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Agenda

1 13:00-13:10 (10 mins) - Introduction, project overview and context. Chair: Katriona
Edlmann

1 13:10-13:20 (10 mins) - Talk one - Site selection to minimize the risk for microbial
growth and hydrogen consumption in geological hydrogen storage, Eike Thaysen

) 13:20-13:30 (10 mins) - Talk two - Physico-Chemical reactivity of hydrogen, Ali
Hassanpouryouzband

1 13:30-13:40 (10 mins) - Talk three - Understanding the role of cushion gas in
subsurface hydrogen storage, Niklas Heinemann

1 13:40-14:00 (20 mins) - Q&A
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Global greenhouse gas emissions by sector

I'his is shown for the year 2016 - global greenhouse gas emissions were 49.4 billion tonnes CO eq.
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An energy decarbonisation option... Hydrogen
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@

HM Government

1 All our climate-neutrality
scenarios to meet Net Zero by
2050 include a growing
reliance on hydrogen:

JUK Hydrogen Strategy

1Scottish Hydrogen Policy
Statement

_ITen Point Plan for a Green
Industrial Revolution.

INorth Sea transition deal. -
_JUK and Scottish Governments = ey,
have committed to 5GW of low A e
carbon hydrogen production
capacity by 2030.

UK Hydrogen Strategy

THE UK GOVERNMENT'S
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Scales and deliverability of hydrogen storage
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Underground gas storage

UGS in Europe
Working Gas Volume Distribution by Storage Types
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Aquifer storage of hydrogen

e Ketzin, Germany (62% hydrogen town gas — now closed)
® Beynes, France (50% hydrogen town gas from 1956-1972)

* Lobodice, Czech Republic (50% hydrogen town gas from 1965,
now used for natural gas storage)

Salt cavern storage of hydrogen

* Teeside, UK (active since 1959 storing 95% hydrogen)

e Kiel, Germany (62% hydrogen, now operating with natural gas)
e Spindletop, US (95% hydrogen storage)

e Clemens Dome, US (95% hydrogen storage)

* Moss Bluff, US (95% hydrogen storage)

Hydrogen storage for biomethane production

¢ Hychico, Argentina (10% hydrogen storage in a depleted gas
reservoir)

e Underground Sun Storage, Austria (10% hydrogen storage in a
depleted gas reservoir from 2015)

Hydrogen storage in engineered rock caverns

¢ HYBRIT, Sweden for 100% decarbonised steel production
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Julien Mouli-Castillo (julien.moulicastillo@ed.ac.uk) and Anna Peecock (a.r.o.peecock@sms.ed.ac.uk)

https://doi.org/10.1016/j.apenergy.2020.116348

UK gas field capacities

100-150 TWh hydrogen storage capacity required to
meet the seasonal variation if all current natural gas
demand was met with hydrogen.

We estimate 1000’s of TWh of storage capacity in
North Sea depleted gas fields.

One large gas field may be sufficient to balance the
entire seasonal demand for UK domestic heating:
feeds into the debate around centralised or
distributed energy storage.

These are volumetric capacity estimates. Accurate
estimations of hydrogen storage capacity will only
be achieved when matched against operational data
during active geological hydrogen storage projects.
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mailto:julien.moulicastillo@ed.ac.uk
mailto:a.r.o.peecock@sms.ed.ac.uk
https://doi.org/10.1016/j.apenergy.2020.116348

SGN funded open access GIS based “Hydrogen Storage Database” project: Tim Armitage tim.armitage@ed.ac.uk

a HyStorPor

Planned and developed wind farms and infrastructure Crown Estate and Crown
Estate Scotland land overlain by the location for oil and gas fields offshore UK.

Storage and infrastructure

1GIS database to map geological storage
location and capacity to existing renewable
energy and oil and gas infrastructure.

JIHighlight any mismatch between
infrastructure between windfarms,
hydrogen generation and storage.

Offshore wind licence block (Scotland)
Offshore wind licence block (England)
Qil field

Gas field

Condensate field
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HyStorPor Goals: Fundamental understandings

https://blogs.ed.ac.uk/hystorpor/ (katriona.edlmann@ed.ac.uk)
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&Hw TU Clausthal

Site selection to minimize the risk for microbial
growth and hydrogen consumption in

geological hydrogen storage

Dr Eike Marie Thaysen
School of GeoSciences
University of Edinburgh
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Injection/production:  H, - cushion gas:

Cushion gas- brine Structural geology

Heinemann et al. 2021: https://doi.org/10.1039/DOEE0N3536)
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Motivation

Energy generated from H, production via
repgwa b!e sources ) electrolysis

® e

H;t{a;nsport 2 Hlos e

)

SO ' 3 - . @ -
o8 P E Y Sty . eologlcalstorage“

o, ...o. —— T : = .‘A.".uf. - = o\V/=
. = ; Droaul! i 2 R .
O 2 % < corrosion
'; b ( N 3 p 4
" 2]

injec

o

-
-’
-
o

H,

Do
.

