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- Spracovand metodika pre
posudenie vytfazovanych
Struktdr a solnych Struktur

- Spracovany skrining Struktar
na SR

- Vybrané loziska pre dalsie
pokracovanie projektu

- Ziskany uzitkovy vzor

- Odbornd publikdcia
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WP1.1 Metodika a skrining struktor

SCORE

1. Fundamental geological parameters
@®» Type of reservoir =
[ Geological background (=)
[ Tectonics (@)
> Trap type o
[ Structure of the reservoir o
Tightness |
= CO:content ]
[ Hydrogeological activity o

pa ]

Max. possible score: 23

4. (A) Cap rock parameters

@™ Porosity

I Permeability

mn> Mineral composition
I®» Wettability

wmin |nterfacial tension

ww> Cappilary pressure
I H, Diffusion

[ Geochemical reactivity

Max. possible score: 13 >

7

0 00000000

At the current time,
there is insufficient data
available to evaluate
the potential

K suitability of H, storage

Overal exploration stage,
data availability and quality

SCORE SCORE

2. Technical parameters 3. Secondary geological parameters
Injection/production wells (] mm Depth .
Observation wells { o i Temperature =
&> Monitoring wells () wm Size & Volume =
[T Production & Operation history O [I® Original reservoir pressure ()
EI® Accessibility & Infrastructure ()] man Current reservoir pressure O
[I® Other activities present in the area () @ Cap rock threshold pressure =
XD Environmental restrictions in the areal”_) I® Cap rock thickness =

- i i
Max. possible score: 18 p ] o g;e:;::;gg"e‘ thickniess %
L3> Reservoir rock cores ]
Reservoir water sampling options (0
XD 3D seismics =
@® Geological model (=]

[ g

" Dynamic model (]
4. (B) Reservoir rock parameters Max. possible score: 26 SO
®» Porosity
5. Reservoir water parameters

® Permeability
CI® Fluids saturation
I® Mineral composition
i Wettability

3 _ - Reservoir water composition (e ]
() ln(erf_aclal tension [I®» Microbial composition and reactivity(— )
min. Cappilary pressure i H; Solubility (]
ww> Mobility rate ) =
® H Diffusion Max. possible score: 4 p ]

Geochemical reactivity
Max. possible score: 16 z

v
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If any of the key criteria is not met,
then the structure
is excluded from those suitable for UHS

Structure is not suitable
for H, storage

The structure is potentially
suitable for H, storage /

Parameters identified for site screening: @ — key, @ — major, and m~:— minor criteria.
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WP1.2 - Laboratérny vyskum vplyvu vodika na loziskovu horninu a cement

Testovanie loziskovej horniny a cementu

* Scope: Storage in 50 % hydrogen in natural gas
- Laboratory Investigations: Alteration of reservoir rock
Reservoir Core before after
[mD] [mD]
80 40 19 000
Ll = e R1 R1-P11 3,2 2,81
200 60 24000
— different H, concentration (50% of H,, 100% H.) R1 R1-P12 4,9 2,75
.- . R2 R2-P06 64,7 126
* Investigations:
- Permeability measurements (water and gas)
- Petrographical characterization (Thin section analysis) R2 R2-P07 75,1 168
- Storage experiments in specific pressure vessel
» Total for 12 months (Sampling after 6 and 12 months) R3 R3-PO1 0,032 -
R3 R3-P02 0,116 -
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WP1.2 - Laboratérny vyskum vplyvu vodika na loziskovu horninu a cement

Testovanie loziskovej horniny a cementu

Storage in 100 % hydrogen

Reservoir Core before after

[mD] [mD]
R1 R1-P14 1,8 1,58
R1 R1-P15 2,0 1,43
R2 R2-P09 82,5 83,4
R2 R2-P10 0,6 1,84
R3 R3-P05 181 235
R3 R3-P21 301 272

HENRI

Water permeability [mD]
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WP1.2 - Laboratérny vyskum vplyvu vodika na loziskovu horninu a cement

LozZiskovd hornina

» /meny priepustnosti v rdmci tolerovatelného rozsahu

Ziadny vplyv na skladovacich podmienok (teplota, tlak)

