydrogen production is expected as a result. The solubility of hydrogen is important when stored in a
body of salt water or in depleted oil and gas fields. Hydrogen has a lower solubility than methane, which
is an advantage because the hydrogen-methane brine system is expected to have less hydrogen loss due
to dissolution. Leakage of hydrogen to the surface is likely to occur due to its low molecular weight,
which may diffuse through the topcoats to a greater extent than air, carbon dioxide, or methane. At
normal temperatures and pressures, the diffusion coefficient of hydrogen is three times that of methane
in pure water. However, the effect of porosity on diffusion in a porous medium must be considered with
tortuity, which results in an effective diffusion coefficient. (Makogon, 1997)

4. Hydrate formation

In the structure of gas hydrate, smaller and larger guest molecules are trapped in the cavities of the
crosslinked network of water molecules formed by hydrogen bonds at low pressures. They are re-
released from this solid phase in a gaseous state at higher temperatures and lower pressures. (Nemes,
2015) Gas hydrates were first dealt with in the history of chemistry by Joseph Priestley in 1778, bubbling
sulphur dioxide in water at low temperature and atmospheric pressure. Clathrate hydrates were later
described by Humphry Davy in 1810, but Davy's contemporaries were not interested. Almost a century
passed on the subject until further developments: between 1778 and 1934, only 56 articles were
published. However, interest suddenly picked up during the development of the U.S. oil and gas industry
in the 1930s, when oil and gas began to displace coal in the energy industry. During cold winter was
discovered that solid plugs formed in the gas pipelines and transport had to be stopped. Texas engineer
Hammerschmidt found that the solid gas hydrate formed from the water vapor content of the gas. It was
responsible for clogging the pipelines. (Makogon, 1997) Then, extensive research was started on the
topic. The problem in the oil and gas industry continues to cause difficulties and costs to this day.

The third period of gas hydrate exploration began when natural gas hydrates were discovered at
several sites in the 1960s. In 1963, methane hydrate was found in the 1,200 m deep layer of permafrost
in Yakutia. This was the first time methane hydrate was found in nature. Since then, about 7,000 articles
on natural gas hydrates have been published, and today there is a huge literature on the subject. With
the discovery of naturally occurring hydrate deposits, interest has shifted to understanding the energy
and environmental impact of hydrates. (Rempel and Buffett, 1997; Zatsepina and Buffett, 1997). Cha
and colleagues have used the hydrates to develop natural gas storage, carbon capture, gas capture, and
hydrogen storage technologies. (Cha et al., 2010).

Berecz and M. Balla-Achs stated that the stability of a gas hydrate, and consequently its dissociation
temperature, are influenced considerably by the molecular size and geometrical shape of the hydrate-
forming components. From the point of view of hydrate formation, a very small molecular diameter is
not advantageous; thus, presumably because of the very low polarizability, independent hydrates of
hydrogen, helium and neon are not known. (Berecz and Balla-Achs, 1980)
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It was not until the 1990s, when the water-hydrogen system was studied by Dyadin et al., it was
recognized that by raising the hydrogen pressure above 100 MPa, the kinetics of ice melting were
experienced. Their observation was explained by the formation of hydrogen hydrate. Further studies
were conducted to investigate the details of hydrogen hydrate formation. (Mao et al., 2002; Lokshin et
al., 2004). The identification of hydrogen hydrates formed in the extreme pressure range has been a
scientific success but has proved unattainable in many applications. This research on hydrogen hydrates
as a possible storage system had to be done more widely. Thus, Zhang et al. concluded that the addition
of tetrahydrofuran (THF) to water at ambient temperature could reduce the hydrogen hydrate formation
pressure from 200 MPa to 100 MPa. (Zhang et al., 2005) By adding a small concentration (6 mol%) of
THF the pressure (required to form binary H, = CH, hydrate) drops drastically from 6.5 MPa to 0.3
MPa. (Zhang et al., 2005)

The next major step in the storage of hydrogen in the form of hydrates was the introduction of semi-
clathrate hydrates. The structures developed by Chapoy et al. can serve as an alternative, as they are
formed and stable at atmospheric pressure and room temperature. (Chapoy et al., 2007) Hydrogen has
been successfully stored in the structural cavities of semi-clathrate hydrates of quaternary ammonium
salts (QAS). These hydrates are stable at atmospheric pressure and up to 30°C. During the filling of the
cavities, the guest molecules are physically bound to the structure of the water.