Hassanpouryouzband et al. "Geological hydrogen storage: Geochemical reactivity of hydrogen with sandstone reservoirs” Under-review



%HCO,™ + H, + %H* = %CH, + %H,0

Microbial processes using H,

Methanoge- - T TS
nesis s \
%NO, + H, + %H* > %N, + 1%H,0 / \
Denitrifica- Iron(lll)
tion reduction
\
\ ,’ 2FeO0H + H, + 4H* = 2Fe?* + 4H,0

7’

~ -~

Cr, Mn, V,
Tc, U, As,
Co, Se
reduction

Fumarate
reduction

Microbial
H, oxidation

1] R S SaliEE 1/3 CrO,> + % H, + 5/3 H* - 1/3 Cr3* + 4/3 H,0

Sulfur
species
reduction
(SSR)

Dehalore-

spiration

Halogenated compounds + H, = Hy +S = H,S

dehalogenated compounds + 2HCI
%S0,% + H, + %H* - %4HS™ + H,0
Homoaceto-

genesis

oxidation

H, + %0, > H,0
%HCO,~ + H, + %H* = %CH,CO0- + 2H,0



Optimum and critical growth conditions for
520 cultivated strains from the major H,-
oxidizing groups

along with physicochemical data for 42
depleted oil and gas fields (DOGF) and 5 H,
storage test sites

- Temperatures of 20-40 °C are preferred

- Methanogens grow up to 122 °C
- Homoactogens grow up to 72 °C

- Sulphur species reducers grow up to 113 °C

- pH values of 6-7.5 are preferred

- Methanogens grow up to 3.4 M
- Homoactogens grow upto 4.4 M

- Sulphur species reducers grow up to 4.2 M

Of the 47 sites, 12 can be considered at reduced

risk for adverse microbial effects

Only 6 sites allow the growth of all
investigated microorganisms
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Thaysen et al., 2021
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Site selection for H, storage

Site selection may be based on the most important
> 4.4 M NaCl
© 1 reduced risk Leman A Methanogens & factors for controlling microbial growth: salinity and
Rhyl & ®» Homoacetogens ©
temperature
Lennox ¥ O Sulphate reducers
0 - . % Depleted gas field | 3 N Aquifers with temperatures >122 °C and salinities > 4.4 M
N . o .
Morecambe‘ may be considered at reduced risk with respect to H,-
. 72 & N oxidizing microorganisms
= Amethyst murdoch | & &
o - 5 = Storing H, >55 °C and >2 mol L'* NaCl reduces the
Z . , N risk of H, loss
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Microbial growth Associated H, consumptlon

- Cell growth = [nutrient] in aquifer % H, consumed =

microbial cell content of nutrients "' 100* cell specific H, consumption*microbial cell count

" Results:

: H,] in aquifer
Cell numbers in the order of 107-108 cells mi* labifly <%

Results:

Assumptions H, consumption: <0.01-3.2 % of the stored H,

*  No nutrient replenishment by the time, T, for when the microbial cell count is reached: actively growing
inflow/weathering/cell decay " cells need 0.1-19.1 days, resting cells need between 2.5 months and 6.6

years

Assumptions

* equal volumes of H, and water in the aquifer

No H, consumption beyond the time it takes to reach the maximum cell count
(maintenance).

| Testmg and verlflcatlon of the calculated predlctlons are necessary
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Please read more here

Renewable and Sustainable Energy Reviews 151 (2021) 111481

N o Contents lists available at ScienceDirect
) NS

Renewable and Sustainable Energy Reviews

¥

FI SFVIER journal homepage: www.elsevier.com/locate/rser

Estimating microbial growth and hydrogen consumption in hydrogen
storage in porous media

Eike M. Thaysen ™ , Sean McMahon ™, Gion J. Strobel °, Ian B. Butler *, Bryne T. Ngwenya °,
Niklas Heinemann “, Mark Wilkinson “, Aliakbar Hassanpouryouzband “,

