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Abstract: Clathrate hydrates are ice-like, crystalline solids, composed of a three-dimensional network
of hydrogen bonded water molecules that confines gas molecules in well-defined cavities that can
store gases as a solid solution. Ideally, hydrogen hydrates can store hydrogen with a maximum
theoretical capacity of about 5.4 wt%. However, the pressures necessary for the formation of such a
hydrogen hydrate are 180–220 MPa and therefore too high for large-scale plants and industrial use.
Thus, since the early 1990s, there have been numerous studies to optimize pressure and temperature
conditions for hydrogen formation and storage and to develop a proper reactor type via optimisation
of the heat and mass transfer to maximise hydrate storage capacity in the resulting hydrate phase. So
far, the construction of the reactor has been developed for small, sub-litre scale; and indeed, many
attempts were reported for pilot-scale reactor design, on the multiple-litre scale and larger. The
purpose of this review article is to compile and summarise this knowledge in a single article and to
highlight hydrogen-storage prospects and future challenges.

Keywords: hydrogen storage; clathrate hydrate; reactor design; Water-Spraying Reactor; Stirred-Tank
Reactor; Bubbling Reactor; Water-In-Oil Emulsion; Fixed-Bed Reactor; unidirectional growth

1. Introduction

Increasing CO2 content in the atmosphere, and the associated global warming and
climate change, are making more and more people think about an alternative and CO2-
neutral energy use. A prominent example is the “European Green Deal” put forward by
the President of the European Commission Ursula von der Leyen, where Europe aims at
becoming the world’s first climate-neutral continent by 2050. Such a tremendous challenge
can only be realised when all promising approaches with regard to energy generation,
storage and distribution are tested and applied. Power-to-gas is one approach considered
to store surplus power produced by wind or solar cells as gas: solar or wind power will be
used to produce H2 by electrolysis of water. At this point, the question of further use or
storage of this green’ H2 arises. The storage methods currently under discussion for H2 as
a result of a power-to-gas scenario are the (1) liquefaction of hydrogen, (2) feeding of small
quantities into existing natural gas pipelines, (3) geological storage, and (4) liquid organic
hydrogen carriers (LOHC). All methods have disadvantages: (1) H2 liquefaction requires
high pressures (70 MPa) and low temperatures (−250 ◦C) also for the duration of H2 storage
as liquid phase which is highly energy intensive and equivalent up to 40% of the stored
energy [1], (2) the feeding of H2 in the existing natural gas system is currently limited to max.
10%, (3) for geological storage of H2, as a mobile and reactive molecule, specific geological
requirements have to be fulfilled (which limits the number of potential underground
deposits), and (4) H2 storage in LOHCs uses aromatic hydrocarbons such as toluene, which
have to be chemically synthesised and are often harmful to health and environment. In
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addition, LOHC require catalysts or/and elevated pressures and temperatures [2]. A
different, promising approach could be the storage of H2 in clathrate hydrates.

Clathrate hydrates are ice-like, crystalline solids, composed of a three-dimensional
network of hydrogen bonded water molecules that confines gas molecules in well-defined
cavities [3], as shown in Figure 1. Considerable amounts of gas can be stored in clathrate
structures as a solid solution: approximately 164 m3 of gas can be stored in 1 m3 gas
hydrate at 273.15 K and 0.1 MPa. In general, non-polar gas molecules that have to have a
certain size in order to shield the forces of attraction of the water molecules and to stabilize
the water cages are encased into the clathrate structures. Depending on the size of the
hydrate-forming gas molecules, different clathrate hydrate structures such as structure I,
structure II and structure H have been identified. However, for a long time, the H2 molecule
was considered to be too small to stabilize the water lattices in any hydrate structure and
was therefore not considered as a hydrate former [3]. Following work of Dyadin et al. in
1999, Mao et al. confirmed that H2 is also able to form gas hydrates with structure II [2].
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For sII, each unit cell contains 136 water molecules and 24 cages: 16 small 512 pentagonal dodecahedral cavities and 8 larger
51264 hexakaidecahedrons.

Since, unlike other gas hydrates, several H2 molecules can occupy a water cage, an
approximate H2/H2O molar ratio of 1:2, corresponding to a H2 storage capacity of about
5.4 wt% can be achieved as a theoretical upper limit for maximal cage occupancy—double
in small and quadruple in large sII-lattice cavities [4]. However, this is controversial, and
disputed by many in the neutron-scattering and condensed-matter-theory communities.

