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Renewable energy provides a low-carbon alternative to power generation in the
UK. However, the resultant supply varies on daily, weekly and seasonal cycles, such
that for green energies to be fully exploited new grid-scale energy storage systems
must be implemented. Two pilot facilities in Germany and the United States have
demonstrated the potential of the Earth as a battery to store compressed air, using
off-peak surplus energy. Natural accumulations of salt (halite deposits) in the UK
represent a large and untapped natural storage reservoir for compressed air with
the ability to provide instantaneous green energy tomeet peak demand. To realise
the potential of this emerging technology, a detailed knowledge of the
relationship between mechanics, chemistry and geological properties is
required to optimise cavern design, storage potential and economic feasibility.
The variable stresses imposed on the rock matrix by gas storage, combined with
the cyclic nature of cavern pressurisation are barriers to deployment that need to
be addressed to enable large-scale adoption of schemes. Well-designed field
experiments are a lynchpin for advancing research in this area, especially when
supported by state-of-the-art characterisation and modelling techniques. The
research facility at STFC’s Boulby Underground Laboratory presents the ideal
location to tackle these fundamental issues to optimise “Battery Earth”.
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1 Introduction

Security of energy supply, coupled with a transition towards greater production and use
of renewable energy in the United Kingdom and globally, will necessitate an increase in both
energy and grid-scale storage. Renewable energy generation (e.g., wind and solar) is
susceptible to fluctuations in weather conditions, leading to irregular energy production
and uneven supply. Compressed Air Energy Storage (CAES) and Compressed Hydrogen Gas
Storage (CHGS) are viable energy technologies that are capable of assisting renewable energy
production to be less time- and condition-dependent [1]. CAES systems generate electricity

OPEN ACCESS

EDITED BY

Lorenzo Ferrari,
University of Pisa, Italy

REVIEWED BY

Zhenyuan Yin,
Tsinghua University, China

*CORRESPONDENCE

Katherine A. Daniels,
danielsk4@cardiff.ac.uk

†PRESENT ADDRESS

Katherine A. Daniels,
School of Earth and Environmental
Sciences, Cardiff University, Cardiff,
United Kingdom

RECEIVED 28 June 2023
ACCEPTED 19 September 2023
PUBLISHED 17 October 2023

CITATION

Daniels KA, Harrington JF, Wiseall AC,
Shoemark-Banks E, Hough E, Wallis HC
and Paling SM (2023), Battery Earth: using
the subsurface at Boulby underground
laboratory to investigate energy
storage technologies.
Front. Phys. 11:1249458.
doi: 10.3389/fphy.2023.1249458

COPYRIGHT

© 2023 Daniels, Harrington, Wiseall,
Shoemark-Banks, Hough, Wallis and
Paling. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Physics frontiersin.org01

TYPE Perspective
PUBLISHED 17 October 2023
DOI 10.3389/fphy.2023.1249458

https://www.frontiersin.org/articles/10.3389/fphy.2023.1249458/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1249458/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1249458/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1249458/full
https://www.frontiersin.org/articles/10.3389/fphy.2023.1249458/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fphy.2023.1249458&domain=pdf&date_stamp=2023-10-17
mailto:danielsk4@cardiff.ac.uk
mailto:danielsk4@cardiff.ac.uk
https://doi.org/10.3389/fphy.2023.1249458
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://www.frontiersin.org/journals/physics
https://www.frontiersin.org/journals/physics#editorial-board
https://www.frontiersin.org/journals/physics#editorial-board
https://doi.org/10.3389/fphy.2023.1249458


