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Why Arup?

i
Capability & Experience I\

Planning

The multidisciplinary nature of Arup
covers the full spectrum of GeoEnergy
Storage projects, from formulating
government policy, transaction advisory,
feasibility studies through to detailed
design and project management of
construction contracts, operation,
decommissioning and repurposing.

Our knowledge of the
energy market,
development process
and finance models
will inform your
development.

Engineering competence
is at the heart of Arup.
Our experts work as an
integrated team to
balance performance
against cost.

We provide the tools,
technical and commercial
advisory and analysis to
help you prioritise and
optimise project
investment decisions.

Feasibility

Construction

We understand the
importance of
construction monitoring
diligence and effective
communication during
implementation.

We understand programme,
cost and performance risks
and will ensure compliance
with local legislation.

B Financing

We provide complete evaluations of technical
investment risks and propose clear
mitigations. We understand the importance of
robust contracts to reduce investment risk and

optimise performance.

Operation

We provide the right
resources for effective
asset management to
help maximise
operational
performance and
returns on investment.

g1 Decommis-
sioning

Decommissioning can
need a different mind-set
from development and
operation. We are active
in strategies to optimise
end of life and associated
value capture.



Why Arup?

Capability & Experience

Arup 1s at the forefront
of hydrogen projects
across every aspect of
the hydrogen chain as
an end to end delivery
partner.
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Why Hydrogen?

Our thought leadership . %f@
%.\\ ;’,’_.// .,‘11:1.) O

Arup 1s a thought leader 1n exploring
and articulating hydrogen’s role 1n
the energy system as it transitions to
zero carbon emissions by 2050.

Hydrogen Transport

ARUP

We have published a number of
studies exploring hydrogen’s role in )
the future energy cconomy Catalysing hydrogen

investment

Establishing a Hydrogen Economy

Catalysing Hydrogen Investment

Establishing a Hydrogen Economy
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Hydrogen Storage

Establishing a Hydrogen Economy

salt caverns

typically onshore

= Hydrogen is expected to play a
significant role in decarbonising
the UK’s energy system.

saline aquifers

typically shallower onshore and
deeper offshore

= Hydrogen in the UK doesn’t come
without challenges.

(non-drinking water)

= The network of the future will require
unprecedented volumes of underground
hydrogen storage capacity to allow for
a stable flow of hydrogen into the grid.

layered salt

both onshore and offshore

depleted oil and gas
reservoirs
typically offshore

Where can hydrogen be stored?

Geoscience and the hydrogen economy
(The Geological Society of London, 2021)
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Salt Caverns

Hydrogen Storage

Existing Underground Hydrogen Stor age pr oj ects:

* UK - Teeside
» US Texas - Clemens Dome, Moss Bluff, Spindletop

mmaw  PilOt & Demonstration Projects:

* EWE - HyCAVmobil (Rudersdorf, Germany)
* Gasunie - HyStock (Netherlands, Zuidwending)
» Storengy - HyPster (France, Etrez)

— LGRS

* Very high safety (salt caverns are naturally very gas tight)
 Lower capital costs at large scales
* Flexibility of storage at high volumes and pressures for inter-seasonal storage

e Constraints:

. ] * Specific specific geological conditions
Salt cavern integrity assessment. « Salt deposits of suitable thickness, extent, quality (halite purity) and depth
(Bosq et al., 2020)




Hydrogen Storage

Establishing a Hydrogen Economy

— =
“ 8
® Hlectrolytic production
project (under SMW)
@ Blectrolytic production —
project {over SMW) & ! 1
9 CCUS enabled ts
production project

(100 MW+)
£ CO, storage potential

13 Offshore wind &? .
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Mote: Includes plans and
proposals for known projects
that are in the public domain.
Many more projects are under
development in all parts of the
UK. BEIS are continuing to
gather intelligence on new
projects as they emerge.

'i*’h‘

Proposed UK electrolytic and CCUS-
enabled hydrogen production projects.
UK Hydrogen Strategy (BEIS, 2021)
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Location of UK Local Distribution Zones
storage needs compared to depleted oil
and gas reservoir storage capacity.
(Mouli-Castillo et al., 2021)
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Hydrogen Storage

g g o
Establishing a Hydrogen Economy Favourable % . % §
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storage of hydrogen underground. N = < S| S0 | <
= The future hydrogen economy is likely Tightness
to need a combination of underground Hexibilty
storage solutions.
. Working / cushion
= The Lined Rock Cavern (LRC) concept gas ratio

1s less dependent on the host rock
providing a greater spatial versatility.

= The Lined Rock Shaft (LRS) concept CAPEX -

takes its basis in the technology that
was developed for the LRC.

In-situ reactions

Standard practise

Comparison of geological storage options.
(modified after Crotogino et al., 2018)



Lined Rock Cavern

Concept Overview

= The LRC concept provides an option of
greater flexibility in several aspects.

= The main principle is to store gas in high
pressure at shallow depths.

= The rock mass absorbs the pressure load,
and the lining ensures gas tightness.