The advantages of H2 storage in clathrate hydrates compared to all previously men-
tioned methods are manifold: (1) within the clathrate hydrate structure, the H2 molecule
is stored in the solid phase, decreasing the mobility and reactivity of the escharotic H2
molecule, (2) for the formation of H2 hydrate, only water is needed in addition to H2, (3)
since there are no chemical bonds between the H2 molecule and the hydrate structure, only
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physical parameters such as temperature or pressure have to be changed to release the H2,
and (4) the storage of H2 in clathrate hydrates can be applied anywhere, ideally close to the
location of H2 production, and (5) enormous amounts of H2 can be released from clathrate
hydrates within very short times under controlled conditions.

However, it is unfortunate that the formation of pure H2 hydrate with high H2-
storage capacity is so far only possible in a diamond-anvil cell under very high pressures
(>150 MPa) and only in small quantities (Mao et al., 2002).

In recent years, several researchers tried to modify and optimise the formation condi-
tions of hydrates containing H2. One approach was to use an additional hydrate former
which occupies some cavities of the hydrate structure and thus stabilizes it. The formation
of a hydrate from water and H2 only results in a structure II hydrate phase. A unit cell of a
structure II hydrate consists of two different cavity types, namely, 16 pentagonal dodecahe-
drons (512) and 8 hexakaidecahedrons (51264). Large molecules, such as tetrahydrofuran
(THF), are also known to form structure II hydrates with the 51264 cavities filled and the
512 cavities empty at ambient pressure and temperatures <277 K. THF was therefore used
to form a binary hydrate with H2 at moderate pressure (13.8 MPa) and temperature (270 K)
conditions with the large cavities filled with THF and the small cavities filled with H2 [5].

This structure can be used as a ‘molecular sieve’ to separate hydrogen from a gas
mixture. Zhong et al. [6] reported the first observation of the sieving behavior of a massive
hydrate layer toward different gas molecules based on their different diffusion rates in
THF hydrate. Hydrogen can penetrate a 5-mm thick THF hydrate layer in 24 h with a
diffusion coefficient of 6.1 × 10−12 m2/s, while the THF hydrate is ‘resistant’ to CH4 and
CO2 molecules.

For hydrogen-storage applications, unfortunately, the occupancy of the large cavities
with a stabilising molecule results in a significant decrease of H2-storage capacity, which
is limited to 1.06 wt% [7]. In addition, the H2-storage capacity varies strongly depending
on the THF concentration and the applied pressure and temperature conditions [8]. The
same is true for other structure II hydrate formers applied for the formation of H2 hydrates,
such as cyclopentane, furan, 2,5-dihydrofuran, 1,3-dioxalane, tetrahydropyran, 1,4-dioxane,
acetone, cyclohexanone, and methyl-cyclohexane.

It turned out that the H2 storage capacity was similar to that of using THF under
identical operating conditions [8]. Slightly higher H2 capacities were observed for binary H2
hydrates with structure H when methyl-tert-butyl ether (MTBE) or dimethylcyclohexane
(DMCH) were used as stabilisers. In these cases, the H2 capacities ranged between 1.42 wt%
(MTBE) and 1.37 wt% (DMCH), respectively [7]. Another approach used the different,
purely synthetic hydrate structure VI for H2 storage, leading to promising results with
regard to H2 capacities (5.18 wt% H2). This structure VI, however, is not stable and
transforms into structure II hydrates [7,9]. Recently, the formation of mixed gas hydrates
form a gas mixture containing H2, CH4, and C2H6 was reported [10]. The additional
hydrocarbons CH4 and C2H6 enable the formation of a mixed hydrate under moderate
pressure and temperature conditions. However, the H2-storage capacity of the resulting
mixed hydrate phase is in the range of the approaches mentioned above. In summary, the
approach of using stabilising molecules has been successful in view of moderate pressure
and temperature for formation and storage conditions. Unfortunately, the decrease of H2
capacity associated therewith, or the instability of the resulting hydrate structure (sVI), has
reduced the attractiveness of the approach.

