TECHNICAL

THE EAGE EAG TECHNICAL COMMUNITY ON GEOCHEMISTRY

PRESENTS

Exploring the Geo-Technical Challenges in the
development of safe, efficient, and scalable Underground
Hydrogen Storage -UK case studies

By Dr. Sina Rezaei Gomari

(Teesside University)

HOSTED BY AN EAGE TECHNICAL COMMUNITY

EAGE.ORG/COMMUNITIES



Acknowledgments N R e

O EAGE Technical Committees on Geochemistry

O Public Domain — The data utilized for developing models and
scenarios is publicly accessible, thanks to the efforts of
various companies and agencies that provide this
information for research purposes.

O Research Students

O Teesside University

6/30/2025



2 " eesside EAGE
The Biggest Challenge —Seasonal Energy  .§ i,
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Natural Gas currently provides Europe with more than 1500 TWh of inter seasonal flexible

energy.

What is the magnitude of storing 1500 TWh in an energy storage system?

Number of cars: Number of battery park: Number of battery hydro power:

Vehicle Battery park Hydro
20 000 000 000 X I 11 600 000 X

6/30/2025
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Variation of future fuels b g e,
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= = Wind i
: " Water Electricity
- = Solar
1. Gen. Bio-Fuels
(Ethanol from wheat, Biodiesel from Rape)
* Bio-Mass -
2.Gen. Bio-Fuels
(NExBTL, Synt. Diesel from Biomass )

Synthetic fuels (GTL)

sulphur-free, free of aromatic compounds

Natural Gas (CNG)

= Natural Gas

Conventional fuels
sulphur-free, free of aromatic compounds

= Crude Oil
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World-wide hydrogen demand projections I e,

{ Factors enabling hydrogen uptake l

R ———— Hydrogen production (Million tonnes)
900
800
Governments worldwide have pledged 700
to limit global temperature rise to 1.5°C 600
by 2050, as laid out in the 2015 il
. 400
Paris Agreement , .
200
The increasing share of renewables can 100
provide a significant opportunity to grow arees 2050 2050 2050 2050 2050
clean hydrogen technologies / » B j § B
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Source: IRENA, Geopolitics of the Energy Transformation

6/30/2025 5



: " eesside EAGE
Hydrogen in the UK N T Vi
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Analysis by the Department of Business, Energy & Industrial Strategy (BEIS) suggests 250-460TWh of
hydrogen could be needed in 2050, making up 20-35 % of UK final energy consumption.

'{-K
°" 600
® FElectrolytic production
project (under EMW) 500
Electrolytic production
Q project (over SMW)
400

@ CCUS enabled
production project
(100 MW-+)

300

TWh

{7 CO, storage potential
[20% |

#% Offshore wind -
J 200

MNote: Includes plans and 100

proposals for known projects

that are in the public domain.

Many more projects are under O f [ [ [ |

development in all parts of the 2030 2035 2040 2045 2050

UK. BEIS are continuing to
gather inteligence on new
\-pmiecta as they emerge.

% = hydrogen as proportion of total energy consumption in 2050
A

a million tonnes about 33 terawatt hours (TWh).
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Underground hydrogen storage

Safety of storage: Underground facilities are less
susceptible to fire, terrorist attacks, or military
actions.

Space management: Traditional surface tanks
would have to cover extensive areas to store the
same amounts of gas as in underground
facilities; the relatively minor surface
installations of the underground facilities are
easier to integrate with the landscape and with
existing infrastructure.

Economy: The costs are much lower than those
of surface facilities with a comparable capacity.

Availability of suitable geological structures:
These are common in many countries and over
large areas.