similarly to conventional gas turbines but with the compression
(storage) and expansion (generation) operations occurring
independently [2]. Conventional diabatic CAES uses a
compressor train to compress air (with coolers to reduce air
temperature, increase efficiency and reduce thermal stress on the
storage cavern), which is injected into the storage cavern. The
pressurised air is mixed with natural gas during expansion and
operation, and this mixture combusted, before being released and
fed through an expander or generator train to generate electricity.
The additional fuel is required both to achieve the desired air flow
rate through the turbine and ensure there is no low temperature
icing risk [2]. In simple terms, CAES systems store compressed air in
pore space or voids using excess energy generated (for example,
wind energy during periods of low demand such as at night). This
and this compressed air is then released as required to drive turbines,
producing electricity [3]. Potential storage sites for compressed air
include energy bags that are anchored to the sea bed [4] and
geological formations; these can be solution-mined salt caverns
[1, 5, 6], depleted oil and gas reservoirs [7], aquifers [8] and
lined [9, 10] and un-lined [11] rock caverns [12–16]. CHGS
follows the same process as CAES, but with the possibility of also
using the hydrogen for energy production. For CHGS, hydrogen
would be pumped into a storage cavern and could be withdrawn over
long periods (e.g., to support static or low-cyclic feedstock applications;
these are already commercially operated), or for fast cycling (e.g., to
support energy supply; these applications are currently not
commercially operated) [17]. Two pilot CAES facilities (Huntorf: E.
N. Kraftwerke, Germany; McIntosh: Alabama Electric Corporation,
Alabama, United States) have demonstrated this technology’s potential
in combination with solution-mined salt caverns [18]; there is a limited
amount of commercial-scale hydrogen storage in solution mined
caverns [19], but the available salt resource is significantly
underutilised for these purposes.

Halite formations are ideally suited to CAES and CHGS facility
development because halite is a low permeability, self-healing (visco-
plastic) material that can be solution-mined to produce custom-
engineered storage caverns. Natural gas storage in the
United Kingdom already occurs in salt caverns [20], but the
mode of cavern usage will differ dramatically if used for CAES/
CHGS. The halite formations in the United Kingdom are both
onshore and offshore and were deposited in the Permian and
Triassic [13, 16]. Solution-mining of halite to create caverns for
CAES/CHGS raises a number of uncertainties including:
irregularities in cavern morphology due to differential dissolution
rates related to the evaporite’s composition and structure, the impact
of stress on cavern geometry and integrity, the presence of insoluble
impurities that can affect dissolution and the “growth” of the cavern
and build-up at the base of the cavern, and brine disposal produced
as a by-product of solution-mining the halite [15]. Additionally, halite
can deform plastically at high temperatures and pressures (so-called
“creep”) leading to mechanical instability and the collapse of the storage
cavern, should the minimum operation pressure not be maintained.
Equally, operating the cavern at high gas pressures could result in failure
of the rock and leakage of gas. As well as these considerations, the usage
of the cavern for CAES/CHGS will necessitate much faster pressure
cycling of the cavern than seasonal natural gas storage does, leading to
additional uncertainties surrounding creep rates, wall-rock damage and
failure. Obtaining an improved understanding of the processes

governing formation and operation of storage caverns in halite is
therefore of great importance to both the emerging CAES and
CHGS technologies and will have notable value on a global level,
where extensive salt deposits exist.

2 UK salt deposits

United Kingdom geology provides the resource of two halite
groups in the stratigraphic sequence: the Permian
(298.9 Ma–251.9 Ma) halites, which are predominantly found in
NE England, and the Triassic (251.9 Ma–201.4 Ma) halites, which
are predominantly located in the Cheshire region (Figure 1). The
Triassic halites are utilised for underground storage of methane gas
in Cheshire, and have potential for hosting storage schemes in west
Lancashire, Dorset, the East Irish Sea and possibly Somerset. In
Cheshire, the Triassic halites are part of the Triassic Mercia
Mudstone Group (MMG) and comprise an up to 1,200 m thick
deposit of interbedded mudstone with subordinate halite and
siltstone units that are part of the Cheshire Basin [13, 21–23].
The Northwich halite is up to 283 m thick, is one of the MMG’s
halite members in the Cheshire Basin, and has been studied to
understand the control of petrology on dissolution for salt cavern
formation [15, 24].

