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1. Introduction

The Hydrogen Storage in European Subsurfadgstbries project addresses the main
technical feasibility questions for underground storage of pure hydrogen in aquifers or
depletedhydrocarbonfields, and will provide market, societal and environmental insights on
the deployment of underground storage of hydrogen in Europe.

Work Package (WP) 1 generatedcamprehensive, crodssorder, database of potential
opportunities for geological storage of hydrogerporous media reservoirs (depleted and

gasfields aquifers, ancexisting natural gas stage sites Thepurposeof the database is to
highlight locations that may be suitablefor developmentfor the geologicalstorage of
hydrogen from a geological perspectiaerossEurope(Figurel).

Theextensive data, on potential stores for hydrogen, which has been coltddstored in

the Hystories relationadatabase represents significant new knowledgel this database will
enable more accurate assessments of the potential future for green hydrogen storage in
Europe.
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Figurel: Hystoriescountry coverage Green indicatesountries covered by Hystoriggnk represents countries where data
wereincluded from the previouSQStop projectgrey represents countries not included in the project.
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Tablel: Hystoriegpartners and Third Parties collating data. Countrielire are covered by keountry experts, countries in
orangeare covered by experts from adjacent countries

Country Hystories partner/Third Party

Austria GeoSphere Austria (Austrian Geological Survey)

Belgium Royal Belgian Institute of Natural Sciences i Geological Survey of Belgium (RBINS-GSB)
Croatia University of Zagreb, Faculty of Mining, Geology and Petroleum Engineering (UNIZG-RGNF)
Czech Republic Czech Geological Survey (CGS)

Denmark Geological Survey of Denmark and Greenland (GEUS)

Estonia Tallinn University of Technology, Department of Geology (TalTech-DG)

France Bureau de Recherches Géologiques et Minieres (BRGM)

Germany Deutsches GeoForschungsZentrum (GFZ)

Greece Centre for Research and Technology Hellas (CERTH)

Hungary GeoSphere Austria

Italy Istituto Nazionale di Oceanografia e di Geofisica Sperimentale (OGS)

Latvia TalTech-DG

Lithuania TalTech-DG

Luxembourg RBINS-GSB

Norway Norway i Norwegian Research Center AS (NORCE)

Mineral and Energy Economy Research Institute of the Polish Academy of Sciences (MEERI
Poland PAS)
Central Mining Institute (G - wny | nsty@®IGt G-rnictwa

Portugal Institute of Earth Sciences (ICT) as represented by University of Evora (Evora)

Romania Institutul National de Cercetare i Dezvoltare pentru Geologie si Geoecologie Marina
(GeoEcoMar)

Slovenia Geol ogke raziskave in druge&GNFvetovanje sup

Spain Instituto Geoldgico y Minero de Espafa (IGME)

Turkey Middle East Technical University i Petroleum Research Center (METU-PAL)

Ukraine Geothermal Ukraine

United Kingdom UK Research and Innovation as represented by British Geological Survey (BGS)
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2. The Hystories database and Geographical
Information System (GIS)

Data that is linked to geographical location, also known as geodata, is a key component in
enhancing stakeholder ability to make informed decisions across a wide variety of scientific
and social disciplines. Having access to data and the knowledge ormohmedess, manage

and manipulate this geodata will have a widaging impact on the capacity for strategic
decision making. Collecting, processing, and storing this data in a consistent and managed way
is critical to ensuring the data can add value testrg data sets, thereby enabling its use in
providing solutions to everyday problems, as well as inputting into policy making.

The power of Geographical Information Systems (GIS) is in enabling users to analyse and
interpret data, to studyrelationships and patterns. This is of fundamental benefit when
interrogating data for use across a variety of remits. Geographical Information Systems can be
used to compile, process, manipulate and deliver data. To enable the power of GIS to be fully
realised, it is essential to have accessible data stored in astvatitured, machingeadable
database that can be input to the GIS.

The databaséed intoHystories WP2 (reservoir engineering, including geochemistry) and WP3
(microbial reactionsgs well asnodelling of the European energy system (W&#ad ranking

and assessment of the techrezonomic feasibility of storing hydrogen (WP7). Outside of
Hystories, this database could be used to help inform strategic decisions at European/national
scale for decarbonisation using the subsurface.

2.1. Database attribute selection

The Hystories database advances the level of knowledge for hydrogen storage in Europe by
collating geodata on potential storage sites. Particular attention was focused on supporting
the assessment of the geochemical and microbiological impacts of hydsigeage. These
criteria were defined in Hystories Deliverable D1.1, which considers the current state of
storage assessment for the geological storage of natural gas in porous media.

The database builds on previous projects such as the Energy Storage Mapping and Planning
(ESTMAP2015) andCQ Storage Potential in Europ€QStoP, 2013) The data from these
projectswere reviewed and reviseds neededto provide thebasedata for the Hystories
project, additional newly available data from reports, scientific papers and other reputable
sourceshas alsdeencapturedto offer the latest information on potential stores in Europe.

Through a series of meetings amdrkshopsit wasagreed that the database woultbnsider
current best practice for geological natural gas storage with the addition of parameters
considered most relevant to hydrogen storadeased on the expected geochemical or
biological response of the subsurfacehese attributes werdrighlighted in Hystories D1.1

1 The CQStoP database is available through the EGDI platformhttp://www.europe -geology.eu/map -
viewer/
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workshop wasalso held during January 2021 to considehich data would be needed to
supportcapacityestimation ranking ofstorage sites, antechno-economic modelling for the
Hystoriesa A 1 S& Ay Hystdi& NI sum@arides screening criteria based on
experience from natural gas storage worldwide.

During the database design phaskscussios were held with all Hystorie®Vork Package
teams to establish user requiremenis relation to database structure, data attribution and
the database fronend (data entry forms), thereforensuing the potentialfor inclusionof all
relevant publicly availablestorage site data.

The database contains a broad range of data inolgidasic geological characteristiedevant
when considering other uses of the subsurfasiech as natural gas storggeQ storage and
deep geothermal potentiallThiswill maximise the usefulness of the database

Collated data for potential porous media hydrogen stores includes Isasiage formation

and petrophysical datae(g.,depth, thickness, porosity, permeability, lithology and -tet
gross, reservoir pressure, temperature, salinity of pore water) as welubBcly available
geochemical dataData on possible leakage pathwagsat coud make a site unsuitable or
less attractive for storager mean itrequires remedialaction, were includedi.e., geological
faults, wells andother possible pathways fovertical orlateral migration.lt is important to

note that since only publicly available data were used, there are regions where storage
potential could not be identifiedwing toa lack of dataso an absence of identified storage
potential does not always mean an absence of potential.

It was also decided that the database should include stores that may be excluded by
parametersin D1.1(e.g, depth to top structure, if national geological experts deem these
stores to have the potential teecurelystore hydrogenWP1 workshop, January 202Thus

the database will provide a more complete picture and enable other Hystaelspackages

to analyse additional data andonsider through experimentation and techreconomic
modelling,whether these stores may be needed to meet demands for hydrogen storage in
Europe The maincriteria discussed at the January 2021 workshop are showalie?2.

Depleted hydrocarbon fieldaere considered for this study as théyave a caprock that is
proven to trap buoyant fluids over geological timescales. Howeatvshould be noted that
there is some uncertainty over the reactions of hydrogen with the native pore fluids. The
containment ability of these store®ver geological timescalewas proven for the specific
fossil fuel types at prelevelopment (initial) pressure conditions and the caprock must be re
evaluated in terms of its ability to trap hydrogen whihas different properties to oil and gas.
Legacy wells must also be evaluated and potentially recomp|gtedr to hydrogen storage

at any given siteo ensure secure storage.

Saline aquifers offer a large potential storage resource. However, there are generally fewer
data to assess their potential for storage as most have not been assessed for their ability to
store buoyant fluids. The ability of the caprock to trap buoyantdfuover geological
timescales has to be assumed based on available data, laboratory experiments and/or the
adjacent areas where the same caprock traps hydrocarbons. The lack of legacy wells offers
the opportunity to drill new wells specifically designattlacompleted for storage.
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During the WP1 workshop in January 2021, it was proposed to focus on the sites which were
consideredo have the fewer barriers to develop as a storage $¥iscussions also took place

in relation to how to prioritise researche., whether to focus on depleted or depleting gas
fields and then aquifer closures. The final decision on prioritising data to add to the Hystories
database, and on deciding if a store could be suitable for storage based on
geological/geographical aspectay with the inrcountry partner.

Data collected by WP1 was usedM2 of theHystories project to estimate storage potential

for each trap. The outcomes of experiments assessing the geomicrobiological implications of
native fluids and minerals which could impact on storage efficiency, combined with data from
WP1, were used to scea potential storage sites in WP7.

Table2: Additional aiteria to D1.1, includedollowing discussion at the dedicated database workshop, January 2021

Potential Comment

Screening
Criteria

Depth 2501 5000 m to be reported | 1000 m storage is best practice but in the UK there are natural gas
if the national geological stores at ~350 m

experts feel these are
acceptable (superseding 500
T 3000 m limits indicated in

D1.1) Decided to use 250 m as minimum depth following discussions
(D1.1 proposes 500 m as minimum depth)

Below 2000 m porosity/permeability is expected to be unfavourable,
but have stored at ~5km

Location Not used as screening Germany has gas stores under cities and in the UK there is gas
criteria storage under a wetland nature reserve, France under a regional
nature park. So this may not be a constant in terms of screening.
distance from potential users was also discarded as a screening
criterion to avoid discarding opportunities too early i for example
offshore hydrogen hubs could be part of a hydrogen future.

Composition of Very limited practical Risk of losing hydrogen - thickness of regional seal is important. Want
rocks/fluid experience so not using as to avoid unfavourable rock/fluids - but Hystories will investigate the
screening criteria impacts of rock/fluid composition and very limited practical experience
at this point, so cano6t really u
Size No common criteria As a starting point - for Traps database, interested in traps/closures of

similar size to gas storage in that country.

2.2. Data model for the database

The Hystories databaseasdeveloped to allow for the input of geological datad its display
in aGeographical Information Systems (GI$)edata model for thedatabasewasdesigned
such that it can accommodate data thiree levels of granularityformation, storageunits
(within those formationspandtraps (hydrocarbon or aquifer trapshhetables containing the
data for each of thesdevelsof detail are linked together through database relationsip
enabling a ondo-many relational database structur€igure2). A unique identifier for each
entry (row) in the database is automatically created as data is entefbd identifier isthen
passed down to the next level of the data structaiea foreign keyenabling the relationship
between the data in the tables to be maintaindthe relational nature of the database means
that to populate the traps table, the formation and unit tables must also be populated. When
attribute datathat are common to all three data tables are included, the user entgrsthe
data once and it is automatically entered into all three tables.
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The database contairthe highlevel geological formationsidentified within each country
that may have the potential for hydrogen storage. Within those formationsrie or more
storage units(areas within the formation) where hydrogen could be stored. Within these
storage units lieone or moretraps, which represent geological closurethat could be
considered for storage of hydrogeh insufficient data are available to identify trapdata
entry can stop at formation or storage unit levéligure2 shows this relational database
structure. The database allows the addition of information for each formation, storage unit
and trap to build as complete a picture as possible of the potential for hydrogen storage within
each of the Hystories countrieNotethat an absence of identified stores does not necessarily
mean an absence of storage potentiait reflectsan absence of datéo enable confident
identification of potential stores.The datdase structure (datamodel) allows further
geologicaldetail to be addedas the user progresses througlata entry, with the ability to
include far more detailed geological information for the traps than for the formatiasnsch

only include higHevel geological and geographical data.

: - e : ™\
Formation One to many relationshig
I betweenformation and

. storage unit
—— —— e : ™
One to many relationshif
e O D D B | [
L trap
v U J

Figure2: Relational database

To allow the datan the database to be comparable across all sites and countries, and to
facilitate searching, analysis and interpretation of the data, data entry into some of the data
fields was constrained by dictionaries, enabling users to choose from addnep list of pre
defined options. Whilst this is a key benefit for the useability of the final data, removing the
risk of incompatibleentries ortypographical errorsthis did not always allow researchers
populating the database to fully detail aharacteristics of a potential storage sife address

this a freetext field was included tallow researchers to add additional detandto ensure

extra data/complexities were also recorded in the databaséhe value of being able to
compare and search the database to obtain a European overview was considered high and
therefore some loss of granularijtin the specific data fieldgyas an acceptable compromise.

The database was designed following discussions with all Hyswokspackageshat will

rely on the database to ensure inclusion of relevant storage site data, where such data are
available in the public domain. Collated data for potential porous még@rogenstores
include basic reservoir and petrophysical data (e.g. deptlea thickness, porosity,
permeability, lithology and neto-gross, reservoir pressure, temperature, salinity of pore
water) as well as geochemical data where available in the public domain.

In relation to data for depth to reservqiit was decided to recordwo separate depths
median/average depth of the reservoir across its extent #mel depth to the top of the
reservoir. Thenedian/averagelepth was recorded foCQStoPandis adoptedasit enables
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modelling of reservoibehaviour The decision to include the depth to top of the resennoir
addition to the median depthvas basean its value inrisk assesaents andthe depth to the
crest of a hydrocarbon field is often published in the public domain.

2.3. Data Entry

The data entry system consists of a seriesustombuilt forms designed to guide the user
through the entryof complex datarequired by the projectinto the databaseThe database
wasdeveloped inMicrosoft Access 2018 facilitate delivery of standalone databases to all
the partners across the projectAdditionally, standard Microsoft Access tools enabled the
export of data to alternative data formate.@.,Microsoft Excel)Thedesign of thedata entry
formsbuilt on previous experienceom the CQStoPproject

Once the entire system (database and data entry system) was developed pgopatated

with data from theCQStoPproject, sincethis was the baaline data theHystoriesproject
would build on. Each country partner was then provided with a standalone database
containing theexistingdata specific to their country. Partners were responsiblecteeckng

and amendindupdating existing dataand adding new datahat hasbecome available since

the CQStoPproject was completedor for addingstorage sites thabecamerelevant for
hydrogen storageDatabases werehen returned, quality checkedand mergedcentrallyto
create the final databaseoveringthe entire geographical area of the Hys&s project.

2.3.1. Overview of data entry form

To facilitate data entry into the relational structure of the datababe forms guide the user
through the formationstorage unittrap hierarchy Data entrybegins by selectingn existing

or creaing a new geological formation in the databas@®ncethe geologicaformation data
wasentered, usersa&nthen select or add storage unifalling within it, and theronce storage

units have been entered data ftnrapsin the storage unit could be enteredo check / amend
existing data, users could use these same data entry forms to navigate through the data in the
database, with the user selecting a geological formation to check and the forms populating all
relevant storage and trap data associated tattformation (Figure3).

To help with data entry andmaintain the integity of the datg someattributes were autoe
populatedincludingthe unique (primary) identifiers (which wetken used through alkevels

of the databasgandthe country(based on the selection made by the user on opening the
database) Automatic counts of aquifer and hydrocarbon traps watsoput in place taassist
users in checking their datdo further ensure useability of the data entry forms, data entry
for attributes that were constrainedby dictionaries describedearlier) happensthrough
selection from arop-down list.

Thestorage unitand storagetrap sections of the database have multiple tabs to allow entry
of more detailed data.

The data fields included in thetorage formation unit and trap tables are shown in
Appendixl.
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2.3.2. Database formations

The interface for adding data ogeological formationss shown inFigure3. This collects
high-level data on geological formations present within national boundaries treate
favourable reservoir properties and could offer potential storage sites.

2.3.3. Database storage units

The interface for addingtorage unitdata is shown ifrigure3. Storage units indicate regions
of interest, where there is identified potential for storageg.,a hydrocarbon province. This
may also capture areas where there are insufficientrestricted data, butit is deemed
reasonable to anticipate the presence storage potential.Data on storage units include
name,location coordinates,areal extent,issues with use of the subsurface, basservoir
parameters such aslithology and porosity seal data such aslithology and thicknes
information onpotential leakage pathways such as wells and faaltsl whether data for
more detailed assessmentichas well and seismic datare present

Formation search Add/delete formation Country selection
buttons dropdown list
M Access /
E3 frmMainEntry \ J - - *
SEARCH = H2 STORAGE DATABASE I T | E
FORMATION B i ormation | DeteteFonaiion |
General Formation Details |
FORMATION NAME | | GEOGRAPHIC AREA | | No. Storage Unif .
psssswenT T TV | ] cotoical pasw s Storage Formation data entry
REMARKS | | ON/OFFSHORE
Storage Units Add Storage Unit | Delete Storage Unit | =
> General Reservoirinfo SealInfo Risk Data Risk (cont.) + Data availability
STORAGEUNTNAME [ | UNITTYPE | ~] Sorageunito [ ]
|ANV5IIBSI.IRFACEISSI.IES? v‘ ‘AN'SIIRFACEISSIIES? v‘ | No. Aquifer Traps l:l No. Hydrocarbon Traps l:l | locniol\dcemedmﬂgelll.ﬂ
REMARKS. ‘ | lwmnwih(m)l Status Most likely areal extent of unit (km2) Storage Unit data entry
[ M|l J
Identified Trap or Reservoir Add Trap Delete Trap

M General Storage Trap Details ReservoirInfo Sealinfo Site Details Oil /Gas Details RiskData Risk (cont.)+ Data availability

Ave Gross  Verfical Net:  Current ; Porosj AveDepth  gyiphates in Rock / Fluid? ~| cozin Fluid
Thickness (m) Gross (decimal) Pressure (bar) Temp®C  Permeability (mD) (deci of Unit (m)
Minimom [ 1 1l 1] 1] i Y] | Defail of Reservoir Sulphates (I [
MostLikely | I i i i i \ i | Won in Rock / luid? [ TZ] Dpetaisofcozin Fluid
Mainum | I I I\l | pemisorResenoirion [ |

Trap data entry

Minimum DepthtoTop ofTrap(m) [ |

Record: W« [1of 1 M N2 Search ] \ | DI+
Record: M« [1of 1 M SN Search 4] \ ] DR
Recordi 4+ 10f 1 v Ne k Search [«] \ 1 [+]

Navigation buttons; . R . .
1 Formation 9EIYLX S 2F Iy WwWSaacs
{ Storage unit (highlighted in green)

1 Trap

Figure3: Data entry interface for project partners to populate thgstoriesVP1 database
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2.3.4. Database storage traps

The trap section of the database allows more detailed informatimnbe enteredon the
aquifer or hydrocarbon field trap that is within the storage unit. There are many tabs on the
traps form to input general information on the individual trap including its type (saline
aquifer/hydrocarbon field), reservoir information, seal information, details about the site, risk
of unwanted migration out of the trap, and the availability of advanced datg,(seismic,
core) for the trap.

The Generaltab (Figure4) allows the entry of overview information about the storage trap
including the name of the trap, type (hydrocarbon field or aquifer), conflicts of interest with
planned or existing surface or subsurface use. (&g natural gas storage, or in a national
park). Thetrap IDfield is a unique identifier generateahd populated automaticallpy the
database.

Identified Trap or Reservoir Add Trap Delete Trap

-

General Storage Trap Details Reservoirinfo SealInfo Site Details Oil / Gas Details Risk Data Risk (cont.) + Data availability

L E— L I —
ANY SUBSUFACES ISSES? ANY SURFACE ISSUES? Location of centre of daughter unit
\ X

REMARKS ‘ ‘ v ]

Projection Info

Figure4: Trap section of the database; general information.tab

Identified Trap or Reservoir Add Trap Delete Trap

General StorageTrap Details Reservoirinfo Seal Info Site Details Oil / Gas Details Risk Data Risk (cont.) + Data availability

CHRONOSTRATIGRAPHY UTHOLOGY OF RESERVOIR  SALINITY OF BRINE (/1)  Environment of deposition for Aquifer Trap only
PERIOD OF RESERVOIR  AGE OF RESERVOIR [~] [ | the reservoir Fluid Fill CONNECTIVITY TO REST OF
— | StoRaGE I
masom | ‘ R R areRDerh () I
[ I | Most likely areal extent of frap (km2)

Figureb: Trap section of the database; additional site details tab

TheStorage Traetailstab (Figureb) collects basic information on the chronostratigraphy
and lithology of the storage reservoir, areal extent, water depth (e.g. sea or lake depth), and
fluid fill (saline water, oil, gas etc). Litholagy dropdown list,to ensure consistency of data
entry, across all the partner countries, for this data field

Theldentified Trap or &ervoirtab (Figure6) contains basic reservoir parameters such as
average gross thickness of the trap, pressure, temperature, porosity and permeability. Many
of these data are classed as essential (green highlight). Criteriaclkemsedessential where

they were identifiedin WP2as being needed to undertake capacity calculations, or where
these parameters would strongly influence decisions on developing a potential storage site.
Parameters relevant to hydrogen storagach as details on sulphates, iron ©© already
present in the trapcan be added here
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Under theSeal infotab (Figure7) more informationsuch as lithology and chronostratigraphy
and minimum thicknessf the geological seal rockan be addedinformation on the current
use of the site €.9., hydrocarbon production) or planned use of the siteq(, natural gas
storage) can be added in tigéte infotab (Figure8). For sites which are hydrocarbon traps,
data on production and properties of the-gitu fluids can also be added theOil/Gas Details
tab (Figure9).

