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Executive summary 

The HyUSPRe consortium met in Utrecht, the Netherlands, on 19 June 2024 for its final 
conference. The conference had 50 face-to-face participants and another 25 attendees 
followed the lectures online. Consortium members shared their research results to a wider 
public after and of course this conference was also a farewell moment after having carried out 
a challenging research program for almost three years. 
The program included a series of lectures, a poster session and was concluded with a BBQ in 
the Botanical Gardens. All presentations, lectures and posters, are attached to this report. 
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About HyUSPRe 

Hydrogen Underground Storage in Porous Reservoirs 

The HyUSPRe project researches the feasibility and potential of implementing large-scale 
storage of renewable hydrogen in porous reservoirs in Europe. This includes the identification 
of suitable geological reservoirs for hydrogen storage in Europe and an assessment of the 
feasibility of implementing large-scale storage in these reservoirs technologically and 
economically towards 2050. The project will address specific technical issues and risks 
regarding storage in porous reservoirs and conduct an economic analysis to facilitate the 
decision-making process regarding the development of a portfolio of potential field pilots. A 
techno-economic assessment, accompanied by environmental, social and regulatory 
perspectives on implementation will allow for the development of a roadmap for widespread 
hydrogen storage towards 2050; indicating the role of large-scale hydrogen storage in 
achieving a zero-emissions energy system in EU by 2050. 

This project has two specific objectives. Objective 1 concerns the assessment of the technical 
feasibility, risks, and potential of large-scale underground hydrogen storage in porous 
reservoirs in Europe. HyUSPRe will establish the important geochemical, microbiological, flow 
and transport processes in porous reservoirs in the presence of hydrogen via a combination 
of laboratory-scale experiments and integrated modelling, establish more accurate cost 
estimates and identify the potential business case for hydrogen storage in porous reservoirs. 
Suitable stores will be identified and their hydrogen storage potential will be assessed. 
Objective 2 concerns the development of a roadmap for the deployment of geological hydrogen 
storage up to 2050. The proximity of hydrogen stores to large renewable energy infrastructure 
and the amount of renewable energy that can be buffered versus time varying demands will 
be evaluated. This will form the basis to develop future scenario roadmaps and prepare for 
demonstrations. 
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1 Final conference program 

The HyUSPRe consortium and professionals from the hydrogen industry met in Utrecht, the 
Netherlands, on 19 June, 2024 for the project’s one-day final conference. A total of 50 
colleagues were present physically in Utrecht whereas another 25 colleagues followed the 
program online.  

The program started with a key note about HyUSPRe’s vision and roadmap for the 
implementation of hydrogen storage in Europe until 2050. In the following two sessions, the 
main results of HyUSPRe were shared with the audience in various topical talks and a total of 
17 posters. The session included also a presentation about HyUSPRe’s sister project 
Hystories and Uniper’s pilot storage project HyStorage. 

https://hystories.eu/
https://www.uniper.energy/hystorage
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The scientific part of the final conference was concluded with a poster session where detailed 
results of the technical HyUSPRe work packages were introduced to the audience. Displayed 
posters are listed below and all posters are shown in the appendix. 
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2 Event report 

The final conference took place at the premises of the Geological Survey of the Netherlands, 
a division of the Energy and Materials Transition unit of TNO (Netherlands Organization for 
Applied Scientific Research) in Utrecht. 50 colleagues followed the invitation and attended the 
conference face-to-face. Another 25 colleagues followed the program online – the oral 
presentations were streamed. 

The organizers had built an interesting program covering all topics studied by the HyUSPRe 
consortium during the last three years. The morning session focused on the potential of 
hydrogen underground storage (UHS) in Europe now and in the coming decennia and 
emphasized the actions that are required to make UHS a significant contributor to Europe’s 
energy transition. The afternoon session gave overall summaries of the experimental program 
that has been performed in HyUSPRe.  

At the HyUPSRe final conference in Utrecht, 19 June 2024. 

After the welcome words given by HyUSPRe’s coordinator and the IEA TCP Task 42 
coordinator, the program started with a presentation about the vision on UHS and roadmap for 
UHS implementation until 2050 that was developed by the HyUSPRe team. The roadmap, 
digitally available here, suggest a catalogue of actions that should be implemented for a 
successful roll-out of UHS in the coming decennia. 
Following this kick-off talk, more detailed presentations shed light on the potential of UHS in 
Europe (see UHS potential StoryMap) and on the techno-economic assessment of hydrogen 
system scenarios for Europe (see study report here). The morning session was concluded with 
a contribution about the Hystories (Hydrogen storage in European subsurface) project which 
was the sister project of HyUSPRe that finished in June 2023. 

After the lunch break, the afternoon session offered three presentations on results of 
HyUSPRe’s experimental program that intensively studied geochemical, geomechanical and 
microbial implications of UHS. Interested readers are recommended to visit the HyUSPRe 
website for download of various research reports. All three talks saw a lively discussion 
showing that reaction patterns of hydrogen in underground porous reservoirs are not yet fully 

https://www.geologischedienst.nl/en/
https://www.tno.nl/en/
https://www.hyuspre.eu/wp-content/uploads/2024/06/HyUSPRe_D7.5_Roadmap-for-successful-deployment-of-H2-storage_2024.06.11.pdf
https://storymaps.arcgis.com/stories/2349ba3eb36d4473861b7701a08985e1
https://www.hyuspre.eu/wp-content/uploads/2024/06/WP7_D7.2_EU-scale-hydrogen-system-scenarios_2024.06.27.pdf
https://hystories.eu/
https://www.hyuspre.eu/index.php/downloads/
https://www.hyuspre.eu/index.php/downloads/


Doc.nr: 

Version: 

Classification:

Page: 

HyUSPRe-D8.18 

Final 2024.06.27 

 Public 

10 of 147 

www.hyuspre.eu 

understood. The afternoon session was concluded with the learnings so far made in the real-
life storage project HyStorage, a pilot project of Uniper in Germany. 

The technical part of the final conference was concluded with a two-hour poster session where 
many of HyUSPRe’s achieved results were discussed in more detail. The displayed posters 
provided a good overall summary of the research done in the seven technical work packages 
(see headers in the overview in subchapter 1.2). All posters are shown in Chapter 3; for 
inquiries readers should send an e-mail to the contact given on the posters.  

After a long but inspiring day full of lectures and posters, the participants enjoyed a delicious 
BBQ in the Botanical Gardens. 

All technical presentations and posters are added to this report in chapter 3: Presentations. 

https://www.uniper.energy/hystorage


Doc.nr: 

Version: 

Classification:

Page: 

HyUSPRe-D8.18 

Final 2024.06.27 

 Public 

11 of 147 

www.hyuspre.eu 

3 Presentations 

3.1 Oral presentations 

Welcome notes 
[01] Welcome Holger Cremer, TNO, HyUSPRe coordinator
[02] Welcome (Serge van Gessel, TNO, IEA TCP Task 42 coordinator)

Key note 
[03] 2050 hydrogen storage landscape in Europe: vision and roadmap (Remco

Groenenberg, TNO)

Hydrogen storage assessments and implemenation scenarios 
[04] What the HyUSPRe hydrogen storage story maps tell us (Andrew Cavanagh,

University of Edinburgh)
[05] Techno-economic assessment of EU scale hydrogen system scenarios (Theresa

Groß, Forschungszentrum Jülich)
[06] What did we learn from the ‘sister’ project Hystories (Arnaud Réveillère, Geostock)

Impact of cyclic hydrogen storage on the reservoir and well system 
[07] Durability and integrity of rock and well materials under hydrogen storage conditions

(Jan ter Heege, TNO)
[08] Geochemical reactions induced by hydrogen in the reservoir (Katriona Edlmann,

University of Edinburgh)
[09] Microbiological activity in the reservoir under hydrogen storage conditions (Diana

Sousa, Wageningen University)
[10] A real world example: the HyStorage pilot project, Germany (Gion Strobel, Uniper)
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[01] Welcome Holger Cremer, TNO, HyUSPRe coordinator

[02] Welcome (Serge van Gessel, TNO, IEA TCP Task 42 coordinator)



6/21/2024

1

HyUSPRe
Hydrogen Underground Storage in Porous Reservoirs

Welcome at the Final Conference

1



HyUSPRe
Hydrogen Underground Storage in Porous Reservoirs

Welcome Serge van Gessel
Task 42 coordinator of IEA’s Hydrogen Technology Collaboration 

Program

Main operational phase of town gas storages (~50% H2)

UHS
Spindletop

UHS
Teesside

UHS
Moss Bluff

UHS
Clemens Dome

HyChico & SunStorage
Pilots (10% H2)

UHS R&D

UGS data from GIE – Storage Database, v. 2021

A brief history of Underground Gas Storage in Europe

UHS Demonstration 
& first commercial

HyUSPRe Final Event
19 June 2024

1

2
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Key note 
[03] 2050 hydrogen storage landscape in Europe: vision and roadmap (Remco

Groenenberg, TNO)
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This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership)
under grant agreement No 101006632. This Joint Undertaking receives support from the European Union’s Horizon 2020
research and innovation programme, Hydrogen Europe and Hydrogen Europe Research.

This document reflects the views of the author(s) and does not necessarily reflect the views or policy of the European
Commission. Whilst efforts have been made to ensure the accuracy and completeness of this document, the HyUSPRe
consortium shall not be liable for any errors or omissions, however caused.

2050 UNDERGROUND HYDROGEN STORAGE (UHS) 
LANDSCAPE IN EUROPE: VISION AND ROADMAP

Remco Groenenberg, lead scientist of the HyUSPRe project
On behalf of the HyUSPRe consortium
HyUSPRe final event, June 19, 2024

This roadmap constitutes a collective view of the HyUSPRe consortium. The consortium partners endorse the general thrust
of the arguments made in this roadmap but should not be taken as agreeing with every single finding or recommendation.
The consortium partners have not been asked to formally endorse the report

HyUSPRe consortium

19 June 2024; slide 2

• TNO – NL (project coordinator)
• Energy Institute Linz – Austria
• Fondazione Bruno Kessler – Italy
• FZ Jülich – Germany

• University of Edinburgh – UK
• Clausthal University – Germany
• Wageningen University – Netherlands

INDUSTRY RESEARCH INSTITUTES UNIVERSITIES
• CENTRICA – United Kingdom
• EBN – Netherlands
• EQUINOR – Norway
• Hungarian Gas Storage  - Hungary
• NAFTA – Slovakia
• NEPTUNE – Netherlands
• RAG – Austria
• Shell – Netherlands
• SNAM – Italy
• UNIPER – Germany

• Clean Hydrogen Partnership
• European Union

FUNDING ORGANISATIONS
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HyUSPRe Objectives & Research Programme

19 June 2024; slide 3

assessment

experiments experiments experiments experiments

modelling, guidelines

assessment, guidelines

19 June 2024; slide 4

Hydrogen’s role in the future energy system

DECARBONIZE HARD-TO-ABATE END-USES

 Decarbonize transport

 Decarbonize industry

 Decarbonize heat & power

 Decarbonize feedstock

ENABLE RES PENETRATION, DISTRIBUTION 
AND SYSTEM RESILIENCE

 Enable large-scale RES generation

 Enable cost-efficient distribution

 Enable storage for system resilience

 Offering flexibility to intermittent RES-
dominated energy system

HYDROGEN DEMAND PROJECTIONS

 2015 ≈ 325 TWh
 2030 ≈ 400-750 TWh
 2050 ≈ 3000-5000 TWh

 HyUSPRe mid-range: 2500 TWh (2050)
 TYNDP 2024: 2300-3100TWh (2050)

HyUSPRe D1.2 - Groß & Dunkel, 2023

PROPOSED ACTIONS

ENTSO-E and ENTSOG TYNDP 2024 Draft Scenarios Report

FACILITATE DEVELOPMENT OF A
HYDROGEN (INCL. STORAGE) MARKET

DEVELOP STRATEGIC GOALS, POLICY
AND LEGAL FRAMEWORKS

INCREASE GENERAL PUBLIC
AWARENESS ON HYDROGEN

3

4
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19 June 2024; slide 5

Storage: key enabler to unlock benefits of hydrogen

DECARBONIZE HARD-TO-ABATE END-USES

 Offers flexibility to balance supply and 
demand, and build value chains

 Enables optimization of infrastructure
sizing and balancing of flow in 
pipelines

 Supports kick-starting the hydrogen 
economy while the infrastructure for 
transport is built (supply security)

ENABLE RENEWABLES PENETRATION, 
DISTRIBUTION, SYSTEM RESILIENCE

 Offers flexibility to maximize RES 
integration and reduce 
curtailment

 Increases system robustness and 
resilience by S/D balancing and 
enabling sector coupling

 Improves energy security and 
increases independence by
enabling long-duration energy
storage and maintaining
strategic reserves

How much (underground) storage will we need?

