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4 JURASSIC

ATLAS OF DEEP SUBSURFACE RESOURCES IN THE NETHERLANDS

« Joint project of EBN B.V.and TNO = 5 TRIASSIC

. . . 6 ZECHSTEIN
» Easily accessible web-based GIS environment where

play-based exploration data and knowledge is ~~ 7RoTUEGEND
presented for:

 hydrocarbon plays in the Netherlands
» saline aquifer CO, storage in the Dutch offshore '.
- Hydrogen storage in Zechstein salt in the E&P

Netherlands ¥ Aquifer CCS

8 CARBONIFEROUS

« Results available to the public free of charge P

« Facilitating E&P, CCS companies and research
organisations

* Online since November 2021, yearly updates and
added plays
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CCS IN THE NETHERLANDS
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CO2 STORAGE MAPS

GEODE

« Saline aquifer potential (no depleted
fields)

« Theoretical Storage Capacity Density
and Permeability Thickness (kh) maps

* Maps to assist in regional risk
assessments (seal properties, faults, HC
shows, legacy wells)

 General (regional) assumptions; for local
studies more site-specific assumptions
should be made

| 125000m

Capacity
Density

Combined Rotliegend,
Triassic and Lower
Cretaceous map
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KEY DRIVERS CO2 STORAGE

Deliverables GEODE
o . Undiscovered Storage Resources (as defined in the SRMS system,
CAPACITY  Capacity Density SRe 2017, 2 ‘ Y
1::[‘ — Does the storage complex have sufficient CO, volume capacity?

W\,;“ 2 — Can the CO, be transported to the storage complex and injected in a sustainable way?

— INJECTIVITY Permeability Thickness (kh)
%
2

ﬁ CONTAINMENT Seal quality, Faults, Wells, HC shows

— Can the storage complex contain the CO, safely¢
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METHOD

Calculating Capacity

Q=A.D.®.pCO,.E,

Q=Capacity (Mt), A= Area aquifer, D=thickness of good reservoir rocks, d=porosity, pCO, density of
CO,, E., = storage efficiency (<1)
(best practice for the storage of CO, in saline aquifers SACS and CO2STORE projects 2007) \

Is the aquifer Open, Semi-Closed or Closed?
Closed aquifer: Pressure constrained
Open aquifer: Pressure can dissipate. Pore volume constrained

_h

Closed aquifer:
c Q=A.D. . (Cr+Cw). AP. pCO,

Regional versus local storage efficiency

Calculating local storage efficiency requires dynamic modelling
* No dissolution or precipitation of CO, taken into account
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STORAGE VOLUME CALCULATION CLOSED AQUIFER

Q=A.D.0. (Cr+Cw). AP. pCO2 Storage Efficiency Factor GEODE
(Est) = (Cr+Cw). AP
Q = Storage Capacity

EXHIBITION

D = Thickness from GEODE maps Depth (m) Efficiency Factor (-) E (%)
® = Porosity fromm GEODE maps 1000 0.004 0.43
Cr = Rock Compressibility 1500 0.006 0.65
constant = 9.1E-5 (1/bar) 2000 0.009 0.86
Cw = Water Compressibility 2500 0.011 108 _
constant = 3.2E-5 (1/bar) 3000 0.013 199 g
AP = Pressure Space 2500 0'015 1'51 £
0.035 bar/m (next slide) ' ' R A
pCO2 = Density CO2 4000 0.01/ 1.72 Jl Assuming a geothermal gradient
constant = 700 kg/m3 : :erf:cg"::c:rﬁ%:oitguact;:?:ssure
. . No uncertainties applied yet! " . . . .
Capacity Density = Q/A > Qualitative use only (numbers on : e Co
slides indicative for these SR
assumptions) Depth vs density for CO,. At depths greater than 800 m,

the average density is 700 kg/m® (Benson & Cook, 2005).



“PRESSURE SPACE” FROM SNS PR

TWDss (M) vs. Formation pressure (bar

ESSURE DATABASE (NLOG)

PHG - Repeat Formation Test

_— , El = Formation Pressure
« CO2 storage will increase the formation g -
pressure 8 . e
 Stay below pressures that may cause leakage s s

1200

or seismicity
* Indication of fracture gradient from Leak-Off ‘[ =
tests (LOT) and Formation Integrity Tests (FIT)
+ Geode Pressure Space 0.035 bar/m .