Power[MW]

' ;/: Teesside
Z University

108 Porousrocks
(depleted gasfields
and aquifers)
i m
10°
Abandoned
mine shafts
102

Engineered
rock
caverns

10
1 %
Hour Day Week Month Season

Discharge duration

Depleted gas reservoirs Artificial salt caverns Deep aquifers
Temperature range high range mostly 20 — 35°C 7-174°C
Salinity high range in sump up to saturation 5~ 52,000 ppm

Experience for H,
storage

low high very low

Knowledge on
microbial activity
during H, storage

low very low low

EAGE
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Hydrogen production and CCS

Clean Hydrogen

for power
generation

for heat

for maritime
transport

' V Teesside EAGE

EUROPEAN
Unlve rSltg ASSOCIATION OF

GEOSCIENTISTS &

ENGINEERS

Proven and referenced
technology at scale (TWh-
solutions)

Build and commissioned at mega
scale

95% CO2 reduction equal to a CO2
footprint of 14-15 g/kWh

Robust and reliable design to meet
customers demand

Can deliver credible CO2
reductions for 2030 and 2050
targets

Building upon a strong existing
large scale industry

6/30/2025



Hydrogen production and CCS pgises, EASE

= GEOSCIENTISTS &
ENGINEERS

O Northern Gas Networks and Cadent
H21 North of England — Meeting the Climate Change Act 2008

Key Features

* Conversion start 2028 with stepwise expansion to 2035
replacing more than 3.7 million appliances

* Resilient design to fulfil security of supply during peak winter
(the beast from the east)

* Design capacity of 85 TWh
¢ 12.5 million CO, per year avoided

* 12.1 GW hydrogen production in UK based on reforming of
natural gas with CCS

* 8 TWh inter seasonal hydrogen storage in salt caverns in UK
* Offshore CO2 storage in either UK or Norway
* CO2 footprint: 14.47 g/kWh

6/30/2025 9
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H21 North of England — Meeting the Climate Change
Act 2008

HYDROGEN [
STORAGE £ MIXING STATION AND
SITES / < | CONTROL ROOM

N L Newoasty
rbritannia =

oSundertand

Greenfield Hydrogen Facility Hydrogen Storage CO2 Storage

« Location: Easington « Location: Aldbrough « Location: Bundter

+ Capacity: 1215 GW + Capacity: 8 TWh « Capacity: +600 Milion @ 17 mtpa
« Configuration: Modular design and « Configuration : 56 salt caverns at - Configuration: Saline aquifers

self sufficient with power 300,000 m3

6/30/2025 10
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H21 North of England: Case B PARAMETERS CHESHIRE TEESSIDE YORKSHIRE

H21 NoE demand (GWh/d) H2 production (GWh/d) ——Inter-seasonal hydrogen storage working capacity (GWh) Type Triassic Permian Permian

Depth (m) 200-500 300-400 1,000-2,000

500 . 10,000
H, production needs to be turned down

when storage is at full w

Thickness (m) 250-300 30-45 75-100

an Maximum pressure (bar) 34-100 51-80 170-400

Potential areas for hydrogen storage in salt caverns for the
NoE

I\

ajf.
U

<
N “f“wm

Peak year
Wy reserve capacity

)
Jan 13 Jul 13 Jan 14 Jul 14 Jan 15 Jul 15 Jan 16

« Salt caverns - best suited/multiple cycles - proven

+ Depleted oil/gas fieds and aquifers: Strategic storage 1-2
annual cycles — not proven

« Allows for optimisation of production and storage capacity

6/30/2025 11
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* Working gas: is the amount of gas that can be injected,
stored and withdrawn during the normal commercial cyclic
operation of the storage facility.

e Cushion gas: is the amount of gas that is permanently ‘
stored in the system. Its main function is to maintain i ing Mixing!

zone zone |
1

Native

sufficient pressure in the storage to allow for adequate fluids | i uids
injection and withdrawal rates at all times. Also, it prevents | 5
gas mixing with native reservoir fluids in aquifer or depleted
fields. It can be the same type as the working gas, or a
different gas.

\
Native |

6/30/2025
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UHS —Challenges
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Scale — Challenges

H,, CH, CO,, and H,O density [kg/m?]