Information on geological risks to the site seal (faulting), possibility for lateral migration of
fluids and wells can be added into tReskand Riskcont.)+ dataavailabilitytabs Figurel0).

|dentified Trap or Reservoir Add Trap Delete Trap
General Storage Trap Details Reservoirinfo SealInfo Site Details Oil / Gas Details Risk Data Risk (cont.) + Data availability
Ave Gross Vertical Net: Current Porosity Ave Depth Sulphates in Rock / Fluid? CO2in Fuid
Thickness (m) Gross (decimal) Pressure (bar) Temp*C  Permeability (D) (decimal)  of Unit (m)
Minimum | Il Il Il Il i i | DetaisotReservoirsupnates [ | =
Most Likely ‘ H ‘ | | | | | | | | Iron in Rock / fluid? + | Details of CO2 in Fluid
Maximum | Il Il Il I I I | Details of Reservoir kon |:| 1]
iimm Do o Top o ron m) ||
Figure6: Trap section of the database; reservoir information. tab
|dentified Trap or Reservoir Add Trap Delete Trap
General Storage Trap Details ReservoirInfo Seal Info  Site Details Oil / Gas Details Risk Data Risk (cont.) + Data availability
CHRONOSTRATIGRAPHY Frimary Seal Secondary or Other Seal  Seal Mineralogy
oy ot e sk
Period of Seal Age of Seal [ | | |
Minumum | <] <] | minimum primary D e Envirenment of Sulphaies in Rock/Fuid of seal
I n | ” ‘ | ” | |sed i ‘ averlie unitz  Deposition of seal Iron in rock/fluid of seal
Figure7: Trap section of the database; seal information.tab
Identified Trap or Reservoir Add Trap e T

General Storage Trap Details ReservoirInfo Seal Info Site Details Qil / Gas Details Risk Data Risk (cont.) + Data availability

Pt reroerame [ et el I

Owner of the Field l:l Has site exporation started? Current development | - |
i 7

Licence information (owner, type, date) T 2T S L I:l Flanned development | ~ |

Figure8: Trapsection of the database; site information tab

Identified Trap or Reservoir Add Trap

Delete Trap

General Storage Trap Details Reservoirinfo Seal Info Site Details 0 |5 Risk Data Risk (cont.) + Data availability

Ultimate Recovery - Oil Uitimate Recovery - Gas ‘Oil formation volume Factor (Rcm / scm)

(Million m3) (bcm - billion m3) ] Discovery Year 1

: | | Gas fomaton Yolume Fackor (R /56m)  yoor o st Froducton ]
s | | N E—

Year ottt producton [
i ‘ ‘ | | ilfgas extraction (mmbl/year or mmef/year)

Figure9: Trap section of the database; oil/gas details.tab
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|dentified Trap or Reservoir Add Trap Delete Trap

General Storage Trap Details Reservoir Info Seal Info Site Details Ol / Gas Details Rl5k DStE Risk (cont.) + Data availability
Max fault throw at top Average dip of Risk of reservoir formation

Fault Density  Faults through overburden? Average fault throw (M) reservoir (m) storage unit (degrees) damage when injecting fluid

Fault compartmentalisation  Vertical reservoir Horizontal reservoir Risk of lateral migration
of the r ir isati lisati Faulting in the Seal  out of storage unit

\ ~] [~ ~] ~]

Identified Trap or Reservoir Add Trap Delete Trap

General Storage Trap Details Reservoirinfo Sealinfo Site Details Oil / Gas Details Risk Data | Risk (cont.) + Data availability |

Number of wells Number of abandoned wells Data availability and quality

penetrating storage unit  penetrating storage unit FE i Seismic Wells Data Source

\ I |1 |

Well vintage Age of oldest abandoned well Age production plafform or site ‘ - | ~ y

(year) (year) (year) Status of research on unit Models of unit Data Quality

| I I | [ |

FigurelO: Trap section of the database; risk and data availability tabs

2.3.5. Evolution of ideas during data collection

Natural gas storage sitestn some countries, natural gas storage sites are present. In
discussion wittWF2 (online workshop January 202pit was agreed that where the deliverable
gas quantity was present in thenderground Gas Storage/GS database for Eurogeor
otherwise in thepublic domain, this would be used f@vP2 storage capacity assessments in
preference to the public domain reservoir data being collected/i.

This also raised an additional interesting paanthow to classify saline aquifers being used

for natural gas storage since there are only two categories in the database dropdown list:
hydrocarbon trap and aquifer trap. It was decidbdsewould be categorised as saline aquifer

stores in the database witljas storag@ndicated inboth the commentsandreservoir fluid

attribute fields.

5SL SGSR 3l a FTAStRaA dzaSR FT2N ! D{ B6SNB AYyRAC
indicated as the reservoir fluid.

{ GNUzOGdzNB & GKIF G 6SNB RNAffSR F2NJ KERNEROI ND 2
WAl fAYS | |j dzA T SvitkEs&linelter indicatedras tielfldd filk S

Essential criteria for modelling the storage capacityDuring database populationVP1

remained inconsultationwith WP2 to ensuredata to support capacity calculatiorvgere
provided wherevepossible. The essential criterimentified were:

9 Area

1 Thicknes
1 Porosity
1 Depth

2 https://www.gie.eu/transparency/databases/storage -database/ [accessed 30/06/23]
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During thisongoingcollaborationwith WP2 the following criteria were identified as useful for
the capacity calculatiarit was decidedhat where these data were not availahkEssumptions
would bemade ontheir value along with an assumed uncertainty in the capacity estimate
(see parentheses in list below)

1 Permeability (assume 100 mD if not provided)

1 Salinity (assume 10§/L if not provided)

1 Pressure (assume hydrostatic gradient 0.1 bauncertainty +£10%if not provided
1 Temperature (assum@.03°C/m, uncertainty +/10% if not provideyl

1 Netto gross(assume 80%uncertainty +f 10% if not provided)

These assumptions are not included in the database and solely used in the capacity calculation
in WP

2.3.6. Database quality check and merge

During population of the database, there were two roundsiafa checking to confirnthe

integrity of the data and ensurthat as much datdad been enteredas possibleThis data

checkwas carried out against the formation, unit and trap data submittgceach WP1 party

with the aim being t@onfirmthati KS WS &aaSy d Al t OhdbeesSpipulated Ay § K
FYR GKIFG Idzi2 3ISYSNIGSR AYTF2NXNI GA2yThikwaR o6SSy
not aquality check of the data itself, but instead@nfirmationthat the database fields had
beenpopulated Gaps remain in the database wherecess talatais restrictedor where data

are not available

As an example of the process, tliata check report for traps contained the following
information:

Blank entriesyes/no

All traps have unigue identifieyes/no

Trap Names assigneges/no

X & Y coordinates presentes/no

Projection details for X & Ys provide@s/no

Location check: Does data plot in correct counygs/no

Does number of traps match the sum total number of traps for each storage unit:
yes/no

Mandatorydata populated?yes/no for each parametdifrap name; Assessment unit
type; Qubsurface issues?urface issues?; Lithology of reservoir; Most likely areal
extent of unit (kn?); Ave Gross Thickness (m); Vertical/Bebss (decimal); Current
Pressure (bar); Temp °C; Permeability (mD); Porosity (decimal); Ave Depth of Unit (m);
Minimum Depth to Top ofrap (m); Primary Seal; Minimum Primary seal thickness (m);
Lithology of Seal; Current development; Planned development; Faults through
overburden?; Risk of lateral migration out of storage unit.)

E -

=

The data checkreport was sent back to each partner tfoighlight any issues that were
identified and tosee if additional data could kretrieved,andthe database updated
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Oncethe data checks were completie Microsoft Access databases frothe HystoriesWVP1
partners were mergedinto a unified Hystoriesdatabasecontaining allidentified storage
formations, units and traps.

Sincenot all Europeancountriesare represented in Hystorie# was decided to incorporate
data from the CQStoP database wheredata attributes directly overlap. An additional
attribute wasadded to the database to indicate if the data were from Hystorie€@iStoR
to keep track of when data were last reviewed.

2.3.7. Database limitations

A few key limitations are presented here.

The database only contains publiclgvailable data The database represents the latest
information available in the public domain. Data collection agents and requirements for
release vary between countries. Some data are held as commercial in confidence and were
therefore not included in the Hystories ddiase. The database indicates where data exist but
are not available to allow database users to distinguish regions where no data have been
collected but storage potential might be available.

Variable presentation of data and data collection bids some cases, data varied in available
quality, quantity, and presentation. As an example, in some potential stores, a range for
average porosity was given rather than minimum and maximum values. In addition, since
much of the data are collected durirexploration for hydrocarbons, porosity data are often
biased towards the most promising sections of the reservoir.

Geological interpretation There will always be some variability in geological interpretation,
depending on expert opinion and the available data. For example, where data are not
available, one researcher might feel more confident in predicting the expected conditions for
a store,where another might leave these data fields blank.

2.4.Data visualisation using a  Geographical
Information System

To enhance the useability of data collected during the projeetas proposd that it be
visualisedn a map format (geographical information syste@i$ since this offers a visual and
easy to navigate option to access the dathe objective of thélystories GI toincorporate

the Hystories polygon daffar the formations, storagenitsandtrapsalongside the Hystories
project data stored in the databaselhiswill provide meaningfulaccess to theHystories
projectdata in a spatial format and to enable query and analyste@fiata. Two versions of

the GIS were produced during the Hystories projextwebGIS (publicly accessible) and
desktop GIS (held by the partners). Both versions offer access to the same data, but the ability
to query, analys and manipulate the dat# only possible in the desktop version of the
system
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Calculated storageapaciteswere contributed by Hystories WR@r all traps where sufficient
data were available. This is included in thteabase as a separate talia the basis that the
geological parameter are considered raw data, and the estimatedcapacity is an
interpretation/derivation of these data.

The Hystories webGIS and desktop GIS contains 311 formations, 581 units and 917 traps
collated by the Hystories tearithe inclusion of data from theQStoPproject for countries

not assessed by Hystorjeesultedin the final webGIS contains 381 formations, 665 storage
units and 1088 trapsThereare some data in the Hystories database tisannot be displayed

in the GIS becausthe location or polygons for the traps are confidentiihe calculated
capacities provided by WP2 are included in the webGIS for each identified trap where
sufficient data were available to calculate this value.

2.4.1. GISspecific data and data collation

The primary data included in the GIS are the thieesl hierarchyof geological formations,
storage units and traps. These data are held in the Gdlggonsthat define their location
and areaThe Glpolygons represent

1 Reservoir formations (geological formations with reservoir properties)
1 Storage units (parts of reservoir formatiosgitable for hydrogen storage)
1 Traps (hydrocarbon fields and mapped traps in aquifers)

Only polygons which are in the public domain are included.

The GIS polygons are relationally linked to the Hystories datafasemeans that as a user
clicks on a formatiomolygon,they will also be able to view the related data for the storage
unit and the traps within that formation. The same method has been applied to the storage
units where data for the associated traps are accessible when analysing the storage unit. The
GIS als contains basenap data (country basmap, cities and major towns, median lines) to
allow the user to locate themselves geographicalifaus, in addition to populating the
database, partners were asked to provide polygons that show the areal extent@attblo of

the geological formations, units and traps within the database. These polygons are linked to
the formations, units and traps in the database via the formatgiarageunit and traplDs.

Data associated with each polygon is as follows:

1 Name: name of théormation/storage unit/trapg this should match the name entered
in the database for the corresponding database entry

Remarks: this can be used to enter any additional information about the polygon.
Country: the name of the country that the polygon belongs to, e.g. Austria
CountryCoce: the country code for the country the polygon belongs to e.g. AT

ID: theidentifier from the database of théormation or storage unit or traphat the
polygon represents.

E R

When populating the database, understanding the relationship between the data and the
polygons is important. For examptejo polygonscanlink to a single database entsyncethe
sameformation/unit/trap ID can be given toultiple polygors. However, me polygorcannot
link to two entries in the databaseonly one formation/unit/trap ID carbe given to the
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polygon so it ca®®2 be linked totwo formations/units/traps Additional polygons could be
added,or traps could be split as appropriat€his means thaif there are multiple horizons

that are producing within one hydrocarbon field, then data can only be entered for one of
these horizons, and the database populators will have to decide which is the main horizon
with potential for hydrogen storagdlternatively, two polygons which overlap could be used,
depending on the approach deemed most appropriatehm®/Hystories geological experts.

Adatacheck wagarriedout to confirm that the polygons contained the essential data listed
above. Thedata check also confirmed that the polygons appeared within the country
boundaries.

In addition to the database polygons, other information added to the GIS to help the user
locate and screen storagmtential includes

1 Saltdeposits¢ Hystories has obtained agreement from SMRI to use the salt shapefile
from SMRI research report Horvath et @018

1 Location of towns/cities

1 Topographic data (Publicly available base datasets can be used)

2.4.2. GISdevelopment

The Hystories desktop GHgurell) has been developed using EBRIcGIS 1@ software.

Data has been stored in ESRI file geodatabases and Access databases and linked into ArcGIS.
To facilitate the use of the data in other GIS software the data has also be stored in a
GeoPackage format for delivery to Hystories Partners. This will enableepsinivho have

other GIS software to create their own version of the Hystories TH& WebGIS also allsw
partners who do not have access@S softwar¢o view the data.

The webGISFigure 12) has been developed usinthe ESR® ArcGIS Dashboard and is
compatible with most web browsers such as Chrome, FirefoxEdge This dashboard is
available on the Hystories websitEhe purpose behind developing the online webGIS as well
as the desktop GIS wasensurethat the data could easily be shared on the Hystories website
to enablebetter external (to the project) accessibility to the data and results and facilitate
knowledgeexchangewith externalstakeholders.
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2.4.3. Data display, search , accessibility and re-use

Geographical Information Systeraffer a visually attractivportal to access Hystories data

a meaningful and effective wayhe database has bedmked to the onlinewebGISand
desktop GISThis allows the user taisualise the datagarry out geographical searches on the
databaseand understand the data in a more spatial cont&ie desktop GIS can also facilitate
additional analysis of the data using standard GIS tools.
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The webGIS allows the user to select the country of intef@stential storageformations,
units and trapgfor that countryare then displayedit is possible to select all countries to
display all polygons/locatable trap$he traps have been coloured by fluid filihcluding
WKe& RNE Ol NDb 2tsa@contain&aSmikdsf oill ok gasr for CQStoP traps where fluid fill
was not confirmedStorage capacity for traps calculated\MP2has been adde@Figurel3).
The aim is that the data should be finable, accessible, interoperable and reushble. are
some traps in the database that could not be displayed becdhselocation data are
confidential or not available.

The webGIS containssgatement about the Hystories project, and a brief explanation of how
the data were collecte@Figureld). This statement also highlights that the database contains
only publicly available data, and that the absence of identified storage potential does not
necessarily indicate an absence of opportunity, since sometimes data do not exist or are
restricted. The webGIS also indicates tlg#ta can be reused, but that the data owner and
Hystoriesproject must be acknowledgedhe data copyright statemerst wereagreed by all
Hystories partnersAs each country is selected, the copyright statement for that country is
displayed. Partners fromCQStoP were contacted and asked to confirm the copyright
statement was correct, or to provide an updated versién.copy of the data copyright
statements is given in Appendix 2.
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Figurel3: WebGIShowing data for one trap, including estimated hydrogen storage capa&&ity shapefile layer has been
hidden to make searching for porous media traps easier
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About Hystories

The Hydrogen Storage in European Subsurface {Hystories) project addresses the main technical feasibility questions for subsurface storage of green hydrogen as an enabler to help meet climate
targets. The main deliverable from workpackage 1 was a unified database collating available geological data on reservoir and seal characteristics for depleted hydrocarbon fields and saline
aquifers to support strategic decision making. The database is accessed via this GIS to highlight regions and sites that may be suitable for development into storage sites for hydrogen, from a
geological perspective. This GIS only displays data available in the public domain and therefore the absence of identified storage potential does not necessarily indicate an absence of cpportunity.
The Hystories database

The primary data included in the desktop and web GI5 are the three-level hierarchy of storage used by the Hystories database:

Xf\_/

Ny, N
A
N\
_~ Storage formation - Storage unit . Trap \\

= Storage formations (rock bodies which may have suitable reservoir properties)
* Storage units (parts of the storage formations which have promising reservoir properties)
» Storage traps (parts of storage units that should locally contain hydrogen; hydrocarbon fields or mapped geological closures)

Data is added in the following order to the database; first a storage formation is added, then the storage units that fall within that formation. Storage traps, which fzll within each storage unit are
then added, where data are available.

Reference and copyright: Reuse of Hystories data is authorised, provided that the "Hystories” project is acknowledged, and the copyright of datz are acknowledged as per the statements for each
country.

External data: SMRI has kindly allowed display of their salt deposits layer. These data remain the property of SMRI and cannot be reused under the Hystories data reuse statement. Coastline data
© EEA 2021

Capacity estimation data: Porous media trap capacity estimates are based on GIE Storage database published on 14/07/2021 for existing natural gas storages or are Hystories’ own estimation
derived from collated geological data for other porous traps. Computation details are given in Hystories report D2.2-1_3D multi-realisation simulations for fluid flow and mixing issues, please refer
to this report for methodological details.

Acknowledgements: This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant Agreement Mo 101007176, This Joint
Undertaking receives support from the European Unicon's Horizon 2020 Research and Innovation program, Hydrogen Europe and Hydrogen Europe Research.

Clean Hydrogen
_Partnership

50.nnneq by tne Eurspsan union

Figurel4: Hystories introductory statement and brief explanation of the database displayed in the left sidebar of the webGIS.

2.4.4. Evolution of ideas during GIS population

As data are not uniformly available, discussions were held withidHfstoriesteam on how

best to present data wherpolygons could not be provided. It was decided thahere no
coordinates could be provided,list of formations, units and traps would be presentaaen

a country was selectedut no point would bendicatedon the map to avoiagnisconceptions

on storage locations. Where a polygon could not be provided, but a centre point was given for
a unit or trap,a small circle was added to the map.

Another issue was the large number of attributes in Hhestories database, particularly in the
Trapstable. There were concerns that the dgieesentationwould be slow for online access.
However in practice since there are manystancesvhere data were not availabléhe data
could be hosted successfulhia ArcGIS Online.

It was agreed that the traps would be coloured by fluid fill type to makasier for webGIS
users to understand the balance of storage availability in each country.

2.5. Benefits of the Hystories database and GIS

The Hystories database and GIS allow users to access geological data and data on identified
sites that could be further investigated with a view to developing hydrogen storage projects.

,. hysgorleg D1.41 - Opportunities in Europe for geological storagehgéirogen

in depleted hydrocarbon fields and saline aquifers 30



The database contains geological data, but also data on plans for site development, operators
and the availability of data to undertake more detailed studigse list of the identified traps

is by no means exhaustive as data access is restricted and only publicly available data was used
for the Hystories project. Nevertheless, this database offers useful insights into the most
promising storage structures foytrogen, based on data which is currently publicly available.

Visualising the data in a GIS allows decision makers to identify areas where there are multiple
possible stores, to support strategic decision making. The GIS will also allow project
developers to identify possible sites for further investigation.

The webGIS and thevailabilityof the shapefileshareresults of the Hystories projeatith
external stakeholdersThis will assisin assessing where there is potential for geological
storage of hydrogerand where infrastructure including transport corridorsmay develop
This information, alongside the outcomes of the Hystories teebcmnomic modelling and
screening exercisean help inform strategic decisions on theailabilityof green hydrogen

to support efforts to meet climate targets.

The desktop GIS allows more extensive interrogation of the data. Hystories participants who
have access to ESRI® GIS software can open the Hystories GIS. Users with other GIS software
brands can load in the shapefiles which can be downloaded from the \Beli@e shapefiles

have been made available via the Hystories website so external partners can also use the data
within the terms of the Hystories copyright statement.

'.hysgorleg D1.41 - Opportunities in Europe for geological storagehgéirogen 31

in depleted hydrocarbon fields and saline aquifers



3. Overview of d ata collated during
Hystories

Geological and geochemical data were collected from publicly available sources and collated
by participating geological experisto the Hystories database from many sources including
published papers, national databases, and data repositories.

TheCQStoPand ESTMAP databases offered a starting point for many countries. Hydrocarbon
exploration also usually offered a wealth of data. Basic data such as field looati@pth

were often available. National atlases @0 storage opportunities were available in some
countries and provided additional informatioa.§.UK, Norway, Spain).

Data availability was variable across Europe and for different storgges Overall the
Hystories database containd Bformations, B1 storage units and 8 traps (Table3). With

the addition of theCQStoP datdo infill countries not covered by Hystories participarite
database then contained8®formations, 6& storage units, and 1Btraps. TheCQStoP data

from countries not assessed during the Hystories project were given a quality check but have
not been verified or updated by the Hystories project.

All countriesassessed by the Hystories projeekcept for Estonia were able to identify
formations and storage units for potentilydrogenstorage. In some instances, it was not
possible to identify structural closures (traps) that could stoydrogen put the identification

of potential storage areaormations and units) identifies that them@re regions forfurther
investigation Data is sometimes confidentiat has not yet been collectegindan absence of
identified traps in Hystories does nalwaysindicatean absence of storage potential.

Data availability is variable across the countries involved in the Hystories priDjéetent
countrieshave differing data availality in the public domain, and this has restricted the
population of the database in some areas. A reviswcluded inTable4. Summary maps
which show data availability for each country are showRigurel5 andFigurel6.

Basic reservoir data were usually available. More detastedage formationdata were less

likely to be availabl¢Tabled4).t dzo f A Ol 0 A2y & 2F0Sy R2y Qi LINRJAR
seal as on the reservoir. The database allowed entry of minimum, average and maximum
values for parameters to try to capture geological heterogeneity within each potential storage
opportunity. Data on the seal was included where available, and potential traps where the
sealseemed utikely to contain buoyant fluids were excluded from the database. Geological

faults and wellsvere indicated in the database where data were available since these could

offer potential migration pathway# not sufficiently managed. It is worth noting that there

are often fewer data on the seal since hydrocarbon exploration tends to focus data collection

on the reservoir

The database provides the ability to input a very wide rangawafilabledata to build a
complete picture of the potential storage location. Howewvgiventhat not all data will be
available, some key attributes were highlighted for the partners to focus their data capture
efforts. The database was completed using publicly available datgapsl exissince some
data remain confidential. In addition, some of the required data have not been collected in
areas where seismic data has not been collectedwelis have not been drilled
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Table3: Identified geological formations, units and traps in the Hystories datafpdsase note that aquifer traps used for
JF&a ai2Nr3IS I NB AyOft dzR S Bnd depletedgdsShields lusiedziorF gas\dtoradelate)listed @ fthdzY y
WK&@RNROI NB 2y FNotall data in thk datidse ©dh baldisplaged in the webGIS since locations are not always
public domainthe numbers in this table represent the database

Country Formations Units Traps (All) Aquifer Traps Eﬁéo.ﬁaar;son
Austria 4 8 30 0 30
Belgium 9 7 3 3 0
Croatia 8 20 26 5 21
Czech Republic 3 25 6 1 5
Denmark 5 6 14 14 0
Estonia 0 0 0 0 0
France 5 5 48 10 38
Germany 25 25 75 24 51
Greece 6 5 10 7 3
Hungary 4 20 27 0 27
Italy 49 66 26 0 26
Latvia 1 1 18 18 0
Lithuania 1 1 15 3 12
Luxembourg 2 1 0 0 0
Norway 9 9 11 3 8
Poland 14 16 102 38 64
Portugal 2 5 0 0 0
Romania 12 13 41 4 37
Slovenia 8 17 21 17 4
Spain 43 99 89 89 0
Turkey 14 94 94 0 94
Ukraine 8 25 48 3 45
UK 79 113 261 0 261
';éSTtX{_igs 311 581 965 239 726
Bulgaria 8 11 1 0 1
Ireland 3 9 2 1 1
prer ik ; 1 1 :
The Netherlands 18 18 147 5 142
I : : : :
Slovakia 37 37 4 0 4
Switzerland 4 4 0 0 0
Hystories +

CO,StoP 386 665 1136 262 874
TOTALS
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There are a few additional points to note in terms of national data availability and the number

of storage opportunities shown ihable3: Estonia could not define any formations that would

0S adaAdlrofS FT2NJ KERNRIASYy aid2NF 3ISoCstoage! ¥ KI 2
including both aquifer structural closures and hydrocarbon fields. The raw data were not
available to include in the Hystories database for commercial reasons. However, basic
reservoir data can be downloaded from tl@3Stored website for research purposes, to

consider aquifer storage potential in the UK sector of the North Sea. For Ukraine, owing to the
ongoing national situation, locations of the traps were considered confidential and could not

be shared with the Hystories gectat this time

TabledY 5FdF | @At oAtAGE & | OMAMDSWHILEESS AT ANIOKK S &l &az 3 NRS ¥ Q

purpose of the calculationrdps fromCQStoP have been excluded on the basis that several of the Hystories data fields were
not included in theCQStoP databas.

