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1. Introduction

1.1. Need for ranking and selection

The porous media trapslatabase resulting fromHystoriesWork PackagéWP)1, in D1.4,
includesmore than 1000 identified traps among whid®b0 traps in EU27+UK(the 27
countries of the European Uni@ndthe United Kingdomhad enough data to enable capacity
estimates in WP2 (D2D): 229 deep salineaquifers,267 depleted gas fields,55 depleted oll
fields and99 existing underground gas storagd$e number of aquifersray look low when
compared to the depleted fields: this does not directly reflect the number of texistingin
European subsurface, but the niber that are publicly identified. Atructural trap in an
aquifer is essentially unknown until there is enough geological and geophysical
characterization tesupportthere is one The D1.4database is therefore far from including all
existingtraps inEuropean Subsurface

The Work Package? of Hystorieqin D2.21) estimated the hydrogen storage capacity of each
of the trap from this databaserhe 750 porous mediatraps havea total hydrogen storage
capacity of6 925 TWhfor EU27 + UKwith only 30 TWh (0.4 %) are in Deep saline aquifers.
Gonsidering the ashore traps, the506 porous trapsrepresenta hydrogen storagecapacity

of 2 725TWh.Asthe databaseonly includeghe identified aquifer traps(even if generally not
characterized enoughjyather than the possibly existing onethis can be seen as a
conservative estimation

Caglayaret al. (2020)estimate thetechnicalstorage potential of Hydrogen in Europased
on the selection of a priori suitablesalt depositsin Europeand a set of reasonable
assumptionsThis approach givesraupper bound of the storage potential that is technically
feasible.With only limited ajustment to thiswork, we estimate astorage potentialin salt
cavernsof 64434 TWhfor EU27+UK including13803TWh onshore
Amongstallthed OSY I NA2a &addzZRASR Ay 1 @aid2NASaQ 2tpx
scenarioD in 2050 and calfer a hydrogen storage demand of 3ZBNh in ELR7 and United
Kingdom

The storage capacity that could technicddlyprovided bysalt caverns alonen EU27+UKis
therefore 200times higher than the maximum storage demand, andd¢hfsacity is still@times
higher when considering onshore salt depositdy. Depleted fields natural gas storages
porous mediaand identified aquifers in ER7+UKcan technicallprovidealmost30 times the
maximum storage demand, athis capacitys stillmore thanl12times higher when considering
onshore structuresnly.
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These technical storage capacitissyeralorders of magnitudes higher than what is needed,
lead to the question of identifying which ones coudd developed to meet the foreseen
hydrogen storage demand. The purpose of the present report is to propose scales to rank the
sitesto help selecting the mogavourablecandidate

1.2. Basis for ranking

Arankingis a relationship between a set of items such that, for any two items, the first is
either "ranked higher than", "ranked lower than" or "ranked equal to" the second. In a
one-dimensionalquantitative scaleit is straightforward. The question is then how to select
that one dimension.

Reducing a complex information tosangledimension scale, providing éacto a ranking, is
commonly done by assigning weights. These weight rubest be clearly stated and
meaningful with the purpose of the rankingor instance,n section4, the weights used to
merge differentpieces oinformation into a singlsuitability markare builtusing theAnalytic

Hierarchy Proces

In our casethe purposes not alwayknown in advance. For instance, considering two traps
in the same region, of resp. 100Wh and 10MWh capacity, we cannot say which one is more
appropriateto the need without knowing whether the local demand is higher thaiMl@h

or not. The storage demand at a precise location would in most cases be koaWrnf a
project developer ha a specific business plan. But for this work aiming at ranking all
subsurface storage options at the European scale, it ishetase Even though it is kefor

a specific project,ite capacity and the storage location are therefore left out of the ranking
itself. Instead, thewill be displayed on a €graphicalnformation System (GIS)h WP9 of
the projectby:

A Indicating the storage capacity of eachth® trap at the location of the trap, for
porous media

A Indicating the salt deposit layers in the case of salt caverns.

The «storage capacity of a salt deposit is na&een as relevangndis not indicated,since it

is largelydriven byengineemg anddesign choicegshe number and size of the caverns are
adapted to the required storage capacity at ttlesiredstorage location. Wheredsr porous
media, the capacity offered by thegeologicalrap is a maximum for thelevelopment ofa
project on that trgp. However, a project may choose to only develop a fraction of the traps to
meet its business plan.

In this report, he ranking will bédasedon the followingcriteria:

A The cost of the underground storage

A The suitability mark, reflecting the technical readiness amelvel of technical risks
including microbial activitgiven the available knowledge for developing a hydrogen
storage.

Note that these two scales are built to be complementary. When the information is already
accourted for in the cost criteria, it is not in the suitability mark. For instance, a depth of
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4000m leads to a poor suitability ai porous trap or a salt deposit for hydrogen storage,
whichis captured by the coshut is not reflected in the suitability mér
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2. Ranking boundary limits

2.1. Data sources and countries limits

9dzNB LISy O2dzy i NRS& Ay Of dzR S Rire mofh aiwkysakactlythed ( 2 NR S
same In this ranking of sites, the following data is included