19 June 2024; slide 6

HYUSPRE’S STORAGE DEMAND PROJECTIONS OPTIONS FOR LARGE-SCALE HYDROGEN STORAGE 

H2EARTFOREUROPE ALLIANCE
 45 TWh - 2030 demand
 270 TWh - 2050 demand
 300 GW   - Injection capacity (total)

≈ 80-270 TWh in 2050 
65% in porous reservoirs

Injection and withdrawal capacities of 
approx. 300-350GW in 2050

Artelys and Frontier Economics for Gas Infrastructure Europe, 2024

Guidehouse for H2eartforEurope, 2024

5
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Storage potential in porous reservoirs in Europe

19 June 2024; slide 7

Scan QR-code to access the HyUSPRe 
atlas of hydrogen storage potential in 
porous reservoirs in Europe

POROUS RESERVOIRS (GASFIELDS AND AQUIFERS) CURRENTLY OPERATIONAL (OR PLANNED) FOR NATURAL GAS STORAGE

Current status of UHS in porous reservoirs

19 June 2024; slide 8

© RAG Austria

© Uniper GmbH

HyStorage
Type: Depleted Field
Commissioning: 2023

7
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2050 vision of an integrated UHS infrastructure

19 June 2024; slide 9

 1200 TWh storage demand (high demand scenario)
 150 TWh in converted UGS sites, 50 TWh in caverns
 1000 TWh gap (High-Demand-Low-Supply scenario)
 Where to find this additional storage capacity?

 In 400 sites, drawn at cluster level from shortlist
 70% of capacity provided by ≈ 30% of the sites
 90% of capacity by ≈ 50% of sites

Illustrative vision of a H2 storage infrastructure in 2050 that would include storage in porous reservoirs at 400 sites to fulfill a high storage demand of 1,000 TWh.

Actions and timelines towards timely deployment

Anticipated timelines and required actions for upscaling UHS from its current readiness level at TRL 6 (reduced-scale in-field demonstrations) 
to TRL 8 (initial commercial deployment at full-scale) making it ready for widespread roll-out across the EU (TRL 9). 19 June 2024; slide 10

9

10
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Technology development, upscaling and optimization

19 June 2024; slide 11

CONTINUE R&D ON QUANTIFYING UHS-RELEVANT
SUBSURFACE PROCESSES

 Extend experimental testing to provide the proper basis
for upscaling and implementation in models.

 Improve and integrate geological, thermodynamical
geochemical, and microbiological models with reservoir
flow models to improve capability to predict the
produced fluid composition, including hydrogen purity
and H2S, as well as flow performance.

 Intensify data sharing, databases and open-source
model development between research, industry and
software service providers.

 Calibrate models with data from operational UHS sites.

 Extend existing global databases with UHS relevant data
on microbiology, geochemistry, thermodynamics and
geomechanics.

Technology development, upscaling and optimization

19 June 2024; slide 12

DEVELOP UHS-SPECIFIC OPERATING STANDARDS AND
MONITORING TECHNOLOGIES

 Develop standards for material selection, well design,
facilities design, and operational practices for UHS sites.

 Develop MMV technologies for safe UHS operation
through continued R&D pilots and demonstrations.

 Assess suitability of existing monitoring techniques from
UGS and supplement these with techniques needed
specifically for UHS.

 Develop abandonment standards.

DEVELOP UHS-SPECIFIC COMPRESSION AND GAS CLEANING, AND
HYDROGEN-COMPLIANT WELLS AND MATERIALS

 Upscale compression technologies to handle large flow rates efficienty
to reduce footprint and weight.

 Develop innovative purification solutions for H2 and tail gas

 Develop H2-compatible wells & materials for corrosive, wet conditions.

 Implement semi-commercial UHS projects that can develop market-
ready storage solutions and optimise them for further scale-up.

 Develop processes for circularity materials, equipment, infrastructure.

11

12
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Managing environmental impacts

19 June 2024; slide 13

ENSURE INTEGRITY, MITIGATE LEAKAGE RISK

 Identify risks and develop best practices to mitigate them.

 Establish threshold values for monitoring environmental
impact based on the experience from existing pilots and
analogous applications.

 Develop a catalogue of best practices and standards to
mitigate and monitor hydrogen leakage risk and safeguard
long-term integrity.

 Stimulate worldwide sharing of experience.

DEMONSTRATE SAFETY AND MINIMISE ENVIRONMENTAL IMPACT

 Establish legal requirements, standards, and unified guidelines
for monitoring of environmental effects of UHS sites.

 Implement monitoring plans to evaluate (long-term) effects of
UHS sites on the environment and demonstrate safety,
conformance and compliance.

 Continuously improve technologies and practices for
construction and operation to reduce emissions while
maximising process efficiency, thus minimising environmental
impact and footprint.

Establishing economic viability

19 June 2024; slide 14

FACILITATE DEVELOPMENT OF A H2 STORAGE MARKET

 Prevent market failure and establish clear strategies to
leverage the energy system value of storage of UHS.

 Develop pre-financing & derisking strategies for storage
infrastructure build-up in the pre-commercial era of UHS.

 Shape market conditions for UHS before the onset of
wide-scale hydrogen market development in Europe

 Provide a clear outlook for the envisioned market
transition from pre-commercial to commercial and
mature market phases of UHS.

OVERCOME COST-RELATED CHALLENGES

 Develop public-private cost sharing and reliable financing
incentives for pioneer UHS projects

 Stimulate innovation to achieve cost reduction and cost
efficiency for UHS scale-up in porous media.

 Work towards early standardisation to reduce capital,
operating and financing cost.

 Facilitate roll-out and replicable learnings of a portfolio of
demonstration projects to build trust, improve market
readiness and establish bankable UHS projects.

13

14
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Establishing innovative business models for UHS

DEVELOP POSITIVE BUSINESS CASES WITH INNOVATIVE
BUSINESS MODELS

 Develop proper remuneration schemes and markets for
energy system services potentially offered by UHS.

 Shape market conditions for creating secured revenues for
UHS on the short term to support sustainable business
cases to spur first mover project investments for UHS.

 Create market transparency and allow for stacking revenue
streams for efficient hydrogen storage services.

 Identify existing business models in related and mature
sectors that could be adopted.

 Develop innovative business models to share profits, risks
and costs across the value chain and avoid high overhead
and margins.

Overview of potential energy system services offered by UHS.

RES producer
security of demand electricity price risk mitigation

hydrogen producer / importer
optimised H2
production

services to el. & 
heat systems

optimised import 
strategies

long-term H2 PA
support

H2 price risk 
mitigation

transmission system operators and shippers
technical 
balancing H2 -grid services

optimised infra 
deployment

OPEX 
optimisation

reduce 
congestion

storage operator
seasonal, LT and ST price arbitrage capacity market & derivative products

hydrogen demand sectors

hedging supply risks hedging price volatility 
by diversification

reduced supply volatility, 
portfolio balancing

security of (physical) 
supply

final consumers (non-hydrogen)
security of heat 

supply
services to el. & 

heat network
security of 

electricity supply
reduced price 

volatility
diversification of 
decarb. options

society
insurance for 

extreme events
Improved air 

quality &climate
reduce spatial 
impact of ET

market price 
stability

increased energy 
independence

Policy and regulatory framework

19 June 2024; slide 16

 DEVELOP STRATEGIC GOALS, POLICY AND LEGAL FRAMEWORKS
 Harmonise international standards for hydrogen gas quality

and guarantees of origin to support and implement cross-
border trading.

 REMOVE LEGAL INSECURITIES
 Use the experience from developing demonstration sites to

identify regulatory framework challenges and bottlenecks
and continuously update respective framework.

 IMPLEMENT LONGER H2 STORAGE PERIODS
 Develop an EU strategic vision on the role of hydrogen

storage in providing energy security, and enable long-term
storage bookings by public bodies for maintaining strategic
reserves.

 ESTABLISH A VISION FOR THE TRANSITION FROM NATURAL GAS
TO HYDROGEN

15

16
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Societal awareness and acceptance

19 June 2024; slide 17

 INCREASE GENERAL PUBLIC AWARENESS ON HYDROGEN
 Conduct positive, user-driven information campaigns on

hydrogen technologies through various media and information
channels.

 DEVELOP EDUCATIONAL MEASURES ON UHS AND H2

 DEVELOP INFORMATION CAMPAIGNS ON LOCAL TO EU- LEVEL
 Conduct objective information campaigns on awareness

regarding UHS in porous reservoirs for policy makers at various
levels, initiated by industry and research.

 ESTABLISH BENEFITS SHARING, FORM ENERGY COMMUNITIES
 Foster local value creation by including local suppliers,

cooperations, build-up of local workforce or through sponsorship
of local community projects.

HyUSPRe’s Call to Action

19 June 2024; slide 18

17
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THANK YOU FOR LISTENING!

Remco Groenenberg, Lead Scientist of the HyUSPRe Project
remco.groenenberg@tno.nl

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership)
under grant agreement No 101006632. This Joint Undertaking receives support from the European Union’s Horizon 2020
research and innovation programme, Hydrogen Europe and Hydrogen Europe Research.

This document reflects the views of the author(s) and does not necessarily reflect the views or policy of the European
Commission. Whilst efforts have been made to ensure the accuracy and completeness of this document, the HyUSPRe
consortium shall not be liable for any errors or omissions, however caused.

