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Underground hydrogen storage is a fundamental requirement of any net zero energy
system, which is likely to rely on the use of hydrogen as both an energy carrier for
storing excess energy from renewable sources (e.g. solar, wind) and alternative fuel
to decarbonise hard to abate sectors (e.g. shipping, freight, heavy industry). With the
increasing penetration of renewable energy sources and as demand for hydrogen
increases, the intermittency of supply poses significant challenges to balancing the
energy system. Hydrogen, as a versatile
energy carrier, offers a viable pathway to

mitigate these challenges. 'H
ydrogen storage

Various un'derground storage ' will be crucial for the
technologies such as salt caverns, lined

rock caverns and depleted hydrocarbon
fields provide scalable and long-duration

stability and reliability of

hydrogen storage options. These the energy gr]d and will
technologies, while requiring significant

initial investment and specific geological ensure that hyd rogen is
conditions, offer the potential for large- .

scale long duration storage capacities. available foruse as a
However, there are still considerable

knowledge gaps in how and where such low-carbon fuel’
large-scale storage can be achieved.
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Recommendations:

Implement more demonstration projects to build in-situ technical capability,
address market barriers, and promote wider hydrogen adoption.

Integrate hydrogen storage into the UK’s energy strategy through comprehensive
planning and supportive regulatory frameworks. Currently, there is little regulatory
clarity, which might be regarded by industry as a potential risk to adoption and roll
out.

Invest in research and development to rapidly expand knowledge in the
hydrogen storage technologies essential for meeting clean energy targets.
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Background

Solar and wind are essential renewable energy sources for a future low-carbon world.
As sun and wind outputs are variable, availability of the resource is intermittent and
unpredictable. This uncertainty, compounded by variability in demand, makes it
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challenging to provide reliable and adequate energy supplies from renewable sources
alone and to balance periods of over- and under-supply of energy. As the contribution
of intermittent renewable energy to the UK energy mix increases, balancing supply

and demand will become increasingly important, requiring energy carrier and storage
technologies that permit conversion, storage and release or redistribution of energy
during times of over and under supply, respectively’. In addition, low carbon fuels will be
needed to decarbonise difficult to abate sectors.

Box 1: Low-carbon hydrogen production

There are two established methods of producing low-carbon hydrogen: steam
methane reforming (SMR) with carbon capture, utilization, and storage (CCUS),
and electrolysis powered by renewable energy sources2. SMR utilises natural gas

but captures the resulting CO,emissions, minimising its environmental impact and
termed ‘Blue’ hydrogen. Electrolysis directly splits water molecules into oxygen
and hydrogen in an electrolyser using electricity, termed ‘Green’ hydrogen. For
electrolytic hydrogen to be truly low-carbon, electricity must come from low-carbon
sources such as solar or wind power.

Hydrogen has been suggested as an energy carrier for storing excess energy from
renewable sources to help balance supply and demand34 and as fuel to decarbonise
difficult to abate sectors which presently rely on hydrocarbons, including heavy industry,
chemical refining and transport such as shipping or aviation®s”. The two are linked in
that large amounts of hydrogen will be needed to meet the UK's 2035 and 2050 climate
targetss®. Most of the hydrogen will have to be produced, although there are some
natural sources™. Hydrogen production can use different methods and sources (see
Box 1), and different colours are being used to differentiate between the various origins
of hydrogen. The produced hydrogen acts as the energy carrier. It does not emit carbon
dioxide when used and provides a low-carbon energy source for transport or industry.
However, it should be noted that hydrogen does have a greenhouse gas effect when
leaked™. To help meet the fluctuations in demand for hydrogen between production
and end use, the produced hydrogen will need to be stored at a large scale

Hydrogen storage options

A gas storage facility may be in natural or man-made settings and below or above
ground. Hydrogen storage does not differ significantly from the storage of natural gas. A
limited number of geological stores for hydrogen have been operated since the 1960's
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(US) and 1970s (UK), with numerous demonstrator sites currently being developed.
Using prior knowledge of hydrogen and hydrocarbon (gas) storage, lessons may be
taken for application to storing hydrogen at-scale.