Nepozorované zmeny mineralogického zlozenia ani strukturdine zmeny

Ziaden vyznamny rozdiel medzi 100% H2 a 50% H2+ZP

Na zdklade testovacich podmienok neidentifikovany Ziadny vplyv na integritu zasobnika
Cement
* Mierne rozdiely v priepustnosti na niektorych vzorkdch pred a po. Zmeny nevyznamné

» /meny farieb na kontakinych plochdch. Reakéné rozhrania boli pozorované na vzorkdch skladovanych v 50 % H,/NG bez
ohladu na podmienky skladovania (teplota, tlak a salinita). Vyraznejie na kontaktnom povrchu cement-plynnd faza, menej
vyrazné na rozhrani cement-loziskova voda.

* Na vzorkdch skladovanych v Cistom vodiku neboli pozorované ziadne reakéné rozhrania
= XRD na kontakinych povrchoch s plynom a loziskovou vodou vykazuje len malé rozdiely.

» Za testovanych podmienok nebol zisteny Ziadny vplyv H, na integritu cementu.
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WP1.2 - Laboratorny vyskum vplyvu vodika na tesniacu vrstvu

Brine permeability initial sample:

- Hydrogen (100%)

- Methane (100%)

- Methane + Hydrogen (2%)
- Methane + Hydrogen (20%)
- Methane + Hydrogen (50%)
- Hydrogen (100%)

- Final measurement

HENRI

1.66 E-21 m?
1.44 E-21 m?
1.24 E-21 m?
1.31"E-21 m?
1.26 E-21 m?
1.27 E-21 m?

1.30 E-21 m?

Brine permeability hydrogen stored:

- Initial measurement 1.48 E-21 m?
- Hydrogen (100%) 1.31 E-21 m?
- Methane (100%) 1.32 E-21 m?

- Methane + Hydrogen (2%) 1.25E-21 m?
- Methane + Hydrogen (20%) 1.25E-21 m?
- Methane + Hydrogen (50%) 1.20 E-21 m?
- Hydrogen (100%) 1.14E-21 m?

- Final measurement 1.26 E-21 m?

m NextGenerali
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WP1.2 - Laboratorny vyskum vplyvu vodika na tesniacu vrstvu

Vysledky
o, o , = Kapildrny vytesnovaci tiak nie je ovplyvneny pouzitymi plynmi t.j. H2 a ZP. Resp. ich
= Kapilarny vytesnovaci tlak zmesami
» Vysledky vsetkych testov nepreukazali Ziadne vyrazné rozdiely medzi réznymi
Capillary threshold pressure after podmienkami

hydrogen exposure (dynamic injection = Tesniaca vrstva je rovnako tesnd ako pre ZP tak aj pre zmesy plynu a vodika resp.

method): vodika

- Hydrogen (100%) 6.7 MPa
- Methane (100%) 7.4 MPa
- Methane + Hydrogen (2%) 7.4 MPa
- Methane + Hydrogen (20%) 7.1 MPa
- Methane + Hydrogen (50%) 6.5 MPa

- Hydrogen (100%) 7.3 MPa
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WP1.2 - Laboratérny vyskum vplyvu vodika na mikrobidlne reakcie

Testované 3 objekty

Objekt 1

Pozorovana metanizacia i aktivita
sulfat redukujucich baktérii aj
produkcia acetatu

Spotreba H2 pri simulacii realnych
podmienok 0,34 - 1,30 mmol
H2/d*L

Dominantné metanotrofné baktérie

Objekt 2

HENRI

Pozorovana metanizacia i aktivita
sulfat redukujucich baktérii aj
produkcia acetatu

Spotreba H2 pri simulacii realnych
podmienok do 1,182 mmol H2/d*L
Dominantné metanotrofné baktérie

Objekt 3

Baktérie sice pritomné v loziskovej
vode, avSak neboli aktivhe

Pri atmosferickom tlaku
neprebiehala ziadna reakcia

Pri vysokom tlaku, metanotrofné
baktérie boli detekované ale opat
neboli aktivne

LozZisko vyzera byt mikrobialne
neaktivne z pohladu H2

Table 17:

Overview of microbiological activities in reservoirs 1, 2 and 3 at different hydrogen stimulation