Tablel: countries included in the analysis and data source

Storage type| Information

Countries
included in

the present

report

Source of informatiomnd explanation

|l @aG2NASaQ 2twm 62N] = SaaSyl
D1.3 (GIS) and D1.4 (report on opportunities for geological
storage of hydrogen)lhese works:
Porous Geological EJLK%? *| - Include information foNorth Macedonia, Norway and
Media data Ukraine Turkey not used here
(aquifers - includeinformation foroffshorecapacity not used here
and - Includedetailed work forsomecountries while for other
depleted countries, CO2Stop database is ugefdreports for details)
fields) | 2402NASAQ 2t H GIBNINEireslidadiod v
Onshore EU27+ | simulations for fluid flow and mixing issues at European sca
Capacity UK+ . . . .
Estimate Ukraine This work is based on tljabovedescnbedgeologmal data and
covers the same countries
Geological The SMRI report by Hadth et al. (2018) is the reference used
data in this report.
Caglayan et al. (202 the referenceusedin this report This
work:
- includes information for Albania, Bosnia and Herzegovinz
and Norway, and offshore estimates, not used here
EU27 + UK| - include information for offshore capacity, not used here
Saltcavems| Onshore | 1 (kraine |- wasrapidlyreviewed which resulted in adding data for
Capacity Bulgariaand Ukrainel
Estimate - isnotablybased orareview of publidnformation on salt
deposits, most notably the collation done for SMRI in
Gilhaus et al. 2006) and Gilaus et al. 2008. These
reports werethen updated intoHonéth et al. (2018)
making itessentially coherenwith the geological data
source we use
dgrrﬁ)z;lrr:jallor Hystorie_s WP5 work, essentially D5.5 (Major results of teeh
Storage the economic assessment of future scenarios for deployment of
Demand European EU27 + UK unde_rground renewable hy_drogen_ storages), which also
Energy requiresusingD5.1 (scenarlo definitions), D5.2 (requirements
System and D5.4 (assumptits).

1 Geostock estimation for Bulgaria. Personal communication from N. Weber for Ukraine, based on his
2018 Master thesis Weber, N., 2018. Assessment of the Technical and Economic Potential of Salt

Deposits for Hydrogen St or aglniverdiya 280092088s t hesi s, RWTH
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EU27+UKrUkraineis therefore the area where aljeological and capacitgata is available
The analysis will focus on thaseafor all criteria It corresponds to the initial choide focus on
EU27+UR, amended to add Ukraine afl H202Qesearchprojectswere formallyrequestedto
support this countrywvhenpossibé. Only thestorage demand is missing fdkraine

2 Note that UK was in the EU at the proposal stage and was eligible in the frame of H2020 projects including
Hystories. Plus, the size of its energy system made it significative for not missing part of the European energy

system
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2.2. Limitation to onshore storages

The suitability mark includingthe assessment of the microbiological risk apply only to the
geological storeinderground and are not impacted Iitg offshore or onshore condition. The
cost of the storage is.

Thecost model developeth D7.21 isbased on theonceptual desig{D7.%:1) whichassumes
greenfield (new) onshore storageCoss of developing offshore storage assets could be
estimatedon a project basigs wellbut are highlyproject specific. Therds for instancea
comparison of CAPEX for developing an onshore or offshore storage in the Dutch context in
the TNO/EBN repoivanGesseett al.,, 2022.

Building a realistic cost model applicable to offshore casaglaeither be highly imprecise
(e.g.,applying at the European scale the offshore/onshore CAPEX ratios found for the Dutch
context in the above reference) oeed morethy’ 2y f & GKS a2FFaAK2NBE 2N
as an input Water depth and environmeat settings distance to shore would for instance be

key to assess the type of structure that would be ydmatthis informationisneitheravailable

in the salt cavermor in porous media databasg@resented in therevioussection2.1).

The question was then whether applying an imprecise cost model was ne&deck are

severalorders of magnitude more hydrogaemshorestorage capacity than there igytirogen

storage demand at European level (as exposed abosgedtionl.1), andthis finding is also
true individually for these countrigexcept in Zountries (2echRepublig Italy) in some

scenarios onlyrom WP5

The following figure compares the storage capacity requirement thedstorage capacity
availabilityonshoreper country In detail, the following data is used

A The requiredstoragevolume capacity, from report D55, It is the hydrogen storage
capacity €ither salt of porous media here) that enables to minimize the overall cost
of the European energy system, as found by WP5 energy modelling work and under
several scenarios. The range gives the results for all scenarios (A, B, C or D).

A The storage capacitgstimates in porous media, from Hystories work presented in
D22-1. Onshore capacity only is considered.

A The storage capacity in salt caverbased onCaglayaret al. (2020)and adjusted to
cover ELR7+UK+Wraine Onshore capacity only ismsidered.
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Figurel: Optimalstorage capacity in ER7+UK-Ukrainein 2050(scenarios B and D of WR&)dtechnically
possibleonshore storage capacity in Porous Media and Salt caverns

While WP5 has estimatethe storage demand in porous media and in salt caverns
independently, both areonsolidatedn Figurel, and plotted next to the capacity offerday

each of these techniques. It is limited to onshore capacity since it is enough for all countries.
It is actuallyseveralorders of magnitude more for most cases.

As an input of WP®nergy modelling work, the amore + offshore storage capacity was
provided for each of these countries and could have limited the storage demand. WP5 results
show that onshore only is actually sufficidot all countries whersalt and/or porous media

are availablelue to the geologial settings.

Last, ve note that in the natural gas storage industry, offshore storage did not develop except
in a handful ofcases:in the International Gas Union (IGU) databaseludingmore than
1000facilities worldwide, all but 8 are listed as ohsre (all located in Europe: 1 in Greece,
lin Ireland, 2 in Spain, 3 in UK and 1 in Turk@&yishore idess than 2oof the underground
natural gas storages today.

For all these reasonghe costmodels and suitability marks focuson onshore casesnly.

