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1. Introduction

The evidence is clear that climate change due to greenhouse-driven
global warming is significantly affecting many aspects of the econ-
omy, society, and the environment. 2023 has been confirmed to be the
warmest on record, ca. 1.48 °C warmer than the long-term, pre-indus-
trial average according to the EU’s climate service [1]. This has accel-
erated the need to diversify from fossil fuels to more sustainable,
abundant, green, and renewable fuel sources. Many countries are
striving to achieve this through their net zero strategy, with hydrogen
technology playing a necessary role. It is postulated that in the UK, Hy
can meet the net zero aims for all seven defined pathways, by achieving
100-591 TW h.year ! by 2050 [2].

To achieve the current levels of energy demand, one must consider
the developments necessary to strengthen the pillars of the hydrogen
economy. These are highlighted and discussed by various reviews in the
literature and relate specifically to production [3-8], storage [3-17],
transportation [3,4,6,15] and usage [4-8,17,18]. Additional areas of
importance include techno-economics [4,6,9,10,15-17], systems inte-
gration [4,9,15-17], and practical aspects of implementation (such as
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legislation, safety, purification etc.) [7,8,10,15,18]. The recurring con-
clusions about the barriers to implementing the hydrogen economy are
centred around cost, efficiency, technology durability and, in particular,
storage.

Storage is critically important, especially to achieving the scale
necessary to deliver energy demands. At each point along the chain from
production, through transport and distribution and ultimately final
usage, appropriate storage at scale should be addressed. The feasibility
and success of large-scale green hydrogen storage are influenced by
market dynamics, policy support, and regulatory frameworks [19],
meaning large scale storage could be technologically feasible, but
hampered by regulatory and/or policy shortfalls. Despite this, over-
coming the technological barrier is still a significant challenge, partic-
ularly in achieving production and storage at scale.

A key driver for Large-scale Hydrogen Storage (LSHS) is dependent
on ideal locations for hydrogen production. For example, Scotland has
the potential to produce industrial-scale Hy quantities from onshore and
offshore wind, with the European North Sea region potentially
increasing grid development in both Europe and the North Sea by up to
50% [20]. A key benefit of utilising offshore wind is the wind speed at
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sea is much higher (7-10 m s™!), and more consistent, allowing gener-
ation of significantly higher power than that produced by a land-based
wind turbines [21-23]. This is due to natural, land-based wind bar-
riers, such as hills, mountain ranges, forests, and cities, which can
reduce speeds by up to 40% [24]. Megastructures, such as floating wind
turbines, which may be more than 30 km off the coast, are exposed to
waves and a saline environment that accelerates corrosion. Additionally,
their location away from the coast and without displaced personnel
requires very high reliability of operations. Travel times in case of failure
or emergency are increased and downtime periods consequently rise
with the economic impact that this implies. A recent review has iden-
tified that suitable offshore locations with high wind capacity factors
can enable competitive green hydrogen production, however the main
barrier to implementation is the economics [25]. The subsequent
transport of hydrogen at sea would be via pipelines or ships, and on land,
pipeline, or trucks. We briefly review the status on this in section 2.

The recent UK Large Electricity Storage report has underscored the
necessity for long-term storage solutions spanning years, if not decades,
a feat only achievable in most countries through large-scale hydrogen
storage (LSHS) [26]. While numerous reviews examine existing tech-
nologies that could be implemented within LSHS, light attention, to the
best of the authors’ knowledge, has been given to strategies for
enhancing LSHS beyond current best practices, whether implemented
onshore, offshore, or a combination of both.

This paper explores the avenues for improving the efficiency of LSHS,
which currently stands at ca. 40% round-trip efficiency (lower heating
value (LHV)) [26]. The round-trip efficiency (RTE) for energy storage
refers to the ratio between the energy supplied to the storage system and
the energy retrieved from it. Specifically, we investigate the feasibility of
enhancing this efficiency through the integration of thermal compres-
sion and oxyfuel processes. Furthermore, given the versatility of LSHS in
accommodating both onshore and offshore hydrogen production and
storage, this review also examines the literature and explores methods to
enhance buffer storage and again, the potential utilisation of thermal
compression, utilising waste heat from electrolysers, not only for effi-
ciency gains, but improvements in flexibility. By presenting these find-
ings, this review aims to seed future research directions for LSHS,
offering critical insights and perspectives from the authors to drive
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advancements in the field.
2. Transporting hydrogen

The International Energy Agency (IEA) has highlighted hydrogen as
an increasingly important piece of the net zero emissions by 2050 puzzle
[27]. To achieve this, green hydrogen production must increase sub-
stantially, as well as determining effective methods to transport energy
around the world. A growing domain for hydrogen production is within
offshore wind generation. A question that requires answering is whether
hydrogen should be generated onshore or offshore, or some optimal
combination of the two. As such, this section focuses heavily on pipeline
transmission, with a brief discussion on other methods, namely liquid
hydrogen, ammonia, and liquid hydrogen organic carriers, which are
not are explicitly linked to LSHS for electricity generation, but rather a
downstream application. Fig. 1 summarises key aspects on each option
covered in this article. Adsorbents such as activated carbon and metal
organic frameworks are not discussed due to the low operating tem-
peratures (around liquid nitrogen) [28].

2.1. Pipeline transmission: compressed gas

Hydrogen transportation utilises various methods including pipe-
lines, compressed gas tanks, liquefied hydrogen tankers, ammonia, or
liquid organic hydrogen carriers. According to an IEA report, for dis-
tances up to 1500 km, piping hydrogen is the most cost-effective option
when including all the supply chain stages (conversion, transmission,
distribution, storage, and reconversion). Beyond this distance, shipping
via ammonia or liquid organic hydrogen carriers becomes more
economical [29]. A Guidehouse report echoes this sentiment, high-
lighting that repurposed pipelines are notably more cost-efficient than
new installations, and the cost per kilogram of hydrogen decreases with
larger pipe diameters [30]. Newly built and moderately worn pipelines
are considered as candidates for repurposing, where it is highly desirable
to sufficiently clean the pipeline before re-commissioning. Cleaned
pipelines have reduced energy loss due to a reduction in pipe roughness
and the fact that cleaned pipes have removed chemicals that can react
with hydrogen [31]. Natural gas transmission typically contains small
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amounts of sulphur compounds that can deposit onto the pipe inner
wall, flow restrictors, compressor inlets, filter housing outlets and valves
[32]. Reaction with hydrogen to form hydrogen sulphide is known to
accelerate hydrogen embrittlement [33], as such it is critical to remove
such impurities for pipe longevity.

For large-scale hydrogen storage, fabrication of pipeline infrastruc-
ture can draw upon decades of experience. Current practices in oil re-
fineries and chemical plants operate hydrogen piping between 35 and
80 bar [34]. While the maximum pressure in hydrogen gas transmission
pipelines usually caps at 210 bar [35], projects like the Zero Regio
Project have demonstrated feasibility at higher pressures, supplying
refuelling stations with 1000 bar pipelines over short distances using
DIN 1.4462 stainless steel [34].

A case study from China explored optimal pressure depending on
distance and annual transmission quantity, revealing that at 1000 km,
the optimal pressure ranges from 40 bar for <0.5 Mtons/year, to 80 bar
for 2 Mtons/year [36]. Materials selected for hydrogen containment
must exhibit strong resistance to hydrogen embrittlement. Typically,
transmission and distribution pipelines employ low-strength carbon
steels at room temperature, while austenitic stainless steels are common
in local gas distributors like manifolds. Although carbon steels are
cost-effective, at present those intended for hydrogen service undergo
special processing to ensure uniform, fine-grained microstructures [33].

For both onshore (buried) and offshore (on seabed) transmission,
internal, external, and cathodic protection is employed to protect from
environmental conditions. An example approach is an API 5 L grade X52
steel pipe, with internal coating of Al-Zn alloy (Galvalume®), and an
external coating of epoxy, adhesive and polyolefin [31,37]. Then,
sacrificial anodes can be added to the hull of the line pipe for additional
protection [31]. Composite pipelines are also possible, one such example
is the Soluforce H2T pipe, where an inner liner of high-density poly-
ethylene (HDPE) is bonded with aluminium as a hydrogen permeation
barrier, with the liner reinforced with fibre reinforced plastics (FRP),
and finally covered with HDPE as a protective layer. The FRP is itself
reinforced with aramid fibre [38]. Operating conditions up to 42 bar and
65 °C and 50 year shelf-life are possible [38].