Basic site data

Operator, owner, license, current
development surface/subsurface
interference, status, water depth

71

46

Additional site data

Planned development, availability,
exploration for storage started, storage
developed

48

54

Basic reservoir data

Geological period & age, lithology, thickness,
porosity, permeability, average depth,
minimum depth, areal extent, fluid fill

67

79

Additional reservoir data

Environment of deposition, pressure &
temperature, net-to-gross, average dip of
formations, brine salinity, susceptibility of
damage during injection, lateral connectivity,
risk of lateral migration,
compartmentalisation

37

51

Reservoir geochemical
data

Mineralogy, presence and details of COz,
sulphides/sulphates and iron

27

18

Oil and gas data, well data

Ultimately recoverable reserves, oll
formation volume factor/gas expansion
factor, discovery year, start/end of
production, number and age of wells,
abandoned wells, age of platform, well flow
rate, annual production

30

21

Basic seal data

Geological period & age, lithology, thickness,
seal overlies whole formation

53

77

Additional seal data

Environment of deposition, additional seals

29

48

Seal geochemical data

Mineralogy, presence of sulphides/
sulphates and iron

19

32

Geological fault data

Fault density, faults in seal, displacement vs
seal thickness, fault throw

21

17

Detailed geological/
geophysical data and
models

Have seismic and well data been collected?
Rock cores? Geophysical logs? Geological
models done? Data quality

29

70
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@@ hystories

Hydrocarbon storage data availability
. Good public domein date availability

. Some public domeain date availability

Exploration indicates no hydrocarbon
fields present

BELARUS
L

SYRIA

Figurel5: Online mapof data availability for identifying hydrocarbon storage site

@@ hystories

Aquifer storage data availability

FNAND :
‘ R . Good public domein date availability

. Seme public domein date availability

. No/poor public data availability

BELARUS - )

Figurel6: Online maf data availability for identifying aquifer storage sites
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Seismic and well data are made available in most countries dmuhmonly, access was

restricted to some degree. A summary of data used by the Hystories projectf aadilability
of detailed data for future site studies, is giveriliable5.

Table5: Summary of data used for Hystories project and availability of detailed data

Country Hydrocarbons | Basic data - main data sources Detailed datai main source
exploited
Austria Yes Basic geological data from Detailed seismic and borehole data
national geological survey but are not automatically made publicly
usually only made available after available. Data belongs to the storage
field has been abandoned. or field operators.
CO2StoP, ESTMAP, published
literature
Belgium No CO2StoP, national CO2 storage Absence of seismic data largely
projects prevented the identification of
potential trap structures
Croatia Yes CO2StoP, ESTMAP, published 2D seismic data has been acquired in
literature hydrocarbon-rich areas and is
available for purchase. The Croatian
Hydrocarbon Agency (CHA) makes
data available for research under a
confidentiality agreement. 2D seismic
data in the Adriatic offshore and the
SW corner of the Pannonian basin
are available through CHA. All
exploration wells are available from
CHA and can be used for research.
Only 3D data that are in the most
hydrocarbon-rich areas with a number
of active exploitation fields are still
restricted.
Czech Yes Publications. Published data on More recently acquired data, seismic
Republic this topic are often generalised data and well data, are often
and simplified. National geological | confidential and thus not available in
survey holds data. CO2StoP and the archives.
ESTMAP.
Denmark Yes, offshore National assessment of the Detailed data about oil and gas fields
only Danish CO: storage potential and | are owned by the operators and their
the geothermal GIS-portal. partners.
Estonia No storage sites are not available as Detailed data about oil and gas fields
aquifers are too shallow are owned by the operators and their
partners
France Yes Information was collected from All oil exploration data older than 10
the French ministry in charge of years can be requested from the
mines, published literature. French Ministry in charge of mines
CO2StoP and ESTMAP http://www.minergies.fr/en). Raw
seismic data, drilling logs and drilling
reports are available but have a cost.
Germany Yes 3D model published by the Legacy seismic and well data has to
Federal Institute for Geosciences | be obtained through the individual
and Natural Resources (BGR). state land offices. Current provision of
GFZ physical property database data is therefore highly limited and
subject to change.
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Greece Yes CO2StoP, ESTMAP and scientific Onshore seismic data and borehole
publications are not yet publicly available.
Hungary Yes CO2StoP and published literature | Most seismic and borehole data can
be requested from the Mining and
Geological Survey of Hungary.
Seismic or well data is only available
in published literature for a few
storage sites. Detailed seismic and
borehole data is not automatically
made publicly available
Italy Yes CO:2StoP, national project to Well and seismic data available
assess CO: storage capacity through national web portal.
Information concerning depleted oil
and gas fields are rarely available,
except for some fields which are
currently used/being evaluated for
UGS
Latvia No GeoCapacity, CO2StoP and Well and seismic data could be
ESTMAP projects, and data purchased from the national authority.
collected for other research
projects (sometimes paper only,
and sometimes in Russian).
Geological database available in
the University of Latvia (not
public).
Lithuania Yes INSPIRE geological dataset. More detailed data available from
Public reports and databases of national geological survey (for
EU projects: EU GeoCapacity, purchase)
CO2StoP and ESTMAP. Journal
publications and in research
institute databases
Luxembourg No No pre-existing studies on storage | Geological maps are publicly
potential. Published geological available.
maps and profiles were used to
identify possible geological
formations and areas of interest
Norway Yes, offshore CO:2 storage assessment Access to some datasets requires
available as national storage membership, which is free for
atlas. National authority holds and | research institutions
makes available all seismic and
well data
Poland Yes CO2StoP, Publications and National geological survey holds and
reports on CCS and UHS. makes available well data and
National database on deep well seismic data for a fee. Privately drilled
logs. National geological wells require contracts with the
database such as MIDAS. operator to access data. Gas storage
data available by contract with the
national operator.
Portugal Not economic ESTMAP, CO2StoP /COMET, Most deep geological data is available
STRATEGY CCUS, from the national authority and is
PilotSTRATEGY. national available via their webGIS. National
repository of petroleum energy and geology research institute
exploration data. National data makes available data from subsurface
holdings including maps, activities.
boreholes etc
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Romania Yes CO2StoP and ESTMAP. National | few data are available in the public
databases on oil licences. domain on hydrocarbon fields.
European UGS database. Researchers can request access to
Published literature. the data via the national authority, but
cannot publish the data.

Slovenia Mostly CO2StoP, ESTMAP, published A few 2D seismic lines have been
depleted literature. Most seismic and well acquired but are not generally

data collected for hydrocarbon available. The Survey is in the

exploration are old (collected pre- | process of transferring all vintage well

1960s) data in GIS. A database of wells is
available from the national geological
survey.

Spain All depleted, ESTMAP and CO2StoP. National National geological survey holds and
one CO:2 storage project, ALGECO:. makes available most subsurface
operational National database on data, including seismic and well data
field onshore hydrocarbon permits, geophysical

data, and oil/gas production.

Turkey yes National research project on COz2 | National petroleum company holds
storage. National publications on the data and it is not publicly available
UGS.

Ukraine yes ESTMAP, published literature. National database (Geoinform) makes
available geological reports and
seismic data. National geological
survey holds data on oil and gas
wells, in the relevant Register, the
administrator of which is Geoinform.
Currently data access is restricted
owing to the ongoing situation.

United Yes CO2StoP, ESTMAP. Published Older well data are available from the

Kingdom literature. National databases on national authority. Seismic data are

offshore wells. made available by a company that
manages the data on behalf of the
government. Newer data are
confidential. Storage atlas for offshore
is freely available.
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4. Austria; g eological assessment of storage
opportunities

In Austria, thgpotentialunderground hydrogen storaedentified are situated in the two major
oil and gas provinces, the Vienna Basin and the Molasse Bagielve Underground Gas
Storage (UGS3ites and several depleted oneardepleted oiland gas fields have been
identified as the most promisinigydrogenstorage candidatethrough the Hystories project
Most of the reservoir rocks coprisesandstonesthoughsome are carbonates. Saliaguifers
are not includedn the databasdor Austria, as hardly any dasae availablethat would inform
assessment opotential for storage Although some salt structuseare present in Austria,
owingto tectonic deformation, they are unlikely to be suitable Fydrogenstorage

4.1. Data collation and collection

4.1.1. Data availability and collation

Basic geological datare available fronthe Geological Survey of Austrigetailed data on
hydrocarbon fields belong to the respective compamyolved Geological and geophysical
data such as reservoir depth, reservoir thickness, geological profiles from boreholes, structural
maps of trapswell logging dataor results from chemical analgs are archived at the
Geological SurveHoweverthesedataare only made availablafter a hydrocarbon field or

well has beerabandoned anére usually not made available for public access. Seismic or well
dataareonly published for a fewaydrocarbon fields

Data used fothe Hystoriegproject were collected using existing databases such as ESTMAP
and CQSoP as well as published literatuf@able6). A detailed overview of existing oil and
gas fields in Austria can be foundBnix and Schtd (1993) This book served as a @for
previousstorage evaluationand data from this publicatiorwas supplementedvith results

from newer published work It is especially difficult to find data on the seal as published
research projects usually concentrate on reservoir rock properties.

4.1.2. Availability of detailed data for further site characterisation

For Austria, detailed seismic and borehole data are not automatically made publicly available.
Data belongs to the storage or field operators. Additionally, there is no dataset showing all
seismic data acquired in country. TRerglS information systehgives an overview of current
claims and licenses. Most of these fields were covered by seismic data acquisitions in the past.

Data on saline aquifers are almost completely lacking as they were not in the focus of the oil
and gas industry until recently. Nevertheless, oil and gas operators will almost certainly have

3 https://bergis.rmdatacloud.com/Compact?defaultmap=bundeseigene%20min.Rohstoffe
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come across these structures as exploration for hydrocarbons in the past century has been

extensive.

Table6: List of key data sources for the Austrian Hystories database

Source name / URL

Description

Version / Date

Brix and Schultz, 1993. Erddl und Erdgas

in Osterreich
https://www.isbn.de/buch/9783850282369
erdoel-und-erdgas-in-oesterreich.htm

Overview of oil and gas fields in Austria

Second edition, 1993

CO; Sequestration Potential in Austrian Oil
and Gas Fields:

https://www.researchgate.net/publication/2
54541489 CO,Sequestration Potential_in
Austrian_Oil_and Gas_Fields

Assessment of CO, storage potential

2006

Final Report: Underground Sun Storage
Project, 2017
https://www.underground-sun-
storage.at/fileadmin/bilder/SUNSTORAGE/
Publikationen/UndergroundSunStorage Pu
blizierbarer Endbericht 3.1 web.pdf

Reporting on Hydrogen Storage in a
depleted reservoir is Austria

2013

E-Control: UGS in Austria

https:/fwww.e-
control.at/marktteilnehmer/gas/gasmarkt/sp
eicher

Overview of current UGS in Austria

2022

Montan-Handbuch
https://info.bml.gv.at/service/publikationen/
bergbau/oesterreichisches-montan-
handbuch-2021.html

Status report on mineral resources and oil
& gas reservoirs in Austria

2021

4.1.3.

Identified gaps in data availability

The current database could be complemented by collaboration with storage or field
operators. In particular, well and field data from new exploration campaagemissing from
the archives of the Geological Survey of Austria. As energy storage beenneportant
topic of the future, it is still unclear how interested companies are in collaboration and publicly

sharing subsurface data.

For the identified traps in the Hystories database, it was especially challenging to find data on
seal properties as well as risk informatioad., location and characteristics of geological
faults, vintage and number of wells in hydrocarbon fields). Published literature usually refers
only to the reservoir rocks and the presence of faldtsd data on their characteristics would
require detailed seismic information that is not available in most cases.

There is no compelling overview on data for saline aquifers. The lateral extension of these
structures is particularly poorly constrained by currently available data.
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4.2. Geological opportunities for hydrogen storage

4.2.1. Geological summary

As previously mentioned, the most promising storage structures in Austria are
depleted/near-depleted oil and gas reservoirs located in the Vienna Basin and the Molasse
Basin. Oil and gas production in Austria startiedingthe 1930s and is still ongoing with an
ultimate recovery of more than 11illion tonnes of oil and 7Million m3 of gas. The
identified traps belong to several structural units and are bowsithin various trap types.

The Molasse Basin is a typical asymmetric retroarc foreland basin. On top of the crystalline
basement of the Bohemian Massif, sof@arboniferousPermiansandstone remnants can be
F2dzyR Ff2y3 (GKS a%SYyiaNlItS {OKgSttSyl2ySeéo
unknown, but they have been mentioned in literature as possible storess&lsandstones

are overlain by Middle Jurassage sandstones and Upper Jurasame carbonates that are

used for geothermal energy production. One of the most imporw@ihbearinglayersin this
basinare the glauconitic sandstones of the Cenomarfageand sandstones of the Upper
Eocene Era that sometimes form combined traps together with Middle Jurassge
sandstones. Hydrocarbertrapped withinthese layers are typically result ofthermogenic
heating of finegrained rocks of Lower Oligocegé.ower Miocene ageThe most important

gas reservoirs in the Molasse Basin (biogenic origin) are sandstones and conglomerates of the
Lower Oligocene Lower MioceneagePuchkichen Group and th&lioceneagebasal Haller
Formation. These reservoir formations have intraformational mudstone sedlsese
reservoirseal formationdormed in adeepwater environment and have thickness of several
thousand metes. RAG Austria is operatingeveral underground gas storages in the
Puchkirchen Formation.

The Vienna Basin is divided into thremin sedimentarypackages all of which contain
hydrocarbors. The youngest packageis the Miocene basin fill that usually roprises
siliciclastic sediments such as sandstones, claystones and conglomémtagesult of the
presence of oil and gadrilling of wells has been extensiimore than 700Qvells), and several
3D seismi@cquisition programmes have been undertak@MV AG is operatingweralUGS
siteswithin the Mioceneage basin fillSedimendary thicknessis typically up to 200@ 3000
metresand can reach more than 8000 mesin structural lows. Thee siliciclastic sediments
are underlain bythrust sheets from the Flysch Zone and Northern CalcareousvwAipsh
comprises folded shallow water depositSeveral oil and gas fields have been found within
this package Important reservoirs can be found in dolomitic anticlines and have typically
lower permeabilities compared to thiliocene sedimentsThe autochthonous Mesozaage
strata that rests on top of the crystalline basement represents tlédest sedimentary
package

4.2.2.  Storage assessments
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During Hystories efforts focused orthe evaluation of storage data soledy trap level. All
identified traps are hydrocarbon fields, as the lateral extehsaline aquifers is currently
unknown. All UGS sites in Austria weilsoadded to theHystoriesdatabase Hydrocarbon
traps where a structural map and porosity or permeability data is publicly avadablalso
included Altogether, 30 traps were identified and added to the database, Fable7, Figure
17 and Figure 18. Fivetraps lie withincarbonate rocks, theemaining potential storage
reservoirs comprise siliciclastic rocks.

Detailed reservoir dataare usually not published, which results in overall poor data
availability. Nevertheless, for reservoirs where simulati¢ag., CQ storage evaluatiors)

have been performed and published in literature, additional reservoir data available

Where reservoir parameters are given in the databageey should be reliable. The exact

number of wells penetrating each trap is uncertainowever. Owing to the sparsity of
availabledatall KS 2 @SNJ f f a0 2N IS LFa0 KHOyAT ALY A &F NddyA] (ye2
likely been identified.

Table7: Summary of storage capacity options and development actions

Reservoir Type N.o. in Status description, remarks Recommended actions
Hystories maturing and
database extending future

potential

Aquifers 0 No aquifer stores identified. Important Regional geological mapping

data such as lateral extension and the and assessment of aquifers
presence of seal rocks is missing. may reveal further potential for
energy storage

Gas fields (active, depleted 10 Exploited from 1930s onwards. Most of Site specific studies required

or abandoned) them are depleted or close to depletion.

Oil fields (active or depleted) | 7 Exploited from 1930s onwards. Most of Site specific studies required

them are depleted or close to depletion.

UGS 12 All current UGS sites in Austria have Site specific studies required

been added to the database

Condensate field (active) 1 Site specific studies require
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Figurel?: Frequency pie chart showingtegories ofdentified potential storage traps in Austrigie chart shows number of
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4.2.3. Existing storage sites

Austria has several UGS sights that all have been added tdysteriesdatabase. Currently
around 8.2Bnm? of gas can be stored in Austrian storage fields. The storage operators are
OMVin the Vienna Basin and RAG Austria AG in the Molasse Basiltc@lsites arlormer

gas fields.

4.2.4. Potential future development opportunities

The low hanging fruits for Hydrogen storage in Austria are probably depdetedstonegas
reservoirs of the $sedimentary packagef the Vienna Basjras well as the sandstones of the
basal Hall Formation and the Pug&irchen Group in the Molasse Basin. Those storage
structures are alreadyvell understood fromgas production or UGS operation. Ssigecific
surveys should be performed for these stores to assess storage potientiedail

4.3. Discussion and conclusions

Only hydrocarbon traps could be identified for this project, as studigh@storage potential

of saline aquifers in Austrihave not yet been conductedAlthough not included in the
database, saline aquifers are certainly present in Austria. Intensive drilling by the oil and gas
industry as well as drilling from geothermal wells revealed several saline aquifers. The most
promisingaquifersare locatedin the Vienna Basin, the Molasse Basin and the Styrian Basin.
One of the few that is better known is thfederklaa Conglomeratéormationin the youngest
sedimentary packagef the Vienna Basin. Neverthelessyingto the absence of aaprock it

was not included in the database.

The database comprises all UGS sites and all hydrocarbon trapstive@rgortant reservoir
properties (extent, porosity & permeabilitilave beerpublished.However, sveralof the oll
reservoirs within the database are probably less suitablehj@irogenstorage compared to

the gas reservoirsMany oil fields have a large number of wells and therefore may not be
suitable for development as storage sites. For example, the Matzen oil field (the largest
producing oil field in Austria) that targets tH&™" Badenien horizopwas not included as it

has been perforated more than 1000 timkg wellsand hencets development forstorage
might beunlikely.

Austria has several existing natural gas storage sites in poocks These structures are well
known and might becombydrogenstores in the future. Regarding the seal rocks and tisks
security of storaggfurther site-specificinvestigations are required to evaluate these traps. It
is important to emphase that the database is by no means exhaustive as the list of the
potential sites is based on published literature only.
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5. Belgium and Luxembourg ; geological
assessment of storage opportunities

No traditional oil or gas reservoirs are known to occur in Belgium or in Luxemb@lrg
deposits thick enough to be considered for cavern storageam@absent. Both countries do
have potential storage complexesmprisingreservoir and cap rocks, opening the possibility
for aquifer storage sites. In Belgium, one dome structure was prospexttéite end of the

M T N Ohdas beeybPerational since 1985 as a natural gas storage site. Other traps have not
been confirmed, but some candidates can be infdriem 2D seismic sections.

5.1. Data availability and gaps

5.1.1. Data availability and collation

For Belgium, storage sites f@Q have been summarized in theQStop database, which
partly inherits data from earlier national and European projects. Luxembourg is not known to
possess potential storage sites, because the depth of the top seal is too shallow for efficient
storage ofCQ. TheCQStoP database was used as a starting point for the investigation into
potential storage options for thélystoriesproject since both uses of the subsurface have
similar requirements in terms of a good quality reservoir and seal.

Investigations intdCQ storage possibilities in Belgium started in 2000 with the FEST&O
project. Between 2005 and 2012 a suite of national projedsessedhe feasibility ofCQ
capture and storage as a mitigation option for Belgium, @artbusaquifer storage sites were
inventoried based on available data. This resulted in 13 identified or inferred potential storage
complexes (Welkenhuysen et al., 2013). Hhsence of seismic datargely prevented the
identification of potential trap structures.Only few additional studies further identified
storage options foCQ (Piessens et al., 2007), and the estimates were never updated.

5.1.2. Availability of detailed data for further site characterisation

For Luxembourgthere areno preexisting studies on storage potential, but because the
minimal depth constraints fonydrogenare less strict than fo€Q, reservoirseal pairs could

be presentfor storage During theHystoriesproject, information from published geological
maps and profiles was used to identify possigpmlogicaformations and areas of interest.
There is increased interest in exploration of these reservoirs for geothermal projects, from
which data on porosity and permeability can be aibed.

While for Belgium relatively little additional data has become availabiee theCQStoP
database was compiledhe original inventory was based on geographical location of the
potential reservoirs, and was therefore lacking in the correct geological identification of the
reservoir and sealing formations. Improving this involved restructuring agdilable
information andupdating itwith current lithostratigraphic nomenclature. For some important
reservoirs that were also of interest for geothermal apation, more detaileccontour maps
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or 3D modelsvere available These new data &e usedduring Hystoriesto createreservoir
depth contour maps.

5.1.3. Identified gaps in data availability

The amount of dta in the public domains relatively restricted, especially regarding the
sealing formations. The data in titystoriesdatabasecomprises botlactual measurements,
and where necessayyparameters generated usirgxtrapolationby experts

5.2. Geological opportunities for hydrogen storage

5.2.1. Geological summary

The nine potential storagestrata that were identified for Belgium, and thevo for
Luxembourg, span a significant geological time, and represent different reservoir types and
geological settings. No hydrocarbon accumulations (with the exception of coal and shale gas)
have been identifiedthus the fa@us is exclusively on aquifers. All reservoirs are onshore, with
offshore geologyot being suitable for geological storage of buoyant fl{li®ssens, 2011).

The oldest formations in Belgium that can be foungitn are of Cambrian to Silurian age
(Lower Paleozojcand typically have beendeformed during either the Brabantian or
Ardennianevents(Legrand, 1968; De Vos et al., 1993; Piessens et al.,.Zl00& Brabantian
deformation belt continues into Englan@heArdennianbelt is onlyidentified inBelgium and
Luxemburgits regional extent is unknowawingto a lack of outcrops in France and Germany.
Although somestrata of this agdavereasonableeservoirproperties, they are not known to
occur in association with sealing formations at a suitable deyith are therefore unlikely to
offer storage potential

The UpperPalaeozoic strataspecifically the Devonian and Carboniferaleposits(and for
Luxemburg also the Rotliege@toup) provide several storage optioasid have undergone
varying degresof exploration.