= The system consists of three components:
» sedling layer (to ensure tightness)
»  pressure-distributing part (to transmit |oads)

» rock mass (to carry the pressure)

ARUP

Above ground g~

B
ground /

facility

Cavern ~~=--.

1.

2. Steel lining e T Access tunnels

3. Sliding layer e

4. Reinforced concrete lining

5. Special purpose shotcrete 50 m
?. Drainage system -

Rock mass

The principal components of the LRC concept.
(Johansson et al., 2018)



Lined Rock Cavern

Existing Facility

Skallen Gas Storage Facility, Sweden:

First LRC for natural gas storage
Excavation with drilling and blasting
Bottom-up construction of liner

51 m high and 35 m diameter cavern
115 mrock cover

Geometric volume of 40,000m3
Pressure range 20-200 bar

Total gas volume of ~10 MNm?

90% working gas capacity

Construction of the Skallen facility
(Johansson et al., 2018)
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Lined Rock Cavern

Under Construction

HYBRIT hydrogen storage facility in
Lulea, Sweden:

=  Proven technology from the Skallen facility
= First LRC for underground hydrogen storage

= Joint ventureinitiative planned for afossil fuel-
free steelmaking process (hydrogen storage)

= 100 m?3 storage cavern, 30m rock cover
=  Pressures up to 250 bar

=  Construction started in 2021, dueto begin

operation in 2022, tests will continue until 2024 Construction of the rock cavern storage facility for fossil-free
hydrogen in Luled has reached the halfway point

(HYBRIT, 2022: www.hybritdevel opment.se/en/)




Lined Rock Shatt

Concept Overview

Arup and Gravitricity are currently
studying the feasibility of storing hydrogen
in purpose-built underground shafts.

This would involve sinking a lined rock
shaft with a capping system, to create a
demonstration pressurised hydrogen
storage vessel.

Storing hydrogen using the Lined Rock
Shaft (LRS) does not require specific
geological conditions.

Cement Grout ?

ARUP

grav?tricity

Pressure
Back fill with

reinforced

j
QL
N

pipe
rock

concrete cap
— Rock Bolts to

= B /—
~ N\ steel ca
)\p/ |
. reinforce cap
' 1000m

Concept sketch for creation of gas containment in drilled shaft.

(Lavine et al., 2016)
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Lined Rock Shatt

Concept Overview

Readiness

Theindividual components of the Lined
Rock Shaft concept are all relatively
mature technologies on their own.

Safe

All phases of construction can be safely
undertaken from the surface. Reduced
risk of leak or explosion.

Cheap

Surrounding ground carries the load
from the gas pressure, reducing the
material cost of the lining.

Large Scale

Larger diameter and deeper shafts offer
larger storage capacity. A shaft “farm”
can be built in the same location for
larger storage requirements.

Repeatable

The design can be transferred in
different locations with minimal
adjustments dependent on ground
conditions and site requirements

Footprint

The surface footprint is very small and
the visual intrusion isvirtually zero.



Design Considerations

Hydrogen Storage in Lined Rock Shafts

Elastic zone

Elastic tensile zone —

Shear zone

Concrete lining

—~—

s
s

Steel lining

Cavern

Rock Mass Failure

The load from the pressurised vessel is
passed through the lining system to the
rock mass. Shear plasticity or brittle
fracturing may develop depending on the
internal pressure, rock mass strength and
the in-situ stress conditions.

(Johansson, 2003)

Overburden
rock mass

Lined rock
shaft

Uplift Failure of the Overlying Rock

The cap system design will have to
provide uplift resistance against the
internal vessel pressure. Placing the cap
underground allows for the overburden to
provide this resistance and the plug to
engage with the rock mass.

(Damasceno et al., 2020)

ARUP

Failure of the Lining System

Rupture of the steel lining may develop
by large rock mass deformation
(expansion) asit is loaded by the gas
pressure. Steel hydrogen embrittlement
and fatigue due to cyclic loading are
important design aspect.

(Johansson et al., 2018)
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Lined Rock Shatt

Arup Deep Shaft Experience

A https://uk.angl oameri can.com/the-woodsmith-project

Back to Woodsmith Overview

BHP Jansen Project | Canada Anglo American Woodsmith Project | UK

Arup was appointed for the rock excavation and design of the Arup is currently undertaking the detailed Engineering Design of
permanent shaft linings to a depth of 1,000m. the permanent linings for the 1600m deep mineshafts.
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Hydrogen Storage in Lined Rock Shafts

Summary

Arup and Gravitricity are currently studying the feasibility of storing hydrogen in
purpose-built underground shafts.

Site selection 1s not restricted by specific geological conditions.

The solution proposed integrates individual components with high level of
readiness into a unique solution that has not been trialled before.

Safe and repeatable storage technology for other locations.

Larger diameter and deeper shafts offer larger storage capacity. A shaft “farm” can be
built in the same location for larger storage requirements.

Shaft dimensions 1s primarily driven by shaft sinking technology, lining design,
ground behaviour and maximum operating pressure.

Rock mass characterisation i1s important for rock-support interactions.
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