2.2. Pipeline transmission: metal hydride slurry

A potential option not commonly explored is hydrogen pipeline
transport using metal hydride slurries. Despite the extensive research on
metal hydride hydrogen storage, the literature on slurries is notably
sparse in comparison, with a review provided in Ref. [39]. While the
majority of studies concentrate on inert fluids like silicone oil, it is
noteworthy that flammable fluids tested demonstrated superior
hydrogen permeation rates [39]. Notably, a mixture of 40-50 wt %
hydride in fluid has been identified for effective cycling [40]. Kinetic
experiments of LaNig.gAly 2 (ABs) suspended in cyclohexane and ethanol
found the rate limiting steps to be the dissolution of hydrogen in the
solvent and reaction of hydrogen with the metal alloy [41]. The reaction
rate of metal hydride slurries is also a function of pressure and mass
transfer. With effective mixing, conversion of LaNis to hydride achieved
90%+ conversion in 1 min or less — demonstrating viability [42]. In
addition, MgH, based slurries were shown to stay in suspension for
months and are easily stirred back into suspension, if the particles settle
[43]. As an example material, LaNis.91Alg g9 can achieve 90% Hj ca-
pacity at < 2 bar [44].

This approach offers several advantages, including enhanced safety
by shielding the hydride from exposure to air [45], simplified design of
metal hydride reactors, and the potential for operating at lower trans-
mission pressures. In the context of offshore wind farms, employing
flexible electrolysis would mitigate curtailment. Strategies such as
modular electrolysers can foster adaptability, particularly if they oper-
ate at low pressures (<3 bar), facilitating quicker transition from shut-
down to operation, and longer shelf-life. Hydride slurries show potential
here as by blending hydrogen into a low-pressure hydride slurry, it
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becomes feasible to store hydrogen directly from electrolysis at low
pressure and transport it to shore using rugged slurry pumps. This
eliminates the need for compression, streamlining the offshore process
and reducing maintenance and service expenses. Upon reaching shore,
releasing the hydrogen will necessitate low-grade heat. If the slurry is
being pumped to an industrial process, it is likely low-grade heat would
be available. Globally, it is estimated up to 50% of the global primary
energy consumption is wasted/lost as low grade heat [46]. A disad-
vantage of this concept is that the slurry must be pumped back in a
circuit to replenish spent slurry. A counter to this could be the lower cost
of the slurry low pressure pipelines. Although steel/concrete pipes are
common (with the option of abrasion-resistant lining), non-ferrous pipes
are also widespread, such as high-density polyethylene (HDPE) within
the mining or wastewater industries [47]. HDPE is durable and resistant
to abrasion, flexible, chemically resistant, and inexpensive [47], and a
candidate for low pressure hydrogen gas transmission [48]. To fully
gauge the suitability of this concept however, further work would be
required on suitable metal hydride/fluid materials, testing against
pipeline material(s), material composition, levelized costs and technical
experiments.

2.3. Liquid hydrogen

Liquid H» is candidate for Hy transport and storage due to its high
density of 71 kg m~3 at 20 K and 1 atm. It is an established technology;
however, its disadvantages are high energy usage, extensive insulation
requirements, boil-off management, and capital costs. Review on liquid
hydrogen plant technology can be found here [9,49,50].

Using liquid Hy necessitates a process plant, therefore labour and
maintenance considerations are required. Due to this, liquid Hy will be
produced on dedicated islands or near to shore. A recent article discusses
the advantages and disadvantages of hydrogen use as a maritime fuel
and the major hurdles that come with the storage of hydrogen on board
ships [51]. For example, the Suiso Frontier, a prototype liquid hydrogen
carrier ship, designed by Kawasaki Heavy Industries, is designed to
carry, and distribute liquified hydrogen from Australia to Japan [52].
The LCOS for liquid hydrogen was calculated as 4.57 USD/kg with a
possible future of 0.95 USD/kg [53].

2.4. Ammonia

Ammonia is of interest in energy storage, as a zero-carbon fuel and as
a hydrogen carrier [54]. A key benefit is its established infrastructure for
production, storage, and distribution. Ammonia can be directly com-
busted in engines, although due its poor combustion characteristics
(high auto-ignition temperature, low flammability, and low flame
speed), fuel blending is usually adopted, typically with hydrogen. For
example, an addition of 10 % hydrogen in supercharged conditions
improved the efficiency by 37% and maximum power by 59 % [54].
Storage is a mature technology, with large volume storage possible as a
liquid above 9 bar at 20 °C, or at atmospheric pressure and — 33 °C [55].
As a hydrogen carrier, it has a high hydrogen content of 17.8 wt% Ho,
and a volumetric energy density of 15.6 MJ/L, higher than compressed
hydrogen (5.6 MJ/L at 700 bar) and liquid hydrogen (8.5 MJ/L) [55].

The IEA Ammonia Technology Roadmap outlines the future trajec-
tory of ammonia production and its diverse applications [56]. Presently,
global consumption is around 200 million tons per year (Mt NHs/y),
with 70% allocated to fertilisers and the remainder to industrial sectors
like plastics. Projecting ammonia as an energy carrier, the roadmap
envisages two scenarios for 2050: the Sustainable Development Scenario
(SDS) and the Net Zero Emissions Scenario (NZE). The SDS entails a
demand of 410 Mt NHs/y, while the NZE ambitiously requires 550 Mt
NHj/y, earmarking significant portions for shipping and power gener-
ation. Meeting this demand underscores a pivotal challenge in realising
ammonia’s potential as an energy carrier. Given the maturity of the
Haber-Bosch process, directing resources towards electrifying it emerges
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as a pragmatic approach. A study investigated retrofitting a 1000 t
NHjs/d plant, replacing steam methane reforming with electrolysis while
retaining steam-driven turbines. The analysis revealed a plant efficiency
of 51% [57], notably behind current best practice steam methane
reforming (at 63% [58]). The key energy loss in green Haber-Bosch is
the Hy production. In section 4, we mention the potential for metal
hydride hydrogen compressors (MHHCs) to utilise electrolyser waste
heat for LSHS. It is possible that MHHCs could be applied to Haber-Bosch
as well.

Another proposed approach is to push the Haber-Bosch process to-
wards low pressure (and temperature) ammonia synthesis, away from
the traditional 100-150 bar reactors. Doing so will allow greater flexi-
bility in production processes, due to faster shutdown to operation pe-
riods. To do this, however, will require breakthroughs in low pressure
ammonia catalysis, and replacement of the traditional NH3 condensa-
tion route with metal chlorides absorbents, enabling high agility and
lower energy losses [58]. Another issue with low pressure ammonia
synthesis is the catalysts involved. High pressure reactors use inexpen-
sive iron pellets, while low pressure reactors tend to be ruthenium based
on oxides supports, or even hydrides [59]. A replacement for ruthenium
would be advantageous, potentially through alloy-based nitrides such as
a commonly explored nitride of CogMosN [59].

Realising ammonia’s potential as a versatile hydrogen carrier and
next-generation fuel also requires focus on the decomposition reaction.
Industrially, ammonia crackers use nickel supported on an alumina
catalyst, and operate between 850 and 950 °C, with advantages of heat
resistance and mechanical longevity [60]. The decomposition strategies
may differ depending on the application. For example, it would be ad-
vantageous if on-board ammonia combustion could involve hydrogen
generation through utilising engine waste heat, whereas ceramic kiln
furnaces could generate the required heat to adopt current industry
practices using Ni-AlyO3 catalysts. Both ammonia synthesis and
decomposition would benefit from step change catalyst advancements.

Due to the toxicity of ammonia, it is generally assumed unsuitable for
small scale transportation, but has been earmarked for the shipping
industry. The BloombergNEF Hydrogen Economy Outlook report states
a benchmark levelized cost of storage (LCOS) at 2.83 USD/kg, with a
future projection of 0.9 USD/kg [53]. A recent study proposed suitable
production, import and export locations for the ammonia shipping in-
dustry, detailing large production zones in coastal areas in west Africa,
Middle East, northwest Australia, west North America and west South
America (Chile) [61]. Australia has potential to be the most dominant
green ammonia exporter, accounting for 50% of the global export [61].
Currently, however it ranks 19th in ammonia production globally [61],
illustrating large production challenges (and opportunity). The total
investment is estimated to be USD 2 trillion [61]. As Hj is feedstock for
NHj production, this article provides a good benchmark for nearby
large-scale Hy production zones and scoping large-scale Hy storage
zones.