This roadmap constitutes a collective view of the HyUSPRe consortium. The consortium partners endorse the general thrust
of the arguments made in this roadmap but should not be taken as agreeing with every single finding or recommendation.
The consortium partners have not been asked to formally endorse the report

19
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Hydrogen storage assessments and implemenation scenarios 
[04] What the HyUSPRe hydrogen storage story maps tell us (Andrew Cavanagh,

University of Edinburgh)



What the HyUSPRe hydrogen 
storage StoryMap tells us

The Final HyUSPRe Conference, Utrecht | June 2024

Andrew Cavanagh, Hamid Yousefi, Mark Wilkinson, Remco Groenenberg

The Final HyUSPRe Conference, Utrecht | June 2024

Static   (TWh)   Dynamic

1

2
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What the HyUSPRe hydrogen 
storage story maps tell us

The Final HyUSPRe Conference, Utrecht | June 2024

Andrew Cavanagh, Hamid Yousefi, Mark Wilkinson, Remco Groenenberg

The Final HyUSPRe Conference, Utrecht | June 2024
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Natural gas 
storage

logarithmic
distribution

70/30

The Final HyUSPRe Conference, Utrecht | June 2024

HyStorPor Conference, Edinburgh | July 2023

7
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Capacity: 1-5 TWh
Working gas: 30% - 60%
Conversion factor: ¼ - ⅓

Pmax: 5-20 MPa
Pmin: 3-10 Mpa

Depth: 500-1500m 
Temp: 20-100 °C
Field area: 3-30 km2

Perm: 200-1000 mD

Cavanagh et al 2023 | Report: hyuspre.eu/downloads/report/D1.3

HyStorPor Conference, Edinburgh | July 2023

9

The Final HyUSPRe Conference, Utrecht | June 2024

9
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H2

CO2

The Final HyUSPRe Conference, Utrecht | June 2024
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Europe 2050:
100 Mt H2
3,300 TWh

12 Gt of CO2

stored by 2050

The Final HyUSPRe Conference, Utrecht | June 2024

14

Europe 2050:
100 Mt H2
3,300 TWh

30% storage
1,000 TWh

The Final HyUSPRe Conference, Utrecht | June 2024

13

14
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€200

€100

€50

€20

€10

€5

Financial Times
June 2023

The Final HyUSPRe Conference, Utrecht | June 2024
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What the HyUSPRe hydrogen 
storage StoryMap tells us

Andrew Cavanagh, Hamid Yousefi, Mark Wilkinson, Remco Groenenberg

The Final HyUSPRe Conference, Utrecht | June 2024

20
Cavanagh et al 2023 | Report: hyuspre.eu/downloads/report/D1.3

HyStorPor Conference, ECCI, Edinburgh 12 July 2023

250 sites, 
10 clusters

120 sites, 3-9 TWh
130 sites, 1-3 TWh
150 sites < 1 TWh

1,000 TWh 

80% gas fields
10% aquifers
10% salt caverns

19
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IOGP 2023 | Report: iogpeurope.org/uploads/map_of_eu_ccus

HyStorPor Conference, Edinburgh | July 2023

22

CCS 2030:
80 Mt/yr

72 projects
50 North Sea

HyStorPor Conference, ECCI, Edinburgh 12 July 2023

21

22
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This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now 
Clean Hydrogen Partnership) under grant agreement No 101006632. This Joint Undertaking 
receives support from the European Union’s Horizon 2020 research and innovation programme, 
Hydrogen Europe and Hydrogen Europe Research.

This document reflects the views of the author(s) and does not necessarily reflect the views or 
policy of the European Commission. Whilst efforts have been made to ensure the accuracy and 
completeness of this document, the HyUSPRe consortium shall not be liable for any errors or 
omissions, however caused.

HYUSPRE
TECHNO-ECONOMIC ASSESSMENT OF EU SCALE 
HYDROGEN SYSTEM SCENARIOS

THERESA GROSS| 
FORSCHUNGSZENTRUM JÜLICH, IEK-3

19 June 2024; slide 2

OUTLINE

Background

Modeling Approach & Scenario Definitions

Modeling Results: Baseline Scenarios

Modeling Results: Sensitivities

Conclusions
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OUTLINE

Background

19 June 2024; slide 4

EU-SCALE HYDROGEN SYSTEM MODELING

Approach: 
• Model: European energy system optimization model ETHOS.Europe (EU27 + UK + NO + CH)
• Target of the optimization: Minimization of the total annual cost while considering technical and environmental 

constraints.
• Scenarios: 18 different scenario configurations for 2030, 2040, 2050 (in total, 54 scenarios)

Results:
• Total storage volume capacities for hydrogen storage (TWh) 
• Storage operation, and maximum injection and withdrawal capacities
• Number of storage cycles
• Electricity, natural gas and hydrogen infrastructure 

Results will be published in deliverable D7.2 (https://www.hyuspre.eu/index.php/downloads/): 
T. Groß, P. Dunkel et al. (2024): Report on the EU-scale hydrogen system scenarios, H2020 HyUSPRe project report. 
80 pp + appendices.

Objective: Assessing the potential role of hydrogen storages in porous reservoirs within a future 
European hydrogen system

3
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OUTLINE
Modeling Approach & Scenario Definitions

19 June 2024; slide 6

MODEL SCOPE
• Spatial Scope:

• EU 27 + United Kingdom,
Norway & Switzerland 

• onshore-regions:
• 100 (NUTS-1)

• offshore-regions:
• 76

• Temporal Scope
• 2030, 2040, 2050
• hourly resolution

• The model is implemented using the 
open-source python package 
ETHOS.FINE [1] and aims to minimize 
the total annual costs.

Storage

Demand

𝐻

𝐻

Imports

𝐻 𝐶𝐻

𝑂𝑖𝑙 𝐶𝑜𝑎𝑙

Generation

𝐻 𝐶𝐻

Conversion

[1] Framework for Integrated Energy Systems Assessment: https://github.com/FZJ-IEK3-VSA/FINE

Transmission
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Energy System Model
Storage Atlas 

Equipment Requirements
and Costs 

Cost-optimal system design 
and operation

MODEL INPUTS
• Porous resevoir storage potential

determined in 
• „Hydrogen storage potential of existing 

European gas storage sites in depleted 
gas fields and aquifers“ 
(Cavanagh et al., 2022)

• Hydrogen demand and import potentials
estimated in 

• „Report on H2 supply from Renewable 
Energy Sources, H2 demand centers 
and H2 transport infrastructure” 
(Groß, Dunkel et al., 2022)

• Technical parameters and costs from
• “Equipment requirements and capital 

as well as operating costs for the 
hydrogen scenarios” 
(Jacopo & Viesi, 2023)

• Emission reduction targets
• Greenhouse gas neutrality 2050

Hydrogen Demand

19 June 2024; slide 8

FUTURE HYDROGEN DEMAND

• Hydrogen demand considered in industry 
and transport sector and exogenously 
given to the model

• Industry sector: 
• Feedstock
• fuel for high-temperature process 

heat
• Transport sector:

• Fuel cell electric vehicles
• Feedstock for synthetic fuels

• Three scenarios considering different 
hydrogen penetrations: 

• Reduced
• Baseline
• Ambitious

• Hydrogen demands are derived at regional 
level 

 Exogenous given hydrogen demands are assumed to be constant in time.
 Flexible usage of hydrogen for re-electrification is part of the optimization results.

7
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• Three target years:
• 2030
• 2040
• 2050

• 18 scenarios per target year
 54 scenarios in total

Impact of hydrogen demand

Impact of techno-economic 
parameters

Impact of extra-European 
hydrogen imports

Impact of weather conditions 
and national targets for the 
expansion of renewable 
energy supply

Impact of technological 
storage restrictions

Impact of limited grid 
expansion of the electricity 
and hydrogen grid

• weather year: 2015

• cost scenario: „average“

• hydrogen demand scenario: 
„baseline“ 

• Underground storage options:
• Pore Storage and Cavern

Storage
• reconversion and new

storage options

Baseline Scenarios

SCENARIO OVERVIEW
Scenario name Explanation 

2030 2040 2050 
01_baseline_2030 20_baseline_2040 39_baseline_2050 Baseline scenario 
02_demand_2030 21_demand_2040 40_demand_2050 'reduced' demand 
03_demand_2030 22_demand_2040 41_demand_2050 'ambitious' demand 
04_TEP_2030 23_TEP_2040 42_TEP_2050 'pessimistic' costs 
05_TEP_2030 24_TEP_2040 43_TEP_2050 'optimistic' costs 
06_REPowerEU_2030 25_REPowerEU_2040 44_REPowerEU_2050 H2 imports forced:  

2030: 10 Mt  
2040: 30% of demand 
2050: 30% of demand 

07_imports_2030 26_imports_2040 45_imports_2050 No imports allowed 
14_seasImports 
REPowerEU_2030 

33_seasImports 
REPowerEU_2040 

52_seasImports 
REPowerEU_2050 

Combination of: 
- Seasonal H2 pipeline imports 

 REPowerEU scenario 
15_seasImports_2030 34_seasImports_2040 53_seasImports_2050 Seasonal H2 pipeline imports 
08_RES_2030 27_RES_2040 46_RES_2050 Weather year: 2018 
09_RES_2030 28_RES_2040 47_RES_2050 Weather year: 2017 
10_RES_2030 29_RES_2040 48_RES_2050 Weather year: 2016 
16_resTargets_2030 35_resTargets_2040 54_resTargets_2050 2030: national targets 

2040: RES expansion max. 1.25% of 
potential per year and country 
2050: RES expansion max. 1.25% of 
potential per year and country 

18_dunkelflaute_2030 37_dunkelflaute_2040 56_dunkelflaute_2050 RES production reduced by 80% for 5 
days in January in North-Western Europe 

12_storage_2030 31_storage_2040 50_storage_2050 No pore storage 
13_storage_2030 32_storage_2040 51_storage_2050 No repurposed salt caverns 
17_limitGridreg_2030 36_limitGridreg_2040 55_limitGridreg_2050 Max. 0.2 GW per year and region (h2 and 

electricity), only along existing grid 
19_combi_2030 38_combi_2040 57_combi_2050 Combination of: 

- seasImportsREPowerEU
- resTargets
- limitGridreg
- dunkelflaute

Analyses

19 June 2024; slide 10

OUTLINE Modeling Results: Baseline Scenarios

9

10



19 June 2024; slide 11

BASELINE SCENARIOS: ELECTRICITY MIX

• The electricity mix is part of the 
optimization results.

• Reduction targets of the greenhouse 
gas emissions are given as input.

• Onshore wind power emerges as the 
primary source of electricity 
generation (> 60% in 2050).

• By 2050, all conventional power 
plants have been phased out in 
accordance with established emission 
limits. 

• Re-electrification of hydrogen is 
neglible due to the high share of 
renewable energy technologies and 
investments in electricity transmission 
infrastructure.

19 June 2024; slide 12

HYDROGEN STORAGE CAPACITY

• By 2050, about 260 TWh of hydrogen storage 
capacity is required to match supply and demand.

• Pore storage become an important storage option 
starting in 2040, after all existing salt caverns were 
repurposed for hydrogen storage. 

• In 2050, pore storage constitutes more than 60% 
of the optimal storage capacity.

• The results are consistent with the recent study of 
Artelys and frontier economics [1] which is used 
by the EU-wide alliance H2eart for Europe. 

• Observed deviations in hydrogen storage capacity 
and injection capacity are only around 10%, both 
in 2030 and 2050.

[1] Artelys and frontier economics (2024): Why European Underground Hydrogen Storage Needs Should Be Fulfilled – Final Report.
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Figure 1. Hydrogen transmission (arrows), hydrogen storage capacity (areas) and 
hydrogen production (filled circles without quantities) in the baseline scenario for 2030.

Figure 2. Hydrogen transmission (arrows), hydrogen storage capacity (areas) and 
hydrogen production (filled circles without quantities) in the baseline scenario for 2050.

HYDROGEN INFRASTRUCTURE
2030 2050

19 June 2024; slide 14

Figure 1. Aggregated storage levels in % 
throughout the year for pore and cavern 
storage in the baseline scenarios.

Figure 2. Aggregated absolute storage 
levels throughout the year for pore and 
cavern storage in the baseline scenarios.

HYDROGEN STORAGE OPERATION

• Hydrogen demand is almost constant in time 
(industrial and transport sector)  only small
share of hydrogen required for re-electrification.