Containment : Salt mines have stable strata and good trap
conditions

Safety : impermeable caprock along with a geologic structure
to contain and trap gas

Storability and Injectivity : High poro-perm reservoirs

Cushion Gas : To maintain reservoir pressure and adequate
withdrawal rate , 30-50% of the reservoir volume must contain
cushion gas.

Microbiology: The main microbial H2-utilizing terminal
electron-accepting processes expected and identified to occur in
UGS sites are methanogenesis, sulphate reduction, and
acetogenesis)

AH20,@ 393K
il L AsA e .A- ‘A : .A. i} WH20,@ 333K
® ®H20,@ 298K
e ® ¢ « +CO2, @ 323K
® ®C02,@ 298K
600 ACH4, @ 378K
BCH4, @ 323K
®CH4,@ 298K
“o ¢ +H2, @ 373K
*H2, @ 33K
200 ® & & AH2,@313K
.,. il AO -’A A WH2, @ 298K
°® o *u - OH2, @ 288K
(b Tsamem s @ 2 )
0 5 10 15 20 25 30

Hydrodynamics
Geomechanics

Exergy analysis
CO, footprints

Geochemistry/biology
Thermodynamics

H,
storage
challenges

Techno economic
Societal acceptance

Policy and licensing

N.S. Muhammed, B. Hag, D. Al Shehri et alEnergy Reports 8 (2022) 461-499

1. Mineral dissolution/precipitation

2. Caprock integrity, H, diffusion and
dissolution (loss)

3. Biotic reactions, H, consumption
and contamination, geochemical
reactions, mineral transformation

4. In-situ deformation,

cracks

stresses,

6/30/2025
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Potential Solutions to the Challenges hg s,
Repurposing depleted gas fields for hydrogen storage

Benefits:

* Well characterized due to years of exploration and development.

* Provenreservoir and caprock quality.

* Huge capacities suitable for grid-scale storage.

* Already equipped with necessary surface and subsurface installations.
* Less need for cushion gas.

Technical Considerations

Reservoir tectonic characteristics (trap structure)
Reservoir rock quality (NTG ratio, porosity, permeability)
Maximum achievable hydrogen well deliverability rate
Reservoir working gas capacity

Risk of microbial activities

EUROPEAN
ASSOCIATION OF
GEOSCIENTISTS &

6/30/2025

14



Geo-Technical aspects for UHS

Reservoir tectonic characteristics (trap structure)

 Determined by the type of reservoir trap structure:

Domal anticline
Fault dependent
Hybrid, faulted anticline, stratigraphic

' v Teesside
/ University

EAGE
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Determined by average NTG ratio, porosity, permeability

parameters

10000 T

1000 ¥

100

10 +

Permeability [mD]

0.1

NTG ratio
0.25
0.50

0.75

O
O
O 1.00

10 15 20
Porosity [%]

25

6/30/2025
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Geo-Technical aspects for UHS

Maximum achievable hydrogen well deliverability rate

* Determined by calculating single well inflow and outflow performance equations

Inflow performance

m(P,) —m (Pu) = aQ + bQ?

a = 108.1762509 L {ln ( ) ~0. 75+s]

b= 02038677 £ T

i)TW

B= 2.017x 10"

k158

Ty

QOutflow performance

[ P2 = e*P?, +93616.81

| Nge = 0.0150767 5

d? cos @

YL cos 8

— 4
$ =6.836286x10 4 =

f=4[228 - 4log (£ + %)}4

"f‘,Q

1)

FQ* 73 Th (-

Pressure [bar]

500
450
400
350
300
250
200
150
100
50
0

0.00E+00

Maximum rate

2.00E+08 4.00E+08 6.00E+08  8.00E+08

Flow rate [sm3]

1.00E+09

hs

V Teesside
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Reservoir and well input parameters for calculation
Galeulation ype - Parg g aliverabilftyrates

Inflow

[J[‘l‘fOl'ﬂlﬂﬂCL‘

Outflow

Tubing inner radius (r,,)
Drainage area (r)