2.5. Liquid organic hydrogen carriers

Liquid Organic Hydrogen Carriers (LOHCs) are a class of chemical
compounds that can reversibly store and release hydrogen through
chemical reactions [62]. An example leading candidate LOHC is
dibenzyl toluene/Perhydro-dibenzyl toluene that exhibits 6.2 wt% Hy
and 57 kg Hy m~2 [62]. Dibenzyl toluene is a common major component
in Marlotherm SH, a widely used thermal oil and has a competitive price
of 65 EUR/kg Hj [62]. Another candidate is toluene, a common solvent
at only 5 EUR/kg Hj [62].

In general, a key challenge is to find cheaper dehydrogenation cat-
alysts that exhibit high activity, selectivity, and long service life. Usu-
ally, expensive noble metals are employed, such as Pd, Pt, Ru, and Rh.
While Ni and Mo have been extensively researched as alternatives, they
often fall short in terms of reactivity, operational temperature range,
and service life [63]. For dibenzyl toluene, full hydrogenation at 150 °C
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and 50 bar using a Ru/Al;Og3 catalyst was demonstrated, and 97%
conversion for dehydrogenation using Pd/C catalyst at 310 °C was
achieved [64].

LOHCs have been explored for Hy transportation, with applications
ranging from inter-city to inter-continental transport. Estimated costs
range from 0.96 to 3.87 USD/kg for inter-city transport and 3.87 to 6.70
USD/kg for inter-continental journeys [53]. Again, in the context of
onshore/offshore large-scale hydrogen storage, LOHCs may be produced
on a dedicated island or close to shore for direct export to industry via
land in trucks or pipelines. Much like metal hydride slurries, if LOHCs
were adopted for pipelines transmission or trucks, a return journey is
necessary. However, LOHCs also have a large energy requirement,
where the enthalpy of reaction for Dibenzyl toluene and toluene are
—65.4 kJ/mol Hy and -66.3 kJ/mol H; respectively [62].

2.6. Electrolyser location: onshore or offshore

Many papers and reports have studied comparisons between
hydrogen pipeline transmission and electrical cables [31,65-68]. In
general, the problem is complex, and the answer, like any model/for-
ecast, heavily depends on the assumptions. Hy pipelines offer several
advantages. These include reduced infrastructure costs compared to
laying electrical cables, reduced transmission losses for gas in pipelines
and potential repurposing of existing infrastructure, and a smoother
environmental approval process for gas pipelines compared to high
voltage cables [68]. For comparison, the energy loss in a new 48” (1.22
m) pipeline at 80 bar reference pressure was calculated at 1.7 %
loss/1000 km [31] (another source 0.5-1 % loss/1000 km [65]), while a
high voltage direct current (HVDC) cable is 3.5 % loss/1000 km and a
high voltage alternating current (HVAC) cable is 6.7 % loss/1000 km
[67].

A DNV report examined three offshore wind cases, HVAC, HVDC and
offshore electrolysis with pipeline transport. The report stated there is a
transition zone between 100 and 150 km, where the levelized cost of
hydrogen (LCOH) is cheaper to move energy through hydrogen pipe-
lines than HVDC cables. The LCOH represents the average cost of pro-
ducing 1 kg of hydrogen over the entire lifetime of the hydrogen
production system, where it considers both the initial investment costs
and the operational costs associated with hydrogen production. At dis-
tances less than 100 km, the cheapest LCOH is through HVAC cables.
Also, hydrogen pipelines have greater scalability, as hydrogen pipelines
can be combined to form a backbone grid to transport hydrogen from
several windfarms [66]. Further, HVDC lines can transfer up to 12 GW,
while Hy pipelines can transfer 20-30 GW [65]. Conversely, electrical
cables provide operators with increased flexibility, allowing for the
option of selling electricity or producing hydrogen based on economic
viability. However, viewing these technologies and projects in isolation
is counterproductive. Instead, they should be seen as complementary
elements, each offering unique benefits [68].

In the case of LSHS, hydrogen generation is required, so the neces-
sary Hy generation losses are incurred either onshore or at sea. As Hj
transmission losses are lower than HVDC cables, it is logical that Hj is
generated as close to the energy source as possible. However, more in-
depth case-by-case analysis is required that includes aspects such as
pumping stations, consideration of flexibility (batteries/Hy buffer) and
with accompanying space and maintenance, and even if there is desire to
utilise the oxygen, which would favour onshore electrolysis (see section
4.2).

3. Onshore and offshore large-scale hydrogen storage options
3.1. Large-scale options
3.1.1. Underground hydrogen storage

Underground hydrogen storage is recognised as the only economi-
cally viable method to store hydrogen at the TWh scale, with salt caverns
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considered the most attractive option [26]. Reviews and reports on these
technologies, specifically salt caverns, depleted gas fields, aquifers, and
lined rock caverns can be found elsewhere [69-73]. These reviews and
reports cover technical aspects, challenges, economic analysis, and
current projects. A BloombergNEF report stated the possible future
levelized cost of storage (LCOS) at the highest reasonable cycling rate to
be 0.11 USD/kg, 1.07 USD/kg and 0.23 USD/kg for salt caverns,
depleted gas fields and rock caverns, respectively [53].

UK researchers have recently recognised that years of hydrogen
storage will be necessary, where the East Yorkshire basin is an excellent
location for onshore salt caverns [74]. The cost of a 300 000 m? salt
cavern in the East Yorkshire basin (containing 122 GW h [LHV]) equated
to a projected salt cavern construction cost of 7 GBP/kg H, at a
maximum cavern pressure of 270 bar [75]. Once including additional
costs, including geological surveys, pipelines, topside and above ground
facility, land, owners, contingency and cushion gas cost, the total cost
was 93 GBP/kg H; [75]. An offshore salt cavern was costed, based in the
East Irish Sea equating to 32 GBP/kg Hj for the salt cavern construction
cost, and 487 GBP/kg H; for the total cost [75]. It was also found that
many of the formations in the Irish Sea basin are unsuitable for salt
caverns, except the Preesall Halite Formation [76]. However, the higher
offshore salt caverns cost was due to the construction of the 4-legged
tower ‘jacket’ structure and topside facility, equalling 63 % of the
total investment cost [75]. It is logical that construction of offshore salt
caverns will incur similar costs, and therefore onshore salt caverns
would be the preferred option, if possible. The construction of salt
caverns involves the disposal of brine [69], necessitating careful
consideration of its environmental impact. While salt produced from this
process is released into the sea at a controlled rate [77], the scenario
where large amounts of brine from a significant expansion in salt cav-
erns, within a condensed timeframe has not yet been analysed. To the
best of the author’s knowledge, there hasn’t been a comprehensive Life
Cycle Assessment (LCA) conducted on this matter, though a similar
evaluation has been undertaken regarding brine disposal in desalination
plants [78].

Regarding Northern Europe, there is significant offshore and onshore
(<50 km to coast) salt cavern capacity, with the UK, Germany and
Denmark containing significant capacity [66,79]. Conveniently, salt
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cavern and depleted gas fields are located close to existing and planned
wind farms, as shown in Fig. 2.

Hydrogen salt caverns exist today, but no hydrogen storage facilities
in depleted gas fields are present. A study examined using the Rough Gas
Storage Facility (a depleted gas field in the UK) for Hj storage instead of
natural gas, which concluded a cushion gas ratio of 45-55 %, 50-100
bar delivery pressures, and a 120-day withdrawal period. Operating as a
H, store, it could deliver 40 % of the daily energy compared to natural
gas. No intractable technical barriers were identified, with clay-bearing
sandstone and iron oxides stable under reservoir conditions, leakage
losses of 0.035 % after 12 months and less than 3.7 % Hy loss through
biological activity, in which purification treatment might be needed for
H>S formation [80].

The development of a depleted gas field into storage typically spans a
duration of 3-10 years [71], and up to 5 years to complete a salt cavern
[69]. A recent report highlighted the UK’s necessity for 30+ TWh of
storage [26], where if this demand were hypothetically met by hydrogen
stored in salt caverns, it would entail the creation of ca. 250 salt caverns,
each with a capacity of 300 000 m>. With 2050 looming just 26 years
from now, this simple analysis indicates the global imperative to move
forward with underground energy storage, considering the long con-
struction timeframes.

3.2. Buffer storage options

Buffer stores are units that ensure a steady flow of hydrogen to the
compressor. They are positioned after electrolysis and before compres-
sion, where the store provides a buffer for the compressor when the
electrolyser output varies due to renewable energy fluctuations.