Storage technology | Technology Readiness Level (TRL) | Storage capacity | Notes

Pressure vessels 9 Low Suitable for short
term, limited for
) MWh-GWh long term.
g Pipe storage 9 Low Suitable for short
% term, limited for
e MWh-GWh long term.
3 Horton sphere 9 Medium Expensive due
e to cryogenic
é GWh storage.
< | Liquified hydrogen | 9 Medium Expensive due
to cryogenic
MWh-GWh storage.
Lined rock caverns | 5 for pure hydrogen Medium Lower capacity,
independent of
MWh-GWh geo[ogy.
Salt caverns 5-6 (pure hydrogen in fast-cyclic Medium Most TRL mature
o energy system setting) underground
> GWh technology,
S 9 for static or low-cyclic feedstock highly dependent
g applications based on pure on geology.
% hydrogen
o | Saline aquifers 2-3 for pure hydrogen High Low TRL,
2 dependenton
g 9 for town gas blends GWh-TWh geology, offers
vast capacities.
Depleted gas fields | 3-4 for pure hydrogen High Low TRL,
dependent on
5 for hydrogen natural gas blends GWh-TWh geology, offers
(10-20%) vast capacities.

Options for above ground hydrogen storage include compressed gas, stored within
pressurised vessels such as pipes or Horton Spheres, and liquified storage options™.
Both technologies are readily applied and are commercially developed (technology
readiness level, TRL ~9). Above-ground storage is independent of geological conditions,
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have lower initial capital expenditure (CAPEX) compared to underground options and
faster deployment times due to lower engineering requirements. However, these are
traded for drawbacks including limited capacities (kWh -MWh scale) compared to
subsurface storage and large aboveground footprint with greater visual impact. For
liquefied hydrogen, although stored hydrogen may be of a much greater density than
pressurised vessels, hydrogen evaporation is unavoidable even within a contained
system and certain boil-off losses are inevitable. Combined with this, liquefaction
requires a significant amount of energy leading to high operational expenditure (OPEX)
COStS.

Underground technologies offer orders of magnitude greater capacity (MWh-TWh
scale) than above ground options?s16, improved safety case for hydrogen leakage?,
reduced footprint meaning storage requires less land space on the surface, and overall
reduced OPEX per unit of energy stored with the potential for economies of scales.
Conversely, underground storage typically involves higher CAPEX, specific geological
requirements with suitable geology, relatively lower TRL20, and slower hydrogen retrieval
and responsiveness compared to above ground tanks.

1. Lined cavern storage

Lined rock caverns (LRC) are an excavated subterranean chamber in hard rock
formations sealed with a lining system. Lined rock caverns can be accommodated in
a wide range of geological formations that are geographically widespread??, but may
be limited in spatial extent. This versatility allows storage in areas where other storage
options are limited by geological factors. The storage capacity that may be held
within a lined rock cavern may be 10’'s of GWh.

2. Saltcaverns

Solution-mined caverns in salt structures are already in widespread use as subsurface
energy storage facilities for natural gas and other products onshore in many parts of
the world, and as hydrogen storage onshore in a limited number of facilities in the

UK and US#223, The storage capacity that may be held within a salt cavern may be

on the order of 10-100's of GWh, discharged and refilled over a course of days?4.

Salt caverns are being explored as a medium-scale storage option addressing local/
regional storage demand.

Currently, only a few sites exist for hydrogen storage (>95% hydrogen) in salt

caverns, including Teesside (UK). Teesside has been storing hydrogen since 1970
in three elliptical shaped caverns?s. Teesside has operated under a long duration
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storage model and rarely cycle the gas frequently through the cavern, i.e. steady
cavern pressure is maintained over long periods of time. This has unequivocally
demonstrated for decades that underground hydrogen storage is a technically
feasible option for long duration storage. Questions do remain, however, regarding
different operational modes (e.g. the frequency of cycling and impact of quickly
removing and replenishing gas over short periods of time in a salt cavern2).

3. Porous media — hydrocarbon fields and saline aquifers

Porous media are rocks which have a pore space that may fill with liquids or gasses,
including water, oil, natural gas or hydrogen. Where occurring with hydrocarbons,
these may be referred to as fields, while where water filled are termed aquifers. Two
geological conditions must be met: 1) the rocks selected for injection have good
porosity and permeability and 2) they are overlain by an impermeable seal (caprock).