The Variscan deformation took place at the end of the Carbonife@asod andaffected
Luxembourg and the soutbast part of Belgium (Sintubin et al., 2009) Suth of this
deformation front, in the Dinant synclinorium, the numerous anticlines that are observed at
the surface are hypothesised to have given rise to elongated domelike traps at. ddpke
strata could offerstoragepotential provided that the Givetianand Frasniaragelimestones

are sufficientlypermeable and the Famenniaiageshalesffer a siitable caprockThis option
remains completely unexploredhe Campine Basin in the north of Belgium remained largely
unaffected by the Variscan deformation.

In the Campine Basin, where the lithostratigraphy is different but still comparabtbat
found in the Dinant synilorium, three drillingcampaigns of which twolie at relevant
locations, have reached these formations at depth. FreesniarageAisemontFormationwas
recognised as promisingtarget andhas been drilled for geothermal exploration. The lower
beds of this formation ampriseargillaceous limestones, while the upgeedsare dominated
by dolostones(van Tongeren, 2001)Drilling for geothemal energy exploitationwas
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eventually abandoned becauséhe Aisemont Formatiorproved lessproductive than the
overlyingDinantian (LoweCarboniferouyreservois.

TheDinantianSupergrougLower Carboniferoug)ccur in threemain areas in Belgiurmhese
carbonatestrata arebeing used for the storage of naturgas andare the primary target of
deeper geothermal projects. Namuriatage deposits ardominated by shaly depositnd
offer the main seafor potential reservoirs of Lower Carboniferous agée base of the
Namurianstagestrata comprisélack shalesfthe Chokier Formatiorirhese black shalesay
be absent,in which case th&lamurianstageAndenne Formatiomwffers theprimary seal.

In the Campine Basibinantian limestonesccur only in subcrop arare known from 2D and

a small 3D seismic campaign, as well as from adelvcores(Dreesen et al., 1987)he
principalstrataof interest is the Loenhout Formation, named after the community where the
formation has beenbest exploredand subsequently utilised faratural gas storageOnly a
small amount of data has been released into the public domBorosity and permeability
seem largely determined by the degree of karstification (paleokarst), making projections
about formation properties prior to drillinga major challenge. One other, smaller dome
structure is also knowrthe Poederlee structure.

In the Mons Basin the Dinantian Supergrosipata of Lower Carboniferousge typically
comprisesevaporitic beds, which positively influence permeabiliBelmer, 1977)In this
regionLower Carboniferoustrata havebeen deformed inta monoclinal structure, and traps
are yet to be identified. This unit has a history of geothermgbloitation, with current
development plans to increase productiddew ®ismic campaigns accompanitdte recent
exploration for geothermal siteave been undertakenbut resuts have not been made
public.

A third area where theDinantian SupergrouplLower Carboniferous agemay offer
opportunities liesalong and around the Variscan front zone (more or less betweerities
of Mons and LiegeHere, interest in this unifor geothermal projectshas recently emerged
A 3D model based mainly on extrapolations and structural modehiag been newly
developed. Early results from this watlere usedo outlinethis reservoir. A seismic campaign
is planned for the end d2022, but results are not expected to cmme available within the
Hystoriesimeframe. Core data are not available, so reservoir properties are not verified.

The last formation of interest from thigeologicatime interval is the Neeroeteren Formation
of Upper Carboniferous age (Westphalian staBertier et al., 2008 Contrary tothe older
carbonate reservoir rockshe NeeroeterenFormation comprisedluviatile and relatively
coarse sandstone@aproth et al.,, 1983)The Neeroeteren Formation outside of the Roer
Valley Graben occurs at sufficient depth and has good reservoir propétiegever, iis only
partly covered by a sealing formati¢Rharaoh et aJ 2010) It is assumed that the northern
part of the reservoir isppropriatelysealed, and it is this part that identified as having
potential for hydrogen storagdrurther verificationof the seal and identification dfapping
structuresis required

The situation is different in the Roer Valley GrabEneNeeroeteren Formatioris expected
to be presentbut has not been confirmed by drillinghe potential caprockwill be different
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than those outside of the grabemwingto different sedimentation and erosnhal conditions.
Structural traps may be present. Presalaty seismic activity needs to be considered.

The Permian Rotlieger@roupoccurs in Luxemburg at sufficient degtr hydrogenstorage
however it is not considered furthelbecause no directly overlying sealing formation could be
identified.

The oldest Mesozoicage strata that may be suitable for storage compriske Triassic
BuntsandsteinFormation. These strata are acsegrained siliciclastic depositand well-
known forpossessingood porosity and permeability. In Luxemboypittge Vogesensandstein
Formation occurs relativelgloseto the top of the BuntsandsteiRormation ands overlain by
marls that mayoffer a sufficient seal. The Vogesensandstein Formation is an aquifer that is
heavily explored for geothermal purposes. Depending on the authors, depth changes in
profiles are explained by undulations or fault displacement. Either could result in local
trapping stuctures. Closer to the Upper Rhine Grap&ult-bounded traps become more
likely.

In Belgium, the BuntsandstelFormationoccurs in the Campine Basin and the adjacent Roer
Valley Grabempotential stores with adequate seals occur below depths of 500 miartlye

Roer Valley Graben. The primary seal is the Muschelkalk Formation, in a succession equivalent
to that found inLuxembourg.

The youngesteservoirformations that occur at sufficient depthwith a suitable seal areof
Cretaceous to earlialaeoceneage. The Formations of Maastricht and Houthem form one
continuous chalkeservoir ancare overlain by marls with sealing potenti®obaszinski et al.,
2001; Langenaeker, 1999 omelike structures have been identified previousstudies,and
included inthe current geological model that iselieved to bemore accuratethan older
geological assessmenthleverthelessgconsideringthe resolution and available data, &t
unidentified shallow dome structures may be present.

5.2.2. Storage assessments

This report is the first overview of the potential to stdrgdrogenin Belgium and Luxembourg.
Potential sorage options exisbnlyonshore, and exploration is in an immature stage for most
reservoirseal combinations. Several interesting regional targetsmrrant further
investigation, It without further exploration efforts the number of identified storage
structures is limited to three: one dome structure that is currently in use for the seasonal
storage of natural gas (Loenhout), one similar but smaltane structure (Poederlee), and
one potential dome structure that has only beafentified on a singl2D seismic linend
therefore lacksa confirmed geometry (Verloren Kamp).

A summary of the onshonenits andtraps inthe Belgiumand Luxembourglystoriesdatabase
are presented irTable8, Figurel9 andFigure20.b 2 WG NI} LJAQ 6SNB ARSYGAT
owing to the sparsity of data.
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Table8: Main storage types included in the Hystories database

Reservoir Type N.o. in Status description, Recommended actions
Hystories remarks maturing and extending future
database potential

Aquifer traps (Belgium) 3 Aquifer traps/dome structures, Site-specific studies including seismic

of which one developed as survey

natural gas storage site.

Aquifer units (Belgium) 7 Deep aquifers with varying but | General exploration, seismic campaigns
low exploration level

Aquifer units (Luxembourg) 1 Deep aquifers with low General exploration, seismic campaigns
exploration level
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Figure20: Frequency pie chart showirgtegories ofdentified potential storage traps in Belgiurhlo traps were identified
in Luxembourg.

5.2.3. Existing storage sites

Belgium has one natural gas storage site, which is agbdeed and operates for seasonal
buffering. This is located in Loenhout (Campine Basin). Histoyteadlabandoned coal mines
were used as additional natural gas storage sites, but these were closetd) to high
operational costs. Luxembourg does not hawg geologicahatural gas storage site

5.2.4. Potential future development opportunities

The current operator of the natural gas storage site has tentatively shown interest in full or
partial conversion tdhydrogenstorage, but no official public statement has been made
date.

5.3. Discussion and conclusions

Given theabsence of salt formationand oil and gas fields, aquifer storage seems the only
option available for largscale storage of hydrogein Belgium and Luxembour@revious
studies(Piessens, 2011.)ndicate, wth considerable certaintythat offshore storage is not
feasible. The modeasibleand nearterm options currently lie in the conversion géological
trap structures that are eithealreadyin use, or that have beeonly partly exploredand
therefore have a high uncertainty in terms of tatility for hydrogenstorage.An absence of
exploration data across much of Belgium and Luxembourg has resulted in a fothuesfew
known dome structures. Since interest for hydrogerageand geothermalexploitation
overlapin terms oftargets to explore, the current and planned deep geothermal exploration
efforts may benefit the development of both activities. In any case, the capacity of the
currently identified potential traps will likely prove to be too small.
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6. Croatia; g eological assessment of storage
opportunities

Croatian territory can be subdivided into three large units; Pannonian Basin {easth
onshore Croatia), Dinarides (western onshore Croatia) and the Adriatic offshore area. The
Pannonian Basin and Adriatic areas offer significant thicknesses of sanglgpamngcularly in

the Upper Miocene age sandstomearl sequence, and there is also a younger Pliocene to
Pleistocene sequence of clastic sediments, but its potential is restricted to the Adriatic area.
Because of the very complex geological structure pravailingly carbonate rocks that are
karstified it is expected that developing projects in the Dinarides area could be challenging
and therefore this region is considered less favourable for storage.

The onshore Pannonian Basin has many oil and gas fields that have been exploited over the
last 180 years. Many of the gas fields are still producing, but as they eventually deplete, these
fields could be considered folnderground hydrogen storage (UHSJPhere is one
Underground naturagas storage(UGS) site which lies in the Sad-basinin the south of

the Pannonian basin. This UGS site is a depleted gas field. Miocene sandstones are the most
common reservoir rocks in the Pannonian Basin and thestastould also offer potential for
storage in saline aquifers. However, there are insufficient data available to delineate and
quantify saline aquifer storage capacity. New hydrocarbon resources are still being identified
in the Pannonian Basin ad and gagxploration is ongoing, as well as a (still small) number

of deep geothermal projects.

Intensive exploration for natural gas in the Croatian part of the North Adriatic Sea started in
the early 1990s. This is still an area of active hydrocarbon exploration and development. Gas
is trapped in the Pliocene poorly consolidated sandstones and iUppetaceous limestones.

In the central and southern Adriatic basin, these could potentially offer saline aquifer storage
opportunities. However, there are insufficient data available to delineate and quantify saline
aquifer storage capacity.

The Ministry of Economy and Sustainable Development recently (2022) published a hydrogen
strategy for Croatia which includes hydrogen to support increased renewable energy, and
electrification of transport so there could be an appetite to develop hydragierage to help

reach climate objectives.

6.1. Data availability and gaps

6.1.1. Data availability and collation

Data were sourced from published literature including information on oil and gas fields, UGS
development and regional geological maps. The main data sources are giadrief. Based

on these data sources, information from the earli@®StoP and ESTMAP projects assessing
potential for geological storage @Q and underground energy storage, respectively, were
updated.
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Data in the public domain are sparse, particularly for the offshore regions. It was not possible
to provide formation outlines owing to a lack of available data. For many of the traps, both

saline and hydrocarbon, there were insufficient data to confirm éixtent of the storage unit

in which they sitand an arbitrary polygon was provided for the Hystories GIS. A summary of

the traps and units included in the database is giveRigure23.

Table9: Summary of data sources used for Hystories

Source name / URL

Description

Version / Date

National oil and gas compan)

INA Group Various
https://www.ina.hr/
Examples: Published literature onCQ | Various
The Miocene petroleum system of the Sa _storage _and oil and gas field

. .| in Croatia
Depression, Croatig
https://doi.org/10.1144/petge0.6.2.165
CCS actions and options in Croaf
http://epa.niif.hu/02900/02941/00101/pdf/E
PA02941 geofizikai_kozlemenyek 2011 4
4 _193206.pdf
Development of CCUS clusters in Croa
https://doi.org/10.1016/}.ijggc.2023.103857
EU GeoCapacity: Assessing European Capg Geological description o 2009

for geological storage of carbon dioxide. D
WP?2 report. Storage capacity

http://www.geology.cz/geocapacity/publicat
ons

Croatia and assessment©f
storage capacity

PSP d.o.o. official web site ; Strateg
gospodarenja mineralnim sirovinam
https://www.psp.hr/

National strategy for
exploitation  of  mineral
resources

2022 (website is regularl
updated)

Gas Infrastructure Europe 2015: Gas storg
map and database for Europe

https://www.gie.eu/transparency/databases
/storage-database/

Overview of planned anc
operated underground gaj
storage

April 2015

Croatian Hydrocarbon Agenaydata use is
controlled by a confidentialitagreement but
the source is included herfer completeness
since these data can be used for research

https://azu.hr/en-us

Public body thasupports the
competent authorities in the
field of exploration and

production of hydrocarbons,
geothermal water for energy
purposes, underground gas
storage and carbon capture
and storage Alsoresponsible
for managingstocks of oil and
oil derivatives

2022 (website is regularl
updated)
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http://epa.niif.hu/02900/02941/00101/pdf/EPA02941_geofizikai_kozlemenyek_2011_45_4_193-206.pdf
http://epa.niif.hu/02900/02941/00101/pdf/EPA02941_geofizikai_kozlemenyek_2011_45_4_193-206.pdf
http://epa.niif.hu/02900/02941/00101/pdf/EPA02941_geofizikai_kozlemenyek_2011_45_4_193-206.pdf
https://doi.org/10.1016/j.ijggc.2023.103857
http://www.geology.cz/geocapacity/publications
http://www.geology.cz/geocapacity/publications
https://www.psp.hr/
https://www.gie.eu/transparency/databases/storage-database/
https://www.gie.eu/transparency/databases/storage-database/
https://azu.hr/en-us

Oil and gas fields

More than 60 economic and uneconomic hydrocarbon accumulations have been discovered
in Croatia over the last 70 years. The largest fields have been added to the Hystories database.
The oil fields are generally more depleted than the gas fields and areftrerwould be
expected to be available sooner. However, the use of depletdietuk for hydrogen storage

is not a simple topic given the lack of maturity in modelling fluid flow and mixing and
geochemistry in this situation. The exact outline of theiogarbon traps was modified owing

to data confidentiality.

Saline aquifers

There are insufficient data on saline aquifers to fully assess their potential. The aquifer trap
and unit outlines are assessed from regional geological maps. Basic storage formation data
(e.g. thickness, porosity) have been extrapolated from the averaiggsta acquired in oil and

gas fields in that area.

6.1.2. Availability of detailed data for further site characterisation

There is extensive coverage of 2D seismic data in the petroliferous onshore and offshore areas
of Croatia (e.qTG3%). However, these data are only available for purchase.

In November2020 the CroatianHydrocarbon AgencfyCHA)openeda physicaland virtual
WRI G toN@EaBlevatcess teubsurface datalnitially, the data room included access to
data on approximately 200 wells, but this offering has been expanded over Timaccess
the data room,a confidentialityagreementmust be signed. The data roomakesavailable

for viewing three projects using Kingdom Softwates Adriatic Sea, the Pannonian Basin and
the Dinarides. All seismic (2D and 3D) and basic well data are loaded iséptbgcts.Well
dataincluding wellreports, well logsand velocity measurementsre available via thenline
data room(in .pdf or .tif format) All exploration wells are available from the CHA and can be
used for researciData contained in the data room are the property of the Republic of Croatia
and may not be used without permissiddwing to timing of availability of these data and the
available resources within Hystories, not all the well data from CHA could be reviewed.

In the public domain, a fewell logs are available via publications.

6.1.3. Identified gaps in data availability

Additional 2D and 3D seismic data could be purchased/acquired from the CHA data room and
interpreted. Available 2D and 3D seismic covers the offshore and continental Croatia where
there are oil and gas fields. Access to 3D data in areas where hydrocaneoactively being
exploited is currently restricted, but these data will likely be released when the hydrocarbon
fields are exhausted.

4 https://www.tgs.com/products -services/offshore/africa-mediterranean-middle -east/mediterranean-
middle -east
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There are few seismic data for the Dinarides area, however this mountainous region is not
expected to be prospective for storage. Part of the geological Dinarides includes the complete
OKIFAya 2F AaflyRa LINIXYftfSt (RaWMKSY FAYyLrANRIO (3
antonym to the Nordic type). So, instead of fjords, there are the mar@bof {t SR a OKl yy
between the islands. These narrow strips of sea have been covered with 2D seismic, but its

grid is irregular and in the given situation stfuctural complexity offers slim chances for

definition of hydrogen storage objects, unless it is strongly upgraded by additional targeted
surveys.

There are more well data available which could also be interpreted, again this would require
considerable additional resources. Around 800 vintage wells are present. To date, only wells
in the most promising areas have been assessed. If additional resaugnee available to
extent the assessment, more potential storage sites would likely be identified.

6.2. Geological opportunities for hydrogen storage

6.2.1. Geological summary

Pannonian Basin

The Pannonian Basin covers Hungary and parts of Austria, Bosnia and Herzegovina, Croatia,
Romania, Serbia, Slovakia, and Slovenia. Exploration of oil and gas in Croatia started here in
1844 (EFG, 2018). More than 700 exploration wells have been drilted iPannonian Basin

in Croatia.

The structure in Croatia is complex with elongated basement highs and narrow depressions
that developed during midMiocene rifting and were affected by several phases of basin
inversion. The Croatian part of the Pannonian Basin is divided into fodbasibs; Drava,

Mura, Sava and Slavonigxijem. The basement is represented by igneous and metamorphic
rocks of mostly Paleozoic age. These are mainly granites, gabbros, gneisses, amphibolites and
green schistsln some locationscarbonate rocks of Mesozoage can be found, which are

called "Base Tertiary". The comprisemostly dolomites and limestones that can be
weathered or/and extensively fractured, forming breccias and conglomerdfiest the
sedimentaryfill in these sub-basins comprises strata of Neogene and Quaternary age.
Sediments are of lacustrirmarine to lacustrindluvial origin, with some volcaniclastics
6t @SEAOGT HwnnnT {FFOGAOE SG FE®I HAanoODd [ 26SNI
of lithological omposition, reflecting the chayes in the depositional environment during the
synrift and postrift stage of the basin development. The greatest thicknesses can be assigned
to Upper Miocene sandstommarl succession resulting from the balance between sediment
supply and opening of thaccommodation space, as a consequence of a-pfisthermal
subsidence. The Mursub-basinextends into neighbouring Slovenia.

The southwestern Pannonian Basin is considered most promising for storage and more detail
on the stratigraphic succession is giverrigure21.

The oil and gas reservoesefound in fractured crystalline rocks underlying Neogene deposits
down tothe Upper Miocene (Pannonian) sedimen®Q-EOR operations are conducted in

'. hysgorleg D1.41 - Opportunities in Europe for geological storagehgéirogen

in depleted hydrocarbon fields and saline aquifers o4



two fields in Sava subasinL @ Yy A 8 wighRlans fta(sinit projects in other oil fields
in the near future (Novosel et al., 2020). The Croatian part of Pannonian Basin is still being
explored and new hydrocarbon discoveries could be expected (EFG 2018).
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Figure21: Geological succession in tieatigraphic column of the Neogene basin fill of the southern part of the Pannonian
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The Sava subasin, located on the souttvestern margin of the Pannonian Basin, contains a
number of small oil and gas fields (Baric et al., 2000). The first oil wells in Croatia were drilled
in the Mura sukbasin, the first oifield was Gojlo (Velic et al., 2012). Limited oil and gas have
been produced from the Mura subbasin since 1942 (EFG, 2018). The western part of Drava
sub-basin in northeast Croatia contains large gas and-gasdensate fields (Baric et al. 1991,
1998), while both the oil and gas servoirs can be found in the eastern part of the subbasin.
The Slavonijg Srijem Depression is an area of active hydrocarbon exploration (Vuic, 2015).

The Dinarides

The Dinarides are a mountain chain, stretching from lItaly, through Slovenia, Croatia, Bosnia
and Herzegovina, Serbia, Montenegro and Albania. The Dinarides are still underexplored,
although 30 wells have been drilled in this region so far. However, the igreonsidered
challenging for seismic exploration; although seismic refraction techniques can provide
information on the neaisurface heterogeneities, the increase of seismic velocity needed for
investigating deeper parts of the subsurface often leadutovanted effect of neasurface

fast layer hiding deeper underground structures (Chalikakis et al., 2011). Recently,
magnetotelluric survey has been conducted on block Dindddby MOL Group. However,

there are no published data on results of this survéyis assumed that it is still in
AYGSNILINBGlIGA2Y LIKIFaSe DIFIa ¢la RAaZO2GSNBR i
extra heavy oil were reported in wells in Ravni Kotari, western from Zadar and i @&h

located on the island of Olib whetke oil was found in carbonate anhydrite succession of

Upper Jurassic to Lower Cretaceous age. Another occurrence of natural gas as well as heavy
oil was registered in carbonates and anhydrites in Dugi Qtalell located on the island of

Dugi Otok (Veliz HnnTO0® ¢KS S5AYyFINARSE IINB yz2i SEL
development since they mainly comprise Mesozoic carbonates that are karstified to depths
exceeding 1 km, contain important groundwater resources, and are prone to seismicity.

This area has not been explored in detail for oil and gas. The probability of finding commercial
guantities of oil and gas is considered low (EFG, 2018).

Adriatic Sea

The Adriatic is the north basin of the Mediterranean, located between the Italian and Balkan
Peninsula. The Miocene age subbasins are Dugi otok, South Adrdbania and Molise.
Pliocene subsidence formed the Venetto, Po, Marélheuzzi, Middle Adriati, Bradano and
AdriaticL 2 YA L'y &ddzool aAya 6t NBt2320A08 YR YNIyaSOo
subbasins are Po and South Adrigéibania. The Croatian area of the Adriatic Sea includes
the entire Dugi otok sutbasin, northeastern parts ofdPand Middle Adriatic subasins and

the northern part of Southern Adriatiélbania sukbasin. These subbasins are predominantly
asymmetric, with displacements of the sedimentation base and rotational displacements
present. They are characteed by unequal filling of the accommodation space and
unconformable contacts between individual units. The gas in the fields of the Pe~eliaatic
Foredeep is of biogenic origirsource rocks are organiich Pliocene shales and gas

'. hysgorleg D1.41 - Opportunities in Europe for geological storagehgéirogen

in depleted hydrocarbon fields and saline aquifers o6



accumulations occur mostly in unconsolidated Pleistocene sands at dep@®- 1250 m
60+xStA0 SO ftdPT HAMPOD

The oldest geological formations reached by wells are Permian in age, and comprise mainly
alyRadz2ySa yR akKlftSaz gAGK a2YS OFND2yIl G4Sa
mixed carbonate and clastic sedimentation contiddlerough the Lower Triassi@heMiddle

Triassic unit is characteed by shallowwater carbonates, but also with intensive volcanic
activity which is manifested through the widespread occurrences of andesite and pyroclastics.