3.2.1. Compressed gas pressure vessels

If the outlet electrolyser pressures are 35 bar, and inlet compressor
pressures are 20 bar, then standard compressed gas vessels will exhibit
low useable volumetric density. For instance, if a buffer store operates
between a charging pressure of 35 bar and a discharging pressure of 20
bar, the useable density is 1.2 kg m—>. Wind output can change signif-
icantly [26]; thus, the buffer store requirement may be large. Onshore
plants may have the required land for large stores, but then the cost of
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material will become an important factor, whereas for offshore wind
facilities, the space available is constrained, so application for more
compact buffer stores is desirable. Larger vessels are spherical contain-
ment, whereas small to medium size are cylindrical with semi-elliptical
ends. The criteria when selecting the type of pressure vessel shape ul-
timately considers strength, cost, and ease of production, where the
balance tips in favour of spherical vessels at large capacity. In the future,
machine learning and artificial intelligence techniques may be useful for
optimising the type, size and shape of compressed gas storage vessels
[83,84].

3.2.2. Metal hydrides

However, with potentially large supply fluctuations, a more compact
buffer store solution is desirable, in which metal hydrides (MHs) could
provide a solution. MHs offer much larger volumetric densities
compared to compressed gas, especially for buffer stores. Therefore, a
small inclusion of metal hydride can support a large increase in buffer
functionality. MHs are hydrogen bonded to metals and are an exten-
sively researched technology for hydrogen storage [85-87]. The
following generic metal hydride reaction is,

x
M) + §H2<g> = HX(x) +Q !

where M is a metal/alloy and MH, is a metal hydride. Hydrogenation is
exothermic, whereas dehydrogenation is endothermic. The equilibrium
pressure (Pg,) of the hydrogen bound to metal and in the gaseous state is
a function of temperature through the van’t Hoff equation (eq. (2)),
where Py = 1 bar, R is the universal gas constant, T is temperature and
AS® and AHP® are the entropy and enthalpy of formation respectively.

<Peq> AS®  AH°
In(—=)= -
P,

il 2
R + RT
With nano-sized particles the surface energy becomes an important
factor, and assuming a sphere, the van’t Hoff equation can be modified
to,

Py
()
where V) is the molar volume of the metal, r is the radius of a spherical
particle and Ay_mm, is the surface term [88]. Another source of enthalpy
reduction can be from strain at the grain boundary [88].

Within the framework of a hybrid compressed gas metal hydride
buffer store, equilibrium pressure plays a pivotal role. During standard
operation, the hydride remains in a charged state, at high pressure.
However, when the supply diminishes, the pressure within the buffer
store begins to decline. Once the gas pressure descends below the
equilibrium pressure threshold, dehydriding initiates, raising pressure
and serving as a buffer for the downstream unit.

The selection criteria for these materials depends on the operating
conditions, cost, availability of material, ease/safety of manufacture and
handling, and performance (reaction kinetics, Hy storage density and
weight). Examples of ambient temperature metal hydrides are AB, ABs,
AB,, and V-based BCC alloys. An example of an AB hydride is
TiFeg.gsMng 15 [89], ABs examples include LaNigg1Algg9 and
LaNi4.gCo 02 [44], example AB, materials are multi-component, such as
Tig.65Zr0.35(Cr,Mn,Fe,Ni); [90] and a V-based BCC alloy example is
TisaV12Crse [91]. Regarding MH buffer stores, hydride materials ideally
require:

_ LSO N AH® + (3VyAmowm, /T) 3
- R RT

e A ‘flat’ plateau to maximise the stored hydrogen in the MH (see
Fig. 7b for illustration),

e minimal hysteresis to maximise stored hydrogen in the MH (see
Fig. 7b for illustration),

e fast reaction kinetics to handle the fast response required.
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Considering the above metal hydrides, V-based BCC alloys are in
early-stage research and do not readily operate between the required
pressure range of 20-35 bar at ambient temperature, the AB, class of
hydrides are significantly cheaper than ABs hydrides based on rare-earth
elements and their intrinsic hydrogen diffusion kinetics can be five or-
ders of magnitude times faster than AB-based hydrides, such as TiFeHy
[92,93]. As such, due to these factors and the desire for tunability (so
can be deployed globally depending on the local conditions), potential
suitable metal hydrides materials considered here for buffer stores are
AB; intermetallic alloys. Developments in machine learning and artifi-
cial intelligence may be useful in this regard for both identifying
promising metal hydride materials [94,95] and aiding in metal hydride
reactor design [96,97].

AB, alloys are materials where A contains elements that occupy the
A-site (e.g. Ti, Zr, Mg, rare earths), while the B contains element that
occupy the B-site (e.g. Fe, Ni, Mn, Cr, V, Co, Al) [87]. Incorporating a
fraction of the buffer tank volume using MH can significantly increase
useable density from 1.2 to 6.3 kg m > at 10 vol% MH and up to 13.9 kg
m ™2 at 25 vol% MH, if possible. (see Fig. 3). The calculations are based
on assuming 1 wt% useable Hy (between 35 and 20 bar), and a crystal
metal hydride density of 5200 kg m~3. This value was derived based on
the crystal density of Ti;.oMn; g, of 6365 kg m~2 [98], and assuming a
25% volume expansion upon hydriding [87].

Metal hydride hydrogen storage, excluding buffer storage, is more
cost-effective for flexible megawatt-hour (MWh) scale applications
rather than the terawatt-hour (TWh) scale required for large-scale
hydrogen storage (LSHS). Although AB type metal hydride hydrogen
storage has been proven effective for MWh scale uses [99], it does not
meet the TWh scale demands necessary for LSHS. Therefore, this article
focuses on how metal hydrides can be utilised to improve the process
and flexibility for TWh scale applications.

3.2.2.1. Metal hydride tank considerations. The utilisation of metal hy-
dride reactions necessitates heat supply for dehydrogenation and heat
removal during hydrogenation, due to their endothermic and
exothermic reactions, respectively. Achieving this poses challenges due
to the poor heat transfer characteristics of metal hydride powders,
leading to a deceleration of the reaction rate. Consequently, reactor and
tank designs employ intricate heat transfer architectures to mitigate this
limitation. These designs often incorporate various elements such as
tubing, fins, aluminium foam, and additive manufacturing [100-104].
The compaction of powders into pellets or plates, supplemented with
graphite, is common to improve thermal conductivity and packing
density to improve heat transfer and volumetric density [105,106].
Fig. 4 illustrates such strategies employed by researchers.

However, a MH buffer store allows for an alternative design
approach compared to conventional methods. Through the compaction
of hydrides into pellets or plates, and the concurrent use of hydrogen as
both the heat transfer fluid and reactant, a relatively simple to install
and scalable design is possible [107]. This is largely due to the sub-
stantial flow rate of hydrogen passing through the buffer store, facili-
tating efficient convective heat transfer, while the fluid properties of
hydrogen and medium size pellets facilitate a low-pressure drop and
short conductive heat transfer distance.

For MH offshore/onshore Hjy storage, the operating conditions are
the environment temperature and outlet electrolyser pressures. AB,
materials are an ideal candidate here, where the cost of AB, materials
(including manufacture) are currently commercially available varying
between 1000 and 2000 GBP/kg Hj, depending on compositions, Hy
capacity, and tonnage. These materials exhibit high Hy density of
~40-50 kg m~> (after accounting for powder packing density and total
system volume) and are heavy at 1-2 wt% Hy (system) [108]. For
comparison, a study exploring the levelized cost of hydrogen storage for
metal hydrides predicted a CAPEX of 1120 GBP/kg Hj based on a
1USD:0.8GBP exchange rate [109]. For stationary offshore/onshore Hy
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Fig. 3. Advantage of partial metal hydride inclusion in a Hy buffer store operating between 35 and 20 bar considering (a) the useable density of the buffer store, and

(b) the ‘equivalent gas density’ at respective vol% metal hydride.
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Fig. 4. Infographic describing metal hydride tank design based on (a) using hydrogen as both a heat transfer fluid and reactant, (b) metal foam, fins, and tubes in a
powdered bed, (c) a unibody additive manufactured tank using triply periodic minimal surfaces, and (d) metal hydride compacts between fins. It is common to have a

mixture of the strategies listed above.

buffer storage, weight becomes less critical while factors like cost,
durability, maintenance frequency, and hydrogen storage density take
precedence.