Mechanical skin factor
(s)

Perforated reservoir
thickness (h)

Tubing roughness (=)

pr.‘rformnnce

Tubing length (L)

Well deviation angle (8)

Wellhead pressure (Pyy)

0125
500

0

Equal to total reservoir net thickness above

gas-water contact (GWC)
1.5x107°

Equal to reservoir depth at mid reservoir

thickness
0

Half the initial reservoir pressure (P;/2)

Unit
m

m

m

m

m

degree

bar
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Geo-Technical aspects for UHS

Risk of microbial activities

* Categorized reservoirs based on microbial growth constraints:

* Temperature
e Salinity
* Sulphate concentration

* Norrisk: Fields with a temperature above 122 °C

* Lowrisk: Fields with a temperature above 90 °C

* Mediumrisk : Fields with temperatures equal to
or above 55 °C and salinities above 1.7 M NaCl

* Highrisk: Fields with a temperature below 55 °C

A sulphate concentration interval of 0-1250 mg L™
mark a risk reduction and > 1250 mg L' sulphate for
DGF at increased risk

>
Y
&)
- ~ ANy, &
“\\Lr\)(‘
a XD B
RN SN oY
N i
)
‘,:-\:‘S X oy,
o *S.:k ES N
> e % S
=
\ piot % \,\%

L RSN

.
N\

LN
Sout\l}el‘n North Sea ks

b,

High risk

Medium risk
12%

Low risk
60%

b
% Teesside
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No risk
24%

@ No risk
O Low risk

@ Medium risk
B High risk

Based on the study of Thaysen et al., 2023
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Geo-Technical aspects for UHS

Working/cushion gas

Rock quality

10000

10000 T
*
*
o .
1000 + () . ® 1000 > .
[ ) A p >
T *
L] - . A R
p O 100 + A . * .
o 100 L ' . - A * *
£ ' - . 3
=3 . 0o o ToO
£ B * + .
= B e
a - 10 4 * ’. 2 .0
[ 3 o)
g B > ¢ 0 *
= >  Q
& 104 L ] [} 4 - CA .
® A ¢ ¢ *
NTG ratio ® Southern North Sea 1] * * M
e A Dawn Edradour
‘ o 0.25 @ Atlantic Margin # Southern North Sea Albury
.
; *
1 1 ' N T . O s ® Central Graben W Atlantic Margin Hewett (Leman)
4 [ Central Graben
O 075 © Eastlrish Sea 01
@ East Irish Sea OTDPR
O 100 ® Onshore
A Onshore
0.1 + + t t
5 10 15 20 25 30 0.01 + + ¥ + 4
Porosity [%] 0.001 0.01 0.1 1 10 100
Working volume capacity [billion sm3]
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Case Study : Storage site: Bunter closure 36 — Ndifh'S&a

O Dome shaped/ elongate anticline structural closures within the Lower Triassic Bunter Sandstone Formation, Saline Aquifer

O Blocks 44/26 and 44/27 of the UK sector of the Southern North Sea (SNS), 150 Km off the Yorkshire coast

O The geological model of the reservoir was obtained from the Strategic UK CCS Storage Appraisal Project, funded by DECC,