8 2021 update of the IGU dabase.Note that extension of a facilitys listed as a new entry, and that it

includes projects. This number is therefdavgice higher that what can be found in Cedigas reports.
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2.3.  Other limitations

The D7.21 cost model onlyconsidersup to 3 compression stages. When more would be
needed to provide compression ratios higher than 9.67, the pressures are deeméigto
and the conceptual model does not apply as such. These cases, corresptuncisgrvoir
approaching 4000 m deptfas a rough approximation; it also depends on the reservoir
pressure) are not cost estimated since their development is juolgedas ealistic.From the
IGU database, globally, orayfewsites (Grama ridgm the USand Sugaio Sul, Su4 and Su49
in China) would reach such depths, less than half a percent.

For all these reasongn this report thecostmodel and the suitability mark areonly applied
porous media traps that do not lead to pressure requiring more thao@npression stages

Opportunities at very high depth and very high pressures may lexistre assumed toemain
exceptional.

Last, thecostestimationsare based on the application of D#1arametriccostmodelisable

to adapt tomost of therelevant parameters, but it is still far from a specific feasibility and cost
estimation study on a given sitdo maintain cost estimation relevant, cases arglea to
basis of designs that remain acceptable for the cost model:

- For porous media, the basis for design is capped to the first design limit encountered
among the following two:
o0 the maximum storage capacity of the trap
o the maximum flow rate capacity of the cost model, as specified in D7.21 (Table
17): 2500 tonyo/day
- For salt caverns, the basis for design is theconceptual design (capacity of 250 MM Sm?®),
and fractions of it (half, a quarter and 1/8™). This capacity isalready a relatively large
industrial storage site, the same cost is considered for sites of larger capacitiesFor the
conceptual design capaciy and the cycles considered, the maximum flow rate capacity
of the cost model (2500 ton w2/day) is not reached.

Costs optimizations or increases could be found, notaliemsite specificities differ largely
from D7.11 conceptual desig cases (for instance, velgrge orlow-capacitysites) but a
detailed feasibility study would be needed provide a better cost estimation dheseless
typicalindustrial sites

€@ hystories  D7.31-RANKING AND SELECTION OF GEOLOGICAL STOR 12



3. Criteria 1. Cost of storage

3.1. Definition of the operating cycles

Underground storageauld be used to store hydrogen ovéalf a year or a couple of days
very differentstorage servicean be providedThe design of the storage facility, and its costs,
are very different as well. Théost of storing hydrogehneeds to beproperly definedby
knowingwhich storage servicas referred to. Thatrequires defininghe storageoperating
cycle that is considered.

There are different drivers for storimyoductin existing underground storage indugtEvery
project has its owmeasons, but a typicaliew is that:

A CQ geological storage is quite specifice do not wantto recover it and should be
stored for several centuries

A Oil is stored fostrategic,geopolitical reasors. It stays stored many years tiecades

A Natural gas is stored to cope for the high seasonality of the demand, leading to very
seasonal cycles (dfigure 2 below). Although, other drivers such as trading are key in
some sites, leading to shorter cycles,strategic reasons that are there and getting
more important today

A LPGs or Hydrogen today are stored as a buffer or reserve of feedstock for iadustri
usesHgure 3 presents the cyclesver the first 3years of Spindletop Hydrogen storage

operation
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Figure3: Air Liquide Spindletop Hydrogen storage cavern (Texas, USA). From Ineris, 2021

What are the drivers for storing green Hydrogen? Will it come from the variable deofand
the offtakers? Would the offtakersbe industry, mobility or the gas grid? Would it come from
the supply side and theariationof the Renewable Energyoduction?There is no industrial
experience ofunderground storage ofreen hydrogen, itvasmodelled inl & & ( 2\NRB. S & Q
These results lehto the definition of the cycles that are optimal for minimizing the overall
system cost.

We note that in the above list of analoguése strategic (geopolitical) reasons dog instance

a major driver for a large part of the current underground storagiistry. The model does

not consider overcapacities of storage that would have strategic purpose, or specific location
in one country.

The operating cycles derive from the drivers for stoliydrogenthat should be reflected in

the business plan of the storage operatd/ork Package 5 of Hystories modelled the
European energy system, matching energy production and energy demand at each time step
introducingunderground energy storage as a buffer.

In particular, WP5 haddentified scenarios of deployment of the energy systdps.{ have
made assumptions and defined input data (Bband adapted their European energy system
model (D5.3Jo model these scenariodmong the scenarios they have considered:

A <enarioB: mainly domestic Bproduction with limited Himports from outside the
EU

A ScenarioD: smaller share of domestic2idroduction in comparison to Scenatand
therefore with larger share of Himports to Europe.

The result of this energy modelling exercise are the working conditions of this energy system
at minimized cost, or in optimal conditionResultsinclude the optimal storage capacity and
injection/withdrawal capacity per country, as exposed in BA.5
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It also includes the optimadycle. It is for instance given in sectit® for 5countries as
depicted in the Figurd below for scenarios B and D in 2050

TWng  ——Cavemns in scenaro 8 (2050) w0 -
TWng  ——Cavems in scenaro 8 (2050]
=== Cavems In scanaro D (2050)

===Cavems In scenaro D (2050)
——Porous media in scanario B (2050) 35

- ——Porous media in scerano B (2050)
===Porous media in scenario D {2060) . s, s P nedka. D {2050
2 === Porous meda in scenario D (2080)

France

Germany

Tih g ——Porous media in senario B (20600 —--Porous media in scenaria D (2050) TWhy ——Cavems in scenaric B (2050} ===Caverns in scenario D (2050

\

Italy Spain

TWh. = Cavems in scenaro B (2050) === Cavems in soeario D (2050)

Poland

Figure4: Optimalcycles in 2050 as found by the energy modelling work of WP5, for scenarios B (mainly domestic
Hydrogen production) and D (with a larger share of impdadis)rance, Germany, Italy, Spain and
Poland (HystoriesD5.52)
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Theseplotsillustrate that the optimal cycles founidr year 2050. We notice

A That the cycles aressentially seasonallhis is even nearly sttig seasonal, with a
continuous injection or withdrawl of the stored hydrogen in the case of porous media
storage. Saltavern storage show a general seasonal trend that also atcalates
for shorter term cycles within it.