A different approach for hydrogen storage is the formation of semi-clathrates. These
are typically ionic compounds, in which the cationic part occupies the cavities of the hy-
drate structure like a guest molecule, whereas the anionic part is included in the lattice
structure along with the water molecules. Alkylammonium and alkylphosphonium salts,
such as tetrabutylammonium bromide (TBAB), tetrabutylammonium chloride (TBAC), and
tetrabutylphosphonium bromide (TBPB), are typical representatives used in the studies,
because they facilitate hydrate formation close to room temperature and at moderate pres-
sures. However, it turns out that the H2-storage capacity in TBAB semi-clathrate is lower
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vis-à-vis the occupancy of H2 in small cavities of sII hydrates. H2-storage capacity in TBPB
and TBAC mixed hydrates was reported to be 0.16 wt% and 0.14 wt% H2, respectively [8].

In addition to the issues related to formation of the hydrate, the hydrogen-insertion
mechanism plays also a crucial role not only at a fundamental level, but also in view of
potential applications. In a study reported by Nguyen et al., the enhancement of the H2
insertion within the THF hydrate achieved with the co-inclusion of acidic additive [11]. In
gas hydrate structure, the acidic additive acts as a “flexibilizer” of the water cage through
the addition of chemical water H-bond defects - promoting H2 inter-cage diffusion [12].

It should also be noted that sample size in most of the experiments reported in
literature was smaller than 20 g. Trueba et al., as well as Veluswamy and Linga, conducted
experiments with larger sample volumes of about 100 g using TBAB, TBAF, and THF,
respectively [13–15]. The observed significantly lower H2-storage capacities, i.e., of the
order of only 0.1 wt%. Obviously, and problematically, this indicates serious mass- and
heat-transfer issues which could not be resolved by continuous stirring of the sample.

To render H2 storage in clathrate hydrates more economically feasible, the following
aspects must be addressed:

(1) Pressure and temperature conditions for the formation and storage of H2 hydrates
have to be optimised. Ideally, the pressure should be less than 10 MPa and the
temperature around 0 ◦C.

(2) The H2-storage capacity should be as high as possible (ideally approaching ~5 wt%).
(3) Any hydrate promoters should be eco-friendly and cheap.

To explore, and ultimately address, these issues, a greater understanding of the modes
of action of promoter-additives is needed, as well as technical advances in the design of
hydrate-formation reactors, embracing new concepts in hydrate formation. Both promoter
and reactor have to optimise mass and heat transfer to achieve the abovementioned goals.
According to the existing literature, the promoting additive has to reduce the gas–liquid
interfacial tension, and thus increase mass transfer of the H2 and water molecules. In addi-
tion, the promotor should enhance crystallisation by ‘pre-structuring’ the water molecules.
It should also be hydrophilic to be soluble into the aqueous phase, as well as eco-friendly.

In addition to on the usage of promoting substances, the development of proper
reactors through optimisation of the heat and mass transfer for hydrate formation is also
essential. So far, the construction of such hydrate-formation reactors has been targeted
towards small, sub-litre scale; and indeed, many attempts have been reported for pilot-
scale reactor designs, on the multiple-litre scale and larger. In the ideal case, continuous
formation of hydrate would be ideal for large hydrate production and gas storage applica-
tion. Continuous flow (CF) synthesis has evolved into a very important tool in modern
chemistry especially in organic and pharmaceutical applications [16–18]. The advantages
offered by continuous flow chemistry include faster reactions, controlled and quicker
optimization, cleaner products, in-line monitoring, and ease of scale up [19–22]. However,
the applicability of flow chemistry in high-pressure gas reactors is limited due to the diffi-
culty of discharge of the products and also controlling the pressure in different stages of
the reactions. This review is designed to help any researcher aiming for the design of a
prototype production facility for H2 hydrates, with optimised processes involving both
reactor design and deployment of promoters.

2. Hydrate-Formation Technologies

The first step in the development of hydrate-based technologies for hydrogen storage
involves the formation of hydrate structure as the host for capturing hydrogen molecules.
The main difficulties during large-scale hydrate formation of hydrate is (1) well mixing
of the supplied guest gas with water to overcome mass-transfer challenges, and (2) an
optimum heat-transfer mechanism to dissipate the latent heat released due to hydrate
formation must be present. It should be noted that the water solubility of hydrogen is very
low compared to methane.

According to the literature, there are two main approaches in gas hydrates formation:
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o Gas dispersion introduced in water continuous phase, or;
o Liquid dispersion, which involves introducing water droplets in a high pressure

gas chamber.