• Underground hydrogen storage will be needed to
bridge seasonal fluctuations in hydrogen 
production.

• In 2030, hydrogen production takes mainly place
in regions close to North Sea  high dependence
on wind energy.

• Due to less windy conditions in summertime,
hydrogen storage is emptied between June 
and November.

• Observed hydrogen storage and production 
characteristics highly depend on the weather
conditions.

Relative Absolute

13
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OUTLINE

Modeling Results: Sensitivities

19 June 2024; slide 16

HYDROGEN STORAGE CAPACITIES 

 Underground hydrogen storage is utilized in all modeled scenarios.

2030 2050

15
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HYDROGEN STORAGE CAPACITIES 
Hydrogen Demand

 Storage capacity highly depends on hydrogen demand with 
 2030: Deviations > ± 20%
 2050: Deviation > ± 10%

Less hydrogen demand 

More hydrogen demand 

Less hydrogen demand 

More hydrogen demand 
2030 2050

19 June 2024; slide 18

HYDROGEN STORAGE CAPACITIES
Techno-economic Parameters
Pessimistic cost projections

Optimistic cost projections

Pessimistic cost projections

Optimistic cost projections

 2030: Hydrogen can be produced on demand due to more renewable energy generation or the option to use electricity
generated by conventional powerplants (limited by emission targets).

 2050: Wind offshore and PV electricity generation increases and reduce storage capacity in optimistic case.
In pessimistic case, more hydrogen imports from North-Africa can be observed.

2030 2050

17

18



19 June 2024; slide 19

HYDROGEN STORAGE CAPACITIES 
Hydrogen Import

 Forcing the system to import hydrogen reduces the need for storage capacity.
 In 2030, hydrogen imports are not selected in the baseline scenario. 

Forced hydrogen importsNo hydrogen imports Forced hydrogen imports
No hydrogen imports2030 2050

19 June 2024; slide 20

HYDROGEN STORAGE CAPACITIES
Renewable Energy Generation I

 Weather conditions significantly impact the optimal  storage capacity and storage operation.
 2030: Increase in fossil energy generation for exhausting the emission targets 
 2050: Increase extra-European hydrogen imports; Relocation of renewable energy generation

2016
2018

2017
2016

2018
2017

2030 2050

4-day 
Dunkelflaute

4-day 
Dunkelflaute
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HYDROGEN STORAGE CAPACITIES 
Renewable Energy Generation II

 2030: Ambitious targets for renewable energy expansion increase the flexibility of green hydrogen production.
 2050: Limited expansions lead to more extra-European hydrogen imports and more wind offshore capacities.

National renewable 
targetsNational renewable 

targets

2030 2050

19 June 2024; slide 22

HYDROGEN STORAGE CAPACITIES
Storage Restrictions

 Amount of required storage capacity remains on the same level if specific technologies are excluded.
 Hydrogen storage restrictions do not have significant impact on total annual costs of the system (increase by 0.4%).

No pore storage
No existing salt 

caverns
No pore storage

No existing salt 
caverns

2030 2050

21
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HYDROGEN STORAGE CAPACITIES
Further Restrictions

 Limiting grid expansion leads to more decentralized hydrogen production.
 In combination with forced hydrogen imports, liquid hydrogen imports are selected.

Combination of: 
• National targets for renewable 

energy
• Limited grid expansion
• Dunkelflaute
• Forced seasonal imports 

(REPowerEU)

Electricity and hydrogen 
grid expansion is limited2050

19 June 2024; slide 24

OUTLINE

Conclusions
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CONCLUSIONS
• Optimal underground hydrogen storage capacity is dictated by multifaceted interplay of determinants.

• From a cost perspective, pore storage capacities are not indispensable for the future European
energy system
 Total annual cost improvements of approximately 0.4%.
However, implementing pore storage capacities enables a more decentralized approach to

hydrogen storage across Europe.

• Weather conditions have a strong impact on the resulting optimal storage.
 Storage capacity requirements are chiefly dictated by the balance of surplus or deficit residual

electricity available for hydrogen production.
Due to changes in weather conditions in exporting extra-European countries hydrogen imports

can become more favorable.

• Limiting renewable expansion increases reliance on external hydrogen sources.

• Limiting grid expansion leads to more decentralized hydrogen production.

 Underground hydrogen storage will be crucial in the future European energy system due to the increasing prominence of 
hydrogen in the energy transition.

HYUSPRE
TECHNO-ECONOMIC ASSESSMENT OF EU SCALE 
HYDROGEN SYSTEM SCENARIOS

THANK YOU FOR LISTENING

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now 
Clean Hydrogen Partnership) under grant agreement No 101006632. This Joint Undertaking 
receives support from the European Union’s Horizon 2020 research and innovation programme, 
Hydrogen Europe and Hydrogen Europe Research.

This document reflects the views of the author(s) and does not necessarily reflect the views or 
policy of the European Commission. Whilst efforts have been made to ensure the accuracy and 
completeness of this document, the HyUSPRe consortium shall not be liable for any errors or 
omissions, however caused.
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learn from the ‘sister’ 
project Hystories
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HyUSPRe final conference, 19/06/2024
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Context of the 2020 Clean Hydrogen Partnership call 
for proposals and Hystories’ 2021-2023 work

Context Solution considered in this project

H     H

Pure hydrogen storage in porous media had never been done. Technical developments are needed

 Hystories
Decision makers need insights. Storage demand, environmental/societal impacts studies, case studies are needed
 Hystories

H     H
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Project consortium from 17 European countries

Project Partners: Third Parties:

Advisory Board:

4

How mature is Underground Hydrogen Storage ?

1 – Technical 
maturity of porous 
UHS

3- Implementation plan towards an industrial deployment

4- Hystories tools for planning UHS deployment in Europe

2- Techno-
economic
maturity of UHS

3
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Technical maturity of porous 
UHS1

6

Hystories main developments

European Porous trap Geographical Information 
System and public database

State of the Art
• No hydrogen storage

Europe-wide public
info database

• European scale
CO2Stop, ESTMap
databases, not
focused on hydrogen

• Usually not coupled
with (latest) salt
deposit databases

Gaps for UHS deployment
• Uneven data

completeness among
countries

• Private data not always
included for O&G fields

• New data collection
required esp. for aquifers

• Lined rock caverns
options are not included
Call for enhancing
data collection at
European scale and
improving the dbhttps://bgs.maps.arcgis.com/apps/dashboards/630ec7b3cbd54e39b4111e397315ae99
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Hystories main developments

• .

Porous media capacity estimations

State of the Art
• Porous storage capacity

estimations based on the 
sole conversion of existing
natural gas underground 
storages
• GIE/Guidehouse

(2021)
• HyUSPRe (2022)

• History of overestimations
in CCS and in shale gas
ressources

• Technical capacity
estimation for salt
(Caglayan et al. 2020)

Gaps for UHS deployment
• Storage performance for 

porous UHS needs 
industrial reference 
(mixing, fingering…)
Call for Field scale 

porous UHS

From www.hystories.eu . Derived from D2.2-0 - 3D Multi-
realization simulations for fluid flow and mixing issues

8

Hystories main developments

Microbiological risk assessment

State of the Art
• Hydrogen known to be

a very strong reductor. 
In abiotic conditions 
reactions should not 
happen under storage 
temperatures (below 
200°C), due to the 
kinetics

• Biotic reactivity known
to happen from Town 
gas and pilots. 
Characterized at 
laboratory scale (e.g. 
Thaysen et al., 2021)

Gaps for UHS deployment
• Highly site-specific risk 
Call for enlarging the 

scale of the sampling, 
characterization and 
testing to strengthen 
risk mapping

• Risk assessment mostly 
derived from lab-studies. 
Need for model dvpt and 
validation based on at scale
porous UHS observations
 Call for pilots over 10+ 
years

From D3.2

7

8



9

Hystories main developments

Material and corrosion

State of the Art
• Wells are a UHS’ main

man-built structure
• Standards exist,

developped by and
for the O&G
industry (API)

• Hydrogen raises new
questions
(embrittlement…)
• Standards exist for

H2 in surface
applications

• There is no applicable
standard for H2 wells !

Gaps for UHS deployment
• Increasing number of

references but still no
standard for well casings
 Call for standardisation

• Standards are also needed for
the well equipments
 Call for involving
equipement Manufacturers
in a Pre-normative approach

• Wells aren’t all new.
 Call for a re-qualification
procedure

https://www.vallourec.com/en/all-news/group-2022-hydrogen-materials
From D4.6-0 Summary report on all investigated steels and 

10

Techno-economic findings 
and insights2
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Permitting readiness, Environmental footprint and 
Public perception

Hystories main developmentsState of the Art
• Hardly a coherent view on 

permitting readiness at 
European scale

• Lack of reference data for 
Environmental footprint 
of an UHS site over its life 
cycle

• Attention to the public 
perception when 
developing UHS. 
Experience of CCS vs. 
natural gas storages

Gaps for UHS deployment
Call for « Administrative 

experiment » through
pilots

Call for actions 
promoting societal
information and actions 
helping embeddedness
for UHS

From D6.4 - Social impact of the underground H2 storage

From D6.3 - Results for Environmental-LCA

12

Hystories main developments

Optimal UHS for Europe

State of the Art
• « Hydrogen storage is

needed to bridge the 
mismatch between
green energy production 
and demand »

• Analytical analyses of 
storage drivers and of 
offtakers needs

• Scenario-based and  
asumption-based 
projections of future 
hydrogen storage 
demand

Gaps for UHS deployment
• Will a network develop as 

per Economic optimum ? 
How to capture energy
independance objectives 
(REPower EU) ?
 Call for comprehensive 
analysis, incl. « societal 
benefits » externalities

• Capture of regional
hydrogen valleys
Call for fine spatial 

resolution energy
modelling

From D5.5-2 - Major results of techno-economic assessment

11
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Hystories main developments
Cost model  :
• H2-specific, for salt & porous
• Based on a well defined

design, with clear boundaries
• Parametric  can be site-

and cycle-specific

Cost estimation

State of the Art
• Public sources of UHS

cost gave capacity-
based costs (€/MWh),
never deliverability-
based (€/MW)

• Unclear boundary limits

Gaps for UHS deployment
• No recent UHS to serve

as a reference
• Gas treatment cost

needs particular focus.
Strong impact on
porous deployment.
 Call for sharing the
data from industrial
pilots and projects

Hydrogen TCP-Task 42, 2023 

From D7.2-1: Life Cycle Cost Assessment of an underground storage site

14

Implementation plan towards 
an industrial deployment ?3
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High similarities between Natural Gas and Hydrogen 
storage. But some differences…

• Difference in physical and chemical properties
• Higher reactivity that is catalized by 

anaerobic microorganisms
• Hydrogen embrittlement
• lower viscosity (fingering), energy density

• Deployment spatial and time-frame
• A major infrastructure industry has to 

develop in only a few decades
• European deployment now, not national 

ones anymore

• Established industry vs. developping one
• Storage drivers (supply and offtakers) are 

different
• Hypothetical vs. established storage needs 

and cycles
• Conceptual vs. established business cases

• Development of infrastructures in the 2030s-
2050s
• Attention for Environmental footprint, 

Societal embeddedness are key

• Hydrogen Storage in salt caverns (50 years experience) is seen as mature. However, technical development
is not a continuous process (cf. SMRI report Buzogany et al. 2023), and « maturity » is not only technical

• No obvious show stopper for Hydrogen storage in depleted fields or aquifers. However, the purity upon
withdrawal, gas treatment costs and H2 grid specifications may impact this deployment

16

…call for new data gathering, Demonstration, 
Normalization and Business/Regulatory frame 
development actions

• Call for geological data collection
• at European scale, improving the public 

database on depleted fields and aquifers 
(data proprietary access and/or acquisition)

• Inclusion of salt and lined rock caverns

• Call for publication of insights
• comprehensive energy modelling incl. 