A For France and Germariiie two countries where botlsaltcaverns anghorousmedia
are developed in some scenarigsoperations are steadr over time for porous
storages (blue curvesjith very few staneby while for salt cavern storage, the cycles
are characterized by the presence of stahg time and by a high number of small
injection and withdrawals toneet fast market demandsSo these yrles differences
are related to the storage technology (salt caverns vs. porous media) rather than on
the country storage demand.

We notice that thisis observedas wellin the natural gas storage market. It is somehow
expected and shows that the cost model thaas built in D7.21 together with the WP5
energymodellingenable to capture the main mechanisms of the market. Teisves from
the coststructure of both techndogies, an output of D7:2 and an input of WP5:

A The CAPEX of the storage capacity is ©.%1] 2 Kfgrl salt caverns and
0.20€e k 1 2 Happorous storagebased upon the conceptual designs

A The CAPEX of the storage withdrawal capacity0&e2k { 2. fpr salt caverns and
645€¢ k 1 2fpriporous storagebased upon the conceptual designs

The minimal overall cost for the European energy system foundWP5 corresponds to
havingseasonal storage in porous storages (since the cost of storage capacity &pehe
and shorter cycles in salt caverns (since the cost of withdrawal capacity is cheaper).

The stock fluctuation over time of Figudeenables a qualitative understanding of the
bufferingrole expected for Hydrogen underground storagjbe highly seasahtrend is quite
similarto natural gas despite the fact that the drivers differ: it is dominated by theme
seasonality of demands natural gas,while other drivers, such as the seasonality of
production, are also at play for hydrogen

The WP5 work ab enabls a more quantitative estimation of the cycles. First, it gives the
number of full cycle equivalents per year: in a purely seasonal cycle, the amount of hydrogen
transiting into the storage equals the storage capacity. But the storage can beauive,

and 2, 3 times the storage capacity can transit in the storage. This is captured by the table
GbdzYo SN 2F Fdzf t O Of S S| dzA @lfof salycavernsi(@) aind I NB
porous media (p. 69), and therefore not reproducedhe present report.

From D5.8, additional characterization of the operating cycles can be made. Notably, the
definition of Withdrawal to Injection ratio (WTIR, as defined in E1j,2 key design parameter

to size the injection facilities (mostly compsess) relatively to the withdrawal ones (notably
dehydration units). This interpretation is given in Table
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Table2: Optimal Withdrawal to Injection ratio (WTIR, as defined in EXj.gf underground storages found by
WP5energy modelling work for scenarios B and D (cf. 2%.5

Salt caverns Porous media
Austria 10 | 1.0 10 | 10
Belgium 1.0
Bulgaria 137 10 | 30 21 1.0 10 | 10
Croatia 6.3 10| 10| 20| 10 | 10
Cyprus
Czechia 1.0 10 10 | 04 | 10 | 10
Denmark 10 | 1.0 | 1.8 | 09 | 10 | 26
Estonia
Finland
France 08 | 10| 35| 10| 10 | 30 10 | 1.0 10 | 10
Germany 10| 10 | 32| 10| 10 | 32 1.0
Greece 145 | 10 | 11 | 53 | 1.0 | 20 1.0 1.0
Hungary 6.0 10| 10 | 20| 10 | 10
Ireland 0.1 10| 10 | 09 | 10 | 10
Italy 31 1.0 1.0 1.0 1.0 1.1
Latvia 0.3 10 ( 10 | 20| 10 | 10
Lithuania 0.9 10 | 1.0 | 1.0 | 10 | 10
Luxembourg
Malta
Netherlands 10 | 10 | 1.2 10 | 20
Poland 10| 10 | 24 | 10 | 10 | 28
Portugal 05|10 | 10 | 05| 10 | 10
Romania 103 | 1.0 | 15 | 19 | 10 | 20 10 10 | 10
Slovakia 10 | 10 10| 10
Slovenia 34 10 | 1.0 | 1.0 | 10 | 10
Spain 10| 10 | 10| 10| 10 | 10 1.0 1.0
Sweden
United Kingdom | 0.2 | 1.0 | 1.9 | 0.7 | 10 | 17
EU27 + UK 08 | 10 | 21 | 09 | 10 | 22 1.2 10 ( 10 | 09 | 10 | 1.0
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Another key design parameter is th®@ad Factqri.e. the percentage of tima the year the
storage facility is not in stanbly*. The Load factors resulting from the WP5 optimization are
given in theTable2:

Table3: OptimalLoad Factofthe percentage of time in the year the storage facility is not in stiay)dof
underground storages found by WP5 energy modelling work for scenarios B and D (&) D5.5