Biochemical

Reservoir

Woow W RN R e e

process

Sulfate reduction
Methanogenesis
Acetogenesis

Sulfate reduction
Methanogenesis
Acetogenesis

Sulfate reduction
Methanogenesis

Acetogenesis

100% 50% 15% 5%

Hz

Hz

Hz  Hz

100 %
CHa

Ambient pressure

+ +-
+
.
+ +
+ +-

control

15 % Hz

high pressure
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Spotreba plynu pri tlaku okolia a vysokom tlaku

100

80 A

gas consumption (ml)

=20 A

HENRI

20
time (days)

Ambient pressure

40

—0—100% H2
—0—100% H2
50% H2
50% H2
—o—15%H?2
—8+15% H2
——5% H2
—5% H2
100% CH4
100% CH4
—&—brine/core
sterile

—&— brine/core
sterile

400

360

300

250

150

gas consumption (ml)
N
o
o

100

50

High pressure

——15% H2
(80bar)
—0—100% H2
(40bar)
—o— 100% H2
(80bar)
—&— confrol H2

20 40 60
time (days)

Reservoir microorganisms consume
gas under ambient and high
pressure
at all tested hydrogen
concentrations

Gas consumption rate was
influenced by hydrogen
concentration and pressure
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WP1.3 - Modelovanie spravania H2 v zmesi so zemnym plynom v lozZisku

=  Geologicky model spracovany,
potrebné dodatocné korekcie
= Prvé krivky dynamického modelu,
;v 140
ako by vyzerala tazba L

ction Rate

120

100
&

: ]

E 80
£}
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Dynamic data 1
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11/2024 03/2025 07/2025 11/2025 03/2026 07/2026 11/2026 03/2027  07/2027 11/2027 03/2028 07/2028 1172028
Date

m

Pressure [bar]

Janzon Jan 2018 Jan 2016 Jan 2018 Jan 2017 Jan 2018 an 2019 Jan 2020 dan 2021 dan 2022 Jan 223 Jan 2028
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WP1.3 - Modelovanie spravania H2 v zmesi so zemnym plynom v

lozisku
Eclipse 300 CMG-GEM
No. of Injection Production Recovery Injection Production Recovery
Cycle Pressure Pressure Factor (%) Pressure Pressure Factor (%)
(bar) (bar) (bar) (bar)
1 60.1 49.4 80 56.1 45.9 78.55
2 61.1 49.9 86 59.7 48.3 85.3
3 61.3 50 90 61.3 49.2 88.55
Total 85 84.14

Zistenia modelovanie:

* Prepojenie geochémie a mikrobidlnych reakcii vedie k miernemu poklesu faktora vytaznosti vodika.

* Voda je vedlajsim produktom vietkych troch mikrobidinych reakcii, Co mdé za ndsledok postupny ndrast

poctu vodnych molov v blizkosti vrtu v priebehu Casu

» Cistota vodika sa v priebehu po sebe nasledujicich cyklov zlepsuje, ale tri cykly nestacia na dosiahnutie
vysokej vytfaznosti vodika.

»= Simulacné problémy vyplyvaju zo prepojenia rozpustnosti, geochémie, mikrobidinych reakcii a

statického modelu, ¢o mbze viest k nestabilite simuldcie.

HENRI
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WP1.4 - Vplyv vodika na podzemny zasobnik a jeho infrastruktiru

Vysledky testovania materidlov — testovanie materidlov

« Zadanie - testovanie mechanickych viastnosti a mikrostruktar

Material

12022.1 -BM Matl. 4
11416.1-BM
13030-BM
12021.1-BM
12021.1- WM
12022.1 -BM Matl. 8

12022.1 -WM Matl. 8

L485ME- BM
11503.1-BM
11503.1- WM
11523.1-BM
13126.1-BM
L415NB - BM
L415NB- WM

SS - Spiral wound gasket
Metal ring RTJ
Al'sedling

nofta

Total tests

HENRI

Tensile test

28

Hardness testing

Metallographic
investigation

1
1

1

CLT + TDS

69

SEM investigation

If a fracture occurs
If a fracture occurs
If a fracture occurs
If a fracture occurs
If a fracture occurs
If a fracture occurs
If a fracture occurs
If a fracture occurs
If a fracture occurs
If a fracture occurs
If a fracture occurs
If a fracture occurs
If a fracture occurs