« societal benefits » externalities, fine grid to 
capture small scale hydrogen valleys early 
deployment opportunities

• comparison of UHS Environmental footprint 
with alternative technical options enabling 
Net-Zero by 2050

• Call for actions promoting embeddedness for UHS
• Sharing of information, notably on pilots
• Involvement of stakeholders/public

• Call for pilots 
• Large scale, to enable validating modeled reservoir flow 

behavior/mixing, and reactive transport models
• Diverse and numerous, to enlarge the and strengthen 

the microbial risk mapping, and to conduct 
« Administrative experiments » in many countries

• Over 10+ years to calibrate microbial reactivity models

• Call for standardisation 
• Standardisation of steel grades for H2 service
• Pre-normative approach for well equipment 
• Procedure for re-qualification of existing wells
• Setting of future H2 grid specifications

• Call for business frames and regulation
• Setting of business options to support first projects
• Investigation of legal frames especially for strategic 

storage purpose (cf. oil storage experience)

15
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Hystories insights into UHS 
industrial deployment 4

18

There is a clear and public vision from the European 
gas industry on UHS deployment

Natural gas TSOs (European Hydrogen Backbone) and SSOs (H2eart for Europe) have published their vision

https://ehb.eu

Can Hystories help ? 

https://h2eart.eu/

17
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European-scale (high level) technical 
capacity and vs. demand

• For nearly all 
countries, 
Technical capacity
is much higher
than demand

• Only considering
onshore options

• Both in salt and in 
porous reservoirs

From D7.3-1 – Ranking 
and selection of 
geological stores

20

Enabling homogeneous ranking of 800+ porous media 
traps, 18 bedded salt deposits and salt domes

LCOS for seasonal storage LCOS for fast storage Suitability mark

UHS cost is site-specific and cycle-specific
 High-level, but European-scale estimation of the costs and technical suitability

From D7.3-1 – Ranking and selection of geological stores

19
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Ranking and selection:
Opportunities are also local. How to account for it ?

www.hystories.eu/map

22

Stepping up : FrHyGe: Full qualification in France of large-
scale Hydrogen underground storage and replication from 
Germany to all European countries

• Team

• 2024 – 2029 project co-funded by the UE Clean Hydrogen Partnership
(CHP). The project is supported by the CHP and its members.

• Main objectives are:
• the demonstration of Hydrogen Storage in 2 salt caverns (100

tonnes, up to 1 t/h)
• technology developments
• Deployement and replication of both at industrial scale

throughout Europe

100 H2 cycles

21
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Questions ?
Contact: arnaud.reveillere@geostock.fr 

What did you learn from the ‘sister’ project Hystories ?

25



Doc.nr: 

Version: 

Classification:

Page: 

HyUSPRe-D8.18 

Final 2024.06.27 

 Public 

66 of 147 

www.hyuspre.eu 

Impact of cyclic hydrogen storage on the reservoir and well system 
[07] Durability and integrity of rock and well materials under hydrogen storage conditions

(Jan ter Heege, TNO)
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HYUSPRE – PROJECT FINAL MEETING
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WP5 – DURABILITY AND INTEGRITY OF ROCK 
AND WELL MATERIALS UNDER HYDROGEN 
STORAGE CONDITIONS

JAN TER HEEGE
VINCENT SOUSTELLE

Scope & activities WP5 

Durability & integrity of well and rock materials:

• Review, analyze, compile and extend relevant experimental 
data of well materials

• Review, analyze, compile and extend relevant experimental 
data of reservoir and sealing rock formations

• Experiments on scaled-down well systems with casing-
cement-rock interfaces to evaluate long-term integrity

• Evaluate effects of microbial-influenced corrosion (MIC) at 
high H2 partial pressure conditions

• Assess implications for hydrogen containment, reservoir 
injectivity/productivity, hydrogen quality

• Best practices for mitigation of loss of durability, integrity & 
efficiency of H2 storage system
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Scope & activities WP5- Focus of this presentation

Durability & integrity of well and rock materials:

• Review, analyze, compile and extend relevant experimental 
data of well materials

• Review, analyze, compile and extend relevant experimental 
data of reservoir and sealing rock formations

• Experiments on scaled-down well systems with casing-
cement-rock interfaces to evaluate long-term integrity

• Evaluate effects of microbial-influenced corrosion (MIC) at 
high H2 partial pressure conditions

• Assess implications for hydrogen containment, reservoir 
injectivity/productivity, hydrogen quality

• Best practices for mitigation of loss of durability, integrity & 
efficiency of H2 storage system

Cyclic injection & withdrawal of hydrogen may impact well 
systems by interaction of stress changes in reservoir & well

• Reservoir focus: Stress changes by cyclic pressure and 
temperature changes in the reservoir (direct pressure, 
thermo- & poro-elastic effects) (reservoir focus)

• Well focus: Cyclic pressure and temperature changes 
in the well (affecting well stresses)

• Material focus: Reactions between hydrogen and 
rock/well materials affecting material & interface 
properties

May lead to:
• Degradation of well materials  well integrity issues & 

leakage along wells

• Near well formation damage  reservoir injectivity & 
productivity losses

well reservoir

Gasda et al. 2004; Buijze et al. 2018; BVEG 2021 
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Comparison of flow & mechanical properties for well 
cement and rock materials exposed to N2 and H2

Successive autoclave exposure &  triaxial testing

Comparison of flow & mechanical properties for well 
cement and rock materials exposed to N2 and H2

Successive autoclave exposure &  triaxial testing
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Limited effects of H2 exposure or cyclic loading on 
mechanical properties of well cement

Corina et al. 2023- HyUSPRe D5.2

Comparison of flow & mechanical properties for well 
cement and rock materials exposed to N2 and H2

Successive autoclave exposure &  triaxial testing
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Effects of H2 exposure and cyclic loading on mechanical 
properties of sandstone- see poster Vincent Soustelle

Soustelle et al. 2023- HyUSPRe D5.3

Microbial influenced corrosion (MIC) and impacts of high 
partial pressure of H2- see report James Dykstra et al.

Dykstra et al. 2024- HyUSPRe D5.5
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Comparison of flow & mechanical properties for well 
cement and rock materials exposed to N2 and H2

Successive autoclave exposure &  triaxial testing

A scaled down well system to test interaction of casing-
cement-rock (interfaces) during well pressure cycling
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A scaled down well system to test interaction of casing-
cement-rock during well pressure cycling

a

a axial stress (equivalent to vertical stress Sv ; range ~22-55 MPa, eq. 1.0-2.5 km)

c

c confining stress (equivalent to horizontal stress Sh ; range ~16-40 MPa, eq. 1.0-2.5 km)

Pw

Pw well pressure (pressure in steel casing that is cycled;  cycles 5-1-5, 10-5-10, 25-5-25 MPa)

Pw

Tj temperature (range 20-75C, eq. 0.5-2.5 km)

Pu sandstone pore pressure (upstream- bottom sample)

Pd sandstone pore pressure (downstream- top sample)

Pu Pd

Tj

sandstone (Bentheim-type)

well cement (class G)

stainless steel casing

confining oil (silicone oil)

perf
casing perforations- no perfs (intact casing), partial perfs (intact cement), full perfs
(hydraulic connect casing to sandstone)

applied 
conditions

pressure 
response

m
aterials

setup

Scaled down well system exposed to hydrogen: Sandstone 
pressure response during well pressure cycling

• Scaled down well system exposed to H2
compared to systems that are not exposed 
or exposed to N2

• Some changes in sandstone (downstream) 
pressure and IP index during prolonged 
cycling (195 cycles) 

• The effect of cycling on injectivity and 
productivity may be due to inelastic 
sandstone deformation (compaction)

• No major changes in injectivity and 
productivity

Pw

a

c

Tj

Pd

Pw

Pd

IP

IP

V
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Scaled down well system (no exposure, no perforations): 
Casing expansion/contraction during well pressure cycling

• Scaled down well system without casing 
perforations compared to systems with full 
perforations

• Much smaller pressure range in sandstone 
sample than for perforated casings (due to 
elastic deformation only as casing and 
sandstone are not hydraulically connected)

• Limited increase in sandstone 
(downstream) pressure during prolonged 
cycling (> 240 cycles) with different 
durations of cycle steps (20, 200, 2000 
minutes)

a

c

Tj

Pd

Pd

IP

Pw

V
IP

Pw

Scaled down well system (no exposure, partial perfs): 
Cycling loading cement sheath during well pressure cycling

• Scaled down well system with partial casing 
perforations compared to systems with full or 
no perforations

• Change in sandstone pressure response to 
well pressure cycling after ~88 hrs (note 7) 
suggest fracturing of cement sheath

• Cyclic pressure differences between the 
casing and sandstone likely causes fracturing 
of the cement sheath and hydraulic 
connection between casing and sandstone

• Effects of experimental protocols and sample 
variability need to be addressed in additional 
(repeated) experiments

• Observations suggest limited effects of well 
pressure cycling on integrity and durability of 
well systems for consolidated, well-
cemented sandstone reservoirs

a

c Tj

Pd

Pd

IP

Pw

V

IP

Pw
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Conclusions
• In general, no major effects of H2 exposure or well pressure cycling on sandstone

injectivity and productivity or integrity of scaled down well systems for investigated
sandstones and under investigated conditions

• Small decrease in injectivity/productivity for system exposed to H2 may be due to
inelastic deformation (compaction)

• The response of sandstone pressure to well pressure cycling changes significantly if
casing is hydraulically connected to sandstone (full perforations or fractured cement
sheath)

• Other causes for issues with H2 injection/withdrawal: Formation damage due to change
in chemical environment and combination of direct pressure, poro-elastic and thermo-
elastic stressing
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GEOCHEMICAL REACTIONS 
INDUCED BY HYDROGEN IN THE 
RESERVOIR: EXPERIMENTAL 
OUTCOMES

WP 2 GEOCHEMICAL REACTIONS 

 Published studies consider geological hydrogen
storage to be technically feasible; however, several
reviews have identified challenges which must be
addressed to prove the safe containment and
necessary recovery efficiencies of hydrogen in
porous reservoirs.

 Of particular concern are the promotion of
geochemical reactions between the reservoir rocks,
formation fluids, and stored hydrogen.

 The injection of hydrogen into a porous reservoir
will change the reservoir, temperature, pressure
and chemical equilibrium, which may induce
geochemical reactions.

 Objective of WP 2 was to address the
uncertainties in the reactions of key minerals and
understand the impact on permeability and
storage site integrity

Carbonate minerals 
(e.g. calcite, dolomite) 
can be reduced to CH4 

with by-products of 
water and OH-

Sulphate and sulphide minerals 
(e.g. pyrite, anhydrite) can be 

reduced by stored hydrogen and 
generate H2S (in gas/aqueous 

phase or further dissociate into 
HS-). 

Ferric iron associated 
minerals consist of 

oxides (e.g. hematite, 
kaolinite) can form 

solid oxides which can 
block pores.
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IMPACT OF HYDROGEN INDUCED GEOCHEMICAL REACTIONS
 These geochemical reactions may be detrimental to geological hydrogen storage through hydrogen 

consumption losses, compositional changes of the stored hydrogen, mineral precipitation and dissolution, and 
well cement and casing degradation which may impact reservoir integrity and recovery efficiencies.