However, developing each type of above-mentioned technologies will have its own
challenges. Gas dispersion is limited by large energy consumption when scaling up, whilst
heat transfer (primarily latent-heat dissipation) will be the main drawback for scaling up
liquid-dispersion techniques. Figure 2 presents the design approaches and philosophies
discussed in the literature, which we shall examine in some detail in the following section.
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2.1. Stirred-Tank Reactor

Continuous mixing of gas and water to improve both heat and mass transfer can be
achieved by stirring. In a hydrate-formation, shortened induction, accelerated formation,
and increased storage capacity are observed as the result of applied stirring [23,24]. In this
system, high-pressure gas is introduced on the top of the liquid phase and mixed with
water by an impeller. During the formation process the reactor temperature controls by the
cooling system and the pressure and temperature of the liquid/gas will be logged into a
computer and will be used to for further analysis (Figure 3). This set-up is made by four
main components (1) gas supply, (2) high pressure reactor, (3) cooling and (4) data logging
systems. Due to the simplicity in the design and operation factors, for the most fundamental
studies such as thermodynamics and kinetics of gas hydrate formation/dissociation this
family of the reactors have been widely used [23]. However, the use of stirring reactors
involves the following main disadvantages:

• As slurry thickens the energy cost of stirring increases [24].
• Additional work required for hydrate/slurry separation, for hydrate packing in a

storage vessel.
• Considerable amounts of interstitial water will remain between hydrate grains.
• Hindered scale-up. The required agitation power increases with the 5th power of the

impeller size [25].
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2.2. Bubble Forming

The bubble-tower reactor is a known reactors developed for gas/liquid reactions
in industrial application and found to be suitable for gas hydrate formation. Takahashi
et al. [26] patented a microbubble technology for hydrate formation. This technology is
developed based on the idea behind the ejector-type loop reactor (ELR). In ELR the kinetic
energy of a high-velocity liquid jet is being used to the form microbubbles in the bulk fluid
which will result to a full mixture of the gas and the liquid [27].

The advantages of using an ELR system over a stirred-tank reactor can be listed as [25]:

1. An enhanced gas and liquid mixing characteristics and mass transfer.
2. The possibility of using an external heat exchanger for controlling the liquid’s temper-

ature to avoid the disadvantages of using internal cooling coil installations.
3. Gas circulation provides the optimum use of the gas and eliminate the need for any

additional gas compression step.
4. Easier operation and less sealing problems at high pressure due to the absence of

moving parts in the design.

Figure 4a presents the ELR assisted hydrate-formation system. The details of the
ejector are illustrated in Figure 4b. In the water-circulation system, the cooled-down liquid
will be mixed with gas inside the ejector and introduced again to the bottom of the reactor
through the diffuser.

Limited heat transfer rates during the hydrate formation and difficulty in the separa-
tion of formed hydrate at the gas/liquid interface constitute the main problems with this
type of design, which can result in an overall lowering of efficiency of hydrate formation.

In the water-recirculation pathway, and during the heat-exchange process through
the surface of smooth tube, the temperature near the inner wall was found to be lower
than that in the centre of the tube. This will be followed by heterogeneous nucleation of
hydrate on the surface of the internal wall. The adhesion of hydrate to the wall surface will
decrease the heat-transfer efficiency and inhibit hydrate formation in the reactor.
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Therefore, Wang et al. [28] proposed a new hydrate-preparation system under an
endogenous force-field. In this design, instead of a smooth tube, a tube with an internal
spiral groove was used (Figure 5) to generate a secondary flow and centrifugal force
(endogenous force field) [29,30]. This force-field and the existing density difference between
water, gas and hydrate, will cause the removal of the formed hydrate attached to the wall.
On the other hand, an enhanced degree of heat-transfer of the fluid inside the tube was
observed due to the production of secondary flow phenomena that also serves to increase
the extent of synergism between the velocity and temperature fields [31–33].
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Finally, in this family of reactors, the use of gas nano-bubbles (including those of
hydrogen) may also be an excellent way to increase surface-to-volume ratios of gas in water
to facilitate the growth of hydrogen hydrate, and intimate gas-liquid contact [34].

As a result of surface design, the complex secondary flow and centrifugal force phe-
nomenon, known as endogenous force-field, would be generated [29,30]. In the endogenous
force-field, because of the density difference amongst the three phases (water/gas/hydrate),
the gases near the wall of the tube and the hydrate attached to the wall could be removed.
As a result of the rapid renewal of the gas–liquid and hydrate-wall interfaces, mass-transfer
processes of hydrate-reaction systems were improved. Meanwhile, according to the field-
synergy principle [31–33], the production of the secondary flow phenomenon increases the
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level of synergism between the velocity and temperature fields, as mentioned previously,
and improves greatly the heat-transfer efficiency of the fluid inside the tube.