If a fracture occurs

Autoclave tests
without load + TDS

SSRT + HEI

37

Vysvetlenie
- Tensilte test — skUska fahom
- Hardness test — skUska tvrdosti

- Metallographic investigations- metalografické
skumanie

- CLT - skuUska pri konstantom zatazeni
- DTS - test pri cyklickom zatazeni

- SEM - skUmanie pomocou skenovacieho elekt.
Mikroskopu

- Autokldvové testy bez zatazenia

- SSRT - slow strain rate test — skUska pomalym
natiahnutim materidlu v korozivnom prostredi

- HEl - index krehkosti spdsobenej vodikom
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WP1.4 - Vplyv vodika na podzemny zdsobnik a jeho infrastrukiiru

Vysledky testovania materidlov — testovanie materialov

Material CLT + TDS w‘.::;‘:ﬁ';‘:"ﬁ'ss Stress Gas Electrolyte [';‘;E;:Le] H C°E“:d"‘_'_‘:):'::]' fest
12022.1-BM Matl. 4 4+1 120%YS Ar—H; —Hy+H1% HyS, pigio = 100bar Formation water for H, and Hy+1% H,S No 0.34-0.35-0.33
11416.1-BM 4+ 120%YS Ar—H, = Ha+t 1% HyS, pioter = 100 bar Formation water for H, and Hy+1% H,S No 0.38-0.37-0.60
13030- BM 4+1] 120%YS Ar—H; = Hot1% H.S, pigia =40 bar Formation water for H, and Hy+1% H.S No 0.24-0.23-0.34
12021.1-BM 4+] 120%YS Ar—Hy = Hat 1% HoS, pigie =40 bar Formation water for Hy and Ha+1% H,S No 0.22-0.31-0.35
12021.1-WM 4+1 120% YS A —H; — Hot 1% HyS, pigiq =40 bar Formation water for H, and Hy+1% H,S No 0.50-0.37 - 1.4%
12022.1 -BM Matl. 8 4+] 120%YS Ar—H, —Ha+1% HyS, pioter = 100 bar Formation water for H, and H,+1% H,S No 0.36-0.59-0.40
12022.1 -WM Matl. 8 4+] 120%YS Ar—Hs = Ha+ 1% HyS, pioter = 100bar Formation water for Hy and Ha+1% H,S No 0.28-0.34-0.31
L485ME- BM 4+1 110%YS A —H; — Hot 1% HyS, pigiq =80 bar Formation water for H, and Hy+1% H,S No 0.29-0.43-0.72
11503.1-BM 4+1] 106% Y§ A —H; — Hot 1% HoS, pigiq =80 bar Formation water for H, and Hy+1% H,S No 0.29-0.45-0.35
11503.1-WM 4+1] 105%Y§ Ar—Hy — Hot 1% HoS, pigiq =80 bar Formation water for H, and Hy+1% H,S No 0.27-0.71-0.42
11523.1-BM 441 120%YS Ar—H; —HyH1% H,S, pigio = 100bar Formation water for H, and Hy+1% H,S No 0.31-0.43-0.38
13126.1-BM 4+1 120%YS Ar—H; —Hy+H1% HyS, pigia =250bar Formation water for H, and Hy+1% H,S No 0.34-0.54-0.27
L415NB - BM 4+ 120%YS Ar—H, = Ha+t 1% HyS, pioter = 100 bar Formation water for H, and Hy+1% H,S No 0.28-091-0.38
L415NB- WM 4 120%YS Ar—Ha, pigia=100bar Formation water for H, No 0.99-1.52
SS - Spiral wound gasket 4+1] - Ar—H; —Hy+1% HiS, pioto = 100bar Formation water for Hy and Hy+1% H,S - 2.62-3.45-2.69
Metal ring RTJ 4+1] - Ar—H; —Hy+H1% HyS, pigio =250bar Formation water for H, and Hy+1% H,S - 0.10-0.55-0.49
Alsedling 4+1] - Ar—H, —Hy+1% HyS, pigia = 100bar Formation water for H, and Hy+1% H,S - 0.30-0.55-0.66
% Total tests 69 15
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WP1.4 - Vplyv vodika na podzemny zasobnik a jeho infrastruktiru