Austria 87% | 94% 88% | 91%
Belgium 95%
Bulgaria 82% 40% | 43% 34% 95% 97% | 95%
Croatia 56% | 83% | 86% | 39% | 88% | 83%
Cyprus
Czechia 61% | 89% | 93% | 89% | 90% | 85%
Denmark 54% | 53% | 24% | 57% | 53% | 28%
Estonia
Finland
France 49% | 41% | 31% | 53% | 47% | 27% 95% | 97% 97% | 94%
Germany 35% | 34% | 25% | 40% | 33% | 26% 97 %
Greece 590% | 60% | 15% | 51% | 73% | 25% 94% 93%
Hungary 55% | 96% | 88% [ 50% | 90% | 86%
Ireland 82% | 86% | 79% | 68% | 88% | 75%
Italy 49% | 83% | 76% | 37% | 83% | 63%
Latvia 52% | 45% | 39% | 59% | 46% | 36%
Lithuania 63% | 49% | 43% | 78% | 53% | 37%
Luxembourg
Malta
Netherlands | 43% | 46% | 19% 38% | 23%
Poland 40% | 55% | 30% | 44% | 54% | 33%
Portugal 60% | 64% | 24% | 64% | 56% | 40%
Romania 80% | 46% | 22% | 45% | 57% | 33% 95% 95% | 88%
Slovakia 91% | 93% 92% | 92%
Slovenia 39% | 88% | 95% | 50% | 89% | 94%
Spain 40% | 56% | 39% | 44% | 58% | 44% 93% 93%
Sweden
United Kingdom | 75% | 54% | 30% | 81% | 57% | 31%
EU27 + UK | 46% | 50% | 27% | 58% | 54% | 29% | 45% | 79% | 72% | 62% | 79% | 68%

4 We use in this deliverable theload Factop as defined in D7-2. Note that it assumes that the storage

operatesonly at full injection or withdrawal capacity
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The last design parameter that isadsis theStorage to Withdrawal Capacity ratio, which is
given in days The Storage to Withdrawal Capacity ragsulting from the WP5 optimization
are given in théable3:

Table4: Optimal Storage to Withdrawal Capacity ratio (in dafa)nderground storagegderived fromWP5
energy modelling work for scenarios B and D (cf. 2%.5

Salt caverns Porous media
Austria 159 | 171 161 | 166
Belgium 173
Bulgaria 16 24 16 26 173 177 | 173
Croatia 34 | 152 | 158 | 34 | 160 | 151
Cyprus
Czechia 35 | 162 | 170 | 115 | 164 | 154
Denmark 31 25 11 29 27 11
Estonia
Finland
France 35 53 20 31 52 16 174 | 176 177 | 171
Germany 11 35 15 17 43 14 176
Greece 11 74 11 16 92 21 171 169
Hungary 34 | 175 | 161 | 34 | 164 | 156
Ireland 320 | 110 | 104 | 60 | 110 | 96
Italy 44 152 | 138 49 151 | 111
Latvia 136 | 51 38 43 52 34
Lithuania 62 63 36 44 74 34
Luxembourg
Malta
Netherlands 22 44 11 53 16
Poland 19 32 14 21 35 15
Portugal 85 92 36 72 72 48
Romania 20 66 21 19 79 32 173 173 | 161
Slovakia 166 | 167 168 | 167
Slovenia 34 | 160 | 173 | 35 | 163 | 172
Spain 28 82 53 35 85 57 169 170
Sweden
United Kingdom | 133 | 33 13 56 34 15
EU27 + UK 37 47 17 38 48 18 54 | 136 | 122 | 52 | 135 | 115

5 Itis expressed in hours (i.e. GWh/(GWh/h) o&8n/h) ) in D7.11 or D7.21.
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Table3 highlights the very different storage servicprovided bysalt caverns angorous
media: while salt caverns afeund to have avithdrawal capacity of all their stodgk 18 days,
less than 3veeks (at EL27 + UK scale), porous medmeed 115days, i.e. 4 months.
Exceptiors arefound for Latvia andLithuania, where salt cavern storage is not an option.

Different cycles could be considered fdoser horizons or specific countridhiese cases can

be built from the tables abovén the following, the focuss on Scenario D. The reason is that

the scerarios werefirst defined withn D.5.40 a few days before thmvasion of Ukraine by

Russia. Since then the European Commission publishe@ERewerEU Plan & A (i setoNB & LJ2 v
the hardships and global energy market disruption caused by Figsiamsior2 T | { NI Ay Sé§
GKFG y2al 6t & andlionitondes of domésiit SetiewabE hymiragen production

and 10 million tonnes of imports by 2030, to replace natural gaal and oil in haredo-
RSOIFIND2YyAaS Ay Rdza i NRSS &his dbjgdive i$ Nibsgrata.JheNdnpord S O 2 N
hypotheses of Scenario D (cf. Table 1 of E15.4

In the following, the rankintherefore focuses onwo cycles:
A Operation cycle 1:

o 1.1 full cycleequivalentper year Approximately he storage capacity transits
through the storage every year

o Load Factor 88%. Thestoragefacility isactive (injecting or withdrawing)8 % of
the time (.e., 8 months of activity ddung which 11 full injection and withdrawal
cycle is performed, andl months of staneby).

o Withdrawal to Injection Ratio//TIR = 10. The storage facility is designed to have
the same injection and withdrawal flow rate capacity.

o Storage to Withdrawal Cagity ratio @115days The storage can be totally
emptied inabout4 months.

A Operation cycle 2:

o 1.9full cycle equivalent per yeathe total hydrogen transiting into the storage is
approximatelytwice the storage capacity

o Load Factor 29%. The storage facility is active (injecting or withdraw#®o of
the time (i.e., 3 and a halinonths of activity during which the.2full cycles are
performed, and &nd a halimonths of staneby).