Considering suitability between offshore/onshore, the maintenance
and operability of the metal hydride material is minimal, so there is no
preference if the MH tanks are offshore/onshore. AB, materials (such as
Tig.908Zr0.02V0.43F€0.00Cro.0sMn; 5) have maintained performance up to
42 000 cycles if the purity of hydrogen gas is maintained [110]. It is
mostly likely the peripheral units will need maintenance first (valves
etc) on harsh offshore conditions. To improve resilience from impurities
(such as Oy and H,0), hydrides can be doped with fluorine or mixed with
polymers [111-114].

3.2.3. Underwater hydrogen storage

Underwater hydrogen storage follows similar principles to under-
water compressed air storage. With underwater storage, the hydrostatic
pressure from water depth is utilised, where internal and hydrostatic
pressures are roughly equal, minimising containment needs. The storage
operates under isobaric conditions, enhancing energy density without
needing cushion gas [115]. An advantage of underwater hydrogen
storage is the lightweight structures enable tethering not directly on the
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ocean seabed, reducing the effect on the marine environment.

The hydrostatic pressure increases by 1 bar for every 10 m in depth
[115]. Due to the size limit of underwater storage, they may find use as
additional buffer storage before Hy compression (see Fig. 6) in deep-
water offshore wind facilities. The Hydrostor project explored under-
water compressed air energy storage and determined that suitable
depths were greater than 200 m, but ideally 400 m [116]. As offshore
wind platforms can be deliberately positioned at depths >300 m, un-
derwater hydrogen storage is therefore a compelling possibility for
buffer storage.

3.2.3.1. Underwater flexible walled storage. Underwater storage in flex-
ible fabric walls, known as ‘energy bags’, were originally developed for
compressed air energy storage [115,117]. A working 5 m diameter
prototype positioned 25 m offshore in Orkney, Scotland was tested for 3
months. The energy bags showed air leakage of <1.2 % per day, where
the leaks concentrated around the stitching/seams [115]. This would be
more problematic with Hy due to it being a small molecule, however a
large amount of the leaking was attributed to installation and scratch-
ing/tearing of the wall, which could be reduced with more durable
materials. A simple diagram of an energy bag and attachment to a
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floating wind platform is shown in Fig. 6a and d.

A study exploring the optimum shape considering non-zero pressure,
non-zero circumferential stress and hanging ballast, resulted in a cost of
907 GBP/MWh storing 2249 m® of air at 50.96 bar (or 11 356 GBP per
bag) with a radius of ca. 8 m [117]. Converting to GBP/kg H, at 50 bar
(500 m) and 5 °C, is 1.20 GBP/kg H; (9508 kg Hy) for the cost of ma-
terials only. At 4 bar (40 m depth), the cost is 14.50 GBP/kg H; (782 kg
Hy). These costs would increase with installation and design extras
(ballast, reinforcement, support structures, flexible tubing, control sys-
tems, labour etc). The total lifetime and maintenance cost also requires
further research.

NASA undertook tests in the 1980s to capture liquid hydrogen boil
off with metal hydrides, where NASA used hydrogen released from large
balloons to simulate low-pressure high-flow rate liquid hydrogen boil-
off. Hydrogen stored in balloons was sent into a hydride. It was found
that the hydride was being poisoned to different amounts based on the
balloon material (see Fig. 5). Potential reasons included residual air in
the balloon due to insufficient purging, oxygen and/or water vapour
permeation through the skin of the balloon and leaching of compounds
from the balloon material by the hydrogen. As such, this is a potential
issue that requires more clarification if this technology is to be intro-
duced. Table 1 outlines the hydrogen permeation coefficients for other
potential elastomers with chloro-isobutene-isoprene rubber (CIIR) the
lowest. The NASA report using silicone vacuum grease in addition to an
elastomer is an interesting strategy as it is evident it dramatically
reduced cyclic capacity loss in the metal hydride compared to bare
natural rubber.

3.2.3.2. Underwater fixed walled storage. Also proposed for compressed
air systems, are underwater fixed walled storage [119,120]. Here,
isobaric conditions are maintained by allowing seawater displacement,
where Fig. 6¢ shows a simple diagram of underwater fixed wall storage
based on a cylinder. As with air, hydrogen will diffuse into seawater
(according to Henry’s Law - the amount of dissolved gas in a liquid is
directly proportional to its partial pressure above the liquid [121]), so
must be considered. A potential solution to reduce diffusion is a movable
non-permeable interface between Hy and H3O. Elastomer materials in
Table 1 can be explored here. Again, the materials do not need to be
structurally strong from a pressure perspective, but rather withstand
seawater conditions and ocean currents, resistance to biological effects,
and exhibit low hydrogen permeation rates. Similar to transporting
low-pressure hydrogen in high density polyethylene (HDPE), the fixed
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Fig. 5. Effect of hydrogen stored in various elastomers compared to an ultra-
high purity (UHP) cylinder on cyclic sorption capacity of hydride. Hydrides
adsorb the impurities, so it indicates better wall materials. Graph reproduced
from NASA report [118].
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wall material could be HDPE also (Table 1).

3.3. Other options
3.3.1. Underwater energy storage

3.3.1.1. Ocean renewable energy storage. The Ocean Renewable Energy
Storage (ORES) concept utilises concrete spheres for energy storage
positioned deep underwater, coupled with floating wind turbines. The
principle is based on pumped-hydro storage plants. These spheres,
tethered to the seabed, serve a dual function as both energy storage units
and mooring structures [124,125]. During excess electricity production,
water is pumped out of the sphere to store energy, and then allowed to
flow back through a turbine to generate electricity and hydrogen, when
needed. An illustration is shown in Fig. 6b. As such, the stored energy
enables the electrolyser and compressor station to operate closer to
steady state, but a disadvantage is the concrete spheres are directly
placed on the seabed, affecting marine life. The ORES concept predicted
viability between 200 and 700 m [124]. A similar project, the StEnSea
concept (Stored Energy in the Sea), tested concrete spheres in Lake
Constance, Europe [126]. The specific investment costs were 430-541
EUR/kWh (465-586 USD/kWh) [127].

3.3.1.2. Buoyancy energy storage. Buoyancy energy storage technology
(BEST) uses an electric motor/generator for storing energy by
descending a compressed gas unit underwater, and then generating
electricity by allowing the unit to rise, where more energy is stored with
greater depth. It is aimed at weekly energy storage with a cost projection
of 50-300 USD/kWh using hydrogen between 10000 and 2000 m depth
respectively [128]. It would serve a similar purpose to the ORES concept
by smoothing transient responses for the electrolyser/compressor. Po-
tential offshore locations are the Japanese and Chilean coast, however
operating and maintaining this technology at such depths would be a
challenge.

4. Improving the roundtrip efficiency and compression

To improve the large-scale hydrogen storage process, it is advanta-
geous to enhance the roundtrip efficiency. For both onshore and offshore
settings, a highly efficient process, and a low levelized cost is desirable.
Whereas, with offshore scenarios, a very high reliability of operations is
also necessary. Typically, traditional mechanical compression stands out
as the prevalent technique for hydrogen compression. However, in
offshore applications, numerous moving components such as pistons,
coupled with exposure to saline environments and challenging accessi-
bility to platforms, can pose maintenance challenges.

A comprehensive review on current technologies of hydrogen
compression based on mechanical, cryogenic, electrochemical, adsorp-
tion and metal hydride compressors (MHHCs) has been discussed pre-
viously [129-131]. Of the compressors examined, MHHCs pose an
interesting avenue, due to the reduced number of moving parts and the
fact they are driven thermally.

4.1. Thermal hydrogen compression

A comprehensive review on MHHCs, including thermodynamics,
materials between —50 and 240 °C and pressures from 0 to 4000 atm,
and prototype compressors designs are detailed here [132]. This section
will briefly cover MHHCs and discuss the potential and challenges of
MHHCs specific to LSHS scenarios.

4.1.1. Metal hydride compressors thermodynamics

An examination of the thermodynamics of MHHCs has been con-
ducted previously [133]. However, the existing literature on this subject
appears to be limited, with certain aspects that may warrant further
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analysis and validation. Present literature uses a polytropic process
during the sensible heating/cooling region [132], where the polytropic
process is defined as (pV" = constant) and depends on the polytropic
index (n). To illustrate the cycle, n = +o is assumed, giving an isochoric
step — hence a Stirling cycle (an isochoric process is constant volume
process). At present, the “best case” cycle of an AB MHHC is shown in
Fig. 7 and described below:

e 1-2: Isothermal compression (hydrogenation)

o Literature currently states that for an ideal material, where the
progression P; = P», this step is also isobaric (a constant pressure
process) [132,133].

o Gaseous hydrogen reacts with the metal. Progression from gas
phase to being squeezed into the metal compresses the gas.

e 2-3: Sensible heating from T; to Ty.

o The change in pressure is related to the van’t Hoff equation (eq. 2).
This is an exponential relationship whereas the gas law is a straight
proportion between P and T.

e 3-4: Isothermal expansion (dehydrogenation)

o Literature currently states that an ideal material has no hysteresis
and the progression P3 to P4 is also isobaric [132,133].

o Hydrogen is released from the hydride. The gas is expanded as it
escapes from the hydride.

e 4-1: Sensible cooling from Ty to T;.

o The change in pressure is related to the van’t Hoff equation (eq. 2)

o Literature currently states an additional isobaric cooling of the
hydrogen from Ty to T;, while a polytropic cooling of the MH
[132,133].