5. Hydrogen storage capacity in hydrate

The amount and volume of a given gas hydrate is much less than the normal volume of the gas from
which the hydrate was formed. This fact raised early the possibility of storing gases in hydrate form at
low pressure and temperature. According to Parent's calculations, a gas mixture with a composition of
80% CHa, 10% C,Hs, 5% C3Hs, 4% n. butane+isobutane and 1% inert gas has a volume of 4.42 m®at a
temperature of 15°C and a pressure of 1.01 x 10° Pa. When stored in gas hydrate, only 1/156 of the
volume is required. If an economical method can be developed to produce gas hydrates, the need for
less storage space is the main advantage of this form of storage. Another significant advantage is to store
the gas in the form of a much safer hydrate, which is of paramount importance from a safety point of
view, than in the gaseous form or compressed into a liquid. The hydrates themselves are not inflammable
and do not burn, the reconversion to gas, the evolution of gas is relatively slow, it can be controlled too.
Thus, even in this process, inflammation and the explosion can be prevented. The transport of gases in
the form of hydrates has untapped benefits. Such solutions are described in the patented process of Cahn
et al. (Cahn et al., 1979) and Nierman (Nierman, 1976) for the transport of gases by sea.
The value of each hydrogen hydrate system as an energy source is given by its storage capacity.
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Figure 2. Filling of the cavities belonging to the three hydrate structures as a function of pressure at
the temperature of 200 and 300 K (Tsimpanogiannis et al., 2020), Copyright 2020 American Chemical
Society.

The hydrogen storage capacity (5.5% hydrogen by weight) set by the US Department of Energy
encourages the development of different storage methods. The goal in these applications is to achieve
high storage capacity at low pressures. Zhdanov et al. (Zhdanov et al., 2019) achieved the highest storage
capacity of 4.2% without a promoter. By using promoters, the available storage capacity is reduced, as
the promoter itself occupies some of the cages, thus limiting the space available to the hydrogen
molecules. To leave these, extremely high pressures and very low temperatures are required. That is, by
increasing the pressure and decreasing the temperature as shown in Figure 2 we can increase the storage
capacity of the hydrogen hydrate, with the maximum obtained for the sH hydrates. (Guptal et al., 2021)

By using promoters, their molecular weight can have the greatest effect on the total storage capacity
of hydrates. The smaller, the larger the amount of hydrogen that can be stored. For a promoter with a
molecular weight of 16 g, 33% by weight is the highest available capacity for an sH-type structure.
(Tsimpanogiannis et al., 2020)

Promoters are an essential component of hydrate systems and function under moderate conditions.
Di Profio et al. (Di Profio et al., 2018) investigated the effect of promoters on storage capacity at presure
of 10 MPa. Of the CP (cyclopentane), DHF (dihydroxyflavone), DXL (D-Xylaric acid), THP
(tetrahydropyran), THT (tetrahydrothiophene), and THF (tetrahydrofuran) promoters used, THT had the
largest storage capacity of 0.5%. The order it sets up from the largest to the smallest negative effect is
as follows: CP <THF <DHF <THP <DXL <THT.

Dolotko et al. (Dolotko et al., 2011) studied tetra-n-butylphosphonium borohydride (TBPBH4) and
tetra-n-butylammonium hydroxide (TBAOH) promoters at temperature of 285K and pressure of 12MPa.
In their analysis, the storage capacity was 0.12% and 0.14%, respectively. It has been found that the
addition of activated carbon can increase storage capacity.

Fang et al. (Fang et al., 2014) investigated the THF and activated carbon-modified THF promoters.
Their results showed that at the same pressure, (6.4 MPa and 274 K), the storage capacity was 0.041%
using activated carbon. This is higher value than THF without activated carbon. For both promoters, it
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has been shown that increasing the pressure can increase the storage capacity. The concentration of the
promoter also has an effect on the storage capacity. Strobel et al. (Strobel et al., 2006) in their
experiments supported their claim that increasing the concentration increases the storage capacity. An
optimal concentration value has been identified too.

As mentioned earlier, temperature, pressure, promoter type, etc. parameters that affect storage
capacity. In addition to their individual direct effects, these parameters may interact with each other,
resulting in a further change in capacity value. Research shows that the choice of promoter depends on
the operating pressure, and there may not be a promoter that works best in all circumstances.