The Permian evaporite succession is deeper than the Triassic
halites and lies under much of the North Sea; the Zechstein Group
sequence containing the Permian halites extends eastwards between
the United Kingdom, the Netherlands and Germany [13]. In
contrast to Triassic halites, the Zechstein includes beds of higher
solubility evaporites including sylvite and carnalite, and also
complex polyhalite. This basin’s edge is found at depth under the
North Yorkshire coast [13]. These have been mined for potash for
fertiliser, and rock salt for road de-icing since the 1960’s [25], and
currently mines polyhalite. The Boulby halite is mainly a massive,
undeformed halite with an isotropic fabric and crystal grains up to
3 cm in diameter; it is 50 m ± 15 m thick and starts at a depth of
1,100 m [26]. In places it has a gneissose fabric with grains with 3:
1 axis ratios, developed in response to structural deformation. In the
north of the mine a dark argillaceous halite forms a horizon 5–6 m
below the top of the halite [26]. Dolomite, mudstone and anhydrite
are interbedded with the Permian salt deposits [13].

3 The Boulby Underground Laboratory

The Science and Technology Facilities Council’s (STFC) Boulby
Underground Laboratory (BUL) sits at approximately
1,070–1,100 m below ground surface [27, 28] within Boulby
mine, a potash and polyhalite mine operated by Israel Chemicals
Limited, in North Yorkshire. BUL, begun in 1988, was motivated by
the search for dark matter [27] and hosts experiments requiring low
background radiation conditions [28–32]. The background activity
from radionuclide contamination (gamma radiation) is particularly
low (approximately 0.1 ppm of uranium and thorium and
1,130 ppm of potassium) [27]. Additional mine excavation to
increase the laboratory space occurred in 1995, 1998, 2003 [27]
and most recently in 2017, when an entirely new laboratory was
created. This growth has been advantageous both for the darkmatter
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physics community, but also for scientists wishing to diversify the
research undertaken at BUL. As well as housing the
United Kingdom Dark Matter Collaboration [30, 33], BUL has a
broad appeal as a safe and supported facility for hosting
multidisciplinary science. The surface facilities offer visitor office
space, computer facilities, a conference suite and storage space for
research equipment [27]. The ambient conditions underground are
hot and dry; the air temperature is 28°C but rises to 35°C where it is
unaffected by mine circulation [34]. The mine roadways are situated
in the Boulby Halite and the proximal stratigraphy includes other

Permian evaporites. The lithostatic pressure at BUL is 28 MPa and
there is no obvious deviatoric stress within the rock mass, other than
the decompressed region around the gallery openings.

3.1 Geo-energy research at Boulby
Underground Laboratory

BUL offers an unparalleled environment in which to conduct
research on geo-energy problems that use our subsurface geology.

FIGURE 1
The UK’s Permian and Triassic Saltfields showing the location of BUL within Boulby Mine (adapted from Evans and Holloway [49], Figure 1 © The
Geological Society of London 2009.
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BUL facilitates the use of representative rocks at depths and
temperatures similar to those where some of the deeper gas
storage is currently operated, and where new schemes for
hydrogen and compressed air could be located to support the
UKs net-zero ambitions. At these depths, there can be significant
uncertainty in the character of the halite, and this will impact the
efficiency of gas storage caverns that could be developed. The
infrastructure available in the galleries surrounding the current
STFC underground research facility can provide lighting, power,
internet, water and waste services, specialist drilling equipment and
dedicated science technician support (Figures 2A–C); the value of
these services cannot be over-emphasised in what is otherwise a
harsh operating mine environment.

With the facilities, expertise and equipment available at the mine,
BUL has immense potential to simulate industrial salt-cavern
formation through dissolution and the physical processes studied
on an intermediate scale (i.e., between single rock sample/laboratory
experiment and operational cavern) that is not possible in a standard
laboratory (Figures 2B–D). With unique access to a bedded evaporite
succession (that includes halite and higher solubility salts carnalite
and sylvite, along with non-soluble anhydrite and mudstone),
cylindrical caverns with lengths and diameters on the order of

1–3 m could be created at a variety of depths beneath the gallery
floor or into the gallery walls (Figures 2B–F). This access would offer
the possibility to visualise and quantify halite heterogeneity in three-
dimensions in near in-situ conditions for many relevant parameters
including lithology, temperature, halitemorphology and stress state. A
cavity laser scanner, sonic and ground penetrating radar (GPR) would
be able provide direct monitoring and measurement during void
formation and operation, enabling the study of convergence and creep
behaviour related to host rock composition, as well as alterations in
thematerial due to changes in the stress state (associated with opening
the cavern volume as well as operating it through pressure cycling). To
achieve this, caverns could be sealed with packers, and pressure-cycled
over an extended time period, to investigate cyclic loading effects on
cavern stability.