During step 1-2, heat is removed (Q,y) based on AH, and for 3-4,
heat is input (Q;) also based on AH. Steps 2-3 and 4-1 are sensible
heating/cooling steps (Q;) and heat can be regenerated here to improve
cycle efficiency. Based on present literature, it would be advantageous
for further in-depth analysis regarding steps 2-3 and 4 - 1. Note, the
isochore in Fig. 7 will be a vertical line for an infinitely small dead space,
and a horizontal line for an infinitely large dead space. Fig. 7 illustrates a
small dead space volume that one would aim towards.

The Carnot efficiency () details the upper limit efficiency of any
classical thermodynamic engine during conversion of heat into work
[132].

1--—= 4

The efficiency of MHHCs has also been investigated and shown in eq.
(2), where Q is the heat of formation of MH, Ky is the dead space co-
efficient, o is the heat recovery coefficient (regeneration), c is the heat
capacity of MH container and bed, k,, is the coefficient accounting the
mass ratio of the MH and the metalware, y is the mass fraction of
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Table 1 process (such as ammonia synthesis), or enable additional options when
Polymer options for underwater hydrogen storage. Permeability coefficients for moving hydrogen around. From a large-scale hydrogen storage
plastics and elastomers (mol H, 10~°/(m s MPa)). perspective, MHHCs should be positioned with the electrolyser unit. As
Description (Plastics) Permeability coefficients at Ref. illustrated in Fig. 8, specifically addressing offshore wind and hydrogen
Temp. (K) production, the MHHC serves as the initial compressor station, followed

203 208 300 308 by onshore mechanical compression for storage or industrial utilisation.

Additionally, the setup incorporates potential MH and underwater

High density polyethylene (HDPE) 0.60 [48] .
Fiberspar - High density polyethylene 1.00 [122] hydrogen buffer storage for further versatility.

(HDPE) A bonus of MHHCs is that suitable materials are available in the
Ticona Forton - Polyphenylene sulphide 0.70 [122] literature. Table 2 covers AB; type alloys only, and intentionally does
» (lpfs? | chloride) (PVC) (unplasticised) 0ss o8 - not include AB, ABs and V-based BCC alloys, of which examples of these

oly(vinyl chloride unplasticise . . . .

Poly(vinyl fluoride) (PVF) 018  [123] alloys can be found h.el.re [132]. Only AB; materials ar.e included for two
Poly(viny! fluoride) (PVF) (Kynar) 018  [123] reasons: 1) the tunability and 2) they can be (predominantly) rare-earth
Description (Elastomers) Permeability coefficients at  Ref. free. . . .
Temp. (K) These materials are Ti-based AB, alloys, enable compression of
293 208 308 353 hydrogen from ca. 30-100 bar between ambient and electrolyser tem-
Chloro-isobutene-isoprene rubber (CIIR) ~ 0.86 116  [123] peratures in a first ste}ge MHHC. Places such as t.he quth Sea will bent.eﬁt

(shore 70) due to colder ambient temperatures, enabling higher compression
Acrylonitrile-butadiene rubber (NBR) 1.45 12.1 [123] ratios.

(shore 70)

Ac(rs}ll_ll((:::;g;-butadlene rubber (NBR) 1.67 211 [123] 4.1.3. Challenges of metal hydride compressors
Chloro-sulfonyl-polyethylene (CSM) 131 928  [123] Although first stage compressor ABy materials are well established

(shore 70) and suitable for prototypes, further optimisation is necessary regarding

Type of fluoro-rubber (FKM) (shore 70) 1.51 186  [123] cost and functionality. AB; materials cover a broad range of pressures

and are even suitable for the 2nd stage compressor, examples are
TiCrMn [1 36], TiCrMn0.7Fe042V0,1 [1 37], and TiCr1.5Mn0.25Fe0,25 [1 38].
From a technical material challenge perspective, suitable MHHC mate-
rials require [132]:

hydrogen in MH, AT are the temperature gradients in the heat supply
(Ty side) and removal (Ty), and AT is the related to the temperature
hysteresis in the sorption process [132,133].

ot - k) (1~ (4525 )

Q1 —Ky)+(1—0) <Ck1—km (Ty — ATy + ATy, — Ty + AT, — AT}) + ka>

%

MHHC performance efficiency (relative Carnot) (17,) is shown in eq. (1) Alarge compression ratio regarding P;, P», P3 and P4 between T},
3). to Ty (Fig. 7) based on the isotherm profiles.
Real 1 (2) A high useable wt.% Hj to reduce material, which holds good
= = -MHHC 6 cyclability.

P = Tdeal ~ 7
¢ (3) Fast kinetics when progressing between 1-2 and 3-4 (in Fig. 7).

(4) Small gradient between P; — P, and P3 — Pj.

4.1.2. Applications of metal hydride hydrogen compressors (5) Small hysteresis, in(P} /P%).

The advantages of MHHCs for large-scale hydrogen storage are that
electrolyser waste heat can be used to compress hydrogen [134], and
excess waste heat can be thermally stored, enabling flexibility to the
compressor unit. The waste heat is used to drive the dehydrogenation
(endothermic) expansion side (3-4) in Fig. 7. For a typical first stage MH
compressor material (see Table 2), the maximum enthalpy is 25 kJ mol
Hz' or 3.4 kW h kg Hz'!, which is required to drive the expansion
(dehydrogenation) “stroke”. If 5, is assumed as 60 % (5.6 kW h kg Hy 1),
then it is suitable to have a single MHHC to suitable pipeline trans-
mission pressure. There is potential to have two MHHCs using electro-
lyser waste heat (based on an electrolyser system requirement of 54 kW
h/kg H, and a balance of plant of 6 kW h/kg Ha [135] (so 48 kW h/kg Ha
stack electrical input and a maximum waste heat of 8.6 kW h/kg Hs from
the higher heating value (HHV)), but it will require very high MHHC
performance efficiencies (up to 80 %) and high electrolyser waste heat
utilisation (high efficiency heat exchange of 90%). With two MHHCs, it
is possible to reach up to 500+ bar from 30 bar with a second stage
MHHC of enthalpy 20 kJ mol H3! (2.8 kW h/kg H,) based on materials
listed in Ref. [132]. This has potential to unlock areas that require high
pressure storage, need high pressure green hydrogen for an industrial

To aid material optimisation, a thermodynamic model has been
developed for alloy selection of multi-stage MHHCs [139]. The other
challenge with MHHCs for offshore and onshore large-scale hydrogen
storage are engineering based and are outlined below.

(1)Improving low performance efficiency ().

To achieve high performance efficiency (1), it is necessary to ach-
ieve a low dead space volume, high working fluid (hydrogen) regener-
ation between stages 2-3 and 4-1, high cycle rate to reduce metal used
(thereby reducing the sensible heat/cooling on the metal) - and/or heat
recovery of the metal, and efficient heat transfer between source/sink to
the metal hydride (stages 1-2 and 3-4), whereby the heat input/
removed is transferred to drive the respective reaction, ideally, with
minimal loss to the surroundings and minimal heat leakage to other
components. Few examples in the literature utilise heat regeneration
and exhibit rather low efficiencies, although a prototype by Ergenics Inc
claimed a 7, of 69 % [132]. For utilisation in large-scale hydrogen
storage and effective use of electrolyser waste heat, performance
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Table 2

International Journal of Hydrogen Energy 73 (2024) 95-111

Potential suitable intermetallic alloys (or starting composition for refinement) for first stage MHCs based on using electrolyser waste heat. The ratio, In(Ps/Py), is the
hysteresis between sorption and desorption PCIs, lower the better. (#) Calculated equilibrium pressures at stated AHp and A_Sp (assumed midpoint) between

operating temperatures of 15-80 °C.