EAGE

EUROPEAN

ASSOCIATION OF
GEOSCIENTISTS &

ENGINEERS

Reservoir Parameter Value = ;
E a‘E &'E ‘.‘E
Dimensions (km) 25x25
Number of Cells 603,394
Number of 124 x 134 x 41 g o 9 5
Gridblocks in Each 42 43 a4 B
Direction (i, j, k) Esmond, Forbes,
. Gordon * S
Average Porosity 0.23 > % ‘ ¢
Average Permeability 210 \~,‘ 5/42 ¢ . N genter
(md) = b e hy L \ * Caister
=1 ‘\ N ey @ i §
Formation Top Depth 1171 ) | - | Bunter3eé
(m) (DATUM) ~—\ \
g < W
Formation Thickness 220 - S \ .
(m) \ 1
Formation Net to 0.95 z : ) a7 48 ‘ a0 3
Gross Ratio '-:"“'W{“ 27 e T [=
Initial Pressure (bar) 119 \
@ 1171m TVDSS { @ Bunter Gas Fields |
@& Bunter Structural Closures
o] 7
Temperature (°C) 44 @ Bunter Closure 36
Formation Water 205000 z Extent of Bunter Sandstone '9_9" 5
Sl () e - E a 2E e : €€ : £ o
Source: Strategic UK CCS Storage Appraisal Project Report
19
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Demand Scenario: Decarbonisation of domestic Tho EAGE
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heat by replacing Natural Gas
« Domestic heat accounts for almost a
quarter Of annua| ﬁnal energy Seasonal variations in different energy sectors
consumption in the UK

- Heating is the greatest seasonal oo
fluctuations 5 oo )
é 2000 GWh B-—

O 1500 Gwh

1000 GWh

« Heating accounts for 1/5 of total
emission

2015 2016 2017 2018

Source: H21 North O England Report

« 80% of building heating from gas
network

6/30/2025 20
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Assumptions :

O the hydrogen production facility is operating at a constant
load throughout the year,

a b,
) Non-Daily Metered Gas Demand in UK LDZs ) Hydrogen Energy Storage Need Method

400

O surplus hydrogen can be injected during summer when
domestic NG demand is lowest,

O Hydrogen withdrawn over cold days of winter when
domestic NG demand is significantly higher

2004 iRbE

Demand (GWh)

100

O the total hydrogen energy demand of the UK based on
this approach would be around 77.9 TWh, 0

ocsl n Zones
sC wM NE WN ws  Distribution network Operators
EM NT Ele] SE sw . SGN NG
NO Nw EA WwU e NG

O 4.8 TWh would be needed in the North East area

O Considering the H, lower calorific value, around 1.6
billion sm3 of H, is required to meet 100% domestic heat
demand of the North East UK

6/30/2025
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Research questions

O How much of the domestic heat energy demand of the North East UK can be
responded by the selected storage site?

O What are the impacts of well number/placement on overall performance of storage (i.e.,
Working gas capacity, well injectivity/productivity, purity of produced gas)?

O How will the storage performance change after multiple injection/withdrawal cycles?

ASSOCIATION OF

6/30/2025
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Numerical simulation scenario

O Numerical simulation was carried out using Eclipse 100 software in a regional-scale
reservoir model of the aquifer?

O H, was injected during summer and withdrawn during winter for 4 consecutive annual
cycles

O H, was injected at the highest achievable rate allowed by upper bottom hole pressure
(BHP) limit (based on geomechanical constraints)

O H, was withdrawn at an average daily rate for each well based on the volume of injected
gas and lower BHP limit

O H, storage performance in multiple well pattern scenarios involving 1, 3, 7, and 9 wells
with various well spaces from 300m to 1500 m was evaluated

Storage Cycle

6/30/2025 23



Single injection/withdrawal well placed at the crest of the

hs

V Teesside

EAGE

: University RN ox o
O  Well injectivity and productivity increased after each cycle
O  The volume of working gas increased after each cycle .
O Water/Gas Ratio (WGR) during production decreased after each cycle
e ] WGR
H2 productlon I
~7 H2 injection re | | =
L 4 Cycles ( 6 months injection and 6
e months production)
1 T | T T T —
6/30/2025 24 24
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O Hydrogen Recovery Factor (RF) increased after each cycle, leading to a higher

response to the demand

Base model RF and demand response

H Hydrogen RF  E Response to demand

58

43

Cycle

62

Cycle 1

Gas in place after each injection

Cycle 2 Cycle 3 Cycle 4

6/30/2025
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Well pattern design: Thr EAGE

O Reservoir H, capacity and well injectivity/productivity increased significantly with number of wells, which led to a higher response to the demand