Vysledky testovania materidlov — testovanie materidlov

Zistenia

Z&kladné materidly spifiaju standardizované poziadavky na mechanické viastnosti. Niektoré zvary obsahuju vazne chyby a maji nizsiv Groven pevnosti v porovnani
so zakladnym materialom

Zvar materidlu L415-WM (1 vzorka), kritické vysledky v oblasti krehnutia, v skiske s konstatnym zatazenim materidl bol vyhovujici, ale v fahovej skiske s pomalou
deformdciou sa potvrdila vyraznd ndchylnost na vodikové krehnutie

Vietky ostatné materidly vykdzali v skUske s konstantnym zatazenim nizsi obsah vodika nez kritickd hodnota, a teda nenaplnili podmienky pre inicidciu vodikového
krehnutia

Lomova huzevnatost (ASME1820)
v8etky materialy testované v ramci projektu dosiahli hodnotu KJ0.2 vy$$iu ako 55 MPaVm, &o je beZne pouZivana minimalna poZiadavka pre pouZitie ocele v prostredi vodika.
Zvarany material 13030-WM dosiahol hodnotu KJ = 57 MPavm, teda je hraniény a neodpor(éa sa na pouzitie v prostredi vodika bez dodatognych testov a opakovani skugok.

NovsSie pristupy v priemysle naznacuju, ze parameter KJ0.05 (pri posune trhliny 0,05 mm) je vhodnejsi pre hodnotenie materialov v prostredi vodika, kedZe je menej zavisly od
skusobnych podmienok (najma rychlosti zatazovania).Podla hodnotenia pomocou KJ0.05 su ako nevyhovujuce identifikované tieto materialy:12022.1,13030-WM

Bolo zaznamenané vyrazné znizenie lomovej huZevnatosti v prostredi vodika v porovnani s ovzdu§im, €asto len na 20-50 % pdvodnej hodnoty v ovzdusi, najma pri zvarovych
kovoch.

Samotna hranica 55 MPaVm nie je dostatodna na univerzalne hodnotenie bezpe&nosti materialu v prostredi vodika
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WP1.4 - Vplyv vodika na podzemny zasobnik a jeho infrastruktiru

Vysledky testovania materidlov — testovanie materidlov

Vysledky — ASTM F1624

» Skusky boli vykonané podla ASTM F1624, s modifik&ciou, pri ktorej je zatazenie riadené silou, nie deformdciou

* Na lome skiUsobnych telies bolo pozorované, ze stabilné Sirenie trhliny sa takmer nevyskytovalo; vo vacsine pripadov dodlo k
ndhlemu, krehkému poruseniu.V niektorych pripadoch nastalo ndhle porusenie az po celkovej plastickej deformdcii vzorky.Z

uvedenych dévodov je potrebné interpretovaft vysledky tychto skdsok s opatrnostou

« Na zdklade predchddzajucich skusenosti Institut de la Corrosion je zndme, Ze inkrementdine krokové zataZzovanie pouzité v tomto
projekte je konzervativnejsie nez skUsky podla ASTM E1820.

« Vysledky tak mézu predstavovaf horsi (prisnejsi) scendr sprédvania materidlu v porovnani so standardnym hodnotenim lomove;j
huzevnatosti.

« Na zdklade Udajov uvedenych v tabulke 4 sa javi, Ze materidl 11416 je z hladiska tejto metodiky nevyhovujuci.
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Zhrnutie

Skladovanie 100% H2 v testovanych strukturach je principidlne mozné na zaklade dat ziskanych'z merani
a z aproximacii
=  Potvrdenie na zaklade testov loziskovej horniny
= Cap rocku
= Mikrobiologie
= Pri skladovani H2 mdzZe ddjst k mikrobialnej produkcii H2S
= Potrebné verifikovat fyzickym testovanim a sledovanim
= Pocas tazby bude kvalita H2 klesat — v rdmci Il. Fazy projektu — testovanie technolégie na separovanie
H2 na pozadovanu kvalitu (98% obj.)
= Z pohladu testovania materialov bude kftucové mat jednotnu metodiku pre posudzovanie materialov na
vhodnost pre vodik — v sucasnosti neexistuje jednoznacny Standard
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