No. Alloy ASp [J mol Hy' K1) AHp [kJ mol H'] p}?‘ @ 15 °C (bar) p;; @ 80 °C (bar) In(Ps/Pq) wt.% Hy Reference
1 Tig.77Zro.3Cro.g5Fep.7Mng.25Nip.2Cug 03 93.7 19.3 25 110 - 1.6 [132]
2 Tiz1.3V13.2Mnsg.1(Zro.7Cry.4Fe3) 109.3 24.7 17 113 0.54 1.53 [144]
3 Tiz1.4V15.2Mnag.1(Zro.5Crq.3Fes 3) 107.8 24 19 120 0.52 1.35 [144]
4 TizoV15.8Mn4g.4(Zro.5Crq.1Fez0) 109.5 24.3 21 133 0.57 1.6 [144]
5 (Tio.85Z0.15)1.1Cro.0sM0g.0sMn 115.2 26.2 18 138 - 1.88 [145]
6 (Tio.85Zr0.15)1.1Cro.oM0g.1Mn 106.4 23.7 18 112 - 1.78 [145]
7 (Tio.85Zr0.15)1.1Cro.8sM0g.15sMn 100.9 21.7 22 115 - 1.67 [145]
8 (Tio.85Zr0.15)1.1Cro.08Wo.02Mn 113.8 26.3 15 113 - 1.52 [145]
9 (Tio.85ZT0.15)1.1Cr0.95Wo.0sMn 109.2 24.3 20 128 - 1.43 [145]
10 (Tio.85Zr0.15)1.1Cro.oWo.1Mn 106.2 22.6 28 160 - 1.36 [145]
11 Tio.g52r0.17Cr1Mng.oFeq.7Vo 1 104.4 22.68 22 125 - 1.69 [146]
12 Tio.85Zr0.17Cro.oMno.2Feq.sVo.1 102.8 21.22 33 170 - 1.65 [146]
13 Tig.g5Zr0.17Cro.sMng.2Feq.oVo 1 101.3 19.75 51 233 - 1.58 [146]
14 Tig.82Z19.20Cro.oMng.oFeq.sVo 1 103.4 22.2 24 130 - 1.68 [146]
15 Tio.823Zr0.17Cro.oMng.2Feq.sVo.1 102.8 21.22 33 170 - 1.65 [146]
16 Tio.g26Z1'0.14Cro.oMng.2Feq.Vo. 1 102.4 20.14 50 234 - 1.64 [146]
17 Tig.95Zr9.0sMny.1Cro.7Vo 2 97.1 21.27 16 84 0.07 1.81 [147]
18 Tig.04Zro.0sMny.1Cro.7Vo 2 99.8 22.36 14 80 0.1 1.82 [147]
19 Tigg3ZrooMny.1CrosVo 2 100.3 22.86 12 72 0.07 1.83 [147]
20 Tig.9Zrg.1Mny.1Cro.7Vo.2 97.9 22.92 9 53 0.07 1.88 [147]
21 Tio.05Zr0.0sMn1.5Cr0.5Vo.2 97.2 21.18 17 88 0.22 1.84 [147]
22 Tio.05Zr0.0sMn1.1Cro.7Vo.2 97.1 21.27 16 84 0.07 1.81 [147]
23 Tig.95Zr0.0sMno.9Cro.9Vo.2 97.4 21.64 14 76 0.02 1.78 [147]
24 (Tio.0Zr0.1)1.125Cr0.85Mn1.1MO0g.05 110 24 25 157 - 1.48 [148]

efficiencies >60 % are desirable.
(2) Resilience to impurities, typically moisture and oxygen.

ABy-type hydrides are particularly sensitive to moisture and oxygen
contamination. In general, purification is standard downstream of the
electrolyser. However, it may be beneficial to provide some level of
additional protection. Much like AB, materials for buffer stores, hy-
drides can be reinforced with fluorine or mixed with polymers for
additional resilience. A Ti-based AB, hydride was demonstrated to be
affected by oxygen and carbon monoxide when concentration exceeds
10 ppm. Water also was shown to gradually reduce capacity. The results
demonstrated that if the total contaminant content remains below 50
ppm, the hydride alloy exhibits sufficient cycle life for industrial ap-
plications [140].

Integrated
offshore wind
system

H, generation
+ MH buffer

K~ MHHC(s)

Extra buffer
Underwater H,
storage

(3) Minimising cost. This includes the base material cost, the mate-
rial manufacturing cost, and the accompanying engineering
components.

The base material cost depends on the elements used. For Ti-based
AB, hydrides, Mn, Al, and Fe are cheap, Ti, Cr, Ni are medium cost,
Zr, Mo, W & Co are high cost and V has a very high cost. The cost of V can
be reduced by using alloys such as ferrovanadium if the composition
allows. This review details the behaviour of most of these elements [87],
where in general one tries to produce an alloy with the cheapest ele-
ments while delivering the desired performance. A key aspect with AB,
hydrides is the activation procedure, which is necessary to enable
hydrogen cycling. Usually, adding more Ti to A-side and Cr to the B-side
requires more aggressive activation conditions [87]. Another strategy is
to incorporate lanthanum (La) in small quantities if Ni is present in the
alloy. This creates LaNis (an ABs material) that activates easily and

Separate
offshore wind
system

H, generation

+ MH buffer K== MHHC(s)

Electrical

cable
Extra buffer I H,
Underwater H,
storage
\; Onshore for
re-compression

i

>

Fig. 8. Infographic of potential ways to improve offshore hydrogen systems. Both metal hydrides and underwater storage are used as buffer stores, whereas thermal
compressors that utilise electrolyser waste heat push hydrogen to shore. Hydrogen is then re-compressed mechanically before storage or industry use.
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allows the reaction to propagate [87]. The material manufacturing cost
is covered in point (4) while the engineering design ties into point (1)
and (5).

(4) High scalability — other than cost, the alloy requires good ability
for mass production, which exhibits similar performance at bulk
scale compared to small gram samples.

An issue with titanium based ABy-type hydrides is reproducing the
hydride capability at tonnage scale. Ti-based alloys require processing
temperatures >1600 °C, and at these temperatures, molten titanium
exhibits high chemical activity. Furthermore, the additions to the base
alloy also have their own unique processing temperatures, which need to
be carefully considered to avoid inhomogeneity, stoichiometry issues
and/or material vaporisation. As such, plasma skull melting (a variation
of arc melting) with rapid quenching is used industrially [141,142],
which adds a significant cost factor. It would be advantageous at me-
dium to large scale to use vacuum induction melting (VIM), which is
simple, allows homogenous stirring of the melt with a degree of good
temperature control. The main challenge however is molten titanium
reacting with the crucible material. This review extensively covers this
[141]. In summary, important Ti-based AB; melts considerations are:

Ti-based alloys are sensitive to non-metallic impurities, specif-
ically oxygen. It is recommended to use de-oxidisers (La- or Ce-
mischmetal, battery grade) during the melt, with the aim to
keep the nominal oxygen content below 0.05 % by weight [140].
2-3 wt% mischmetal is recommended [140].

e Common MgO and Al;O3 crucibles will result in contamination of
more than 1 wt% of oxygen. Y»O3 coated Al,O3 and MgO can
reduce levels to ca. 0.05 wt%, but then there are issues of coating
durability. Other options are AIN and BaZrOs crucibles [141]. A
recent study examining AIN crucibles for TiNi melts found AIN
crucibles feasible for induction melting of TiNi alloys [143].
Pre-alloy the less aggressive components (Mn, Fe, V) before
melting again with the remaining elements (Ti, Zr, Cr) plus de-
oxidiser [87,132].

Rapid cooling of the melt at large scale is essential for stabilizing
the C14 phase. Cooling speeds of around 10 K s~! are recom-
mended [140].

Enabling high flow compressors
applications.

suitable for industrial

6]

Ensuring high performance efficiency and elevated delivery rates
poses a pivotal requirement for large-scale MHHCs. However, this be-
comes particularly challenging due to the inherent difficulty of effi-
ciently transferring heat to and from a hydride, primarily attributed to
the low thermal conductivity of powders, as discussed earlier. Typically,
this results in compressors with small radii and considerable lengths,
limiting the dimensions and scalability. Furthermore, the scale-up of
compressors introduces challenges associated with increased material
usage. Consequently, a key obstacle lies in the development of scalable
designs that minimise material usage while effectively addressing the
heat transfer constraints.