O Well distance had also a critical role in reservoir H, capacity and well injectivity/productivity

O However, the impact of well pattern design on RF is insignificant

50 RF values for each well pattern 100 . Response to the demand for each well pattern
= « =Single
B Single well
90 well
70 m 3 wells - 300m ’,r’ 3 wells -
- F 80 -
_ 77 B (W3 wells - 500m PR - 300m
PR & Wb e - L4 _
60 I 7 2978 |~ 3 wells - 800m 70 JRaiprl S
il 2o b <" e 500m
gz gz Al ls-1 27 e®
50 4:‘:;: M"} ﬁﬂﬁ:‘f‘ W 3 wells - 1000m 60 P ’,i . 3 wells -
= e oz 2y e - e -~
3 Bl e pEE HHE wi|E | ™ 3 wells - 1200m —_ 7 2% .- 800m
P pleE Il i “lalal x Pgrid - -
S w0 . 7 . | [ werssoom || | E 50 P ) 3 wells
= |z o . 0 H |@7 welis- soom 40 ’ 1000m
30 bz 7 7 7 3 wells -
g? ??E ??? ???g E17 wells - 8300m 30 1200m
20 0 7 7 0 H |p7wels-1000m| || T L P e g ———— e 7 wells -
1 éﬁg géﬁ ﬁgéﬁ 3 7 wells - 1200m 20 300m
10 2l HEZ e 2 H
=l pEE HHE Al 10
el Pl B2 il
0 o e 7 A )
1 2 3 4 0 1 2 3 4 5
Cycle Cycle
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Optimal well design to respond to the demand
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o

O The highest reservoir H, capacity and demand response was
achieved by the 7 well pattern with distance of 1000m between each

well

2.50E+09
Injection volume (billion  Production volume (billionn Response to demand
Cycle sm?) smd) RF (%) (%)
2.00E+09
= Target demand = 1.6 billion sm?3
1 1.06 0.513 48 32 E 1.50E+09
g Total H, injected
>
S 1.00E+09
2 1.50 0.879 58 55 IN
Of which'produced
5.00E+08
8] 1.81 1.16 63 72
0.00E+00
3 4
4 2.09 1.41 67 88 Cyde
6/30/2025 27
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Salt caverns are alternatives to porous
storages.

They are created as artificial cavities in
underground salt formations using solution
mining process, whereby water is injected
at high pressures to dissolve the salt rock.

Salt Formations D
e

Potential formations include salt domes,
salt pillows, and bedded salts.

The volumes of a single salt cavern can vary
from 150,000 to 1,000,000 m3.

Phase 1 Cavern Formation Phase 2 Solution Mining Phase 3 Debrining

The storage and recovery of hydrogen
involves its compression and
decompression, between the minimum and
maximum working pressure, depending on
the depth of the cavern's location.

6/30/2025 28
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Evaluate long-term geomechanical stability of hydrogen storage in salt caverns. GroscrTISTS &

Specific Objectives:

3o
1. Assess stress, strain, and volume convergence over . @

th Sea Hig

- —_—
limit of Zechstein stral ' \
( :

time.

N. Ireland

R

Salth h e Southe
Wilton. 4
Boulby Mine
H

2. Investigate the effects of cyclic loading from gas

Preesall

’ King Street, H165
arm

sleHouse, Hilltop # Holford, Stublach, KGSL

injection/withdrawal.