 Hence, precise knowledge of the hydrogen-induced interactions between injected hydrogen and reservoir 
rocks and the resulting changes in the chemical and physical properties of the reservoir system is therefore a 
prerequisite for any secure operation of a underground hydrogen storage site.

ASSESSMENT OF HYDROGEN-BRINE-RESERVOIR ROCK INTERACTIONS: 
STATIC BATCH REACTION EXPERIMENTS

 Over 400 batch reactions 
experiments covering the range of 
rock types (reservoir and caprock), 
pure minerals and reservoir 
temperatures and pressures 
encountered across European gas 
storage sites have been completed. 

HyUSPRe Field Site temperature and pressures
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 The results of all of these experiments (at
temperatures up to 80oC) suggest that there
is very limited reaction between hydrogen
and the porous reservoir rocks.
Gas analysis suggests that the produced
hydrogen will not contain any impurities,
other than water vapour, so will require
drying on production.
Full results presented in HyUSPRe D2.2 and
D2.3

Fluid composition change

Gas composition

RESULTS OF HYDROGEN-BRINE-RESERVOIR ROCK INTERACTIONS

 The results of these static batch
reaction and fractured caprock flow
through experiments suggest that
there is limited reaction between
hydrogen and the caprocks.
Full results in D2.4 Assessment of
the impact of hydrogen-brine-rock
reactions on caprock integrity

RESULTS OF HYDROGEN-BRINE-CAPROCK INTERACTIONS: STATIC 
BATCH AND FLOW THROUGH (FRACTURED) REACTION EXPERIMENTS

H2 addition H2 addition
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ASSESSMENT OF PERMEABILITY CHANGES DUE TO GEOCHEMICAL 
INTRATIONS DUING HYDROGEN INJECTION AND PRODUTION
 Three different experimental set-ups were used to 
evaluate permeability and porosity changes during hydrogen 
flow through porous rocks:
SETUP 1: Alternating cycles of brine and then 
hydrogen flow and periods of fluid lock-in at 50 bar and 
room temperature
SETUP 2: Alternating cycles of hydrogen saturated 
brine and hydrogen free brine, both partially pre-
equilibrated with the rock at 50 bar and room 
temperature
SETUP 3: µCT was utilised for a set of cyclic flow 
experiments (using hydrogen and synthetic brine and 
the Clashach Sandstone), allowing pore-scale images to 
be taken in-situ to monitor any changes.

SETUP 1SETUP 2

SETUP 3

ASSESSMENT OF PERMEABILITY CHANGES DUE TO GEOCHEMICAL 
INTRATIONS DUING HYDROGEN INJECTION AND PRODUTION

For all flow experiments an initial decrease in 
permeability was observed, likely due to residual 
trapping of the hydrogen gas rather than any 
geochemically induced physical changes to the pore 
network. 
Effluent from all samples showed low (largely sub-
ppm) elemental concentrations from mineral dissolution.
Over time, no significant change in permeability or 
porosity resulting from geochemical interactions was 
observed during any of the runs undertaken

7
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 During geological hydrogen storage, a cushion gas, such as natural gas, carbon
dioxide, nitrogen, or hydrogen, is typically used to maintain reservoir pressures
and minimize contact between hydrogen working gas and reservoir brine.

 Geochemical interactions within mixed gas systems are poorly understood.
 This work aims to explore the reactivity of reservoir and caprock samples with

hydrogen and carbon dioxide or hydrogen and methane charged brine to better
understand their geochemical impacts.

 Runs carried out using CO2 or CH4 only, H2 only, or 50:50 H2/CO2(CH4) along with N2

control runs

ASSESSMENT OF IMPACT OF CO2 AND CH4 ON THE HYDROGEN - BRINE 
– ROCK SYSTEM

 As might be expected the introduction of CO2 has
a relatively large impact on the geochemistry of
the systems studied:
 Drop in brine pH following introduction of CO2 and

CO2/H2 lead to dissolution of carbonate phases
 Results were broadly consistent between samples,

with the dominant feature being enhanced
concentrations of Ca, Fe and Mg (likely from
carbonate dissolution) in runs utilising CO2

 Similar concentrations between CO2/CO2+H2
experiments and between H2/N2 experiments
indicating CO2 is the major driver of reactivity.

ASSESSMENT OF IMPACT OF CO2 ON THE HYDROGEN - BRINE – ROCK 
SYSTEM

9
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 A single set of experiments investigating the 
influence of methane on hydrogen-brine-rock 
systems was carried out using a powdered reservoir 
sample and seawater strength brine and CH4 and a 
CH4/H2 mixture, along with an N2 control run

 Concentrations rise from the starting brine but to 
similar levels for all three gases/gas mixtures

 Similarity between CH4, CH4/H2, and N2 runs indicates 
that in this case gas phase CH4 has little influence on 
fluid-rock interaction

 Full results in D2.5 Assessment of the impact of CH4

and CO2 on the geochemical response of the 
hydrogen-brine-rock system

ASSESSMENT OF IMPACT OF CH4 ON THE HYDROGEN - BRINE – ROCK 
SYSTEM

THERE IS ONE AREA OF INTEREST = Potential for H2S generation from 
pyrite reduction during hydrogen storage

 The presence of hydrogen in a reservoir containing pyrite may have the potential 
to generate H2S:   

𝐹𝑒𝑆 + 𝐻 = 𝐹𝑒𝑆 + 𝐻 𝑆 𝑝𝑦𝑟𝑖𝑡𝑒 𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑡𝑜 𝑝𝑦𝑟𝑟ℎ𝑜𝑡𝑖𝑡𝑒

While experiments on pyrite reactivity with hydrogen at temperatures below 
80oC run at Edinburgh did not observe pyrite reactions, they were observed at 
temperatures above 100oC
 I will now pass to my colleagues at TNO to describe this work and these important findings 

in more detail. 
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19 June 2024; slide 13

 Stirred batch experiments (at TNO, Eindhoven, NL)
• Abiotic reaction under high pressure of pure hydrogen
• HSE-compliant experimental set-up: 200ml autoclave, H2 and H2S resistant coating, max 150 °C, max 350 bar
• Sample analysis by post mortem XRD with Rietveld refinement and SEM equipped with EDX

XRD Rietveld
SEM EDX

Powder sampling

75%

25%

Pressure gauche

Safety valve

Gas in/outlet

Nut 

O-ring

Cover

Heating

Autoclave 

Gas Headspace

Mineral particles

Brine

Magnetic stir bar

Risk of H2S generation from reduction of pyrite by H2

Risk of H2S generation from reduction of pyrite by H2

19 June 2024; slide 14

 Characterisation methods and analyses on gas headspace, liquids and powder
• Particle characterisation by Mastersizer and BET analysis
• GC-MS is used to detect H2S in the gas sample of the headspace
• SEM with EDX visualize the pyrrhotite crystal growth
• XRD Rietveld quantifies the pyrite to pyrrhotite conversion
• pH measurement of the liquids

Example of  GC-MS signal of H2S (pH 9, T = 150°C, P = 50 bar)

Example of  SEM picture, reacted (pH 9, T = 150°C, 
P = 200 bar) and unreacted powder (right) XRD signal and Rietveld refinement

Particle size distribution of  >5 and >40 micron fractions

Pyrite       Pyrrhotite 
FeS2 + H2 ⇌ FeS + H2S

▲= pyrrhotite
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19 June 2024; slide 15

 First, a set of exploratory experiments was performed under the following conditions

• Salinity of 8% NaCl
• Alkalinity buffered at pH 9, and non-buffered at pH 7
• Temperature (T) of 150 °C and 80 °C
• Hydrogen pressure (P) 50 bar and 200 bar
• Grain size of >40 and >5 micron
• Qualitatively analysed with GC-MS, XRD and SEM-EDX

 Difficulties to quantify the right amount of H2S
• Unacceptable levels of H2S loss in set-up, may impact ability to detect reaction occurring
• All hardware with H2S uptake has been replaced or modified (incl vessel coating with Dursan-coating)
• Significant H2S uptake by the brine
• Condensate in gas sample contains H2S

• Post-mortem analyses of the power
• XRD with Rietveld refinement
• SEM equipped with EDX
• Measuring direct the conversion of pyrite into pyrrhotite

Risk of H2S generation from reduction of pyrite by H2

19 June 2024; slide 16

 Set of systematic tests to quantify reaction rates and dependence on temperature, pressure and grain size
• Salinity of 8% NaCl, alkalinity buffered at pH ~9
• Temperature (T) of 40, 80, 120 and 150 °C
• Hydrogen pressure (P) of 30 bar and 200 bar
• Grain size of >40 and >5 micron
• Exposure time of 1, 3 and 7 days
• Quantitative XRD with Rietveld refinement

Risk of H2S generation from reduction of pyrite by H2

0
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Pressure (bar)

Experimental matrix

CommentsT (°C)P H2 (bar)Size (mm)

High T150200<40

N2, control experiment 150200, N2<40

Reference P, T 120200<40

Medium T80200<40

Minimum T 40200<40

Minimum P 12030<40

Higher surface area 120200<5

15

16



19 June 2024; slide 17

 Results
• A strong temperature effect on the reaction rate is observed
• At 150 °C over 50% conversion has been observed in 7 days while at 80 °C

only an indication of a small conversion can be concluded
• The N2 control experiment shows no conversion of pyrite into pyrrhotite
• Also Troilite, another Ironmonosulfide (FeS) has been formed

Risk of H2S generation from reduction of pyrite by H2

Pyrite       Pyrrhotite 
FeS2 + H2 ⇌ FeS + H2S

19 June 2024; slide 18

 Results
• Higher pressures slightly increase the reaction rate

o 13% conversion was observed at 200 bar compared to 6% conversion at 30 bar, both at 120°C

• Smaller particle sizes significantly increase the conversion rate
o 5 micron particles have a larger available surface area and showed 48% conversion, compared to

13% conversion for particles up to 40 microns, under the same conditions (120°C and 200 bar)

Risk of H2S generation from reduction of pyrite by H2
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19 June 2024; slide 19

 Conclusions

• Strong temperature effect on reaction rate is observed
• After 7 days, 200 bar, pH ~9:

• Over 50% conversion at 150 °C
• Low but detectable conversion at 80 °C
• Unanswered (yet): is there an absolute lower T limit for the reaction?