0 WTIR = 2. The storage facility is designedaimabk withdrawalbeingtwice faster
than injection

o Storage to Withdrawal Capacity rati@18days. The storage can be totally
emptied in2.5weeks

6 https://ec.europa.eu/commission/presscorner/detail/en/IP_22 3131
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Operation Cycle 1 is typically the optimal use that is found by WP5 model for porous media in
Europe in 2050scenario DOperation Cycle 2 is typically the optimal use that is found by WP5
model for salt caverns in Europe in 205@enario DHowever, projects are ndiondedby

any of these casest is possible that some salt cavern storage sagsleswill be close to
Operation Cyclé (there is no technical challenge for salt caverns to operate smooth seasonal
cycles) and porous storage sitesycles close tdOperation Cycl@ (although it can be
technically more difficulfor some low transmissivitporous reservoirs to operate on fast
cycles. But its possible in good reservoirs and is assumpedsiblehere).

3.2. Levelized Cost of Storage (LCOS) definition and
main assumptions
The LevelizedCostof Storage (LCOS) is estimated as a net present value of the total costs

divided by a net present value of the quantity of tdansit over a project lifetime. The
operational lifetime is assumed to be $6ars for all projects.

Theformula used for the daulations is:
. e ,‘Bééﬁ'odﬁﬁ‘od‘)iﬁé'odﬁp i
DLOU ¥
B'Qxoi wa& dpQ i

Where:

A CAPEX is as described in BIZ.Eor sites whose storage capacity leads to exceeding
the limits set in D7 (the injection flow rate of 30 MM Sid), the limit is
considered.The CAPEX is split into tlserfaceand subsurfacecomponents. Each
component is assumed to be equally spreaeiothe construction periodThe main
hypotheses for the spread of the CAPEX spending are as follows

0 The surface CAPEX is evenly spread ®years for the surface facilities.

o For the subsurface facilitiethe CAPEX is evenly spread otlex construction
duration. The construction duratiors based on the drilling rigobilisationper
well, the number of wells to be drilled, and for the salt caverns on the leaching
and first gas fill durations. Thdrilling and leachinglurations are set according to
the hypotheses described in D711and D7.2L. Notably, in the case of a salt
caverns storage site, the caverns are leached by successive batched of 4: for
example, in a 8-caverns storage site, the leaching of tHé 2atch of caverns only
starts after the irst batch is leached.

o The start of the construction periods of the surface and subsurface facilities are
optimized in order to have both end at the same time, for the start of the
operational phase.

A OPEX includes Fixed OPEX per year (both surface andfaoby and Variable OPEX
based on the hydrogetransit per year

A The ABEX (Abandonment Expenditure) is defined in 0. 7t2s assumed to be equally
spread over a ¥ear decommissioning period at the end of the operations.
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A Facility lifetime is consideceto be 30years

A The H transit is the quantity of hydrogen (in kg) that has been withdrawn from the
storage. In the case of salt caverns storage sites, thteaHsit ramps up according to
the batch of caverns that have come into operation. In the case of porous media
storage,the fact that part of the hydrogen might not be recovered is taken into
account by applying thesHossPorous coefficieasdefined in D7.21.

A GNE Aa | RA&AO2dzyd NI GS T2 NWpek&numiarealS O =
terms.

A It should be noted tht the calculations have been done in real terms i.e., no inflation
has been added to the numerator and the denominator of the LCOS formula.

For the Conceptual Design of D4 1this leads to the following cost estimation:

0 LCOS for the Operation Cycle g#asonal cycle) is 27k {3 F2NJ al tad OF
21le k13 F2NJ LI2NRdza adG2NF3ISao

0 LCOS for the Operation Cycle 2 (fastcycle) is 3] 3 F2 NJ & feik 1A @S N,
for porous storages.

3.3. Conversion of existing site s to hydrogen
underground storage facilities

The cost model developed in D7?12relies on aconceptual desigof a new underground
storage sitefor salt caverrandporous media.

Conversion of an existing underground natural gas stocagebe considered as well and will
even possibly providdirst opportunities to develop underground hydrogen storage
Technically, the conversidnom gas storagéo hydrogenstoragewould be highly specifito

the context, and to the underground-or salt caverns, it would for instance be impacted by
the availability of wateror brine for rebrining. For porous media, less operations may be
needed on the underground panmpossibly witha re-purposingof production and monitoring
wells, but separation would be needed when withdrawing. And, in any case,utlment
underground natural gas storagean asset worth somethingrhisvalueis estimated in our
model byassuminghat the cost ofpurchase and conversion of an existing natural gas storage
siteisthe costof an equivalentgreen field storage

Besideghe natural gas storage industiyasand brine production industries may also provide
respectivelydepleted fields and brine caverassets that can be rasedfor hydrogen storage
Similarly, the cost of such4gsecorrespondgo the purchase of this aet and the cost of the
conversion works. This overall cost is also assumed to be the cost of a new equivamt
field storage

Therefore, thecost model of D7.21, corresponding to a new site as designed in El7.is
applied to all new andonversion cases.
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3.4. Assumptions used for the ap plication of the
LCOSto salt deposits

The source of information for the salt depositSigIRl Research report and Gl@&\éth et al
(2018) Thecontours of the deposits that are assessed agpresented in tle figure below
and are coherentwith the deposits selectedh the technicaktoragecapacity estimation by
Caglayan et al. (202@)ith minor changes as detailed §2.1

[ —
300 km Data sources: Porous media traps from Hysiories | salt deposits courtesy of SMRI| transmission grid courtesy of EHB | Geostock | qgis2web | Leaflet | QGIS | Geolinks

Figureb: Bedded saltleposits lumbers, salt domesor deposits partly with salt domg$lue contours, and
overall salt depositfrom Honéth et al. (2018including not assesse&fromwww.hystories.eu/map
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Caverns design was then adapted to each of the bedded salt deposits or salt domes.