2.3. Water-In-Oil Emulsion

Compared with aqueous solutions, Liu et al. proposed a new method as the absorption–
hydration hybrid separation method [35–38] in which water and oil emulsion was used
for hydrate formation. In a water/oil emulsion, gas–water contact area is significantly
increased due to the presence of nano-droplets of water in the oil phase, which will be
followed by a high yield in gas-hydrate production. Furthermore, a good ‘flowability’ of
formed hydrate/oil slurry can be achieved with the addition of a suitable anti-agglomerant
agent. This can be a great breakthrough in which most of the difficulties in hydrate
production, such as a low formation yield, slow kinetics, and difficulty in realizing a
continuous production operation can be solved by using water/oil emulsion in hydrate
production [35].

In the research presented by Di Profio and co-workers, a reverse-micelle process
was used to enhance hydrogen-hydrate formation in minutes, using water-insoluble co-
guests [39]. The marked enhancement in hydrate-formation rate was due to a very substan-
tial increase of surface-to-volume ratio of the water ‘pseudo-phase’. Indeed, this general
concept of an ‘inverted phase’ using oil emulsions as the continuous phase to manipulate
surface-to-volume ratios [40] represents an intriguing advance in the formation of hydro-
gen hydrates, and the economics and operability of this process has been gauged, as well as
hydrogen hydrate as a storage medium in general, relative to competing hydrogen-storage
technologies, with largely favourable results [41].

In another design proposed by Murakami et al. [42], the operation was characterised
by use of two liquid jets impinging on each other in a loaded reactor with high-pressure
hydrate-forming gas (HFG) (Figure 6). Liquid water is ejected from one jet and, a hy-
drophobic liquid with a considerably low freezing point is coming from the second jet. In
case of using a large-molecule guest substances (LMGSs) as the hydrophobic component,
in addition to the main HFG, the liquid will serve as a companion hydrate guest, which
will fit into the 51268 cages of the structure-H hydrates [43]. The schematic design of a
twin-jet system is illustrated in Figure 6. To control the reaction temperature, each liquid
component is being circulated after passing through heat exchangers and introduced into
the high pressure chamber in a way that a rapidly expanding sheet will form at the point of
liquids’ collision in the gas area which will result in the formation of water/LMGS droplets
in the gas phase [44]. Hydrate will crystalize in the surface of the droplets and will coalesce
into a liquid pool, allowing for water and LMGS to be separated due to a different density
profile at the top and bottom of the hydrate layer.
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Major disadvantages of conventional water-spray systems, such as (a) a relatively
large power consumption for pressurizing water to be sprayed, and (b) an insufficient
function of discharging heat released by the hydrate formation will be eliminated by using
a twin-jet scheme, liquid circulation and external heat exchangers (Figure 6) [42].

2.4. Fixed-Bed Reactor

The fixed-bed reactor (FBR) configuration is known for its ability in significantly
enhancing the kinetics of hydrate formation in hydrate-based gas-separation applica-
tions [45–49]. It has to be mentioned that the experimental apparatus for FBR experiments
is the same as unstirred/stirred reactor, except for the fact that in the FBR setup, a porous
medium is located at the bottom of the reactor (Figure 7). FBR enhance the gas/liquid
contact, provides more surface for hydrate nucleation and has the advantage of eliminating
agitation as an energy-intensive and high-cost hydrate-formation step in stirred tank reac-
tors. Extra surfaces can be provided by employing different porous media like silica gel,
silica sand, lightweight and highly porous foam, metallic packing, and glass beads in FBR.
The bed materials can be used repeatedly in many hydrate-formation cycles [45–47,50,51].
In a study published by Babu et al. [52], the diverse effects of different bed materials, such
as sand, gel, and foam in a FBR scheme were compared with hydrate-formations rate using
the standard stirred tank reactor configuration (Figure 7). It this work, the importance of
the role of available surface and microstructure of the bed materials is discussed [52].
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It is worth mentioning that, although using a porous materials as the bed can en-
hance the kinetics of hydrate formation, the presence of added materials will cause some
challenges in the final application of gas hydrates in gas-storage applications.