Christopher I. McDermott *, Katriona Edlmann

* School of Geosciences, Grant Institute, The King's Buildings, The University of Edinburgh, James Hutton Road, Edinburgh, EH9 3FE, United Kingdom

® Department of Petroleum Engincering, Clausthal University ~f Txchnol~gy Germany
© School of Physics and Astronomy, James Clerk Maxwell Bu'dry, <ninaily of E=nburgt, 2} o), United A=ies:

Queries or questions

ARTICLEINFO ABSTRACT eike,thaysen@ed.ac,uk

Keywords: Subsurface storage of hydrogen, e.g. in depleted oil and gas fields (DOGF), is suggested as a means to overcome
Hydrogen imbalances between supply and demand in the renewable energy sector. However, hydrogen is an electron donor
Underground storage for subsurface microbial processes, which may have important implications for hydrogen recovery, gas injec-
Microbial hvdrogen consumntion - . . o . - - . el e . e .
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Physico-Chemical reactivity of hydrogen under
geological conditions of hydrogen storage

Injection &
production
well

Dr Aliakbar Hassanpouryouzband
School of GeoSciences
University of Edinburgh

Caprock: Hydrogen plume Injection/production:  H, - cushion gas: rine Structural geology

Heinemann et al. 2021: https://doi.org/10.1039/DOEE03536)
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What Processes Will Impact Geological H, Storage?

. Dissolution
in Brine

Mineral Trapping

|
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Modified after: Hassanpouryouzband et al. "Offshore Geological Storage of Hydrogen: Is This Our Best Option to Achieve Net-
Zero?." ACS Energy Letters 6 (2021): 2181-2186. doi.org/10.1021/acsenergylett.1c00845
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H2Thermobank: Thermodynamics of hydrogen gas streams

 Thermodynamic properties of hydrogen mixtures,
including CO,, N,, CH, and a typical UK North Sea

Natural Gas.

* Mole fractions of hydrogen from 10-90 mole %.

* Pressure from 0.01 — 100 MPa.

» Temperatures from 200-500 K (-73°C to 227°C).

B ' H2ThermoBank

Select Composition: H2 + CO2
H2 Mole Fraction: 10%
Pressure (MPa) 10
Temperature (K) 300
Get Data
Gas Density (Kg/M3) 306.830166

Gas thermal capacity(J/kg.K) 3923.73218

Liquid Density (Kg/M3) 581.686901

Liquid thermal capacity(J/kg.K) 5521.3638

Acceptable pressures: .01, 1, 2, 3, .., 100

Acceptable temperatures: 200, 220, 240, 260, ..., 500

HyStorPor

Gas viscosity(cp) 0.0232073 Gas thermal conductivity (W/m.K) 0.041153467

Gas enthalpy(//kg) | ~126612.82 Gas entropy()/kg.K) -1242.1368
Gas Mass Fraction 0.498012536

Liquid viscosity(cp)  |0-0410991 Liquid thermal conductivity (W/m.K) 0.05446739

Liquid enthalpy(J/kg) |-201254.46 Liquid entropy(J/kg.K) -1438.482

Hassanpouryouzband et al. "Thermodynamic and transport properties of hydrogen containing streams." Scientific Data 7.1

(2020): 1-14. doi.org/10.1038/s41597-020-0568-6
https://github.com/aliakbarhssnpr/H2ThermoBank

https://figshare.com/articles/dataset/Thermodynamic and Transport Properties of Hydrogen Containing Streams Data

sets/12063297
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Storage Capacity Estimation Tool (H2CAPES)

_

B H2Capeks - [m] X
H2CapEs ) HystorPor
Select Storgae Type | Pipeline
Pipe Lenght(Km) 10000 Pipe Diameter (m) 1.05
Pressure (Mpa) 10 Temperature (K) 300
Energy (TWH): 2.5918E+000

i Primary Energy Consumption

1
- :
1(JFrom0-1 E) [ From25-50 EJ !
tCJFom1-3 E) [ FromS0-75 E) |

'
' ] From5-10 E) [ From 100 - 125 EJ}

' ' 2,800 BCF CH,4

1 [ From 10 - 15 E) Il From 125 - 150 EJ) ~0.7-1 EJ H,

E [ From 15- 25 EJ 5 100,000 BCF CH,
e T “NEH,

Hassanpouryouzband et al. "Offshore Geological Storage of Hydrogen: Is This Our Best Option to Achieve Net-Zero?." ACS
Energy Letters 6 (2021): 2181-2186. doi.org/10.1021/acsenergylett.1c00845
https://github.com/aliakbarhssnpr/H2CapEs
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. .
DR