Parameters have been chosen to bensistentwith| @ a i 2 NA S&aQ / 2y OSLJidz £
(D7.21 and D7.21 reports)andwhen possiblewith Caglayaret al. (2020 a  4T2NER).
Most notable similaritiesare that in domal saltdeposits, large caverns are consideread
that in bedded salt deposits, cavern deptire chosen to besimilar. Most notabledifference
is that Hystories operating pressure raniggnore conservativéut is closer tstandardvalues

(cf. Bérestt al. 2019 for the maximum pressure).

Table4: Comparison of maisalt caverrdesign hypothesis used in tipaibliccapacity estimation workand the
Cost model by Hystories WP7

Caglayaret al. 2020 Hystories Work Package?

Pressure
Range

24%to 80 % of the lithostatic pressure
i.e. Q06 to 02 bar/m gradient for a
2500kg/m?® overburden

0.06 to 0.18 bar/mpressure gradients (cf.
D7.11)

Bedded salt: 35000m?

Bedded salt: 380 000 7WMID case of D7-1

and height h)

neck unclear

Cavern volume Domal salt: 525 00 & D7.21)
in gas (after application of the 70% safety | Domal salt815000 n? (LOW case of D71
factor) & D7.21)
Cavern Bedded salt: D 8, h 120m; cavern Domalsalt:D 80m, h 311 m + 3@n neck =
geometry neck unclear 341m (cf. D7.11, LOW case)
(Diameter D Domal salt: D 5&; h 300m; cavern Beddedsalt:D 80 m, h 155 m + 30 m neck

185m (cf. D7.11, MID case)

Sitespecific forBedded salt

Cavern gas AL Qi @©1G@ 0.025 (Q'Q o AL Qi &©1GQ 0.03 (Q'Q o
temperature WAL QI EFPN QQ WAL QI EFPN QQ
(°C) Rangeunclear Range20°C
Domal salt1400 mfor domal salt, in Domal sgg%ﬁ%o((;an%go;g%n;ﬂ)s alin any
Depth any dome .

Bedded saltSitespecific for Bedded saltf.
table5.

The cost of developing new salt caverns per deposits given in Hystories and the capacity
estimates per countrjrom Caglayaret al. (2020) are thereforeessentially consisteniWe

note that these approacheare veryhighlevel estimations. The main limitations atdat
information are deposispecific, not site specific. Variation in depthickness or salt quality
within the deposit are not capturedand water availabilitpr brine disposal possibilés are

not assessedHowever this highlevel approachcan be applied homogeneously though all
European salt depositss shown in Tabled&ndis believed to provideonsistentoverall results

and to be the best applicable method at the European scale.

7 Personal communication from N. Weber
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Table5: Main salt deposispecific parameters used for the cost estimation. The Conceptual design values of
D7.%1are also recalled

Brief description of the Cushion Operating
Country : Deposit name basis for cost estimatior / Total  Pressures

(cf. details in D7-1)

Low 4 caverns %faiwoo ™ 1000 | 47% | 180 70
Cc?n7<:'épltua MID 8 caverns c&fa?;SOOO ™ 1000 | 43% | 180 70
| Design
HIGH 16 caverns 5’; 18900 ™ 1000 | 41% | 180| 70
Bed. 1 Alsace Basin 950 43% 171 | 67
France Bed. 2 Bresse Basin 1600 | 42% 288|112
Bed. 3 Greoux Basin 1600 42% 288|112
Bed. 4 Valence Basin 1430 42% 257 1100
Bed. 5 Lower Rhine Basin 1200 43% 216 | 84
Bed. 6| Hessen Werra Basin 900 44% 162 | 63
Germany X -
Bed. 7| SubHercynian Basin 900 44% 162 | 63
Bed. 8 LausitzBasin 1800 | 42% 3241126
Bed. 9 Leba Salt 8 caverns of 38000m3 | 1000 | 43% 180 | 70
Poland Bed. 10| ForeSudetic Monocling in gas 1800 | 42% 324 (126
Bed. 11| Carpathian Foredeep 1800 42% 324 | 126
Bed. 12 Lublin Trough 1800 42% 324|126
Romania | Bed. 13 Ocnele Mari 500 47 % 90 | 35
Spain | Bed. 14|Cardona Saline Formati 1000 43% 180 | 70
Bed. 16 Cheshire Basin 510 47% 92| 36
United | Bed. 17| Permian Zechstein Bas 1630 | 42% 293 [ 114
Kingdom | Bed. 18 Larne Salt Field 850 | 44% 153 | 60
Bed. 19 Wessex Basin 1300 | 43% 234 91
d
II\EEL;,'%% %ﬁl Ds;“"a' Any dome 4 Ca"emif]%failaoomg 1000 | 47% | 180] 70
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3.5. Assumptions used for the application of the
LCOS to porous media traps

The storagein porous mediare essentially following the Conceptual Design defined in-D7.1

1. Still, to apply the cost model to each trap, the following assumptions have been made.

Well flowrates are estimated based on the average permeability of synthetic models
developed in D22 as a function of natural gas experience.

A Sites with permeability greater than 108D, wells can easily produceéMM Sn#/d
A Sites with permeability between 5000mD, wells can producaround0.5MM Sn#/d
A Sites with permeability between 380 mD, wells can producaround0.25MM Sn#/d
A Sites with permeability between-10 mD, wells can producaround0.1 MM Sn#/d.