The basal deposits of the Upper Triassic are dominated by evaporites in the central Adriatic,
and by dolomites in the northern Adriatic. Shallow water carbonate platform deposition
began in Late Triassic and continued into the Middle Jurassic (mainlyitedpnhate Jurassic

and Cretaceous (limestones) until the Palacogane RRf S 92 0Sy S o0xf | K20A DS

During the Middle Eocene, Late Eocene and Lower Oligocene, intensive tectonic movements
gradually led to the formation of a foreland basin system charasgdrby deposition of
syntectonic flysch sediments mainly of MidqUpper Eocenege, with occurrencekower

ht A320SyS |yR dzLJ 42 [26SNJ aA20SyS 3S o0=xfl K
accompanied by the deposition of marl, sandstone and occasional limestones. Miocene strata
were deposited in multiple basins with marl in the basin centres ambidites on the basin

margins. Miocene comprise marl, calcareous and marly siltites interbedded with sandy
limestones and sandstones.

Pliocene strata comprise clays, marls and sands deposited during the subsequent
transgression, which continued into the Quaternary, when sands, silts, clays with lignite
interbeds were deposited.

Intensive exploration for natural gas offshore Croatia (in the North Adriatic) started in the

early 1990s, while oil exploration began in 1998. Production comes from the fields in North
Adriatic field group and the Marica field group. Production is molstyn the Pliocene

Quaternary sandstones of the Po Depression, with exception of lka gas field which contains
2yS NBASNW2ANI AY | LIISNI / NBilIF OS2dza fAYSalz2ySa

6.2.2. Storage assessments

A summary of the storage opportunities is presentefigure22, Figure23 and Tablel0.
Pannonian Basin

Sedimentary basin fill is kilometres thick, e.g. 5000 m in the Savhasib and over 6000 m
in the Drava sulbasin.

The Lower and Middle Miocene saline aquifers (fluvial sandstones and conglomerates, talus
breccia, reefs, shallow marine sandstones) could offer some potential for storage. However,
RFGIF FTNB aLINBRST Ylye gStfta R2y Goa mABSaOK (KA
available to assess extent of the sandstones.

Oil and gas are reservoirs are dominantly found in Miocene strata, particularly Upper Miocene
sandstonesMost reservoirs lie at depths between 10@02500 m. Base Miocene breceia
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conglomerate reservoirs could also offer storage opportunities, particularly where they are
hydraulically connected with underlying Mesozoic or Palaeozoic basement rocks.

Pliocene and Quaternary strata deposited in Lake Pannon and subsequent fluvial systems
comprise sands and sandy gravels with some clay and silt. These reservoir rocks could offer
are not regarded as promising for fluid storage, because they represent posajiders and

the presence of a caprock is not confirmed.

Adriatic

Upper Cretaceous limestones sealed by impermeable Miocene or Pliocene strata could offer
saline aquifer storage options, especially in deep depressions like the Dugi Otok Basin.

Pliocene/Quaternary sandstones are documented to betggt and lie at depths of 75Q
850 m. However, insufficient data are available to delineate the extent of potential saline
aquifer storage sites.

There are three gas fields in the northern Adriatic included in the Hystories database.
Reservoirs for two of these are in PlioceQeaternary sandstones, the third is in Upper
Cretaceous limestone. These deetds are around 60 km offshore from the nearest Croatian
island shoreline.

Tablel0: Summary of storage capacity options and development actions

Reservoir Type N.o. traps | Status description, remarks Recommended actions
in maturing and
Hystories extending future
database potential

Onshore gas/condensate 7 Some of these traps are different Additional studies required

fields geological horizons in the same field.

Onshore ol fields 1 Tests of CO; injection to enhance oil Additional studies required

recovery was carried out in Ivanic oil
field (2003 7 2005)

Onshore hydrocarbon fields 10 Some of these traps are different Additional studies required
geological horizons in the same field.
CO, present in some fields.

Offshore gas fields 3 Additional studies required

Offshore saline aquifers 5 Identified during CO,StoP project Additional data collection
required (seismic/wells)
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Figure22: Overview ofdentifiedpotential trapsin the Hystories database within Croaf@nd surrounding areas).

= Onshore gas/condensate
fields

= Onshore oil fields

= Onshore hydrocarbon
fields (mixture of
gas/condensate/oil/CO2)

\ Offshore gas fields

= Saline aquifer without
= Offshore saline aquifers hydrocarbons

= Saline aquifer with
hydrocarbons

Figure23: Frequency pie chart showiogtegories ofdentifiedpotential storage opportunities in Croatia; storages
(left) and units (right). Please note that some of the traps are different geological horizonsiimtheS FA St Rd ¢ KS WFf
attribute in the database has been completed with the fluid that represents the largest quantity
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6.2.3. Existing storage sites

In 1987, the depleted gas field, Okoli was established as a UGS site with storage in the lower

t 2yGALY &l yRaAG2yS NBaASNWB2AN NROla gAIGKAY (K
capacity of the Underground Gas Storage Okoli is 53331®)(ECOINA 2017). Underground
gasstorage in Okoli is led by the Plinacro Grijjbe national gas distribution company.

6.2.4. Potential future development opportunities

The Ministry of Economy and Sustainable Development recently published a hydrogen
strategy for Croatia until 205Ministry of Economy and Sustainable Development, 9022

This strategy highlights the need for the development of new power infrastructure that can
accommodate more energy from renewables, and measures to stimulate electrification of
0N} YaLR2 NI o0dzaAy3d St SOGNROAGE | yRoreNBy &l 6t S
indicative possibilities for the development of production, storage, transport and general use

of hydrogen with the aim of reducif@Q emissions, as well as the possibility of including the
economy in the equipment production sector (such as electrolyser layers and bundles of fuel
cells, measuring and control equipment, sensors, etc.), thus ensuring technological adaptation
and participdl A 2y Ay GKS 9dzNBLISIFYy |yR 3Ift20lft YINJ]SQ
Economy and Sustainable Devaioent, 2022).

The data included in the Hystories database should be considered as an initial estimate of the
opportunities for underground hydrogen storage. A more thorough assessment of the
individual characteristics of each site is required, including detailed ligfyplmineralogy,
geochemistry, microbiology if any of the identified traps were to be developed. In addition,
the identified aquifer units will require further data collection or access to understand the
properties of both the reservoir and sealing rockestablish their effective storage potential.

6.3. Discussion and conclusions

The onshore Pannonian and offshore Adriatic basins have potentially large but currently
poorly quantified storage potential. Access and resource to interpret seismic data is needed,
along with access to well data. The onshore Pannonian basin has depiéteelds and
depleting gas fields which could be considereddétS The gasdields in the Adriatic Basin are

still producing and are unlikely to be depleted and availableUbtSanytime soon. The
offshore gadields are also quite distant from shore (around 60 km from the closest island
shoreline) which will add to the logistical challenges of project development.

5 https://www.plinacro.hr/default.aspx?id=663

6

https://mingor.gov.hr/UserDocsimages/UPRAVA%20ZA%20ENERGETIKU/Croatian%20Hydrogen%20St
rateqy%20ENG%20FIN%2022%208.pdf
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7. The Czech Republic ; geological
assessment of storage opportunities

In the Czech Republic, the most promising geological structures suitable for hydrogen storage
are in the eastern part of the country within the geological formations of the Carpathian
Foredeep and the Vienna Basin. The geological settings provide potempiaitunities for
hydrogen storage in a variety of trap types and reservoir lithologies. Many hydrocarbon traps
have been proven during nearly 100 years of oil and gas exploration in this region. Many of
the known hydrocarbon fields have already been é&pd or are in the final stages of
production, some of them are already being used as for underground natural gas storage.
These structures represent the most promising candidates for hydrogen storage. In addition,
the presence and suitability of aquifetirgctures for underground gas storage is also verified

by one practical example in the region, and the presence of more traps in aquifers is assumed.
Additional storage potential, even though without any identified traps so far, is assumed in
aquifers of he Bohemian Perm@arboniferous succession in Cenixadrth Bohemia.

7.1. Data availability and gaps

7.1.1. Data availability and collation

One source of data for the Hystories project was published literature including publications
summarising geological information on oil and gas fields, publications describing geology and
structures within individual subareas or geological and reservoiampaters of individual
structures. A list of the main publications related to the geology of hydrocabeaming
structures in the Czech Republic is providedablell. Published data on this topic are often
generalised and simplified and provide only approximate parameters of structures and
reservoirs.

Further, and often more specific and precise information was obtained from manuscripts held
in the archives of the Czech Geological Survey. These sources include reports related to
geological and geophysical exploration, reports on well results, wellgtaghy and lithology,
structure and thickness maps. These archival data do not cover all known structures, but in
some cases have provided relatively accurate parameters. More recently acquired data are
often confidential and thus not available in the lanes.

Based on the above sources, data from the eai€®StoP and ESTMAP projects assessing
potential for geological storage @Q and underground energy storage, respectively, have
been added and updated. The additional data concern mainly traps and units in the Hystories
database, for which some parameters have been specified. For some parameters it was not
possible to find plausib minimum/maximum values, so average values are given in the
database (e.g., porosity, reservoir / seal thickness, pressurethie lcase of limited or lacking
data, estimations of the required parameters were necessary.

Archived and published maps were georeferenced and digitised into Shape files to generate
contours of geological formations, which were in turn used to outline units and traps for the
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Hystories database. The contours of the other objects in Shape format are from the existing

CQStoP and ESTMAP databases.

Tablel1l: List of key data sources for the Czech Republic Hystories database

Source name / URL

Description

Version / Date

Durica, D., Suk, M. and Ciprys, V.: Energy | A brief overview of hydrocarbon fields in the | 2017
resources i yesterday, today and tomorrow | Czech Republic (in Czech).
(in Czech). Moravske zemske muzeum,
Brno.
Golonka, J. and Picha, F.J. (eds.): The | Publication describing geology of the | 2006
Carpathians and their foreland: Geology | Carpathians and hydrocarbon fields in the
and hydrocarbon resources. AAPG Memoir | area, incl. the Czech Republic
84.
Minarikova, D. and Lobitzer, H. (eds.): Thirty | Publication related to geology and | 1990
years of geological hydrocarbon fields in the Czech Republic,
. . Slovakia and Austria.
cooperation between  Austria  and
Czechoslovakia. Fed. Geol. Survey Vienna,
Geol. Survey Prague.
Bednarikova, J. and Thon, A. (eds): Oil | Publication related to geology of | 1984
industry in Czechoslovakia (in Czech). | hydrocarbon fields in the Czech Republic
Knihovnicka zemniho plynu a nafty. | and Slovakia.
Hodonin.
Pesek, J., Oplustil, S., Kumpera, O., Holub, | Publication  describing  geology  of | 1998
V. and Skocek, V. (eds.): Paleogeographic | Palaeozoic sediments of the Bohemian
Atlas of Late Palaeozoic and Triassic | Permo-Carboniferous basins
Formations, Czech Republic. Czech
Geological Survey, Prague.

7.1.2. Availability of detailed data for further site characterisation

The eastern part of the Czech Republic, where the most promising structures for underground
hydrogen storage are located, is a welplored area with generally wethown geological
settings. Large parts of the area are covered by 3D seismic data, lsat da¢a are owned by
private companies, and are not publicly available. For the same reason, not all well data are
available in the Czech Geological Survey databases; especially data from more recent
exploration and production wells targeting hydrocarbaelds. Detailed data for further site
characterisation of hydrocarbon fields and UGS sites, including production data, are mostly
held confidential by the operators of individual sites and are therefore not available in the
public domain. Cooperation wit@zech Geological Survey is usually based onlasase
negotiations.

In general, data coverage of hydrocarbon fields is much better that that of aquifers. In
particular, data are largely lacking for the aquifers of the Bohemian P€&ranboniferous.
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The location of wells and seismic lines are available in the Czech Geological Survey databases
and can be viewed online and downloaded @@S map appLGS WMS servie€GS E®i
ArcGIS server servidas via theCGS websité.

7.1.3. Identified gaps in data availability

The aforementioned lack ohccess to 3D seismic, borehole and other geological and
production data from hydrocarbon fields and UGS sites is reflected in the lack of some
parameters and the necessity to use only results of earlier interpretations, for the Hystories
database. Howevermublished literature and reports provide data that is largely sufficient
(even though often quite general) on known oil and gas fields in the Czech Republic for the
purposes of the Hystories project.

The situation is different in the case of aquifers, for which therecire most caseg, very
limited data available. This stems from the fact that these structures have been (so far) not of
interest to exploration and production companies and therefarsuifficiently or almost not

at all explored by wells or seismic acquisition. Therefore, most aquifers in the Hystories
database can only be considered as units within the Hystories database hierarchy, with a
relatively high degree of uncertainty regarditige presence of structures / traps suitable for
underground hydrogen storage. Verification of potential storage sites will require further
geological and geophysical exploration, including drilling additional exploration and appraisal
wells.

7.2. Geological opportunities for hydrogen storage

7.2.1. Geological summary

The most promising traps potentially suitable for hydrogen storage lie within the hydrocarbon
production area in the east of the Czech Republic, at the contact zone between the Bohemian
Massif and the Carpathian Mountains. Strata complexes in this regiondp to several
structural packages.

The units of the Bohemian Massif are represented by Precambrian crystalline rocks and,
overlying clastic and carbonate sedimentary successions deposited during the Palaeozoic era
to Paleogene epoch. Towards the southeast, the slopes of the Bohemian Mpgssiow the
Neogene fill of the Carpathian Foredeep. The units of the Bohemian Massif and partly also of

7 http://www.geology.cz/extranet -eng/maps/online/map -applications

8 http://www.geology.cz/extranet -eng/maps/online/wms

9 http://www.geology.cz/extranet -eng/maps/online/esri

10 hitp://www.geology.cz/extranet/mapy/mapy -online/stahovaci-sluzby
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the Carpathian Foredeep are covered by the Late Cretaceous to Paleogene flysch complexes
of Western Carpathians. On the units of AlpiDarpathian nappes, the Vienna Basin is
superimposed in the very soutbast of the country, as a tectonic depressioréilby Miocene
deposits.

From the regional geology point of view, this area includes the Vienna Basin, -Alpine
Carpathian Foredeep and Carpathian Flysch Belt overlying eastern feastigrn slopes of
the Bohemian Massif.

As a result of the complex tectorsedimentary evolution of the area at the junction of the
European foreland plate, the Alpine and the Carpathian orogeny, the local geological settings
provide a varied range of lithological reservoir types in differepesyof hydrocarbotbearing
structures. Known hydrocarbon reservoirs in the area include tectonic, stratigraphic,
lithologic, and combination trap types.

Hydrocarborbearing structures on the slopes of the Bohemian Massif are found in the upper
parts of fractured and weathered crystalline basement, in siliciclastic and fractured carbonate
formations deposited during the Devonian and Jurassic periods. Ra&samth hydrocarbon
accumulations in the Vienna Basin are predominantly clastig with locally developed
carbonates. Hydrocarbon traps are present in all Miocene strata, the most important are
found in deposits from the Badenian Stage. The Carpatfoaadeep traps are also developed

in clastic formations.

Systematic hydrocarbon exploration of the area has been going on for almost 100 years. Many
of the known hydrocarbon fields have already been depleted or are in the final stages of
production. Some of the depleted fields have been converted for use asrgradsd gas
storage sites. All underground gas storage sites in this area are located in porous formations,
one of them in an aquifer trap and the others in depleted hydrocarbon fields.

The area also contains a number of aquifer units with b6® and hydrogen storage
potential. In the eastern part of the Czech Republic, they are mostly situated in the clastic
Miocene fill of the Carpathian Foredeep. Paleogene clastics and fractured Palaeozoic rocks
may also be considered as suitable reservoirg. ifesence of structures potentially capable

of being used as underground hydrogen storages is assumed here, particularly based on the
presence of geological formations with suitable lithologyeservoir and seal rocks, however

no traps have yet been verified within these aquifer units.

The Bohemian PermGarboniferous basins represent another geological unit with interesting
geo-energy potential. They are situated in the certnalrthern part of the country. The basins

are filled with Upper Carboniferous to Lower Permian (Pennsylvarasuralian) continental
clastic sediments, which represent potential for geological storage®and/or hydrogen in
saline aquifers located close to the basin floor and forming two stratigraphic levels in the basin
centre. The aquifer units comprise sltones and conglomerates most likely of braided
fluvial to alluvial fan origin, pertaining to the Kladno and Tynec formations.

'.hysgorleg D1.41 - Opportunities in Europe for geological storagehgéirogen 64

in depleted hydrocarbon fields and saline aquifers



7.2.2.  Storage assessments

For the purposes of the Hystories database, three areas (formations in the database hierarchy)
have been defined within the territory of the Czech Republic where reservoirs with good
lithological development and; in two casesg also hydrocarbon traps arproven. Two
formations are found in the eastern part of the Czech Republic in the Carpathian Foredeep
and the Vienna Basin. The geological structures in these formations, predominantly clastic
reservoirs (sandstones, gravels), are considered the most piognin terms of the proven
occurrence of traps potentially suitable for hydrogen storage.

Ly GKS 1 @ad2NARSa RIGlIolrasSsy Mg LRAOGSYdGArE alfaA
Carpathian Foredeep. Within four of these units, underground natural gas storage sites have
been developed. Three UGS sites have been developed in depletedchytbn fields
(Tranovice, Stramberk, Dolni Dunajovice) and one in an aquifer (Lobodice). These existing gas
stores are included in the Hystories database as traps. For all these database units, the
reservoirs formations are Neogene sandstones. Neogeagsidnes or the impermeable
claystone parts of Flysch units would be expected to seal these potential stores.

In the Vienna Basin, two (tectonic) units have been selected for the Hystories database, which
contain underground gas storage sites (Poddvard¥est field and Tvrdonice) in depleted
hydrocarbon traps. Again, these structures are included as traps iddtebase. Reservoir
rocks in both structures are Neogene sandstones, the seal is provided by Neogene pelitic
deposits.

A summary of identified storage opportunities in the Czech Republic is shoWeablal12,
Figure24 andFigure25.

Tablel2: Summary of identified storage capacity options and development actions

Reservoir Type N.o. in Status description, | Recommended actions
Hystories remarks maturing and extending future
database potential

Aquifers 1 Natural gas storage Site specific studies required.

Aquifers (units) 23 - More geo data and detailed interpretation

required.

Hydrocarbon reservoirs 5 Natural gas storages Site specific studies required.
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Figure24: Frequency pie chart showingtegories ofdentified potential storage opportunities in the Czech Repubtigs
(left) and units(right). Please note that in the traps pie charat the oilfield indicatedhere is an oilield with a gas cap. This
field is depleted. Thenshore saline aquifer indicated here is used as a natural gas storage site.
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Figure25: Overview ofdentifiedpotential trapsin the Hystories database within ti@@&zech Republic (all in the east)

Other opportunities forunderground hydrogen storage in these two tectonic units of the
Vienna Basin are mainly in hydrocarbon traps that are depleted or are in the final phases of
production. There are number of such structures in the Vienna Basin, the Carpathian
Foredeep, andhie formations on the slopes of the Bohemian Massif.

'.hyuﬂgﬂséw D1.41 - Opportunities in Europe for geological storagehgéirogen

in depleted hydrocarbon fields and saline aquifers 66



Clastic reservoirs in rocks of Jurassic and Devonian age have been verified on the buried slopes
of the Bohemian Massif. In the Jurassic and Devonian formations, good reservoir rocks also
occur in fractured carbonates (limestones, dolomites). Rocks inugher zones of the
crystalline basement in areas where they are fractured and weathered also have relatively
good reservoir properties. However, not enough public data are available to fully assess all
these structures in terms of which provide opportuegifor largescale capacity underground
storage. Where sufficient data are available in the public domain are summarised in the
project database.

The third of the main formations is the Bohemian Per@arboniferous in Centrdlorth
Bohemia. However, the occurrence of promising traps is less likely. In this formation, four
units have been defined that are expected to offer suitable reservoir comditior storage.

No traps have yet been verified in this area.

7.2.3. Existing storage sites

There are nine underground gas storage sites in the Czech Republic. One gas storage site
(Haje) is in caverns in crystalline rocks. All the others are in porous formations of the slopes of
the Bohemian Massif (Damborice, Uhrice), Neogene of the Carpatuaedeep (Dolni
Dunajovice, Lobodice, Tranovice, Stramberk) and of the Vienna Basin (Tvrdonice, Dolni
Bojanovice). Only one of the UGS sites in porous media is in an aquifer (Lobodice), the others
are in depleted hydrocarbon fields.

In the context of geological storage of hydrogen, the Lobodice underground storage requires
some attention. It is the only aquifer gas storage and the first underground gas storage in the
Czech Republic, operated since 1965. Town gas with high hydrogemt@more than 50%)

was originally stored here. During 1990, the structure was converted to natural gas storage.
Hydrogen losses are documented from the town gas storage period, the cause of which could
be microbial methanation, chemical reactions in tfeservoir or hydrogen leakage through

the caprock, or (most probably) a combination of these. More detailed information on this
issue can be found in Smigan et al. (1989), Onderka and Buzekqi®@¥ech), Buzek et al.
(1994).

7.2.4. Potential future development opportunities

The Czech Republic data included in the Hystories database should be considered as an initial
estimate of the opportunities for underground hydrogen storage. For possible conversion of
any of the structures to a hydrogen storage site, a more thorough assa# of the individual
characteristics of each site is required, including detailed lithology, mineralogy, geochemistry,
microbiology. In addition, the identified aquifer units will require further exploration and
more precise definition of the geologicséttings and properties of both the reservoir and
sealing rocks to specify their effective storage potential.
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7.3. Discussion and conclusions

There is abundant experience in the Czech Republic with the operation of underground gas
storage in both crystalline rock caverns and porous rocks, including from UGS in depleted
hydrocarbon traps and one aquifer structure. There is also more thareat) SELISNA Sy OS
aquifer town gas storage operations with high hydrogen content. This UGS site encountered
significant losses of hydrogen caused by several reasons, possibly including microbiological
activity or leakage through the caprock, and was conwktte a conventional UGS over 20

years ago.

There are depleted and nearly depleted hydrocarbon fields in traps of various types and
lithologies that could possibly be used for hydrogen storage. Other storage opportunities may
be in aquifers but, so far, these lack sufficient geological data to fgpeciconfirm their
potential. Existing underground gas storage sites and known hydrocarbon traps are
considered the best opportunities at present.
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8. Denmark; g eological assessment of
storage opportunities

The geology of Denmark is characterized by a thick cover of sedimentary rocks of Late
Palaeozoig, Cenozoic age. In the Norwegi@anish Basirthe sedimentary succession above
the top PreZechstein is up to 10 km thick.

Five sandstone rich formations are mapped and within these formstidd geological
structureshave beenidentified. Based oravailable datathe Gassum and Haldager Sand
Formations appears to offer the best storage optiddgnificant storage potential appears to
be present. Owing to limitations in the existing data, the geophysical and geological
interpretations of the structures ar@ot expected to be accurate and new seismic data
acquisition and assessment wells are required to improve the current evaludiaturing
these potential opportunities forhydrogen storage will demand detailed geological
charactersation of the stuctures.