• Higher pressures slightly increase the reaction rate
• After 7 days, at 120 °C, pH ~9:

• 13% vs. 6% conversion at resp 200 and 30 bar
• At higher P more H2 dissolves into brine, and penetration depth into particles may be increased

• Smaller particle sizes significantly increase the conversion rate – effect of surface area
• After 7 days, at 120 °C and 200 bar, pH ~9:

• 48% vs. 13% conversion for resp <5 and <40 micron particles
• Conversion is likely a self-inhibiting (limiting) surface reaction
• Conversion to pyrrhotite takes place at the surface of the pyrite grains

Risk of H2S generation from reduction of pyrite by H2

19 June 2024; slide 20

 Recommendations (for future work)

• Additional experiments to gain more data points to develop a rate law that parameterizes the kinetics

• Long term exposure time to study conditions at low reaction rate (Temperature <120 °C)

• Study pH dependency of the reaction

• Collect rock samples to determine the amount of pyrite and the available surface area to react

• More research on ratio of H2S over gas phase and liquid phase to model how much H2S will be produced

• Additional experiments with gas mixtures and mineral mixtures

Risk of H2S generation from reduction of pyrite by H2

 Calculated rates of H2S production and associated H2 loss [120 °C, 200 bar, pH ~9]

• H2S production rates (calculated): 4-8 mg/day/g pyrite with <40 micron particles
• Corresponding H2 loss of 0.2-0.4 mg/day

• H2S production rates (calculated): 19-95 mg/day/g pyrite with <5 micron particles
• Corresponding H2 loss of 1-6 mg/day

• Amount of “reactive” pyrite available governed by surface area and penetration depth of H2 into particles
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WP2 Dissemination activities
WP2 Scientific publications

• Hassanpouryouzband, A., Adie, K., Cowen, T., Thaysen, E. M., Heinemann, N., Butler, I. B., 
Wilkinson, M., & Edlmann, K. (2022). Geological hydrogen storage: Geochemical reactivity of
hydrogen with sandstone reservoirs. ACS Energy Letters, 7(7), 2203–2210. 
https://doi.org/10.1021/acsenergylett.2c01024

• Aftab, A., Hassanpouryouzband, A., Martin, A., Kendrick, J. E., Thaysen, E. M., Heinemann, N., 
... & Edlmann, K. (2023). Geochemical Integrity of Wellbore Cements during Geological 
Hydrogen Storage. Environ. Sci. Technol. Lett. https://doi.org/10.1021/acs.estlett.3c00303

• Thaysen, E. M., Armitage, T., Slabon, L., Hassanpouryouzband, A., & Edlmann, K. (2023). 
Microbial risk assessment for underground hydrogen storage in porous rocks. Fuel, 352, 
128852. https://doi.org/10.1016/j.fuel.2023.128852

• Heinemann, N., Wilkinson, M., Adie, K., Edlmann, K., Thaysen, E. M., Hassanpouryouzband, 
A., Haszeldine, R. S. (2022). Cushion gas in hydrogen storage—A costly CAPEX or a valuable 
resource for energy crises? Hydrogen, 3(4), 550-563. 
https://doi.org/10.3390/hydrogen3040035 

• Thaysen, E. M., Butler, I. B., Hassanpouryouzband, A., Freitas, D., Alvarez-Borges, F., Krevor, S., 
Heinemann, N., Atwood, R., & Edlmann, K. (2022). Pore-scale imaging of hydrogen 
displacement and trapping in porous media. International Journal of Hydrogen Energy. 
https://doi.org/10.1016/j.ijhydene.2022.10.153 

• Peecock, A., Edlmann, K., Mouli-Castillo, J., Martinez-Felipe, A., & McKenna, R. (2022). 
Mapping hydrogen storage capacities of UK offshore hydrocarbon fields and investigating 
potential synergies with offshore wind. Geological Society, London, Special Publications, 528.
https://doi.org/10.1144/SP528-2022-40 

WP2 Deliverables

• D2.1: Database of mineral reaction rates 
with hydrogen and their dependence on 
temperature and pressure 

• D2.2; Assessment of the potential for 
contamination / H2S souring of produced 
hydrogen over the lifetime of a storage 
site

• D2.3 Assessment of the impact of 
chemical reactions on reservoir pore 
space and mechanical integrity over time

• D2.4 Assessment of the impact of 
hydrogen-brine-rock reactions on caprock 
integrity.

• D2:5 Report on the assessment of the 
impact of CH4 and CO2 on the geochemical
response of the hydrogen-brine-rock 
system
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19 June 2024; slide 1 

Microbial life in the subsurface

• Subsurface environment harbors extreme conditions:

- High temperature, pressure and salinity
- Limited nutrients and energy source
- Limited pore sizes

• Life is possible until at least a depth of 5000 m 

• Deep biosphere composes 2–19% of the Earth's total 
biomass 

• Microbial cell number & diversity

- Cell numbers between 8.65×104 - 1.01×106/g rock 
- Decreases over the depth
- Depends on environmental conditions

• Most microbes in the subsurface are in dormant state

The “Adopt A Microbe'' project, American Geophysical Union
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19 June 2024; slide 2 

CH3COO-

CO2

H2 is an excellent electron donor for microbial conversions !!!

SCOPE & OBJECTIVES WP 3

19 June 2024; slide 3 

Evaluate the impact of microbes on subsurface H2 storage, specifically:

 Loss of H2 through microbial metabolic processes

 Generation of unwanted gas contaminants (H2S, CH4)

 Loss of H2 injectivity due to near well bore plugging by bio-
based solids (microbes, extracellular polymeric substances,
Fe-sulfide, etc.)

Knowledge gaps:

 Microbial taxa which are relevant for potential UHS sites

 Microbial kinetics at high partial H2 pressures and its dependency on T, P, salinity and pH

5
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SUMMARY OF ACTIVITIES WP 3

19 June 2024; slide 4 

• Evaluation of ‘window of viability’ for microbial activities

• Kinetics of microbial growth & modelling

• Competition dynamics between different microbial metabolisms

5 selected sites

29 samples porous 
reservoirs from 4 partners

Evaluation of ‘window of viability’ for microbial activities

19 June 2024; slide 5 

Microbial 
enrichments
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Environmental samples with H2/CO2 (80/20) at 1.7 bar

Evaluation of ‘window of viability’ for microbial activities

19 June 2024; slide 6 

Environmental samples with H2/CO2 (80/20) at 1.7 bar

Evaluation of ‘window of viability’ for microbial activities

19 June 2024; slide 6 
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Environmental samples with H2 at 1.7 bar (no added C-source)

Evaluation of ‘window of viability’ for microbial activities

19 June 2024; slide 7 

Microbial survivability limits under relevant subsurface H2 storage conditions

Microbial 
optimum & limit

Temperature Optimum 15-98°C 10-106°C 20-30°C
(H2 storage: 22.5-100°C) Limits 122°C 113°C 72°C

Pressure
(H2 storage: 1-50 MPa) 

Salinity Optimum  0-0.77 M NaCl 0-0.4 M NaCl 0-0.4 M NaCl
(H2 storage: 0-5 M NaCl) Limits 3.4 M NaCl 4.2 M NaCl 4.4 M NaCl

Optimum NA
Limits 4-10 1-10 3.6-10.7

pH
4-9.5

Optimum 0-30/50 MPa

Parameters Methanogens Sulfate reducers Acetogens

(Thaysen et al., 2021, doi: 0.1016/j.rser.2021.111481)

19 June 2024; slide 8 

Evaluation of ‘window of viability’ for microbial activities

Temperature and salinity are the most constraining factors

- Temperature alone: upper life limit is 122°C

- Combination of temperature and salinity: >55°C, and >1.7 M NaCl
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“Mixed-Inoculum” incubation with H2 at 1.7 bar

2 mM sulfide
produced during 

7 months of enrichment

Evaluation of ‘window of viability’ for microbial activities

19 June 2024; slide 9 

 16S rRNA gene: Peptococcaceae (amongst others)

Redefines the currently known window of viability to the combination of at least >65°C, and >2 M NaCl

Kinetics of microbial growth & modelling

19 June 2024; slide 10 

Kinetic data to 
populate models 

DuMux (TUC) 

13
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Kinetics of microbial growth & modelling

19 June 2024; slide 11 

Case 1, Reservoir conditions:
83oC
116 bar
pH ~ 7.3
0.049 mM sulfate
1 mM acetate

Kinetics of microbial growth & modelling

19 June 2024; slide 12 

“H2-only” - samples

35oC
50oC

65oC

H2 depletion

35oC, acetate

50oC, methane

65oC, methane

high pH

15
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Kinetics of microbial growth & modelling

19 June 2024; slide 13 

“nutrient supplementes” - samples

35oC
50oC

65oC

H2 depletion

35oC, acetate

50oC, acetate

65oC, methane

Kinetics of microbial growth & modelling

19 June 2024; slide 14 

“nutrient supplementes” - samples

qPCR for microbial quantification

65oC
65oC

Model DuMux (TUC) 

17
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Kinetics of microbial growth & modelling

19 June 2024; slide 15 

Gas composition Pressure drop

Microbial density 

Kinetics of microbial growth & modelling

19 June 2024; slide 16 

What about high pressure?

> 350 days, no H2 consumption (no sulfide nor methane production)

“H2-only”, 55 bar @Toperation of 47±2°C

Case 2, Reservoir conditions:
50 oC
87 bar
pH ~ 6.00
< 50 mg/l sulfate
79 mM acetate

19
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Competition dynamics between different microbial metabolisms

19 June 2024; slide 17 

19 June 2024; slide 18 

Case 1, Reservoir conditions:
83oC
116 bar
pH ~ 7.3
0.049 mM sulfate
1 mM acetate

Competition dynamics between different microbial metabolisms

21
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19 June 2024; slide 19 

Competition dynamics between different microbial metabolisms

16S rRNA gene-based Microbial Community Analysis

19 June 2024; slide 20 

Competition dynamics between different microbial metabolisms

eDNA PCR

-+1 2 1 2

PCR

-+1x 10x 100x 1x 10x 100x

DNA dilution

Samples contain very little biomass, but lots of PCR inhibitors...

23
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19 June 2024; slide 21 

Competition dynamics between different microbial metabolisms

After optimization trials with....
- Power Soil Pro Kit (Qiagen)

- Ampliqon beads

- High speed bead beater

- Addition of DMSO in PCR

eDNA eDNA

1x 10x 100x -+

19 June 2024; slide 22 

“H2-only” - samples

Competition dynamics between different microbial metabolisms

Acetogens
Methanogens

25
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19 June 2024; slide 23 

“nutrient supplementes” - samples

Competition dynamics between different microbial metabolisms

Acetogens
Methanogens

Acetogens

TAKE HOME MESSAGES WP 3

19 June 2024; slide 24 

• Consumption of H2 was observed in numerous lab incubations at low H2 pressure. 
Noted incomplete H2 depletion and overall slow process.

• One site sample tested at high P (55 bar) showed no H2 depletion. Further 
experiments are essential, incorporating diverse samples and conditions for conclusive results.

• Overall, reduced H2 depletion was observed at high T (80 oC).

• Presence of sulfate enhances sulfate reducers' activity, inhibiting other metabolic 
pathways.

• Chemical composition of the sites, specifically nutrient availability (P, N, trace elements) 
should be assessed as it may condition microbial activity.

• There is a need for optimizing and harmonizing methods to study microbial activity and 
diversity in subsurface environments.

27
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Impact of cyclic hydrogen storage on the reservoir and well system 
[10] A real world example: the HyStorage pilot project, Germany (Gion Strobel, Uniper)



HyStorage Project: Results and Reservoir Modelling
Gion Strobel, Christian Kosack

2

Introduction Projects1

Phase 1 - Overview2

Phase 1 - Results3

Phase 1 - Reservoir Modelling4

Conclusions and Outlook5

Agenda

1

2



Research project - HyStorage

3

Effect of H2 in porous rock

 Is it possible to store hydrogen in a porous rock formation ?
 Which processes are relevant in the operation of large-scale 

underground hydrogen storages?

Research Questions

Timetable

Bierwang

Investigation of the influence of different hydrogen concentrations on 
porous rock layers.