3. ldentify key operational parameters affecting stability. rosae Basin \__
N & S Staffordshire basins
® limit of Zechstein strata
Location: East Yorkshire, UK Worcester Basin
Geological Formation: Zechstein Group Halite
Somerset Basin -
Key Layers: Z1-Z5 stratigraphy
Salt formation: Fordon Evaporites (Z2) , [apetres
¥ 0 25 50 100 150 200
Salt C i e
Storage site: Atwick ®  Gporaonal of under development W i s orip
®  Salt cavern gas storage site - planned ‘ Zechstein salt bed basins
.. L. © Salt cavern gas storage site dropped \.\ International bounda
Existing Storage: Originally used for natural gas storage . v

6/30/2025



Workflow

Numerical modelling approach:
O 3D finite element modelling using FLAC software.
Modelling parameters:

O Drucker-Prager model for non-salt layers and Viscoelastic WIPP
model for salt rock

Simulation Scenarios:
O Initial stress equilibrium
O Cavern excavation

O 16 cycles of natural gas storage, followed by 30 cycles of hydrogen
storage

O Each cycle was divided into four stages, gas injection, shut-in,
withdrawal, and a final shut-in period, each lasting three months

O The minimum and maximum operating pressures were set to 120
and 270 bar, respectively (150 bar swing)

Sensitivity analyses for:
O Cycle duration variations (phase durations: 1.5, 3, 6 months)

O Pressure fluctuation impacts (the pressure swing reduced by 30%
and 50%)

U N IVe s [tg EUROPEAN

ASSOCIATION OF
GEOSCIENTISTS &
ENGINEERS
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FLAC3D 9.00

©2024 Itasca Consulting Group, Inc.

Zone Group Slot BBlockID
cavern

Key Geomechanical Parameters investigated:
* Stress & Strain Analysis
* Creep-Induced Deformation

* Volume Convergence Estimations

6/30/2025
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Geological data
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Atwick Site
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=

YK Dopleted oilgasfield, operational

f{wwgnw.m

[ Gas discovery (not developed) - planned

@ 53t cavern storage, operational

QO saitcaver storage - planned

) LG underground storage site
(chalk)- operational

[ vrisssic sanfieids

[[] permian satieta

N & Town gas exploration
nwm-‘h(“ﬂi'““) ﬁ{

Greatham Boulby Mine
Mddesborough o
Robin Hood's Bey 1
» ~
" Lockton East 1 <
¥ N ’ Briclington X
& g Langtof 1 'Mm
k" Hornseo 1 o
.
- Great Hatfeld i
Keoy: 7 A
BHF . Boulby Halite Formation Acborough 7 N
UML - Upper Magnesian (Brotherton) Lst Fm - gy N / Doy
GS - Grouer Solzton (Grey Skt Clay) A Winestead 1 <
FEF - Fordon Evaporite Formation \ s
KAF - Kirkham Abbey Formation L Totnoy Lock 1
HAF - Heyton Anhydrite Formation ) 0kn
LML - Lower Magnesian (Cadeby) Lst Fm ” w0
C - Carboniterous
Dopths in m below K8 Langtoft 1
o o @ wwwe ®F on
Robin Hood's Bay 1 Lockion East ‘ g—
- e
e 19w *** e i ;s‘;; o) " 3 $S6 "
o E-_..‘ S50 - i c{_ ! }
E 'FJ %z = us f
! Lt - A
24475 L i —“iur oo [ ZBIF (23} -
b £’ 1 fw W‘ UMLZ3_csF |
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HF i
¢ SHEEY 1 "o ] FEF2) —IFEF(22) |
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Chalk Group

Lias Group

Penarth Group

Mercia Mudstone Group

(Evans, D. J., and S. Holloway, 2009)

(Evans, D. J., and S. Holloway, 2009)
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Rock mechanical properties g e,

Mechanical properties for the various geological layers were derived from laboratory tests
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Results - Stress & Displacement Analysis g ety

Key findings:
Displacement magnitude
+ Gradual subsidence observed due to salt creep.

After excavation 15t storage cycle 47t storage cycle

*+ The maximum displacement is concentrated at the roof and sidewalls,

where stress redistribution occurs.
Zone Displacement Magnitude
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*+  Maximumstrain remained well below failure limits (~0.21% vs. 3%

threshold).

. - L _ . Cavern )
* No abru pf Time (year)

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48
0.00

-0.05

: Displacement magnitude

-0.10

015 !