35845000 m*
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10 m Height
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H, vs Natural Gas: Physical Properties
Ratio
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b 0,
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Hassanpouryouzband et al. "Offshore Geological Storage of Hydrogen: Is This Our Best Option to Achieve Net-Zero?." ACS
Energy Letters 6 (2021): 2181-2186. doi.org/10.1021/acsenergylett.1c00845
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Geo-Chemistry Experiments

Energy generated from

H, production via
renewable sources

) electrolysis

Gas Booster

Relief V<

|

O-ring Se
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t Preliminary Experiments Pure Minerals

Hassanpouryouzband et al. "Geological hydrogen storage: Geochemical reactivity of hydrogen with sandstone reservoirs” Under-review
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Thank youl!

Ancse www.nature.com/scientificdata
LETTERS gy

- - I 11011
0111101
g puba acs ongjoumalsekcp | E N | F | D A ]|°'|101:
f 5 C : ‘ C: I o117

Offshore Geological Storage of Hydrogen:1s LEe

This Our Best Option to Achieve Net-Zero? OPEN: Thermodynamic and transport

P2 i i s ey e 2081, 210121 [ e onine DATADESCRIPTOR Properties of hydrogen containing
streams

Aliakbar Hassanpouryouzband*, Edris Joonaki, Katriona Edlmann*, and R. Stuart Haszeldine ; . : y : :
. Aliakbar Hassanpouryouzband()'*, Edris Joonaki?, Katriona Edimann'*, Niklas Heinemann?

Geological hydrogen storage: Geochemical reactivity of hydrogen

with sandstone reservoirs
Aliakbar Hassanpouryouzband!™, Kate Adie?, Trystan Cowen?, Eike M Thaysen?, Niklas
Heinemann?, lan B. Butler?, Mark Wilkinson?, Katriona Edlmann*’
1School of Geosciences, University of Edinburgh, Grant Institute, West Main Road, Edinburgh, EH9 3JW, UK

Email: Hssnpr@ed.ac.uk
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Understanding the role of
cushion gas in subsurface

hydrogen storage

Dr Niklas Heinemann
School of GeoSciences
University of Edinburgh

Caprock:

Hydrogen plume

Injection &
production
well

O . S
) @J

Injection/production:  H, - cushion gas: Cushion gas- brine Structural geology

Heinemann et al. 2021: https://doi.org/10.1039/DOEE03536)

Special thanks to the HyStorPor team, Computer Modelling Group and CGG for their ongoing support.
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Cushion Gas (CG) in Porous Media and Cavern
Storage

Injection &
production
well

Porous media / salt cavern storage:
 CGis standard practice in gas storage
* Operational pressure maintenance

* Protect the site / protect the well

e Alternative CG - CO, and N,?

Porous media storage:

e Optimisation of porous media storage

Caprock: Hydrogen plume Injection/production:  H, - cushion gas: Cushion gas- brine Structural geology

Heinemann et al. 2021: https://doi.org/10.1039/DOEE03536)
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Storage modelling in open saline aquifers (modified from Heinemann et al. 2021)

Caprock: Hydrogen plume Injection/production:  H, - cushion gas: Cushion gas- brine Structural geology:
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16 .
19000 Will Geology
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Storage modelling in open saline aquifers (Heinemann et al. 2021)
Caprock: Hydrogen plume Injection/production:  H, - cushion gas: Cushion gas- brine Structural geology:
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Thank you!

INTERNATIONAL JOURNAL OF HYDROGEN ENERGY 46 (2021) 39284—39296

Available online at www.sciencedirect.com atemational Journal of

. . DROGEN
ScienceDirect ! ENER
FVIER journal homepage: www.elsevier.com/locate/he
Hydrogen storage in saline aquifers: The role of m

Check for
updates

cushion gas for injection and production

N. Heinemann “’, J. Scafidi °, G. Pickup °, E.M. Thaysen °,
A. Hassanpouryouzband “, M. Wilkinson “, A.K. Satterley “, M.G. Booth °,
K. Edlmann “, R.S. Haszeldine “

# School of Geosciences, University of Edinburgh, Edinburgh, UK
b Institute of GeoEnergy Engineering, Heriot-Watt University, Edinburgh, UK
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