Lower hydrogen storage capacity means more water. To store 1 g of H, in 5% by weight of clathrate
hydrate, about 20 ml of water are required. With a hydrate at near atmospheric pressure, this volume of
water can increase to 500 ml with 0.2% storage. This increased amount of water does not cause negativ
economic or environmental impact, as the water can be reused for hydrate forming. Some studies have
reported a slight improvement in the rate of formation when using recycled water. (Davoodabadi et al.,
2021)

6. Hydrogen hydrate structure

Clathrate hydrates are special inclusion compounds formed from pentagonal or hexagonal water
molecules with a solid crystalline structure. Van der Waals interactions between guest molecules and
water molecules. Figure 3 shows the three clathrate structures in two and three dimensional forms. Of
the sl, sll, and sH types, the SH type is the rarest. (Momma et al., 2011; Liang and Kusalik, 2015).

,»3D structure of sl hydrate: the unit cell consists of 46 water molecules arranged into small cages
with twelve pentagonal faces and large cages with two hexagonal and twelve pentagonal faces (A). 3D
structure of SlI hydrate with the unit cell composed of 136 water molecules arranged into small cages
with twelve pentagonal faces and large cages with twelve pentagonal and four hexagonal faces (B). 3D
structure of sH hydrate with the unit cell composed of 34 water molecules arranged into small cages
with twelve pentagonal faces; medium cages with three hexagonal, six pentagonal, and three tetrahedral
faces; and large cages with twelve pentagonal and eight hexagonal faces (C). (A), (B), and (C) are
adapted with permission from (Momma et al., 2011). 2D view of hydrate structures and building blocks
including small, medium, and large cages (D), adapted with permission from (Liang and Kusalik,
2015).” (Davoodabadi et al., 2021)

In all clathrate structures, water molecules and hydrogen bonds form the peaks and edges,
respectively. Each structure has a specific crystallographic property. The sl type contains 46 water
molecules, forming 8 cages per unit cell (Izquierdo-Ruiz et al., 2016). Sl type, on the other hand, consist
of 136 water molecules and sixteen small 52 cages and eight larger 526 cages in a unit cell (Klapproth
etal., 2019). Finally, SH hydrates consist of 36 water molecules, containing three 52 cages, two irregular
dodecahedrons, and one icosahedron per unit. (Khokhar et al., 1998; Chattaraj et al., 2011; Lee et al.,
2016).

105



Vaddszi, M., Bolkény, I. Storage of hydrogen in hydrates

5!264 435663 5 IZ()R

Figure 3. Structures of hydrogen hydrate (Davoodabadi et al., 2021)

The study of the forms and dimensions of the cavities formed on the linkage of tetrahedral water
molecules is closely connected with the investigation of the structures of gas hydrates. Claussen
demonstrated that, if water molecules are linked in such way that every molecule is situated
approximately at the centre of the tetrahedron by the four neighbouring water molecules, cavities of
various sizes can be formed. (Claussen, 1951) The thermodynamic stability of hydrates is expressed by
the cohesive energy, which is the difference between the total energy of the separated monomer
molecules and the energy of the hydrate. The interaction energy is used to determine the stability of the
hydrogen molecule and its binding force to the hydrate. (Davoodabadi et al., 2021)

7. Summary

By 2050, humanity’s energy needs are estimated to triple by the turn of the millennium, making the
exploration of alternative energy sources increasingly burning and indispensable. One of the key issues
to be addressed is the drastic reduction of CO, emissions that cause greenhouse gases. There has been a
great deal of interest in the last two decades in integrating hydrogen into the energy sector, which could
serve as a basis for building a hydrogen-based energy economy. According to the concept, hydrogen
produced with the help of various alternative energy sources (solar energy, geothermal, wind, biomass,
etc.) can be used in the so-called in fuel cells in which the chemical energy stored by hydrogen is
converted into electrical energy during an electrochemical reaction. As the released hydrogen can fall
away from the place of use both in space and time, it must be stored. Intensive research is currently
underway to develop solid phase hydrogen storage systems. (Strobel et al., 2007) The great advantage
of storage in bound form is that the hydrogen density per unit volume is the highest of all methods for
these systems. In other words, in the future there is a good chance that hydrogen storage according to
the presented research directions will take place.
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