These estimates of well flowrates will constrain the number of wells requiretidet the
withdrawal rate.Forall porous media trapsufderground storages of natural gagepleted
oil & gas fields and deep saline aquifeitss assumed that new wells arequired to handle
hydrogen.Due to limits of the concepial design, only greefield development of storages
will be consideredas detailed in sectioB.3.

The number obbservationwells is assumed to be one fourth of the number of operational
wells fa allonthe type of storage trag

For depleted gas field anghtural gas underground storage, part of the cushion gas will be
natural gas. Without any field reference, it is assumed that about half of the cushion gas will
be hydrogenBased upon D2-2, the cushion gas to total gasill then be assumed as describe

in Table6:

Table6: Average ratio for hydrogen cushion gas (CG) to capacity (TG) for the main storage categories from

D2.21
Underground Gas Storage 0.53/2=0.265
Depleted Gas Field 0.62
Deep Saline Aquifer 0.56
Depleted Oil Field 0.52

€@ hystories  D7.31-RANKING AND SELECTION OF GEOLOGICAL STOR 26



3.6. Results of the LCOS for the Operating Cycle 1
(seasonal)

3.6.1. EU-27+UK+Ukraine results

Thelevelizedcost of storage obtained for both porous media and salt caverns is presented in
the figure below

Salt caverns | Porous media:

A @ Natural gas storage ® Depleted gas field @ Aquifer .Depleted oil field

100,0
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Figure6: LCOS for porousedia and salt caverns, Operating Cycle 1 (seasqyelcountry

This logarithm scale shows the langageof the costs that have been found, especially for
porous media. This reflects the diversity of the geological conditionsititietduced in the
WP1 trap databaseHigh costs are also due to the small capacity of part of the traps found in
the database, when compared taygpical underground storage sit@apacity

Cost of salt cavern are more concentrated, reflecting both that there are less data points, that
salt deposit in untypical conditions were not selectednd that typical size (from the
ConceptuabDesignD7.1) are consideretlere sincenone of the consideredalt depositss
limiting aproject to be smaller
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In order to consider the cost of developing smafeojects in salt cavern, the cost model has
also been applied tsalt caverrprojects of smaller capacity, down to8l7 of the Conceptual
Design capacity of 29@M Sn¥. Thisenablesa comparison wittporousmedia traps of the
same capacity.

Thecapacityof the storagehasa majorinfluence orthe cost result. It is introduced Figure?.

Fa porous mediaeach dot $the maximal size of the storage project that can be developed
on that trap. For salt caverns, there is no clear maximum to the size of a project at a given
location for each countryjhaving suitable salthe technical capacity in salt is larger thtre
maximaldemand for that country. The cost of storage is therefore representedhasolid line.
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Figure7: LCG@ br onshore porous nedia and salt caverrs n EU27+UK+kraing Operating Cyclé (seasonglper
capacity
For porous mediadots indicate the maximurapacity of the trapand
for salt caverns (size to be chosen by design on the solid line)

We note that these costs are based on the application of D7.2 parametric model able to adapt
to most of therelevant parametes, but it is still far from a specific feasibility and cost
estimation study on a given sit8ignificant costs optimizations or increases could be found,
notably with site specificities differ largely from the conceptual design cases from D7.1 (for
instance, very low capacity sites).
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3.6.2. Country -specific results

In the above section, LCOS are given per country without the influence of the capacity
(Fgure6) and per capacity without mentioning the countiigure7). Including bothmetrics
is difficult at European level. It is done belowFigures for each country.
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Figure8: LCOS for onshore porous media and salt caverns per country, Operating (3edsonal) per
capacity, for porous media (for the total capacity of the trap) and for salt caveapa¢ityto be chosen by
design on the solid lineBedded salt deposit number refers to the Figure 5.
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3.7. Results of the LCOS for the Operating Cycle 2
(fast cycle)

3.7.1. EU-27+UK+Ukraine results

The Levelized cost of storage obtained for both porous media and salt caverns is presented in
the Figure9 below:
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Figure9: LCOS for porous media and salt caverns, Operating Zffakd cyclg, per country
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As for the seasonal cycle case exposed in the previous section, and for the same reasons
(please refer to it),lis logarithm scale shows the large diversity of the costs that have been
found, especially for porous medit. is therefore interesting to plot the capacity of the
potential storage site. It ipresented in the Figur&0 below:
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FigurelO: LCOS for onshore porous media and salt caverns-27EUK+Wraine, Operating Cycl2 (fast cycle)
per capacity, for porous media (for the total capacity of the trap) and for salt caverns
(size to be chosen by design on the solid line)
A LCOSor the Operation Cycle 2 (fastcycle)is@B8 {3 T2 NJ al felk (|G SN
porous storages.

For fast cycles, salt caverns are among ¢bhsteffective option. We however note that
there area few porous media trap®r which storage development sbcould be lower
than forthe salt depositsand significantlyower than theLCOS found for th€onceptual
Design(2.7¢ k ] lAthese traps:

A high flow rates can be achieved without a particularly high number of wells.

A alarge storage capacity can be obtained even with a limited maximum pressure. This
enables limited compression costs.
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3.7.2. Country -specific results

In the above section, LCOS are given per country without the influence of the capacity
(Figure9) and percapacity without mentioning the countryFigurel0). Including both
information is difficult at European level. It is done below for each courigurell) where
storage in porous media and/or salt cavern is feasible.
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