Depleted hydrocarbon fields are typically well-characterised during their exploration
and exploitation and have demonstrated storage and sealing for methane. Depleted
oil fields are not typically converted to underground gas storage facilities. This is
because hydrogen may react with residual hydrocarbons or dissolve in the oil,
forming methane, and become irreversibly lost?. Porous media may also face
problems with microbial consumption of hydrogen28 and hydrogen reacting with the
host rock,

Deep aquifers (~400 m or deeper) hold brine water that are not generally exploited.
Many aquifers are situated close to major energy consumers or large cities and urban
agglomerations and have been safely used as natural gas storage sites for decades.

Depleted gas fields and aquifers are typically far greater in size to other storage
options, with even the smallest deposit potentially hosting TWh-scale hydrogen
storage capacities that could be discharged over a course of weeks to months.
Depleted gas fields are often viewed as a seasonal storage facility that may be used
for strategic national storage.

The current UK energy storage system (Box 2) holds some of the lowest levels of

gas storage in Europe at 12 days average or 7.5 peak winter days. The requirement

for storage is intrinsically linked to demand for hydrogen, and schedules of planned
implementation of transport networks, linking supply to demand, and how hydrogen is
likely to be used.
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As parts of the transmission system

become more congested with 'Estimates for hyd rogen
renewable electricity/hydrogen

suppliers and offtakes, the location and storage required by
connectivity for storage will become

increasingly critical3'. Some industrial 2050 ra nge from 19-100
clusters are fortunate to have access

to readily available salt for cavern TWh1:30 yp to 5 times
development (e.g, Humberside

and Teesside, HyNet NW England). greater than the current
However, other regions may require

porous media or lined rock caverns for UK gas storage capacity.’
local storage.

Box 2: How much energy storage does the UK currently hold?

The current UK energy system, minus transportation fuels, held the average following
capacity in 2019 3233;

Fossil fuels on average stored:

35 TWh - coal (falling)
18 TWh - gas (12 average days’ supply)

Supported by:

Pumped hydro - 30 GWh capacity

Hot water tanks - 40 GWh

Grid connected batteries - 1.8 GWh

320 Kt biomass at Drax power station —560 GWh electricity

Total: c. 53.6 TWh

Commercial and regulatory challenges

Hydrogen storage facilities can take significant timescales to build (e.g. 7-10 years for a
salt cavern) and require substantial up-front capital investments4. Therefore, developers
need a clear business case and return on investment to justify the inherent project risk (Box
3). Better articulation of the business case is seen as one of the most prominent barriers

for hydrogen storages®. To assist with the business case, the Hydrogen Storage Business
Model (HSBM) provides a revenue support mechanism for operators. However, projects
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are only eligible for support if they meet a TRL of >7. To overcome this, active research
programmes and demonstrators have been identified as ‘low regret’ options that could
advance our technical understanding and prove commercial viabilityse.

Box 3: Barriers to hydrogen storage development

1. Environment & Social: The support of local communities and stakeholders is
essential. Public concerns about safety and environmental impact can lead to
opposition and delays, as seen in Whitby and Redcar hydrogen village trials37:3839,

. Technical: There are key technical questions that exist. Developing pilot studies
and testing uncertainties in situ, especially for porous storage, could greatly
improve design, commissioning and operation of hydrogen storage.

. Cost & Programme: Projects are CAPEX intensive and take a long time to build
with uncertain payback periods.

. Supply Chain Readiness: Limited availability of key skills and equipment within
the market is impacting project schedules which in turn increase costs.

. Planning & Regulation: Regulation is multi-agency with no clear pathway, and
schemes can take years to pass through the planning process.

. Demand Certainty: Uncertainty over what/where/when storage will be required,
impacting the investment case of projects.

Conclusion

Underground hydrogen storage in salt caverns, lined rock caverns, and porous media
such as depleted hydrocarbon fields, offer scalable, long-duration storage options that
are essential for ensuring the stability and reliability of a renewable-based energy system.

While expertise in hydrocarbon gas storage exists, further research is needed to
advance technical expertise, enhance capabilities, and expand knowledge specific
to underground hydrogen storage. Specifically, at-scale demonstrators and pilot
projects will help to define the business case and overcome market barriers, thereby
encouraging wider uptake of the technology.

Furthermore, hydrogen storage is currently not sufficiently represented in the UK’s
energy strategy and this represents a potential risk for technology adoption and roll

out. More detailed planning, a supportive regulatory framework along with increased
investment in research and development would ensure that underground storage
technology and markets are ready to support hydrogen rollout in time for meeting the UK
climate targets.
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