Displacement (m)

Effective strains
After excavation 15t storage cycle

-0.20

17t storage cycle 47 storage cycle

-0.25

-0.30
Zone Norm Strain Increment
Calculated by: Inv. Distance Weighting
Influence radius ratio : 0.75
Power parameter 13
9.11E-01
8.84E-01
8.16E-01
W 7.48E-01
" 6.80E-01
6.12E-01
5.44E-01
4.76E-01
4.08€-01
3.40E-01
2.72E-01
2.04E-01

o 1.36E-01
6.80E-02

Gas storage phase ' Hydrogen storage phase |

| 0250 | i i
' : Effective strains :

n.:nn|f

| : 0 nnl nnhil : } | | [ | :

0.150 i* f [ ! [ ‘ I

TR

0.100

Effective strain (%)

|
i

|

)
0.050 ,‘,’ !
0.000

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 6.80E-02

1.93E-04

Time (year)

6/30/2025



Impact of Cycle Duration

Shorter vs. Longer Cycles:

« Shorter cycles cause more frequent but
smaller stress variations, leading to slower

creep deformation.

» Longer cycles lead to larger cumulative stress

redistributions, accelerating cavern
convergence.

Displacement Behaviour:

- In both cases, displacement increases

steadily, but longer cycles result in ~17% more

displacement after 47 years.

Effective Strain Trends:
+ The maximum strain (~0.21%) remains well
the threshold  (3%).Strain
rapidly  with

below failure

accumulates more longer

cycles, especially near the cavern roof.
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Reduced cycle duration

Hydrogen storage phase
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'mpact of Pressure Fluctuations N R e
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Displacement magnitude

a

Wider Pressure SWingSZ Base scenario - 150 bar pressure swing 75 bar pressure swing 105 bar pressure swing

* Increased pressure range leads to higher stress e B R R K S e B W e S @

variations, which accelerates salt creep and | LT LLLLTTH

deformation. _ e | R ' s/ | "

* Leads to higher strain accumulation near the M I 1

cavern roof and walls. W Ll
i il s 8

Narrower Pressure Swings: S e il .

-+ Reduces stress fluctuations, slowing down | g I

creep behaviour. B »

+ Minimises strain buildup, keeping displacement |

lower. Effective strains

Si’rain & Displacemeni’ Behaviour: b ”““Basescenario-150barpressureswing 75 bar pressure swing 105 bar pressure swing

« With wider swings, displacement accumulates |

30% faster compared to a narrow pressure et T S P R A BB NS A

range. (Mt ‘ )

« Strain hotspots shift deeper into the cavern |

walls as pressure swings increase. i |

UHM\ .. |

Time (ycar) Time (year) Time (year)
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Long-Term Volume Convergence Trends

Key Findings:
Base Case (Normal Hydrogen Storage
Conditions):

» The cavern shrinks by 19.11% after 47 years.

Effects of Shorter Cycles:
» Less strain accumulation, resulting in slightly

lower shrinkage (~18.15%).

Effects of Narrower Pressure Swings:
« Cavern shrinkage is dramatically reduced to

12.48%, improving storage longevity.

' V Teesside
University
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Key Takeaways from this Webinar " University

O When evaluating the technical challenges associated with underground hydrogen storage
(UHS), the ranking of storage methods is as follows:

 USH in Saline Aquifer > USH in Depleted Gas Reservoir> Salt Caverns

O Key factors influencing microbial reactions during the UHS process include temperature and
salinity.

O The quality of the reservoir, particularly the net-to-gross (NTG) ratio, significantly impacts the
volumetric storage and delivery of gas.

O The geomechanical stability of salt caverns can be enhanced through the implementation of
suitable operational strategies, such as cyclic injection and withdrawal, as well as pressure
swings and their duration.

O Hydrogen diffusion is primarily influenced by the presence of salt impurities.
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Large Scale UHS is NOT safe and scalable //_& University

But YOU and | can make it safe and scalable

Contact: s.rezaei-gomari@tees.ac.uk
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