4.2. Integration of oxyfuel processes and thermal compressors into large-
scale hydrogen storage

Large-scale hydrogen storage involves four stages: generation,
compression, storage, and utilisation (e.g., power and/or heat). Power
generation can be achieved via various means, such as gas turbines, 4-
stroke engines, or fuel cells [26]. The generation and power units
exhibit the highest energy losses within the entire process, meriting
focused efforts for improvement. Enhancements can stem from ad-
vancements within individual technologies, such as electrolysers.
Alternatively, optimising integration is another prospective area,
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discussed within this section.

For example, if a gas turbine is used, the open system Brayton cycle
consists of a compressor, a combustion chamber, and a turbine. In nat-
ural gas turbines, air is compressed, combined with natural gas, com-
busted, and expanded through a turbine [149]. Many gas turbines
converted to hydrogen follow a similar concept. On many occasions, a
steam Rankine cycle is integrated within a Brayton cycle for additional
useful work (combined cycle) [150]. This has disadvantages such as
nitrogen oxide(s) (NOy) formation and a low-pressure ratio. Studies have
attempted to mitigate the nitrogen oxide content through various
combustion design and operation strategies [151,152].

One method to increase the Brayton cycle efficiency is to increase the
compression pressure ratio [149]. If oxygen is stored from electrolysis,
then the combustion chamber can run via an oxyfuel process, removing
the nitrogen component, and enabling higher pressure ratios. A study
proposing oxyfuel and an integration of the Brayton and Rankine cycle,
named the Graz Cycle, resulted in a net efficiency of 68.5 % (LHV), using
oxygen, hydrogen, and re-injection of steam at an inlet pressure of 40
bar to the combustion chamber [153]. A diagram of the Graz cycle is
reproduced in Fig. 9.

Furthermore, the oxyfuel process means the electrolysis acts as the
“first” compression stage, as the electrolyser compresses water from 1 to
30 bar and conveniently separates the gases. At the second compression
stage, the waste heat from the electrolyser can be utilised to thermally
compress the hydrogen, from 30 to ca. 100 bar. A third compression
stage (either thermal or mechanical) to ca. 250 bar can be employed to
reach top-end underground storage pressures if required. The oxygen is
assumed mechanically compressed, rather than stored as a liquid. If
there was a minimum cushion gas storage pressure of ca. 90 bar, and if
technically possible, then the compressed gas can be combusted and sent
through the turbine at very-high pressure ratios. Note, thermal com-
pressors are in early-stage research development, and oxyfuel gas tur-
bines are not readily available (to the author’s knowledge), but every
other unit/process are either available in the market, or near
deployment.

For comparison, the inclusion of an oxyfuel process and MHHC(s) on
the overall roundtrip efficiency (LHV) of large-scale hydrogen storage is
shown in Fig. 10. A simple Hy generation, compression, and power
generation with a combined cycle (CC), results in an efficiency of 37 %.
This is based on an electrolyser consumption of 54 kW h kg Hz' [57,
1311, and a turbine (CC) efficiency of 63 % (1600 °C class GT) [154]. An
oxyfuel process (Graz 68.5 % [153]) with mechanical compression im-
proves this to 40 %, with 1 MHHC increasing it to 41 %, and 2 MHHCs
increasing it further to 42 %. The 1 MHHC case is based on 60 % effi-
ciency and the 2 MHHC case is based on a 80 % efficient MHHC (per-
formance efficiency). If an electrolyser consumption of 52.5 kW h kg
HEI is assumed (and this reduction comes from the balance of plant
rather than stack improvements), the roundtrip efficiency is 43 %.

If an oxyfuel power generation option is adopted, storing both oxy-
gen and hydrogen is necessary. The additional cost of oxygen storage,
compression and piping would also need to be considered, especially if
the hydrogen is made offshore. It is conceivable however, that hydrogen
made far offshore and transported to land is earmarked for industry,
while hydrogen (and oxygen) produced on land is prioritised for energy
storage. Underground storage of gaseous oxygen has been investigated
[155], but not yet demonstrated, while oxygen can also be stored as a
liquid, albeit there will be a significant energy requirement to do so.
Considering the power generation options, gas turbines (combined cycle
- CC) are a mature and expensive technology at 1084 USD/kW [156],
whereas polymer electrolyte membrane (PEM) fuel cells and 4-stroke
engines are 900 USD/kW and 400 USD/kW respectively [156]. As fuel
cell efficiency can be increased by 10-15% using an oxyfuel process (and
1 atm operating pressure), it might be more beneficial in the long-term
to adopt fuel cells/4-stroke engines [156], as these options although
may not exhibit as high efficiencies as oxyfuel turbines (CC), they are
significantly cheaper while attaining good efficiencies.
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Fig. 9. Flow scheme of Graz Cycle (reproduced) [153]. Rankine = High pressure steam turbine (T1), low pressure steam turbine (T3) and heat recovery steam
generator (HSRG). Brayton = Compressor (C1), combustion chamber (CC) and high temperature turbine (T2).
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Fig. 10. Waterfall chart of approximate cycle efficiencies outlining the potential of MHCs and oxyfuel within a combined cycle. Efficiencies based on LHV for both

electrolysis and turbine. (CC — combined cycle, oxyfuel = Graz cycle).
5. Conclusion

This article reviews the literature surrounding onshore and offshore
large-scale hydrogen storage, focusing primarily on the storage,
compression and roundtrip efficiency aspects. Consequently, proposed
future perspectives and potential research avenues have been identified
to provide technological advances to large-scale hydrogen storage.

Large-scale hydrogen storage has emerged as a compelling option to
store energy at a TWh scale. Considering offshore wind installations, the
question of when hydrogen should be produced offshore or on land, does
not hold a definitive answer at present, however a DNV report states a

transition distance of 100-150 km. With decreasing costs in green
hydrogen production and a potential realisation in hydrogen thermal
compression, offshore Hy production will become more attractive,
especially as Hy pipelines are cheaper than electrical cables, have easier
environmental approval processes, and lower transmission losses.
Underground hydrogen storage has been widely recognised as a
competitive method to store large volumes of hydrogen for months to
years. On the TWh scale, storing hydrogen in underground stores is an
order of magnitude less than the cost of storage in high pressure tanks or
as a liquid. Onshore installations are more cost effective than offshore,
with storage options chosen based on duration, rate of discharge,
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geographic availability, and cost. Onshore salt caverns have been rec-
ognised as the cheapest underground hydrogen storage solution at 7
GBP/kg Hz !, although geographic availability is limited. Regarding the
UK, the East Yorkshire basin has been recognised as a suitable location to
store surplus energy supplied by offshore North Sea installations.

Metal hydrides are not suitable for large-scale hydrogen storage, due
to high material costs, but have potential in next generation “hybrid”
buffer stores, enabling 6 times or greater improved hydrogen density
compared to compressed gas alone. Underwater hydrogen storage,
either in fixed or flexible walled structures, may find use as additional
buffer storage in deepwater offshore wind installations (300-400 m
depth). As the hydrostatic pressure from water depth is utilised, the
nominal wall containment allows inexpensive vessel costs, and allows
tethering above the sea floor, reducing effect to marine life. Metal hy-
drides may also find application in slurries for hydrogen transport but
require further study.

Metal hydride hydrogen compressors (MHHCs) can improve the
roundtrip efficiency of large-scale hydrogen storage by utilising elec-
trolyser waste heat. With 80 % assumed performance efficiency, up to 2
MHHCs are possible, potentially enabling compression up to 500+ bar
and completely replacing mechanical compression of hydrogen.
Regarding offshore installations, MHHCs can act as first stage com-
pressors, transporting hydrogen to land for subsequent re-compression
for storage or industry use. First-stage MHHC materials available in
the literature are suitable for prototypes, with extra optimisation
possible for the 1st stage, and required for 2nd and 3rd stage compres-
sors. The engineering of MHHC prototypes need significant improve-
ment to enable utilisation in industrial processes. Areas to focus on are
progress in thermodynamic theory, plus exploration and demonstration
of ways to enable high flow compression while minimising MH material.

Utilising an oxyfuel process by also storing oxygen from electrolysis
can improve the roundtrip efficiency of large-scale hydrogen storage, by
enabling higher pressure ratios (for gas turbines) and removing the ni-
trogen component, thereby eliminating NOy emissions. The overall ef-
ficiency is improved by 3 % compared to a traditional combined cycle
process. With the addition of a 2-stage MHHC, the overall efficiency can
approach 42 %, based on an electrolyser consumption of 54 kW h kg
Hs'. With additional advancements in electrolyser efficiencies, up to 43
% roundtrip efficiency may be achievable.
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