2.5. Unidirectional Growth

The unidirectional growth technique is known as a suitable set up for interfacial
investigation in crystal-growth applications. Muraoka et al. [53] studied the formation
of tetrahydrofuran (THF) hydrate from kinetic hydrate inhibitors aqueous solution using
the unidirectional-growth technique. A conceptual drawing of a unidirectional-growth
apparatus is presented in Figure 8. The reactor cell is made of two parallel stainless-steel
plates separated by a silicon or metal spacer. Thermocouples are located horizontally along
the length of reactor. Two connected tubes to the starting and the end of the chamber,
are designed to provide the gas and cold water, respectively. The unidirectional growth
apparatus will be provided by two heat exchanger blocks, the temperature of the first block
is set to the values lower than the equilibrium temperature (Teq) and the other block is
heated to a temperature higher than Teq. The reactor chamber is placed between two sets
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of cold and hot blocks. The applied heating gradient due to the designed arrangement of
the blocks can be measured by the array of the thermocouples mounted in the body of the
reactor. Hydrate crystals can nucleate in the cold side of the reactor where the cold water is
added into the chamber through the designed capillary. To observe hydrate growth, a step
motor was used to pull the chamber towards the cold block at a constant velocity.
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2.6. Spraying Reactor

Spraying liquid in a gas chamber is another method to mix two immiscible phases
phase in a gas–liquid system. Mori et. al. studied the formation of methane hydrate in a
spraying reactor by spraying water into a high-pressure methane container [54,55]. There
were many attempts to develop the proposed setup by Mori, and to scaled-up systems,
by Rossi et al. [56] and Li et al. [57]. Using this design (Figure 9), Li and his team studied
different parameters on hydrate formation such as initial pressures, water volumes, gas-
supply modes, and nozzle-atomising angles by measuring the hydrate-formation rate,
induction time, gas consumption, heat of formation, and gas-storage density.
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The design is made by five main sub-systems:

1. Gas-supply: To supply gas and maintain the pressure.
2. Refrigeration system: To keep the reactor at low temperature by dissipating the

released latent heat during hydrate formation.
3. Reactor chamber: The hydrate-formation chamber.
4. Spraying system: water sprays as small particles into the gas phase
5. Data-logging system: Pressure, temperature and mass flow will be recorded during

the reaction time.

Increased the gas/water interfacial area and use of a simpler reactor design (with no
need for mechanical stirrer) are the main advantages while the difficulty in dispensing
the produced latent heat of hydrate formation, together with limited hydrate-to-water
volume ratios, are identified as the main disadvantages of this design. Fukumoto [58]
and Matsuda [59] suggested the use of a steadily-chilled copper block as the cooling plate
in front of the spraying system inside the gas chamber to collect the released heat and
minimize the heat-dispersion problem.

2.7. High-Pressure Optical Cell

To study the structure of hydrate via spectroscopy techniques such as Raman, in many
studies, a small optical cell with and without gas flow is employed [60–64]. Figure 10 shows
one of the designs used by Zhong et. al [6], where a hydrate forms between two sapphire
windows, a resistance temperature detector (RTD) used for temperature measurement and
the pressure of the chamber is installed on the gas inlet line on the top of the reactor. An
external cooling channel was also designed to control the temperature of the reactor. In
this design the whole volume of the hydrate-formation chamber is only 1.4 mL.
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The thermodynamics of the hydrate-formation/dissociation can be studied using a
high-pressure micro-differential scanning calorimeter. In this system, the pressure can be
gauged between 0.1–60 MPa, and the temperature can be controlled accurately (±0.05 ◦C)
in the range of −160 to 200 ◦C. For the high-pressure DSC sample cell with inner volume
of 4 mL was composed of a specific alloy or ceramics to eliminate corrosion or contamina-
tion [62,65].