All Danish hydrocarbon fields are situated offshore in the Central Graben and detailed data
are not publity available. Most of the Danish hydrocarbon field reserviogrsn chalk, a few
in sandstones.

Many salt domes and diapirs are mapped throughout the Danish areastamdge in salt
cavernswill probably be the most economic option for storage of hydrogen in Denmark.

8.1. Data availability and gaps

8.1.1. Data availability and collation

During2020, the Geological Survey of Denmark and Greenland (GEUS) assessed the national
CQ storage potential (Hjelnet al.2020).Four potential storage formations and 14 geological
structures(traps in the Hystories hierarchiypm this assessment are included in tHgstories
databaseand GISAdditionally, one more potential stethas been included in thielystories
database, because theeservoir depth recommendation from Hystories iS00 metes
whereas theminimum reservoir depth recommended f&@Q storage is 800 mees The
outlines of storage units and formations the Hystories Gl&e based on the latest regional
geological mappingxerciseof the Danish onshore and inland waters published the
geothermalWebGISortal'l. Salt structuresare also included in th&eothermal WebGHS

portal but not in the Hystories database

All oil and gas activities in Denmark are located offshore in the Danish North Sea Batdor
about the oil and gas fields are owned by the operators and their partners, but production
data from the oil and gas fields are available from Eraish Energy Agenéy

11 hitps://data.geus.dk/geoterm/ (updated 2015)

12 hitps://ens.dk/en/our -services/oil-and-gas-related-data
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In general, the data availability and quality are unevenly distributed throughout Denmark and
detailed data are not always available, either because data are sparse, older (low quality) or
owned by licence holders, present or pasigure26). Models have been built for some of the
structures included in the Hystories database and a summary of data availability and existing
models is given iffablel3.

Tablel3: List of key data sources for the Danish Hystories database

Source name / URL Description Version / Date

Danish Energy Agency: Reporting of oil and gas reserves 2013
Oil and Gas Production in Denmark and Subsoil | Denmark
Use 2013. oil and gas in_denmark 2013.pdf

(ens.dk)

The Nordic CO: Storage Atlas: Assessment of CO2 storage potential | 2015
Nordic CCS Competence Centre (geus.dk)

Danish Energy Agency: Reporting of subsurface storage uses | 2013
oil_and gas_in_denmark 2013.pdf (ens.dk)

Geotermi WebGIS-portal: Geothermal reservoir maps incl. salt 2015
Geotermi WebGlS-portalen (geus.dk) structures

Carbon, Capture, Usages and Storage (CCUS) National assessment of CO:2 storage 2020

2020 project: CCUS-projekt 2020 (geus.dk) sites

Danish Energy Agency: Public data about the Danish oil and 2022,

Oil and Gas Related Data | Energistyrelsen gas fields continuously
(ens.dk) updated

The formation, storage unit and geological trap structures included in the Hystories database
combine data from several research projects. In particular, the latest national assessment of
the DanishCQ storage potential (Hjelnet al. 2020) and the geothermdabISportal'®, proved
usefulfor confirmingsources of detailed datal &ble14 and Figure26). The geothermal GIS
portal includes the latest regional seismic interpretation of Denmark.

More geological data (including structural maps and seismic sections) for 14 potential aquifer
traps (geological structures) included in the Hystories project GIS database are available in
Appendix B of Hjelrat al., 2020. A summary of available data for the identified traps is shown

in Tablel4.

8.1.2. Availability of detailed data for further site characterisation

An overview of Danish subsurface data is available fronDingish Deep Subsurface Dta
In general, GEUS is the primary contact for further information and data related to Danish
onshore or nearshore storage options.

13 hitps://data.geus.dk/geoterm/

14 https://data.geus.dk/geusmap/?mapname=oil_and_gas&lang=en#baslay=&optlay=&extent=_-
411207.20151359634,5787725.2756015835,1282126.131819737,6596468.3311571395&layers=samba__
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https://ens.dk/sites/ens.dk/files/OlieGas/oil_and_gas_in_denmark_2013.pdf
https://ens.dk/sites/ens.dk/files/OlieGas/oil_and_gas_in_denmark_2013.pdf
https://data.geus.dk/nordiccs/
https://ens.dk/sites/ens.dk/files/OlieGas/oil_and_gas_in_denmark_2013.pdf
https://data.geus.dk/geoterm/
https://www.geus.dk/natur-og-klima/tilpasning-til-klimaaendringer/geologisk-lagring-af-co%e2%82%82/projekt-ccus-2020
https://ens.dk/en/our-services/oil-and-gas-related-data
https://ens.dk/en/our-services/oil-and-gas-related-data
https://data.geus.dk/geoterm/
https://data.geus.dk/geusmap/?mapname=oil_and_gas&lang=en#baslay=&optlay=&extent=-411207.20151359634,5787725.2756015835,1282126.131819737,6596468.3311571395&layers=samba_wellbores,seismic_lines,dkterritorialgraense,oil_and_gas_basemap&filter_0=txt_search.part%3D&filter_1=line_name.part%3D%26survey_name.part%3D%26survey_type.part%3D%26completion_date.min%3D%26start_date.max%3D
https://data.geus.dk/geoterm/
https://data.geus.dk/geusmap/?mapname=oil_and_gas&lang=en#baslay=&optlay=&extent=-411207.20151359634,5787725.2756015835,1282126.131819737,6596468.3311571395&layers=samba_wellbores,seismic_lines,dkterritorialgraense,oil_and_gas_basemap&filter_0=txt_search.part%3D&filter_1=line_name.part%3D%26survey_name.part%3D%26survey_type.part%3D%26completion_date.min%3D%26start_date.max%3D
https://data.geus.dk/geusmap/?mapname=oil_and_gas&lang=en#baslay=&optlay=&extent=-411207.20151359634,5787725.2756015835,1282126.131819737,6596468.3311571395&layers=samba_wellbores,seismic_lines,dkterritorialgraense,oil_and_gas_basemap&filter_0=txt_search.part%3D&filter_1=line_name.part%3D%26survey_name.part%3D%26survey_type.part%3D%26completion_date.min%3D%26start_date.max%3D

Detailed data about oil and gas fields are owned by the operators and their partners.
Information on current oil and gas field licence holders are available from the Danish Energy
Agency websitébout oil and ga$.

8.1.3. Identified gaps in data availability

As the geological data in general (wells, seismic surveys, and models) are sparse, older, or
owned by licence holders, the geological heterogeneity of the storage formations, storage
units and structures is not always well documented. Likewise, reselmirdomposition data

are rarely available and generally only sampled in relation to geothermal exploration.

Detailed data about caprocks are difficult to find, very few data are available on porosity,
permeability, heterogeneity or geomechanical rock properties.

Seismic quality

Very poor

Poor /
Accepteble J/ - N
Good %y‘g
Very good v 7
- <
I:l Traps included in HyStorlES
B o and gas fields
-  Deepwells
===== Border ~ ‘

-~

o o - 100 km
GEUS = P R |

Figure26: Sismic data quality and density (Danish onshore and near shore) and all deep wells. The blueigigligires
the hydrocarbon production area. No seismic lines are shown for this area and detailed geological data are not publicly
available.

wellbores,seismic_lines,dkterritorialgraense,oil_and gas_basemap&filter O=txt search.part%3D&filter 1
=line_name.part%3D%26survey name.part%3D%26survey _type.part%3D%26completion_date.min%3D
%26start_date.max%3D

15 htps://ens.dk/en/our _-responsibilities/oil -gas/about-oil-and-gas
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https://data.geus.dk/geusmap/?mapname=oil_and_gas&lang=en#baslay=&optlay=&extent=-411207.20151359634,5787725.2756015835,1282126.131819737,6596468.3311571395&layers=samba_wellbores,seismic_lines,dkterritorialgraense,oil_and_gas_basemap&filter_0=txt_search.part%3D&filter_1=line_name.part%3D%26survey_name.part%3D%26survey_type.part%3D%26completion_date.min%3D%26start_date.max%3D
https://data.geus.dk/geusmap/?mapname=oil_and_gas&lang=en#baslay=&optlay=&extent=-411207.20151359634,5787725.2756015835,1282126.131819737,6596468.3311571395&layers=samba_wellbores,seismic_lines,dkterritorialgraense,oil_and_gas_basemap&filter_0=txt_search.part%3D&filter_1=line_name.part%3D%26survey_name.part%3D%26survey_type.part%3D%26completion_date.min%3D%26start_date.max%3D
https://ens.dk/en/our-responsibilities/oil-gas/about-oil-and-gas

Tablel4: Summary of data availability for the 14 structures included in the GIS database.

Name Wells ‘ Seismic surveys quality* Models
Hanstholm Reservoir | Felicia-1, located at the | Poor to good Model is published in Frykman
for both Skagerrak and | flank of the structure (2020a) and CO:z injection
Gassum Fms simulation in Nielsen (2020).
Thisted Thisted-1, -2, -3 and -4 | Poor to good none
Thisted-5 (not
released)
Legind none Poor to very good none
Vedsted Vedsted-1 Very good The structure has been
surveyed for CO2 storage in
2009.
Model is published in Frykman
et al. 2011; Nielsen et al. 2013;
Nielsen et al. 2015.
Skive Skive-1 and -2 Acceptable none
Gassum Gassum-1 Poor to good Model is published in Nielsen &
Sparse data Frykman (2012).
Thorning none Acceptable none
Sparse data
Voldum none Acceptable to good none
Helgenaes none Poor none
Sparse data
R@snaes none Poor to acceptable none
Sparse data
Havnsg none Poor to acceptable Model is published in Frykman
New seismic data are (2020b) and COz2 injection
assembled in 2022 simulation in Nielsen (2020).
The structure is surveyed
for CO2 storage
Radby Radby-1 and -2 Acceptable to good none
Tander Tegnder-1, -2, -3, -4 Poor to acceptable Geothermal model owned by
and -5 Tegnder Fjernvarme and not
publicly available.
Gas storage model owned by
DONG/ @rsted and not publicly
available.

*Definitions of the seismic survey quality. Before 1970: Very poor or p®611980: Acceptable; 1981990: Good; 1991

and later: Very good.

8.2. Geological opportunities for

8.2.1.

The geology of Denmark is characsed by thick sedimentargover of Late Palaeozoig
Cenozoic age. In the Norwegi®anish Basin, the sedimentary succession above the top Pre
Zechstein is up to 10 km thickigure27). The basin is bounded to the north andrtheastby
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the SorgenfrieTornquist Zone and SkagerrKRttegat Platform (the Fennoscandian Border
Zone) and to northwesgsoutheast by the Ringkgbiggynbasement Igh. The sedimentary
cover on this structural high is relatively thind2 km). The North German Basin is situated
south of the Ringkgbirgryn High with sediment thickness comparable to the Norwegian
Danish Basin, but only the northern rim of the basin is located within the Danish area.

Norway )
= Danish boarder (EEZ)

= === Main Faults

Structural EIments (Highs)
V//A Sorgenfrei-Tornquist Zone
- Salt structures

- Oil and gas fields

Top Pre-Zechstein
oy High : 10 meter

- Low : 10 000 meter

Figure27: Mapshowingmajor structural elements and depth to top Ptechstein in Denmark. Modified from Vejbaek & Britze
(1984).

The sediments are affected by mainly northwesiutheast striking normal faults. In the
NorwegianDanish Basin and the North German Basin, flegtositional flow of Permian salt
formed large domal structures which strongly influenced later deposition. Lodhky
overlying sedimentary successiorstsonglytruncated over the top of rising salt domes and
diapirs, and minor faults often accompany the salt structures.

The Central Graben area, in the westernmost part of the Danish offshore area, is thhe ma

hydrocarbon exploration and production area in Denmark. Hydrocarbon reserves are present
in chalk of Late Cretaceous and Danian age. The Chalk Group continues andsthicken
eastwards into the onshore area of Denmark where it reaches a thickness between 1 and 2

km in the Danish Basin (eastern part of the Norwegdiamish Basin).

During the Cenozojthe North Sea constituted a large epicontinental sea with a nedtth

axis.Sediments are dominated by offshore mudstones reaching a total thickness of more than

3 kmin the western part of theDanish Exclusive Economic Zg¢hechelsen 1994). Locally
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sandstones are present in the successi@presenting a target for hydrocarbon exploration
andCQ storage,e.g.,the Siri Canyon syste(Rroject GreensandJigure27).

The primary aquifer storage option in Denmark is sandstone lapershown irFigure28,
based on their relativig high content of sandstone layers the most prospective formations for
storage in Denmark are:

1 Bunter Sandstone (Triassic)

1 Skagerrak Formations (Triassic)

1 Gassum Formation (Upper Triagsiower Jurassic)

1 Haldager Sand Formati¢gMiddle Jurassic)

1 Frederikshavn Formation (Upper Jurassmwver Cretaceous)
1

Danish Basin

Lithostrati-

Ma graphic units

Chalk Group
(secondary seal)

Cretaceous

Vedsted

Frederikshavn
"Base Cretaceous (50-150 m)

Unconformity"

150 —

Flyvbjerg

Haldager Sand
(25-150 m)

"Mid-Cimmerian Unconformity”

Fjerritslev

m

200 —

Gassum
(50-200 m)

Vinding
Oddesund
Drslev
inter

Triassic

- Conglomerate/sandstone |:| Sandstone |:| Siltstone/fine-grained sandstone
- Mudstone - Evaporite - Carbonate/chalk I:l Hiatus
NGB: North German Basin RKF: Ringkabing—Fyn High STZ: Sorgenfrei-Tornquist Zone SKP: Skagerrak Platform
Figure28: Simplified stratigraphy and lithostratigraphy of the sedimentary succession in the Danish part of the Norwegian

Danish Basin. Based on Bertelsen 1980; Michelsen & Clausen 2002; Michelsen et al. 2003.

Geological formations in Denmark with good caprock properties are lacustrine and marine
mudrocks, evaporites and carbonates. The most important caprock type is marine mudstones,
which are present at several stratigraphic levélgy(gre28). Leakage could potentially take
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place through the caprock due to slow capillary migration, throoméro-fractures or along
faults unless the seal is suitably impermeable. Detailed site surveys will be required to test the
integrity of the seal at future storage sites.

Bunter Sandstone Formation and Skagerrak Formation (Triaseggrvoirs

The Bunter Sandstone and Skagerrak Formations are present throughout the Berash
Lower Triassic sandstones of the Bunter Sandstone Formation are dominant in the southern,
western,and central part of the DanisBxclusive Economic Zoaad are gradually replaced

by the Skagerrak Formation encompassing most of the Triassic sediments towandsttire
easternbasin marginKigure29).

The sandstone dominated succession of the Bunter Sandstone Formation forms a widespread
unit with thickness around 300 m, although it may reach 900 m in the central part of the
Danish Basin. The thickness of the individual sandstone intervals may be3@p;t60 m
(Weibelet al. 2020). It is anticipated that no strong primary hydraulic barriers exist within the
sheet sandstone (Sgrensen et al. 1998). The succession is thin and locally absent across the
RingkabingFyn High.

Core analyses show that several sandstones layers in the Bunter Sandstone Formation have
porosity of 15¢ 35% and a corresponding permeability ofdd8000 mD (Weibett al. 2020).

The Skagerrak Formation is present in the Norwegdamish Basin where it locally occurs
with thicknesses up to %m (Bertelsen 1980; Liboriusseet al. 1987). Onshore wells
penetrating the Skagerrak Formation are limited but indicate that individual sandstone
dominated intervals may exceed 200 m. The sandstominated intervals consist primarily

of clayey sandstones and the reservoir permeability reegally quite low (Weibedt al. 2020).
Theconclusion thapermeabilityis lowis primarily based on atysis of well test data.

Caprockdor the Bunter Sandstone and Skagerrak Formations
@rslev/Rot Formation (Lower Triassic)

This formation is timequivalent and transitional to parts of the coargmined deposits of

the Skagerrak Formation. The @rslev/R6t Formation is found on the northern edge of the
depositional system. The firgrained formation reaches 1@00 m in thikness in the North
German basin, south of the Ringkgbifgn High.

Muschelkalk /Falster Formation (Middle Triassic)

This formation is characterised by intercalated limestones, claystones and halites (Bertelsen
1980). Finggrained sandstones are locally present in the upper part of the formation. The
formation reaches 10@ 200 m in thickness and forms a secondary sealtlie Bunter
Sandstone Formation in the Rgdby and Tgnder structures. It was deposited
contemporaneously with parts of the Skagerrak Formation.

Keuper /Oddesund Formation (Upper Triassic)

This formation is described as a unit characterised by calcareous, anhydritic claystones and
siltstones intercalated with thin beds of dolomitic limestone (Bertelsen 1980). In the central
part of the Danish Basin two prominent units of halite are preseévitlcthg the formation into

three informally recognised members. The formation varies in thickness due to local uplift of
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the underlying Zechstein salt and reaches a maximum thickness of 1500 m. It was deposited
contemporaneously with parts of the Skagerrak Formation.
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Figure29: The distribution of the Bunter and Skagerrak Formationsa@ertified trapstructureswithin these two formations.

Gassum Formation (UppélrriassicLower Jurassiaeservoirs

The formation is widely distributed in the Norweg@panish Basin and shows a remarkable
continuity with thickness between 50 and 150 m throughout most of Denmark, reaching a
maximum thickness of 300 m in the Sorgenffernquist Zone. Locally it may bessing due

to uplift and erosion related to vertical salt movements and it is generally lacking over the
RingkabingFyn High, though it is patchily preserved south of the high (Nielsen & Japsen 1991;
Nielsen 2003). It further occurs with reduced thicknesseshe SkagerraiKattegat Platform
Figure30).

The Gassum Formation consists of filmemediumgrained, locally coarsgrained sandstones
interbedded with heteroliths, claystones and locally thin coal beds (Michedsext 2003;
Nielsen 2003). In general, the reservoir properties are excellent with porosities ranging from
10¢ 35% (maximum 36%) and permeability up tqGD@®mD.

In the eastern onshore and nearshore parts of the Norwegamish Basin, the formation
may reach up td50 m in thickness antbntain5 to 20 sandstone layers. The thickness of the
individual sandstonelominated intervals varies between 5 and 60 m, and about half of the
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sandgross thickness offergservoirquality sandstonghaving high porosity and permeability
(Weibelet al. 2020).

Caprock for the Gassum Formation
Fjerritslev Formation (Lower Jurassic)

The formation is characterised by a relatively uniform succession of marine, slightly calcareous
claystones, with varying content of silt and siltstone laminae. Siltstones andyfaieed
sandstones are locally present being most common in the reasten and eastern, marginal
areas of the NorwegiaDanish Basin (Michelsen 1975, 1978; Michelseal. 2003; Nielsen
2003). The formation is present over most of the Danish Basin with a thickness of up to 1000
m although this varies significantly due to riidrassic erosion.

- Gassum traps
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el Struetural Elments (Highs)

===== Border

<
GEUS

Figure30: The distribution of the Gassum Formation anditientified trapstructures.

Haldager Sand Formation (Middle Jurassieservoirs

The formation is present in the eastern onshore and nearshore parts of the Norw&gaish
Basin, in theSorgenfreiTornquist Zone and on the Skagert@ittegat PlatformKigure31). It
is absent on and along the Ringkagblgn High and is thin and patchy in large parts of the
basin except for in rirsynclines to salt structures. The formatioeaches its greatest
thickness of apprdrmately 150 m in wells in the Sorgenfr&@ornquist Zone andenerally thins
towards the North on the SkagerraKattegat Platform and towasthe South in the central
part of the basin. According to the results of the core analysis, the porosity of the sandstones
istypically10 ¢ 35% with varying permeability of12000 mD (Weibett al. 2020).
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The Haldager Sand Formatioompriseshick beds of fineto coarsegrained, locally pebbly
sandstones intercalated with thin siltstone, claystone and coal beds. Deposition was locally
affected by movement of underlying salt structures.

Caprocks for the Haldager Sand Formation
Flyvbjergand Bgrglum Formations

The Flyvbjerg Formation comprises primarily siltstones andgiaged sandstones with poor
reservoir quality. It is regarded neither as a prime reservoir formation nor as a seal. However,
it directly overlies the Haldager Sand Formation and thus magsattransitional formation

into the sealing claystones of the overlying Bagrglum Formation.

The Upper Jurassic Bgrglum Formation comprises a uniform succession of slightly calcareous
claystones (Michelseat al. 2003). The Bgrglum Formation is present in most of the Danish
Basin and reaches a maximum thickness of 300 m towards the Fjerritslev Fault (rim of the
SorgenfreiTornquist Zone). It thins rapidly towards the northeast, south and southwest.

e
Frederikshavn Fm
Haldager Sand Fm
=== - Main Faults X
V//A Sorgenfrei-Tornquist Zone P
-2 Struetural Elments (Highs)

‘
===== Border ‘3‘

Figure31: The distribution of the Haldager Sand and Frederikshavn Formatiotrap\structureshave beendentifiedwithin
thesetwo formationsas they are too shallow f&€Q storage and therefore seismic interpretation was not undertaken in the
previous largescale studies that formed the basis for the Hystories assessment

Frederikshavn Formation (Upper Jurasdiower Cretaceous)eservoirs

The formation is present in the northern part of the NorwegjBanish Basin and reaches a
maximum thickness of morthan 230 m in the Sorgenfrdiornquist fault zoneRigure31).
Local faults and salt tectoniese the primarycontrol on thickness variations. The formation
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comprisessiltstones and fingrained sandstones formingvo to three coarseningupwards

units separated by claystones (Michelsent al. 2003). The reservoir zones of the
Frederikshavn Formation maindgmprisefine-grained and rather clagich sandstones, which
negativelyaffect reservoir properties. Forgivenporosity, the permeability is commonly only

half the permeability of the Haldager Sand and Gassum Formation sandstones (cf. data from
well-specific  core analysis reports available from théGEUS  subsurface
archive®https://eng.geus.dk/productsservicesfacilities/archives/thesubsurfacearchive).

Caprocks for the Frederikshavn Formation
Vedsted and Rgdby Formations (Lower Cretaceous)

Marine mudstones of the Vedsted and Rgdby Formations form the primary sealing formation
for the Frederikshavn Formation.

Chalk Group (Upper Cretaceausower Palaeocene)

In most of the DanisBasin a succession of carbonate rodeveral kilometres thiclorms a
possible secondary seal. The sealing effect is dependent on chemical reactions b#teveen
dissolved gas and the generally low permeable carbonate rock.

8.2.2.  Storage assessment

An accurate delineation of potential storage structures in the Danish subsurface continues to
be challenged by a limited amount of dedad varyingdata quality. Limitationsmposed on

the existing databasby sparseseismic coverage, low seismic resolution, mismatch between
intersecting seismic line&yw number of deep boreholes, insufficient borehole information
(e.g.,wireline logs, core data) mean that therecisnsiderablenaccuracy associated with the
geophysical and geological interpretations oé tetructures in the Danish subsurface (Hjelm

et al.2020).