A principal area of potential researchwould be to produce voids at
realistic temperatures, depths and lithostatic pressures, using fluids
with variable NaCl concentrations and faster flow rates than are
possible in the laboratory. If the ground conditions allowed, simulated
caverns could be excavated and logged to enable a better
understanding of the extent and distribution of heterogeneities and
insoluble material in the halite unit, the dependence of cavern shape
and volume onmineralogical composition and the consequent impact

FIGURE 2
The tunnels and galeries around BUL can be used to investigate the dissolution of salt and creation of gas storage caverns. (A) The location of the
Boulby Underground Laboratory below ground surfacewithin the stratigrapic succession (modified from the original with permission from STFC, covered
under a CCBY-NC-SA 4.0 license). (B) The gallery outside BUL provided the test location. (C) A plan of the galleries near to the shafts (dark blue rectangle),
showing the location of the Boulby Underground Laboratory (DarkMatter Area) (light blue rectangle). (D) Scientists fromBUL and BGS drill holes into
the gallery floor and use both (E) low salinity and (F) high salinity fluids to dissolve elongate caverns during preliminary scoping works, which are then cast
and dug out of the ground. The low salinity cast (E) has a length of 77 cm and a volume of 1750 cm3 (measured by laser scanning), whilst the high salinity
cast (F) has a length of 76.2 cm and a volume of 906 cm3. The extracted casts have been photographed (E, F) and the surface can subsequently be
analysed to provide information on the dissolution process.
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on aspect ratio. Geophysical data acquisition from the cavern interior
(e.g., laser scanning) could be used to create 3D prints for improved
visualisation and for use as a public engagement tool. Together, these
measurements would lead to an improved understanding of the
longevity of gas and CAES storage caverns and the impact of
different operational controls on cavern stability and integrity.
Experiments would also raise public and stakeholder
understanding of cavern storage benefits.

BUL also provides the opportunity to investigate mine heat as a
low-carbon energy source. Boulby mine discharges approximately
5million litres of water daily into the sea. The continued advancement
of geothermal technologies means that this presents a considerable
potential renewable heat resource that could be exploited. BUL would
serve as a research site to optimise either direct air thermal transfer, or
heat transfer for mine waters, joining with other subsurface
observatories as part of a network investigating the value of mines
in supporting net-zero ambitions. To optimise the geological asset that
BUL represents, a structured research plan would be required to
ensure early research activities do not preclude later activities,
avoiding sterilisation of available bedrock through a poorly
planned research program. Moreover, as the Boulby halite is
within a depth range of 0.75–1.1 km, the stratigraphy is aligned
with the anticipated depth of interest for many other renewable,
geo-energy and waste disposal problems, including deep geothermal
and geological CO2 storage. This ensures BUL’s wide appeal for
addressing geo-energy related research problems.

4 Discussion

Increasing the amount of renewable energy used will require
large-scale energy storage adoption, as intermittent supply, high
initial capital outlay and low power output of conventional
renewables also limit their grid-scale deployment. Whilst the
United Kingdom is committed to decarbonisation through
agreements such as the 2016 Paris accord [20], fossil fuels still
comprise a significant proportion of the energy supplied (currently
about 78% of all United Kingdom energy in 2022 [35]) and are
acknowledged to remain a significant part of the energy mix for
decades to come [36]. Whilst coal dependency has declined over the
past decade [37], natural gas dependency has risen. The
United Kingdom is increasingly dependent on natural gas
imports, but has relatively little gas storage capacity compared
with many EU member states, rendering it susceptible to the risk
of gas supply shortfalls [20].