2.8. Hydrate-Storage Designs

After formation of the hydrate, there is a need to store the hydrate in container
which can provide the required pressure and temperature in the stability range of the
hydrate. Although no actual working plant for hydrogen storage in hydrate exists, there
are some conceptual designs suggested to store hydrogen in gas hydrate. Shibata et al.
suggested the idea of storing hydrogen in a sII hydrate inside a large-capacity underground
silos. The hydrogen can supplied from various factories in the industrial zone close to
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the hydrate-production and storage plant. Figure 11 represents an underground storage
tunnel where the formed hydrate can be stored. These tunnels are equipped with cooling
systems, high-pressure storage tanks, and the facility to load/unload the formed hydrate
granules [66].
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Figure 12 also represents another design for storing the formed hydrates in above-
ground storage tanks suggested by Ozaki et al [67]. In this design, to sustain the tempera-
ture of the tank under 0.11 MPa hydrogen pressure at 140 K, a gas-circulation system is
employed to chill down the hydrogen by LNG vaporisation. This tank is equipped with
a screw-conveyer for unloading the hydrate while the fresh hydrate can be loaded from
the rotary stacker on the top of the tank. The hydrate can be supplied from a neighbour-
ing hydrate-production plant, and, in response to demand, unloaded from the tank to a
neighbouring regasification plant. It is worth mentioning that, due to the high diffusivity
of hydrogen, and to avoid any leakage, the major portion of the facilities is a cylindrical
triple-wall tank insulated by perlite concrete blocks [67].
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Table 1 summarizes the features of discussed reactors for hydrate formation and their
potential in hydrogen storage. The designs with water dispersion was found to be more
suitable for hydrogen storage due to the formation of small pieces of hydrates which
will provide sufficient free surfaces for hydrogen uptake or release. Many designs are
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dispersing gas in a large volume of water, which is useful for many other applications,
such as water treatment or dewatering. Indeed, the formation of a big slabs of hydrate
will make it unsuitable for hydrogen storage application, and so an extra step of hydrate
crushing is being used for gas adsorption/desorption applications.

Table 1. Hydrate formation reactors, advantages and disadvantages.

Reactor Features

Water dispersion
+ Forming small hydrate droplets = Fast

hydrogen charge/discharge

Water-Spraying Reactor

+ Fast formation rate
+ Suitable for continuous generation
− Difficult heat dispersion

Gas dispersion
+ Forming bulky hydrate = Slow hydrogen

charge/discharge

Stirred-Tank Reactor

+ Common in research reactors
+ Suitable for water treatment applications
+ Suitable for dewatering (solid/water

separation)
− Slow formation rate

Bubbling Reactor
+ Gas injection from bottom
+ Fast formation rate

Water-in-Oil Emulsion + Suitable for two component hydrates

Fixed-Bed Reactor
+ Extra solid additive for hydrate

nucleation

Unidirectional Growth

+ Suitable for desalination,
+ Suitable for heavily polluted wastewater

treatment
− Slow formation rate

3. Conclusions

Bearing all available designs in mind, it can be concluded that interdisciplinary
approach will play a main role in developing gas hydrate in gas storage application. A
broad knowledge of materials science, surface engineering, fluid dynamics and process
design is required to address the challenges allied with large-scale hydrate formation. The
most common and potentially fruitful collaboration is between chemists and chemical
engineers where the knowledge on gas hydrate behavior, accelerated formation, and
extended stability will meet the engineering aspects of reactor design, hydrate formation
and storage.

Future studies in this area can be categorised in one of the following main subjects:

- Laboratory work from micro to macro scales: On a molecular and micro scale, it would
be highly desirable to determine the influence of additives on H2-hydrate formation
kinetics, in addition to thermodynamic properties, structure, composition, and cage oc-
cupancy of the resulting hydrate phase; the molecular-migration behaviour of the H2
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molecules in the hydrate phase requires detailed study. Also, the interaction between
additives and the hydrate phase needs to be investigated. Various analytical methods,
such as Raman spectroscopy, differential-scanning calorimetry, and X-ray diffraction
need to be considered. On a medium to large scale, the efficiency of H2-hydrate forma-
tion with respect to H2-storage capacity, hydrate-formation kinetics, as well as phase
equilibrium, require investigation using high-pressure autoclaves. This background
experimental data could, and, indeed, should, be used for important mechanistic and
parametric modelling, to increase our level of insight into fundamentals of hydrate
formation in the context of scaled-up hydrate reactors.

- Molecular-dynamics simulation: Based on experimental data, molecular-dynamics (MD)
simulations need to be performed to ascertain and elucidate crystallisation mecha-
nisms of hydrogen hydrates. Indeed, insights from experiments can be used to inform
and parameterise force-fields for MD, so as to allow MD to replicate as closely as
possible experimental findings. Based on such insights into molecular mechanisms,
it will be possible to assess free-energy profiles for transitions to the hydrate state,
as well as to restructuring of water in the hydration layers around promotors and
additives.
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