A summary of identified closures is providedTablel5 (for locations sed-igure29, Figure

30). The current assessment has considered the structures showigure32. It is assumed
that the potential is larger than has currently been identified and that new data would indicate
more storage opportunities.

16 hitps://eng.geus.dk/products -servicesfacilities/archives/the -subsurface-archive
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Figure32: Overview ofdentified potential trapsin the Hystories databadeenmark;hydrocarbon fields, salt domes, the 14
potential aquifertrapsincluded in Hystories, and the existing energy production and storage facilities. Hydrogen storage is
planned in the salt cavern storage at Lille Torup from 2025.

Tablel5: Structures/traps and storage formations included in the Hystories database

Structure/trap Storage Formation

Gassum Gassum Formation arfskagerak Formation
Havnsg Gassum Formation

Hanstholm Gassum Formation

Radby Bunter Formation

Thisted Skagerak Formation

Voldum Gassum Formation

Tonder Bunter Formation

Vedsted Gassum Formation

Thorning Gassum Formation

R@snees Gassum Formation

Hanstholm Skagerak Formation

Legind Skagerak Formation

Skive Skagerak Formation

Helgenaes Gassum Formation
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8.2.3. Existing storage sites

Demark hatwo underground natural gas storages, one in Stenlille where the gas is stored in
sandstone aquifers, and salt cavern storage projeat Lille Torup, both operated by Gas
Storage Denmark A/S (for more information seebsite'’ and Figure32). The salt caverns in

Lille Torup may be transitioned to hydrogen storage after 2025, evaluation of this possibility
is currently underway.Gas Storage Denmark is involved in storage projects related to both
CQ and hydrogenThe salt gas storage caverns at Lille Torup typically lie in the depth range
of 1000¢ 1700 m. Each cavern is 2@B00 m of high with a diameter of 4060 m (Hjelmet

al. 2020).

Production of biogass increasing in Denmark buhus far, no biogas is storeih the
subsurface.

Denmark has an extensive natural gas grid, both transmission from the North Sea gdse fields
national processing facilitiendfor distribution to the households in the larger cities.

8.2.4. Potential future development opportunities

Aquifers in Denmark have significant potential fasgtorage. Sandstorech formations are
present both ornand offshore, and within these formations several geological structures have
been mapped based on regional data. Some of these structures have been surve@€a for
storagebut could potentially be used for hydrogen stora@eblel6).

All Danish hydrocarbon fieldse inthe North Sea, appramately 200 km from the Danish
coast Figure32). A few fields are producing from sandstone reservoirs, but most of the
reservoirs are in chalk. Whether thesffshoreoil and gas fields are attractive for hydrogen
storage is not clear as detailed data ar@ available in the public domain. In addition, their
distance from shore may affect the economic feasibility of hydragjerage

Tablel6: Summary of storage options anecommendedievelopment actionddr locations se&igure32)

Reservoir No. in Hystories Status description, remarks Recommended actions
Type database maturing and extending
future potential
Aquifers 5 Storage formations Only the Thisted structure is partly Regional geological mapping and
6 Storage units developed for geothermal production. assessment of aquifers may
14 geological structures Several structures are at present being reveal further potential for
further characterised by GEUS for storage.
potential future CO, storage.
Hydrocarbon 36 hydrocarbon reservoirs Data are owned by the operators and Mapping of structures offshore
reservoirs their partners. Only production data are | Denmark is ongoing work by
available from the Danish Energy GEUS. These works primarily
Agency (Oil and Gas Related Data focus on the North Sea and Baltic
Energistyrelsen (ens.dk). Sea.

The Nini field is planning a CO; test
injection (operated by INEOS).

Salt Not included

17 https://gasstorage.dk/Our -storage
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m Saline aquifers
= Hydrocarbon fields

Figure33: Frequency pie chart showimmgtegories ofdentified potential storage traps in Denmark. Please note that only
saline aquifers are included in the Hystories database since the data on hydrocarbon fields is not available in thenpirblic do

Since salt caverns are a relatively inexpensive gas storage option and Denmark has several
large saltstructures these would probably be the most obvious storage option for hydrogen
storage in Denmarkgure32).

In Denmarkpne hydrogerstorageproject s presently under consideratiorthe possibility to
store hydrogen in the existing salt caverns in Lille Torup (North Jutland) fromi2®2hg
evaluated(Green Hydrogen Hub Denmé&th. The remaining projects listemh the Hydrogen
Denmark (Brintbrancefjwebsite areassessingydrogen and Poweto-X, but not subsurface
storage of hydrogenFigure34).

18 hitps://greenhydrogenhub.dk/about/

19 hitps://brintbranchen.dk/en/
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Figure34: A geographical overview of Danish hydrogen projects. The map is updated everyameiaiin alphabetical list of
all active Danish hydrogeprojects is available atDanishhydrogen and Poweio-X-projects ¢ Brintbranche/® [map
downloaded05/09/22]

8.3. Discussion and conclusions

Aquifers

Denmarkappears to have significargotential for hydrogenstorage in aquifers. Several
sandstonerich formations arewidely distributed throughout the country. The Gassum and
Haldager Sandormations seem to offer thanost promisingstorage options Reservoir
porosity and permeability seerfavourable,based on available data. The caprock for the
Gassum Formation is the Fjerritslev Formatiarmarine claystonevhich ha a considerable
thickness in the DanidBasin (up to 1000n). Likewise, the caprocks almthe Haldager Sand
Formationseem very likely tgeal the reservoir. Directly above the Haldager Sand Formation
is the silty Flyvbjerg Formation, which is neither at reservoir nor a caprock, but dvsriain

by the clayrich Bagrglum Formatiowhich is expected to offer a good seal.

The 14 mapped potential storage structures ardalr-way closures originatelly movement
of the Zechstein salt below. Eight structutesve been identified in th&assum Formation

20 hitps://brintbranchen.dk/brintprojekter -i-danmark/
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and the remaining six structurdie withineither within the Bunter or the Skagerr&krmation
(Figure32). No structureshave beenmapped for the Haldager Sand Formatisince it is
considered too shallow faZQ storage andvasthereforenot assessed in previous largeale
storage assessments, but the formation could be attractive for hydrogen storage.

Limitations imposed on the existing database by sparse and lower quality seismi@iita,
insufficientborehole information mean that there is considerable inaccuracy associated with
the geophysical and geological interpretations of the structures in the Danish subsurface
Maturation of identified structuresfor hydrogen storage will demand detailed geological
characterisatiorand acquisition of new data

Hydrocarbon fields

All Danish hydrocarbon fields are situated offshore in the North Sea, and except for production
data, all detailed data are owned by the licence holders and their partnerarambt publidy
available. Most of the Danish hydrocarbon fields reserd@ris chalk, a few in sandstones.

Salt domes and diapirs

Many salt domes and diapirs are mapped throughout the Danish area and these are all
situated within either the Norwegiaanish Basin, the North German Basin or in the Central
Graben Figure32). Onshore salt structures will probabbffer the most economic option for
geologicaktorage of hydrogen in Denmark.
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9. Estonia; geological assessment of storage
opportunities

Assessment of the available data indicates that storage sites are not available as aquifers are
too shallow and therefore do not meet the storage site requirements defined bifttstories
project. There are no identified oil or gas fields.
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10. France; g eological assessment of
storage opportunities

Extensive oil exploration took place in the Paris Basin during the 1980s. In the Paris Basin, the
main reservoirsare in the Triassic (Keuper) sandstones and upper Jurassic (Dogger)
carbonates. The southern part of the Aquitaine Basin is well known for gas discoveries that
took place during the 1950s. In the Aquitaine Basin, both onshore and offshore, carbonates of
Jurassido Cretaceous age are the main reservoir rock for the large gas deposits. These
depleted reservoirs could offer geological storage appoities for hydrogen.

The Alpine Foreland Basin in southeast France has not been extensively investigated for olil
and gas therefore its storage potential in terms of porous media is unknown. Three salt cavern
UGS sites exist in this region. These salt caverns could potebgatignverted to hydrogen
storage.

Knowledge on deep aquifers is incomplete as they were not considered strategic targets for
potable water (too deep and water is too salty) and they do not contain hydrocarbons. A
limited number of potential saline aquifer stores have been identified fremmic and well

data. It is likely that additional potential saline aquifer stores could be identified if more
seismic and well data were released.

10.1. Data collation and collection

10.1.1. Data availability and collation

Data forthe CQStdPand ESTMA®atabasesomprised hydrocarbon fields asdline aquifers
formations that could be considered for geological storag€@fand possibly fohydrogen
These databasewvere completed at local scale (traps) by a review ofldgacy hydrocarbon
permit information available on thMinistry of Energyvebsite.

TheCQStoPdatabasecontained20 traps: 10 underground gas storagjeesin porous media
(mainly aquifers) and 10 depleted gas fieldgha Aquitaine Basin EouthwestFrance)and
depletedoil fields were included in thEQStdP database.

Researchwasconductedon hydrocarbonreservoiran Francewhere data are available in the
public domain,to complete theHystoriesdatabase.Information was collected from the
French ministry oPetroleum, published literatureand operator websites (but very feglata
are available from the latter sourgélablel?).

Regional syntheses give some information on storage units but data on potential traps is
extremely limited.

In addition to information from petroleum exploration, some reservoir data may be provided
by geothermal exploration activities. There are a few ongoing evaluations for potential

21 hitp://www.minergies.fr/
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geothermal projects in France. However, these studies focus on the reservoir formations and
provide little information on the impermeable formations (caprock). Operators have rarely
cored the potential caprocks and have not tested their overpressure eggist

AllICQ storage capacity assessments in France have been on deep saline aquifers. No detailed

study (with seismic reinterpretation and injection modelling) has been carried out on depleted
fields (studies are in progress during 2022).

Tablel7: List of key data sources for the French Hystories database

Source name / URL Description Version / Date
https://www.storengy.com/countries/france/ | Map and short descriptions of natural gas 2021
fr/nos-sites storage sites in France
http://www.minergies.fr/en Oil and gas mining acreage. Extent of 2021
exploration permits and production
concessions (active licences only)
Synthese Géologique du Bassin de Paris. Geological information on storage units in 1980
Mémoires B.R.G.M., Nos. 101 the Paris basin (facies, thickness, depth)
(Stratigraphie et Paléogéographie), 102
(Atlas) and 103 (Lexique des Noms de
Formation). Cl. Mégnien, F. Mégnien and
S. Debrand-Passard. B.R.G.M., Paris,
1980, 101: 466 pp., 102: 55 maps, 103:
466 pp.
Le Bassin doAquit ai n| Geologicalinformation on storage units 2006
données sismiques, cartographie and traps in the Aquitaine basin (facies,
structurale et potentiel pétrolier i Serrano, thickness, depth)
0., Delmas, J.,Hanot, F., Vially, R., Herbin,
J.P., Houel P., Tourliére, B (2006), Ed.
BRGM, 245 p., 142 figures, 17 tableaux, 17
annexes

10.1.2.

Availability of detailed data for further site characterisation

All oil exploration data older than 10 years can be requesteth the French Ministry of
Industry via theMinistry of Energy websiteRaw seismic data, drilling logisddrilling reports

are available buhave a cost. Therefore, these data were not available for the Hystories

project.

Figure35 shows available exploration data. Knowledge of the subsurface in France is very
heterogeneous. Information on traps is only available for reservoirs depleted of oil or gas and
natural gas storage in aquifers. Existing 2D seismic assessments can beidsetifiotraps

to store energyCQ and Hydrogen in aquifers.
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Figure35: Deep sedimentary basins (blue) and location of seismic survey for further investigations (e.g. traps identification)

10.1.3. Identified gaps in data availability

Production data such as the initial oil or gas in place, initial and depleted pressure, are not
considered public data under French regulations. These data are the property of operators,
and not available in the public domain. Processed seismic data alsodgs to the field
operators and there is no legal obligationrtaakethese dataavailable

In the petroleum provinces, seismic coverage is dekB®vever, manyegions (including
sedimentary basins) have not been explored (north of BassinAquitaineor Bassin du Sud
Estfor example). In these areas, the exploration for structures that could constitute a trap
requires new seismic acquisitions as well as drithiwyells
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10.2. Geological opportunities for hydrogen storage

10.2.1. Geological summary

There arégwo major sedimentarybasins in France; the Paris Basin and the Aquitaine Basin.
Paris Basin

The Paris basin is an intracratonic badiftesozoic and Cenozoic sediments lieHamncynian
basement(Figure36).

During the Permiaran extenson regime begins, leading to tltellapse of the Hercynian chain
initiated in the UppelCarboniferous: the Parand Aquitaine basins are formed.

During the Mesozoi@ thickness 08000m of sediments were depositemlving tosubsidence.
The sedimentary series found within the Paris Basimprisesrocks of marine, lacustrine,
lagoonal and fluvial origin.
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Figure36: Geologicatross section of the Paris Baaimd Rhine grabe(AGBP, 2015)

The MesozokCenozoic evolution of the Paris Basin can be subdivided into five main steps
(Robin et al.2003)

9 During the Triassi¢ Lower Jurassic (Scythian to Toarcian), arcuate subsidence took
place along northeastouthwest and eastvest to eastnortheast and south
southwest orientationsThe intraNorian unconformity (Upper Triassic) records the
beginning of subsidence in the central part of the presgay Paris BasirRhaetian
(Triassic) sandstones contain hydrocarbon depositsped by Lower Jurassic Lias
deposits.
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1 Mid to Upper Jurassic (Aalenian to Tithonian) times wraractersed bynorthwest
southeastflexural contros. The kinematics of the Dogger deformation are poorly
known. The development of progradationaCélloviarOxfordian) and aggregational
(KimmeridgiarTithonian) carbonate platforms occurred this time. Creation of
significantaccommodation space took place during latest Jurassic (Kimmeridgian to
Tithonian times)Hydrocarbons are trapped in the Upper Jurassic (Dogger) carbonates,
capped by marly caprocks of Callovi@arfordian age.

1 Lower Cretaceous (Berriasian to late Aptian) was characterised by a northwest
southeast flexural control bounded by two major unconformities @@texmerian:
Jurassic/Cretaceous boundary, Lower/Upper Berriasian boundary) and a change in the
sedimentary syem with the development of siliciclastic deltas.

1 The Late Aptian to Turonian (Cretaceous) is characterized by a nortsoatteast
flexural control with an increase of the subsidence rate and a change from a siliciclastic
system (tidaldominated Greensands) to carbonate platforms (Cenormanoonian
chaks).

1 The Turonian (Upper Cretaceous) to Recent is characterized by a decrease of the
subsidence rate, sediment fpass and finally uplift and erosion, in a generally
compressional setting.

Extensive oil exploration took place in the Paris Basin during the 1980 Paris Basin, the
main reservoirs are located in thiassiqKeuper)sandstonesand upper Jurassi¢Dogger)
carbonates

Aquitaine Basin

The Aquitaine Basin is located in the southwest of France, between the Gironde Arch in the
north and the Pyrenean Mountain Chain in the sau@®nly the Parentis subasin, the
foreland of the Pyrenean Chain and a minor part of the-Boid-thrust belt itself are proven
hydrocarbon provinces (Biteau et al., ().

The MesozokCenozoic evolution of the basin was strongly influenced by the Hercynian
framework of the basement (Villien & Matheron 1989). The inherited fault zones played a
major role during the Mesozoic extensional regime, as well as during the Cenozoic
compressive phases (Biteau et al., 2006).

The northeastsouthwest extensional phase started during the Triassic and the Early Liassic.
This phase was characterised by the deposition of a thick evaporitic section. After this
evaporitic cycle, development a carbonate platform extending over mosthef area
developed (Canerot 1989). These marine sediments provide the major petroleum plays.
Reservoirs were developed in the Lias/Dogger Mezos Formation, the Kimmeridgian Meillon
Dolomite and the Portlandian Mano Dolomite (Biteau et al., 2006).

The main source rocks are represented by the Lower Jurassic (Lias Marls) and Upper Jurassic
(Upper Kimmeridgian Lons Limestones in the southern-bmgins and the Upper
Kimmeridgian Lituolidae Limestones in the Parentis-lsatin). These source rocks were
deposited during major trans transgressive cycles. A regional unconformity (the Base
Cretaceous Unconformity) characterizes the transition between the Jurassic and the
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Cretaceous. The Upper Jurassic shows a regression, while the Cretaceous begins with the
Neocomian transgressidiBiteau et al,. 2006)

During the Early Cretaceous, the differentiation of the Parentistsmgin and the South
Aquitaine subbasins (Arzaagarbes) resulted from extension of the continental crust in
conjunction with the separation of Iberia and Europée Cretaceous displacement between
the Iberian plate and the European plate occurred in four main ph@iésau et al., 2006)

{ Barremian deposition was guided by northeasuthwest extensional stresaduced
normal faulting. The Parentis adzacq T Tarbesareas became individualised
depocentres.

1 The AptiagMid-Albian was dominated by a major northwestutheast extensional

phase. Thérzacq and Parentsub-basins were created. As a result of Aptatbian

sediment overload, Triassic evaporites migrated towards the edges of the newly
formed basins, where salt ridges formed and where the overlying sediments were
breached.

During MidLate AlbiagEarly Senonian times, sinistral transtension displaced Iberia

During ConiaciagCampanian timegptation of Iberiagenerated a transpressive

sinistral system in the eastern Pyrenees and a slkemotion to the west.

= =

Halokinetic movements started during the Early Cretaceous and resulted in erosion-of pre
Cretaceous sediments along the edges of the mairksagins. These movements continued
during the Cretaceous. The first compressive movements related to the subdwdtidre
Iberian plate beneath the European plate occurred during the CampéBiteau et al., 2006)

In the South Arzacq, Tarbes and Commingesb&dins, a northwargnigrating foredeep
trough offsets the wide and stable carbonate platforms of Cenomanian to Maastrichtian age.
Thick flysch sediments deposited in the foredeep do not have hydrocarbon paltenting to

a lack of reservoirs and mature source rocks. In contrast, the northern platforms, developed
from Lacq to the north of Meillon, contain a secondary play as observed in the Upper Lacq and
Lagrave oil fieldéBiteau et al., 2006)

The Eocene Pyrenean and Miocene Alpine orogae®dted incompressioal stresses in the
Aquitaine BasinAfter a period of tectonic quiescence during the Danian, minor reactivations
along the northern salt ridges (northern oil province) and by the deposition cetestonic
Waz2fl 4aSQ &S Rehew&yhdvament duRry theOligceneMiocene (Biteau et

al., 2006).

The southern part of the Aquitaine Basin is well known for gas discoveries that took place
during the 1950sln the Aquitaine Basjrboth onshore and offshoreirfcluding the offshore
ParentisTrough reservoirs oflurassic to Cretaceoagle have potential for storag&he main
carbonatereservoir formations of the Aquitaine Basin are the Lias Marls (Pliensbachian
Toarcian) and the Lons Limestones Formation and Lituolidae Limestéoesation
(Kimmeridge) (Bastianini et al., 20Hardenbolet al., 1998 Biteauet al., 2006).

Alpine Foreland Basin

The Alpine Foreland Basim southeastFrancehas notbeen extensivelyinvestigated for oil
and gagherefore its storage potential in terms of porous media is unknown. Three salt cavern

'.hysgorleg D1.41 - Opportunities in Europe for geological storagehgéirogen 91

in depleted hydrocarbon fields and saline aquifers
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UGS sites exish the Rhone Trougin this region These salt caverns could potentially be
converted to hydrogen storage.

10.2.2. Storage assessments

A summary of the storage opportunities assessed for the Hystories project is presented in
Tablel8andFigure37.

Hydrocarbon fields

In the Paris Basin, eight hydrocarbon traps and four UGS traps in Dogger carbonate platform
deposits were identified. These are sealed by thick Cal@ximrdian marls. A further 21
hydrocarbon traps have been identified in the Triassic (Rhaetian) saredstwinthe Paris

Basin. The Trois Fontaines I'Abbaye depletedfigés (Triassic Sandstone) mow used for

' D{® ¢KNBS ¢NAIFIaaAO alyRad2yS I ljdzA FSNIWiNI LA
en-Sologne, Céra-Ronde).

In the Aquitaine Basin, reservoirs of Jurassic to Cretaceous age have potential for storage.
These traps comprise mainly carbonate strata (limestone or dolomite) and are known-as gas
bearing reservoirs sealed by Cretaceonarls SainteSuzanne Marls Formation). Nine gas
fields are included in the Hystories database. Two Paleogene sandstone aquifers currently
used for natural gas storage are also included the Hystories dataliashore, no
hydrocarbon fields have beefound, but some potential traps havebeen identified from
exploration data (seismic and well data).

Tablel8 Summary of storage capacity options and development actions

Reservoir Type N.o. traps Status description, Recommended actions
in remarks maturing and extending future
Hystories potential
database
Onshore aquifers 10 10 traps used for UGS Need further assessment with
Possible locations identified in geophysical exploration in order to
regional (large-scale) CO, storage identify more traps and characterise
project. caprock.
Very few data. High uncertainties. Regional geological mapping and

assessment of aquifers may reveal
further potential.

Onshore gas fields 3 Gas exploitation in Aquitaine Basin Good knowledge of the sites. Additional
since the 50s. Most of gas fields are | studies required for storage conversion.
depleted and closed.

Only one site actually converted for

UGS
Onshore oil fields 35 Oil exploitation in Paris Basin from Good knowledge of the sites. Additional
1970s. Most of gas fields are studies required for storage conversion.
depleted and closed.
Offshore hydrocarbon 0 Offshore Aquitaine has been Need further assessment and modern
fields explored for hydrocarbons. Data data to characterise the traps and
exists, traps were identified and caprock.
drilled. Further assessment possible if sufficient
No traps used for UGS storage in onshore gas and oil fields is
not available.
Offshore aquifers 0 Offshore Aquitaine has been
explored for hydrocarbons. Data
exists
. D1.41 - Opportunities in Europe for geological storagehgéirogen
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Saline aquifers

In France, studies fa€Q storage focused on deep saline aquifers since depleted fields are
not numerous and are often located at depths less than 800 m (the usual minimum target

depth forCQ storage).

Knowledge on deep aquifers is incomplete as they were not considered strategic targets for
potable water (too deep and water is too salty) and they do not contain hydrocarbons. Saline
aquifers have been studied in terms of potential for deep geothermgkpts. However, for

the latter purpose, assessments focus on the reservoir properties and identification of storage
traps is not required.
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Figure37: Overview ofdentified potential trapsin the Hystories database within France; point locationsfprifers, oil and
gas fields, and UGS sites
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10.2.3. Existing storage sites
In France,here are 1hatural gas storage site3en of these iaquifers, four in salt caverns
(plus oneclosed sit¢, and UGS site is eonverted gas fielTablel9).