202620252024202320222021
Planning/preparation Plant construction Test realization

Evaluation/Analysis

Well BW B6 and Aquitanian reservoir 

 BW B6 is connected to the Aquitanian 
reservoir

 Depth of the well: ~1,500 m

 The Aquitanian reservoir is not connected to 
the storage layers

 No risks to impact the gas storage reservoir

 Transfer results to other porous rock 
storages of similar lithologies

4

Underground Gas Storage

BW B6

3

4



HyStorage - Testing concept

Three tests each consisting of : 2 weeks injection – 3 months storage – 2 weeks withdrawal

5

• Natural gas with 5 % H2
Test 1: 

Fundamental feasibility review

• Natural gas with 10 % H2
Test 2: 

Comparability with other international 
industrial applications

• Natural gas with 25 % H2
Test 3: 

Preparation for future applications

6

HyStorage - Regulations and certifications

 Allowance for hydrogen test up to 25 
% under the natural gas storage 
operation licenses

 Local regulations by the gas-transport 
operator and site regulations: 

 Below 2 % H2-concentration to 
the natural gas storage site

 Below 0.1 % H2-concentration 
into the transportation grid

 The completion of the well BWB6 
was certified by external reviewers 
for the hydrogen field test (up to 25 
% H2) and a pre-defined 
concentration of hydrogen-sulfides

 Surface facilities were newly 
constructed and are approved partly 
with 100% H2 but were certified for 
25% H2. 

Regulations Certifications

5

6



7

Phase 1 - Overview

 Withdraw phase of the gas mixture 
after a three-month storage period

 Total withdrawn gas mixture: 
520.000 Nm3

 Withdraw rate: 1.750 Nm³/h – 5.000 
Nm³/h

 Total injected gas mixture: 155,000 
Nm3 with an average gas rate of 
2000 Nm3/h 

 Percentage of hydrogen: 5% and 
helium as tracer: 0.5% 

 Operation time approx. two weeks

Phase 1 – Hydrogen recovery

Ca. 90% of the injected volume was 
successfully withdrawn

8

The difference in the injected volume 
can be explained by mixing and 
microbial phenomena

Further regional differences in gas 
distribution and microbial reactions 
were identified

7

8



9

Phase 1 – Results - Mixing phenomena

Phase 1 – Results - Microbial effects

Possible microbial 
effects

Observed changes in gas 
concentrations lead to the 
assumption of microbial 
reactions

Storage of hydrogen in 
the reservoir could lead to 
unfavorable microbial 
reactions

Complementary isotropic 
changes support the 
assumption

10

9
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11

Phase 1 – Reservoir modelling

 In cooperation with the TU Clausthal and with 
the experiences from the HyUsPre-Project, a 
dynamic model was implemented into DuMux.

 For the dynamic model, the discretization was 
adapted to CVFEM for a cropped area to be 
able to simulate the dispersion flux

 In order to account for the new grid, a new 
well model was developed.

 The transport model was extended to account 
for diffusion and dispersion. Microbial 
reactions were already implemented.

Reservoir modelling

𝐷 , = 𝜙𝑆 𝑣 𝑎 +  
𝑣 𝑣

𝑣
𝑎 − 𝑎

𝜕𝜙 ∑ 𝜚 𝑐 𝑆,

𝜕𝑡 
 

+ ∇

⋅ 𝜚 𝑐
𝐾𝑘

𝜇
∇ 𝜌 𝑔 − 𝑝

 

 − 𝜚 𝐷 , + 𝐷 , ∇𝑐

/  ,

= 𝑞
 

Phase 1 – Reservoir modelling

Reproduction of the 
recent field history 
to calibrate the 
developed model 
(pressure and 
rates)

Hydrogen and carbon dioxide match to account for the 
microbial behavior

Coupled model to match the overall gas 
composition in combination with observed 
pressures and rates

Helium match to calibrate the dispersion and 
mixing of component with the initial gas phase 

Prediction 
of future 
field tests

12

The reservoir model aims to match the experimental results and predict the future 
outcome of the tests and the performance of the chosen storage for hydrogen storage

11

12



Phase 1 – Reservoir modelling results

Overall match shows 
promising result

H2

.

He

This R This is a placeholder text.3D

13

Conclusions Phase 1

 Approx. 90% of the injected 
hydrogen was recovered

 The mixing behavior in the 
reservoir leads not to 
measurable losses of hydrogen 

Mixing Phenomena

 Microbial reactions are the main 
factor in the difference between 
injected and withdrawn 
hydrogen volume

Microbial Effects

 The first version of the dynamic 
reservoir model shows promising 
results in the matching process

Modelling

14

In general, it is possible to store hydrogen in the chosen porous rock formation

Upscaling of laboratory results not always possible

Material certifications until 25% H2 not a problem, higher concentrations need a 
new approval

13

14
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Next Steps

 Detailed investigation of the microbial reactions

 Improvement of gas analysis

 Evaluation of different operational schemes

Uniper Energy Storage GmbH

Gion Strobel

Reservoir Project Manager

gion.strobel@uniper.energy

www.uniper.energy/energy-storage-uniper

Questions?

In case of further questions please contact:

Diese Präsentation enthält möglicherweise bestimmte in die Zukunft gerichtete Aussagen, die auf den gegenwärtigen 
Annahmen und Prognosen der Unternehmensleitung der Uniper Energy Storage GmbH und anderen derzeit für diese 
verfügbaren Informationen beruhen. Verschiedene bekannte wie auch unbekannte Risiken und Ungewissheiten sowie 
sonstige Faktoren können dazu führen, dass die tatsächlichen Ergebnisse, die Finanzlage, die Entwicklung oder die 
Performance der Gesellschaft wesentlich von den hier abgegebenen Einschätzungen abweichen. Die Uniper Energy Storage 
GmbH beabsichtigt nicht und übernimmt keinerlei Verpflichtung, derartige zukunftsgerichtete Aussagen zu aktualisieren oder 
an zukünftige Ereignisse oder Entwicklungen anzupassen.

 Research project on storage of hydrogen 
mixtures in porous media.

 Injection and later withdrawal of hydrogen 
mixtures into an existing UGS

 three testing periods with increasing hydrogen 
concentrations

 Extensive investigations of the material integrity 
and gas composition

HyStorage in a nutshell

15
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3.2 Poster presentations 

Hydrogen production, demand and storage sites 
[01] Future hydrogen demand scenarios for Europe (T. Groß & P. Dunkel)

[02] Hydrogen storage potential of existing European gas storage sites in depleted gas
fields and aquifers (H. Yousefi et al.)

Geochemical reactions in the storage reservoir 
[03] Hydrogen (H2) trapping and recovery in porous media (E.M. Thaysen et al.)
[04] Microbial risk assessment for underground hydrogen storage in porous rocks (E.M.

Thaysen et al.)
[05] Investigating potential for seasonal hydrogen storage within UK offshore

hydrocarbon reservoirs and exploiting synergies with offshore wind (A. Peecock et
al.)

[06] Risk of H2S generation form the H2 driven reduction of pyrite to pyrrhotite (E.
Craenmehr & R. Groenenberg)

Microbiological activity in the storage reservoir 
[07] Unveiling microbial dynamics in subsurface H2 storage environment (part 1): a

kinetic study (A.C. Ahn et al.)
[08] Unveiling microbial dynamics in subsurface H2 storage environment (part 2): a

competition study (A.C. Ahn et al.)

Hydrogen reservoir flow behavior 
[09] Experimental Investigations of Molecular Diffusion and Mechanical Dispersion

during UHS (J. Michelsen et al.)

Durability and integrity of well and rock materials 
[10] Impact of cyclic hydrogen storage on porous reservoirs' flow and mechanical

properties (V. Soustelle et al.)

[11] Microbial influenced corrosion and potential impact of H2 on subsurface storage
processing facility elements (J. Dykstra et al.)

Integrative multi-scale modelling and guidance for suitability assessment 
[12] Numerical Simulation of Bio-Geo-Reactive Transport during UHS - A Modelling

Approach (S. Hogeweg et al.)

[13] Guidelines for reservoir and site suitability assessments in hydrogen storage:
advancing from TRL 4 to in-field demonstration at TRL 5 (F. Farajimoghadam et al.)

[14] Numerical modeling of bio-reactive transport during underground hydrogen storage
– A benchmark study (N. Khoshnevis Gargar et al.)

[15] Well integrity and leakage analysis for a hydrogen storage well (A. Moghadam et al.)

Techno-economic assessment of EU scenarios for hydrogen storage 
[16] Underground storage in EU scale hydrogen system scenarios (T. Groß & P. Dunkel)
[17] Stakeholder analysis of underground hydrogen storage (D. Markova et al.)
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Hydrogen production, demand and storage sites 
[01] Future hydrogen demand scenarios for Europe (T. Groß & P. Dunkel)
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Hydrogen production, demand and storage sites 
[02] Hydrogen storage potential of existing European gas storage sites in depleted gas

fields and aquifers (H. Yousefi et al.)
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Geochemical reactions in the storage reservoir 
[03] Hydrogen (H2) trapping and recovery in porous media (E.M. Thaysen et al.)
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Geochemical reactions in the storage reservoir 
[04] Microbial risk assessment for underground hydrogen storage in porous rocks (E.M.

Thaysen et al.)





Doc.nr: 

Version: 

Classification:

Page: 

HyUSPRe-D8.18 

Final 2024.06.27 

 Public 

122 of 147 

www.hyuspre.eu 

Geochemical reactions in the storage reservoir 
[05] Investigating potential for seasonal hydrogen storage within UK offshore

hydrocarbon reservoirs and exploiting synergies with offshore wind (A. Peecock et
al.)
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Geochemical reactions in the storage reservoir 
[06] Risk of H2S generation form the H2 driven reduction of pyrite to pyrrhotite (E.

Craenmehr & R. Groenenberg)
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Microbiological activity in the storage reservoir 
[07] Unveiling microbial dynamics in subsurface H2 storage environment (part 1): a

kinetic study (A.C. Ahn et al.)
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Microbiological activity in the storage reservoir 
[08] Unveiling microbial dynamics in subsurface H2 storage environment (part 2): a

competition study (A.C. Ahn et al.)
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Hydrogen reservoir flow behavior 
[09] Experimental Investigations of Molecular Diffusion and Mechanical Dispersion

during UHS (J. Michelsen et al.)
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Durability and integrity of well and rock materials 
[10] Impact of cyclic hydrogen storage on porous reservoirs' flow and mechanical

properties (V. Soustelle et al.)
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Durability and integrity of well and rock materials 
[11] Microbial influenced corrosion and potential impact of H2 on subsurface storage

processing facility elements (J. Dykstra et al.)
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Integrative multi-scale modelling and guidance for suitability assessment 
[12] Numerical Simulation of Bio-Geo-Reactive Transport during UHS - A Modelling

Approach (S. Hogeweg et al.)





Doc.nr: 

Version: 

Classification:

Page: 

HyUSPRe-D8.18 

Final 2024.06.27 

 Public 

138 of 147 

www.hyuspre.eu 

Integrative multi-scale modelling and guidance for suitability assessment 
[13] Guidelines for reservoir and site suitability assessments in hydrogen storage:

advancing from TRL 4 to in-field demonstration at TRL 5 (F. Farajimoghadam et al.)
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Integrative multi-scale modelling and guidance for suitability assessment 
[14] Numerical modeling of bio-reactive transport during underground hydrogen storage

– A benchmark study (N. Khoshnevis Gargar et al.)
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Integrative multi-scale modelling and guidance for suitability assessment 
[15] Well integrity and leakage analysis for a hydrogen storage well (A. Moghadam et al.)
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Techno-economic assessment of EU scenarios for hydrogen storage 
[16] Underground storage in EU scale hydrogen system scenarios (T. Groß & P. Dunkel)





Doc.nr: 

Version: 

Classification:

Page: 

HyUSPRe-D8.18 

Final 2024.06.27 

 Public 

146 of 147 

www.hyuspre.eu 

Techno-economic assessment of EU scenarios for hydrogen storage 
[17] Stakeholder analysis of underground hydrogen storage (D. Markova et al.)
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