To achieve the emissions targets set out by the 2019 Net Zero
amendment to the Climate Change Act (2008), and to optimise use
of hydrogen as a route to achieving these, nascent CAES and CHGS
technologies are required to allow transitioning from hydrocarbons
to sustainable, clean power generation. Significant attention is now
turning towards these technologies with the proposed establishment
of two United Kingdom clusters (H21 Leeds City Gate Project [38]
and HyNet North West Project [39]), and the Industrial
Decarbonisation Research and Innovation Centre (IDRIC) [40].
Rock salt has been successfully used for the storage of natural gas
since 1961 [20], but existing facilities offer limited storage capacity
compared to the grid-scale requirements for industrial power
generation. The United Kingdom has suitable salt formations for

geological energy storage in abundance; a substantial and
underutilised resource [41]. However, geological energy storage
presents many technical and environmental challenges.

The greater Permian evaporite depths mean that although the
rocks may provide large capacities for gas storage, the stress
conditions for cavern formation are different to those experienced
when solution mining in the shallower Triassic deposits, and plastic
deformation will be a relevant consideration in some locations.
Understanding the role of stress on the dissolution and subsequent
cavern shape formed is of fundamental importance to the successful
creation and operation of caverns in the Permian halite. Using the
currently available compressor technology, the optimal depth for
CAES is 300–1,500 m [3]. Compressor technology is continuing to
improve; with better compressors, deeper cavern depths can be
achieved. Pairing compression and storage facilities with renewable
energy sources will enable excess energy to be used to electrically
power a turbocompressor to compress air or hydrogen, and this
compressed gas can then be stored in close proximity, reducing the
need for transport infrastructure and associated costs, and increasing
the system efficiency. The North Sea is a favourable location for wind-
farms and therefore the Permian evaporite succession is an ideal host
rock for salt cavern formation for CAES and CHGS [42], as the
improved compressor technology allows deeper formations to be
accessed; offshore hydrogen production via sea water hydrolysis is a
distinct possibility. In addition, offshore salt cavern formation would
reduce both the environmental and societal impact [42].

In contrast to natural gas storage, CHGS and CAES experience
rapid withdrawal and refilling cycles with corresponding rapid
pressure changes. These result in large cavern wall temperature
changes [43, 44], which can substantially reduce the tangential (or
vertical) stress, leading to cracking if the material enters the failure
regime; this is especially important for bedded salts where the cavern
aspect ratios lead to large diameters with respect to cavern height
[45]. To maintain cavern integrity, the tangential stresses at the wall
must remain compressive during operation. Pressure, temperature
and stress therefore emerge as key criteria in the consideration of
short- and long-term cavern performance. These issues are strongly
influenced by their orientation to the in-situ stress field, and must
therefore be given attention when modelling cavern behaviour.
Visco-plastic behaviour during pressure cycling often results in
substantial reduction in cavern capacity (e.g., Eminence Salt
Cavern, Mississippi) [46]. Understanding this behaviour is
essential for accurate long-term volume loss predictions and
consequently the economic potential through time. A solution to
the problem of time-dependent deformation, temperature change,
and the resultant stress response, is required to parameterise
appropriate experimental scenarios (e.g., isobaric or isochoric
storage), and to assess widespread geological energy storage
viability. How these are impacted by differing lithologies, as well
as lateral and vertical variability, will also need to be understood.
These considerations directly control the permissible inter-cavern
spacing, affecting infrastructure costs and optimising subsurface
halite deposit use. As the storage facility “footprint” increases, it may
also span multiple planning regions, complicating the permitting
process. As cavern number and size increases, the population
affected by CHGS/CAES is likely to increase. For these reasons,
there are clear economic, engineering and public acceptance
advantages in minimising industry footprint.
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The intergenerational climate change challenge is one of the most
significant threats facing society, and the United Kingdom
government’s pledge to reach net-zero by 2050 will contribute
towards meeting it [47]. A shift towards renewable energy for
electricity generation, heat and industrial processes will be necessary,
requiring long-duration energy storage to ensure supply security [47].
The Carbon Trust [48] estimates that effective United Kingdom energy
storage could save as much as £2.4 billion/year by 2030, leading to a
significant reduction in the average household energy bill. CAES and
CHGS could play an important role in realising this potential through
UK-based storage sites, some of which are already planned. The BUL
offers a unique environment to enable testing to answer the remaining
questions surrounding using Earth as a battery; bringing this to the
forefront of discussions is clearly extremely important.
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