One aquifer site (Beynesjarted with storage ofmanufactured gas inthé9p n Qa ® ¢ KA a
contained more than 50%ydrogenand no inciders werereported at the time.

Feasibility studies are ongoing for the conversiorhydrogen storagef one salt caern in
Etrez andone salt cavern in the clos&thresseCassabersite.

Table19: Summaryof UGS sites in France

Reservoir Type N.o. in Status description, remarks
Hystories

database

Paris Basin Aquifer 8 Beynes, Céré-la-Ronde, Cerville, Chemery / Soings en
sologne, Germigny Sous Coulombs, Gournay Sur Aronde,
Saint Clair Sur Epte and Saint llliers La Ville

Aquitaine Basin Aquifer 2 Lussagnet and lzaute

Rhone Trough Salt caverns 4 Etrez, Tersanne-Hauterive, Manosque (plus 1 closed site;
Caresse-Cassabert)

Paris Basin Gas field 1 Trois-Fontaines-I'Abbaye

10.2.4. Potential future development opportunities

Only one depletedyasfield in Franceso far has been converted for storage of natural gas
(Trois Fontaine). All the othgas fieldscan be considered as good candidates faydrogen
storage conversion if appropriate studies aredertaken Several saline aquifer structures are

used for UGS which could be converted to hydrogen storage. The presence of UGS sites in
saline aquifers structures also indicates that good geological seals are prasenthese
structures could be assessed for storage of hydrog

10.3. Discussion and conclusions

In Francenatural gas storeare locatedn both porous media (aquifers and one depleted gas
field) and salt caverns. There are onshore depleted gas and oil fields amdssaltceghat
could be utilsed for hydrogen storage.

There may also be onshore opportunities fordrogenstorage in deep saline aquifers but
potential traps have not ydbeen identified on a national basiShere aresome projects that
have looked avariousregions to examine potential for natural gas@® storage that could
be usedo support further assessment of hydrogen storage potential.
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11. Germany; geological assessment of
storage opportunities

Germany has numerous proven traps, both in depleted fields, and in fields that are nearing

the end of productionTrapped hydrocarbons indicate the presence of seals that can trap
buoyant fluids for geological timescales, includgadine aquiferdy extension Most of the
German hydrocarbon resources lietie SchleswigHolstein and Lower Saxonggions

8.1. Data availability and gaps

11.1.1. Data availability and collation

The GermanCQStoP database comprised a long list of hydrocarbon fields that could be
considered for geological storage©€. During theHystoriesproject, the GFZ team checked,
and updated data collated during th@QStoP and ESTMAP projects.

Updates to key parameters (i.e. porosities, depths, hedents) were made, based on
existing shapefiles anthe information sourcespresented inTable20. Other fields in the
database were populated withverages using available data from that area.

The main input to the closures and depths were obtaifretn a 3D model published by the
Federal Institute for Geosciences and Natural ResouB&$}( Shapefiles are also available
from this same project. The data made available from this report were craosterenced
againsttraps identified in theCQStop and ESTMAP databaséhere feasible input data
from CQStop and ESTMAKere updated withdata provided by the Landesamt fiir Bergbau
und Energie (LBEG) on hydrocarbon fields. The main petrophysipaipes2 ¥ (G KS & S
were obtained from publisheohformation, particularly he Southern Permian Basin Atlas and
the BGR Speicherkataster final repfrable20).

Table20: List of key data sources for the Gerntdystoriedatabase

Source name / URL Description

BGR TUNB Model 3D model of the North German Basin 2018
https://gst.bgr.de/
HC Field LBEG HC Field in Lower Saxony NA

https://memas02.lbeg.de/cardomap3/

P3 Database PetroPhysical Property Database 2019

https://dataservices.gfz-
potsdam.de/panmetaworks/showshort.php?id=escidoc:2263895

South Permian Basin Atlas PETROLEUM GEOLOGICAL ATLAS OF |2010
https://www.nlog.nl/southern-permian-basin-atlas THE SOUTHERN PERMIAN BASIN

BGR Speicherkataster Information system on reservoir rocks for | 2011
https://www.bgr.bund.de/DE/Themen/Nutzung_tieferer_Untergrund_CO,S | Germany T a basis for climate-friendly
peicherung/Projekte/CO,- geotechnical and energy use of the deep

Speicherung+Nutzungspotenziale/Abgeschlossen/speicherkataster.html | subsurface
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11.1.2. Availability of detailed data for further site characterisation

Due to its federalistic nature, legacy seismic and well data has to be obtained through the
individualstate land offices (Landesamterduch data areompiledby, and should be made
available throughthe corresponding agency. The current provision of data is therefore highly
limited and subject to change.

11.1.3. Identified gaps in data availability

As most publications are focused on hydrocarbon resources, data on the reservoir is more
readilyavailable than data on overlying seals.

The CQStoP database for Germany contained potential storage sites (saline aquifers and
hydrocarbon fields)This database was populated ussagsmicdataand well interpretation.

A wealth of datais available for the offshore and onshohg/drocarbonfields in Germany.
Thesedataarenot easily accessibleowever, as the provisionf these datastill lies within the
responsibility of the federal states. Further work would be needed to undertakespeeific
investigation to develop potential hydrogen storage sitesluding obtaining new relevant
data from the relevant state land office, and then obtaining new physical data as required.

8.2. Geological opportunities for hydrogen storage

11.1.4. Geological summary

Germany offshore comprises large sedimentary basins with hundreds of metres of potential
storage formations.A 2019report F NRY ¢KS It 206+t WIOEGNI OGADS
Ly AdAL (repditS fe fdl®ing:Eride oil has been industrially extracted in Germany

for more than 150 years. The successful oil well in Wietze near Celle in 1858/59 is generally
recognised as being one of the figgtoduction wellsin the world. Crude oil production in
Germany peakeduring1968 with an annual production of around 8 million tonnes. Proven

and potential crude oil reserves in Germany were estimated to be around 28 million tonnes

as of 1 January 2020. Most of the crude oil reserves are in the North German Basin, primarily

in SchleswigHolstein and Lower Saxony. At the end of 2019, there were 51 oil fAddand

94% ofproduced German natural gas was extracted in Lower Saxumyng 2019. Other

federal states (Saxorknhalt, Schleswigiolstein, Thuringia and Bavaria) contributed only
marginally to the total production. feported419 production wells extracted natural gasm

TH 3JFa& FASTtRAD ¢KS | ¢k . rduckHillfaredfidi tlefoRy Geyhani KS W
offshore gas fiel@

Following theBGRSpeicherkataster reporthe following keyreservoir sequencelsave been
identified:
Permo-Carboniferous deposits

Lower Permian (Rotliegend) comprise clastic deposits; aeolian sandstones, fluvial fans and
shallowlake deposits.
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In northern Germany, Upper Rotliegend sediments were deposited in a roughhweast
striking basin structure, today's North German Basiitiation of the Northern German Basin
took place in the Late Carboniferous in association with the Variscan Orogeny.

To the southseveral intramontane basins developed, in whgreat thicknesses of Upper
Rotliegendsediments accumulatedDeposition of sediments in the basin started in the

late CarboniferousandEarly Permiamas part of thevariscan orogenyUnderlain bythe
Central German Crystalline Zonéhese basinsformed southwestnortheast striking
subsidence zonefound from southwestern Germanye(g., SaarNahe basin) to central
Germary (e.g. Saale basin; e.g., Rappsilber, 2003). Further south, the Schrambgerguih
Kraichgau Basin developed in the Late Carboniferous and Early Permian (Nitsch & Zedler,
2009).

In contrast tothe sedimentary basins mentioneabove the basins with Upper Carboniferous
to Lower PermiarfRotliegend) deposits found the subsurface of the Alpine Molasse Basin
are relatively smallg(g.,Bachmann & Muller, 1996).

Rotliegend reservoirs are usually sealed by Lower Zechstein shales.
Permian Zechstein Group

The Zechstein sequence®mprise carbonates and evaporitedeposited as a result of
repeated marine transgressioduring the Upper Permian. Hydrocarbons are found in
carbonate reservoirsealed by ahydriteswithin the Zechstein cyclical deposits

TriassidBunter Sandstone GrouBuntsandsteir)

At the time ofdeposition of theMiddle Bunter Sandstone Group the northern part of the
North German Basjrthick sandy sediments were deposited in the regions of Schleswig
Holstein, north-eastern Mecklenburg, and Western Pomeranidhese sedimentsvere
primarily derived from thenorth-easternFennoscandian shield.

In Lower Saxonyedimentary fill was mainlgerivedfrom the Rhenish Massib the south

To the northwestsoutheaststriking basincentre, which extendedfrom the North Sea to
north-west Mecklenburg, the sandstone portisiof the bedding sequenceapidly decrease

in thicknessand the basal sandstones of the individual formatibesome increasinglglay

and carbonaterich (FeistBurkhardt et al. 2008). The formation of potential reservoir rocks
was particularly concentratedt the basin margins. The southern depositioaata of the
Middle Bunter Sandstone Growyas bounded by the VindelicigBohemian Massif (Beutler &
Szulc, 1999). The sands transported from this area form primary reservoir rocks in southern
Brandenburg, the Thuringian Basin and the Upper Rhine Graben.

The Upper Bunter Sandstone Group becomes increasingly sipwards and acts as a
reservoir seal.

Upper TriassidMercia Mudstone Keupel Group

During Triassic to Early Jurassic times, a large rift system developed in the North Sea area and
resulted in large and relatively wide graben structures filled with predominantlymarine
sediments. The Keuper group mainly comprises continental facid$ie stratigraphic
succession is dominated by lacustrine claystones, mudstones and marls with intercalations of
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evaporite and carbonate beds. Fluvial sandstones interfinger with these basinal facies near
the basin margins(Beutler et al., 2005)Channel sandstones of the Middle Keuper
(Schilfsandstein beds) offer good reservoir properties and are distributed -bage The
storage properties of these sandstones are very good in the reaitiern and eastern parts

of the basin (Feldrappe et al.0@7).These sandstones offer potential geothermal resources
and potential for hydrogen an@Q storage.The Keupesandstones are sealed bye-grained
Keuper seals or Lias mudrocks.

RhaetianLiassic aquifer complex (Upper Triasgitower Jurassic sandstones)

TheglobalMesozoic sealevel rise resulted in stepwise flooding across this region
transitioning from a late Triassic continental conditions to an early Jurassiceseised
inland sea (Barth et al., 28l Rhaetian and lower Liassic sandstones were deposited. The
lower Liassic succession (Hettangian to Pliensbacle@mprisesclaystones, siltstones and
sandstonesMassive sandstonbedsappear in the Hettangian sequen{®arth et al., 208).

Fine grained sandstones deposited during the Sinemurianwatespreadin the Northern
German BasirfPetzka 1999, Gothel 2006). Upper Rhaetian and Lidsgpiasitsare widely
distributedacross the Northern German Basirhe sandstones of the Rhaetian and Liassic are
mostly very good aquifers. The DogdesandstongUpper Aalenianformally known as the
Altmark sandstone (Deutsche Stratigraphische Kommission 2002) hostsoih&ialgs in the
western part of thebasin (Barth et al., 2@).

Lower Cretaceous aquifers

Following regional uplift during the Middle Jurassic, intense rifting took place during the
Middle Jurassi&Early CretaceouSiliciclastisediments dominate. Depositional environments
vary over relatively short distancekower Cretaceous sediments north-east Germany
comprise clayey and marly sediments in the central parts of tHerth German Basin.
Sandstones with intercalated thin mudstones and marls occur at the marginal parts of the
basin(Feldrappe et al., 200X erreussel et al., 20)8

11.1.5. Storage assessments

Traps identified inthe CQStoP project were used for theHystoriesstorage evaluation
Onshore hydrocarbon fields are usually quite small but infrastructure/access costs would be
lower compared with offshore sites. Data for some onshore fields was not available for the
Hystoriesproject since field exploration started some decades ago and the data for active
fields is more easily accessible than for depleted fields.

A summary of onshore and offshore traps in the GerAgietoriesdatabase are presented in
Table21, Figure38 and Figure39. Onehydrocarbontrap did not have any information on its
status, and it was not possible to confirm if ibising abandoned or still producing.

Structural information was extracted from existing shapefiles and the BGR TUNB Model (see
Table 20). Figure porosities were compilefdom literature (Reinhold and Mdller, 2011;
Doornenbal and Stevenson, 201@\erages and variation in trap thickness and porosity is
shown inFigure40.
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Table21: Summary of storage capacity options and development actions

Reservoir N.o. in Status description, remarks = Recommended actions maturing
Type Hystories and extending future potential
database
Onshore HC 44 Exploited from 1930s onwards. Mostly | Site specific studies required and additional
fields small. Many already depleted. well data. Additional data could be added to
database with further resources
On-Offshore HC 7 Exploited from 1960s onwards. Mostly | Site specific studies required and additional
traps small. Many already depleted. well data. Additional data could be added to
database with further resources
On-Offshore 9 A few possible locations identified Further assessment required if sufficient

aquifer traps

storage in onshore gas fields is not

available.
Regional geological mapping and
assessment may reveal further potential

Offshore Aquifer 15
traps

A few possible locations identified Further assessment required if sufficient
storage in onshore gas fields is not
available.

Regional geological mapping and
assessment may reveal further potential
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11.1.6. Existing storage sites

There aramultiple naturalgas storage sites in saline agudand salt caverns. Some of these
have been operated with a high hydrogen content (up to 68@&rogenin stored towngas).
Depending on the field development infrastructure could be reused or would require
significant changes.

11.1.7. Potential future development opportunities

Legacy data are available to enable identification of potential stores. Furthespssigfic work
would be required to advance the potential storage sites identified durpstoriestowards
active storage of hydrogen.

11.2. Discussion and conclusions

Germany has existing natural gas stores in both salt caverns and porous media. There are
onshore neaidepleted and depleted gas fields and salt reserves that could beedtifor
onshore storage of hydrogen. There may also be onshore opportunities for storage in saline
aquifers,but these have not been identified on a national baSisereare some projects that

have looked at specific regions to examine potential for natural gaSrstorage. Thee
projectfindings could be usetd identify potentialhydrogen stores.
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12. Greece, Western Macedonia ; geological
assessment of storage opportunities

In Greece, during the last decade, potential oil and gas resources have been identified onshore
in West Greece and offshore in the lonian Sea, together with the existing depleted fields of
Prinos in the North Aegean Sea. Furthermore, past and present gjealdfield surveys
coupled with geophysical investigatiomdicate the existence of saline aquifers tine
Mesohellenic Trougland West Macedonia that offer the potential for largeale geological
hydrogen storage at comparatively low cqstafari Raadt al., 2022) The current report
presents research conducted by CER@Hthe Hystories project focuses on these saline
aquifers

12.1. Data availability and gaps

12.1.1. Data availability and collation

During theHystoriesproject, data collated during th€QStoP and ESTMAP projects and
publicly available scientific literaturgere used As these previous projects focused on deep
aquifers, during the Hystories project, onshore aquifers which lie at depths &@@ifvewere
assessed in terms of potential foydrogen storage.

Some interpretation and interpolation of results were required where limited data were
available. For example, data on seal thickness were often not fully available and assessments
KFrR G2 06S YIRS o6lFaSR 2y fAYAGSR a&ludediwthet KS W
Hystoriesdatabase to highlight such uncertaintiégable22 liststhe primary sourceof data

and information.

12.1.2. Availability of detailed data for further site characterisation

For Greece, onshore seismic data together with borehole logs exists, but is not publicly
available as yet.

12.1.3. Identified gaps in data availability

Most publications focus on hydrocarbon resources, with the most recent literature -(post
2015) dealing withCQ storage; data on the reservoir is more easily available than for
overlying seals.

Further work would be needed to undertake sgpecific investigations to develop potential
hydrogen storage sites. These include geological survey mapping, intrusive and geophysical
investigation, and petrophysical laboratory research. Understanding tleelogical
characteristics will provide information on the suitability, storage capacity, and trapping
capability of the saline aquifers in West Macedonia.
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Table22: List of key data sources for the Grédlstoriesdatabase

Source name / URL

Description

Version
[ Date

Koukouzas, N. et al. Carbon Capture, Utilisation and Storage as a Defense Tool
against Climate Change: Current Developments in West Macedonia (Greece).
Energies 14, 3321 (2021). https://doi.org:10.3390/en14113321

Scientific publication

2021

Tasianas, A. & Koukouzas, N. CO, Storage Capacity Estimate in the Lithology of the
Mesohellenic Trough, Greece. Energy Procedia 86, 334-341 (2016).
https://doi.org:10.1016/j.eqypro.2016.01.034

Scientific publication

2016

Ferriere, J. et al. Evolution of the Mesohellenic Basin (Greece) : a synthesis. Journal
of the Virtual Explorer 45, 1-51 (2013).

Scientific publication

2013

Gardin, S. et al. Geologic evolution and geodynamic controls of the Tertiary
intramontane piggyback Meso-Hellenic basin, Greece. Bulletin de la Société
Géologique de France 175, 361-381 (2004). https://doi.org:10.2113/175.4.361

Scientific publication

2004

Vamvaka, A., Kilias, A., Mountrakis, D. & Papaoikonomou, J. Geometry and
structural evolution of the Mesohellenic Trough (Greece): a new approach.
Geological Society, London, Special Publications 260, 521-538 (2006).
https://doi.org:10.1144/gsl.Sp.2006.260.01.22

Scientific publication

2006

Rassios, A. H. E. & Moores, E. M. Heterogeneous mantle complex, crustal
processes, and obduction kinematics in a unified Pindos-Vourinos ophiolitic slab
(northern Greece). Geological Society, London, Special Publications 260, 237-266
(2006). https://doi.org:10.1144/gsl.Sp.2006.260.01.11

Scientific publication

2006

Kontopoulos, N., Fokianou, T., Zelilidis, A., Alexiadis, C. & Rigakis, N. Hydrocarbon
potential of the middle Eocene-middle Miocene Mesohellenic piggy-back basin
(central Greece): A case study. Marine and Petroleum Geology 16, 811-824 (1999).
https://doi.org:10.1016/s0264-8172(99)00031-8

Scientific publication

1999

Doutsos, T., Koukouvelas, J., Zelilidas, A. & Kontopoulos, N. Intracontinental
wedging and post-orogenic collapse in the mesohellenic trough. Geologische
Rundschau 83, 257-275 (1994). https://doi.org:10.1007/BF00210544

Scientific publication

1994

Kilias Ad. et al. The Mesohellenic trough and the thrace basin. two tertiary molassic
basins in hellenides: do they really correlate? . Bulletin of the Geological Society of
Greece XLVII No 2 (2013).

Scientific publication

2013

Mountrakis, D. et al. Neotectonic and seismological data concerning major active
faults, and the stress regimes of Northern Greece. Geological Society, London,
Special Publications 260, 649-670 (2006).
https://doi.org:10.1144/gsl.Sp.2006.260.01.28

Scientific publication

2006

A. Zelilidis, D., nbsp, J, nbsp & W, P. Sedimentation and basin evolution of the
Oligocene-Miocene Mesohellenic basin, Greece. AAPG Bulletin 86, 161-182 (2002).
https://doi.org:10.1306/61eeda6c-173e-11d7-8645000102¢1865d

Scientific publication

2002

Robertson, A. H. F. & Mountrakis, D. Tectonic development of the Eastern
Mediterranean region: an introduction. Geological Society, London, Special
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12.2. Geological opportunities for hydrogen storage

12.2.1. Geological summary

The Mesohellenic basiis approximatelyl50 kmby 30 km. It is partly located in Northern
Greece and partly in Albania and developed from Middle Eocene to Upper Mitosse

Grevena sukbasin

The Grevenasub  aAy | NBIF Aa adzadlrofS F2N Kefpr ISy &
geological formations in gently dippingsyncline settingRigure41). Fromoldest to youngest
these areas follows

The Krania Formation (Middldpper Eocene epoch) is characterised by various facies,
including coarse breccias, olistolithic blodksjzNb A RA (G A O a-grdinédisdndsyolted. > | Y R
The formation has an estimated thickness of 1500 m.

The Eptachori Formation (Uppermost Eocenkeower Oligocene epochomprises
conglomerates and sandstones overlain by marine turbiditic shales. Structtiallgptachori
Formation hasa thickness of about 1100 m, dippingc80n G2 GKS Srado

The Pentalofos Formation (Upper Oligocehewer Miocene epoch) comprises
conglomerates, followed by turbiditic sandstones and shales. The formation has an average
thickness 02500 m. Thdéocalmaximum thickness of 4000 m is observed in the ceotrine
Grevena sulbasin

The Tsotyli Formation (Lowevliddle Miocene epochhas a thickness of pproximately
1500m to 2000 m. The Tsotyli Formatioomprisesophiolite-derived conglomerates and has
been characterised as an effective cap rdok trapping buoyant fluids (Tasianas and
Koukouzas 1994)n thesouthern part of the sulbbasin the Tsotyli Formationnconformably
overlies the Pentalofos Formation.

Ondria Formation (Eardyliddle Miocene epoch)comprisessandstones and marls with a
maximum estimated thickness of about 350 fimis upmost formation is partly eroded in the
basin.

Storage opportunities

Two formations provide the storage capacity in the Grevenalmasgin (i) the Pentalofos
Formation, with Tsarnos and Kalloni daughter units of similar lithabgiomposition,
comprising conglomerates, turbiditic sandstones (occasionally capeseed) and shales,
with porosity ranging from 7% to 25% arfit) the EptachorFormation (undivided) comprising
conglomerates and sandstones that are overlain by marine turbiditic shBl@ssity is
typicallyaround 12%.

Onshore hydrocarbon exploration in this region began in 1962. Seismic acquisition campaigns
have been carried out and some of the information published in literatieble22). There

are at least two investigative drilling campaigns performed inafea,but the data have not

been made publicly available. Natural gas needs in this area are served by the Trans Adriatic
Pipeline.
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Figure41: Geological Map and stratigraphic column adapted from Ferriere et al., 2004, pfdpesed hydrogen Storage
basins in Grevena area depicting Pentalofos and Eptachori formations, scale 1:1,0000888ections of the Mesohellenic
Trough. Lithological formations: Krania Turbidites, Eptacfatiaros, Pentalofos, Tsotyli. M stands for Middle Miocene, scale
1:500,000, Ordnance Survey Greek Grid reference system: EGién8&d under CBY-4.

Greece hasydrocarbonproduction from the offshore Epsilon, Prinos and Prinos North oil
fieldsin the Northern Aegean Se@as is periodically produced from tBeuth Kavala gas field

in the sameegion and there are plans to convert this depleted field into a natural gas storage
site. The snall on-to-offshoreKatakolon oil field in Western Greestarted production within

the last couple of years

Owing to increased demands for European oil and gas, the Greek government has invited bids
for exploration for gas igix areas in the lonian Sea, the Gulf of Kyparissia, west and southwest
of Crete, and around loannir{&reek City Times, 2022).
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