* Overpressure reduces Pressure Space

——— (Gas gradient custom (bar/10m})

OSG/C

Lithostatic gradient (2.25 bar/10m) {3263 psi/10m)
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“ Capacity Density
‘\\ Rotliegend Play

N

ROTLIEGEND PLAY

 Most prominent reservoir for gas production in NL

e Continental aeolian and fluvial sandstones

 Highest Capacity Density predicted in area just
south of most Dutch RO gas fields

|
Nil _c ZEZ1W

-

U, Rotliegend ~ROSL ROCLA ROSLU ~ROSL U. Rotliegend
pinchout line § pinchout line S pinchout line shaleout line pinchout line N pinchout line N
I I I I I I
I |« | | Main Zechstein Basin | >
Pléj—-j{ P15 KIJ.KIJ’.I K10, K14, I KO8, K0?, K12 l KO1-KO6, D12, D15, I l Al7-01,
P13-01, 02 WGF-01 Q13. Ql0 P02 Qo1 | o3 mo7 | L01-L06 NO4 EI0-EI2 FI0  (Cygnus) | B17 Al1,B10 ADS E02-01
A A Al A | A A A A _
s I l CK enlap on N
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Subplay 7a:
ROSL+ROSLU

LIl o — — — — — — —

Subplay 7b:
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Major unconformity
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250m

(vert.exaggeration: 175x)

S P15-01 Q04-02 L15-01 LO9-FB-101
Rot Evaporites Viieland Viieland Sandstones A.ltemating Rot Evaporites,_
Claystones with U. Jurassic Viieland Fm & Upper Jurassic
R — v
Central Netherlands REMVL
London Swell Vlieland/Terschelling
|Brabant Basin
Massif
Broadfourteens :
Basin Section B wm

TRIASSIC PLAY

 Second best (volume wise) reservoir for gas production in
NL

« Continental fluvial and aeolian sandstones

« Distribution limited to basinal areas

« Volpriehausen carries most potential but in the southern
offshore also the Hardegsen/Detfurth are important (e.g.

Porthos project in block P18). Solling can be locally very
thick (e.g. LO9)
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LOWER CRETACEOUS PLAY

« Marine sands deposited at/close to coastline.
Transgressive sequence with stacked sands especially

along the fringes of the basins

« Areas with potential are more restricted than Rotliegend
and Triassic. Most potential present in West Netherlands
and Broad Fourteens basin

coastal'shallow maring sand
wandy coastal Muvial plan hebensihice
fra-grained coastallluvial plain and Iscustring hatera|ithics
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PERMEABILITY * THICKNESS (KH) AS PROXY FOR INJECTIVITY

Input:

 Thickness maps, Porosity maps
« Porosity-Permeability function
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TOP SEAL COMMON SEGMENT RISK (CRS)

« What is the thickness and quality of the overlying sealing . Top Seal CRS Logend
unit?

 CRS map: Likelihood of a working seal for gas (methane
or CO,) or all

Lower Cretaceous - Carbon Storage

Lower Cretaceous Play 3a-b
Holland/Vlieland data
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FAULTS AS A RISK

Lower Cretaceous Play

Legend
P

Lower Cretaceous - Carbon Storage

Dip, Chaos and Legend
Fault sets SO
C O m b I N ed Structural and property data

Faults and Fractures

Structural and property data

Faults and Fractures

Faults can provide leak paths

Faults in KN (NLOG DGM2)

and/or compartimentalise the
a q u ife r — Faults in KN (HIKE)
— Faults and areas with higher
likelihood of fractures (Mid
Faults mapped by: ' e
« Chaos attribute 3D seismic data
Legend Faults and areas with higher
‘ likelihood of fractures (Mid
o o Lower Cretaceous - Carbon Storage > KN dip angle)
» Dip surface attribute DGM 5 surfaces . i
(nationwide subsurface depth maps) e g 44 -
* Faults from DGM 5 Y
L General Layers
H.. | Licences
« Faults HIKE database

Block boundaries

General Layers
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Offshore blocks

D

Block boundaries

Offshore blocks
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LEGACY WELLS

Lower Cretaceous Play

Legend

Well status
an d d e n S I ty Lower Cretaceous - Carbon Storage

Carbon Storage Potential

 Proper abandonment of wells mitigates the risk of leakage
 |solation of the injection reservoir from the overburden: paliogm
Proper plug with sufficient length over the caprock with a
good cement bond behind the casing

KN Well Status

Custom

o Accessible

¢ Plugged and Abandoned

KN Well Density (10km
radius)

« Older wells with poor record of operations are more difficult l
to assess. First indicators of risk level:

« Number of wells/well density

* Year of drilling ( before/after 1970)

» Presence of a Cement Bond Log (CBL, y/n)

« Accessibility: status of the well (accessible/plugged and

abandoned)

Offshore Outline

* Local studies require more elaborate screening of the
Isolation in wells and in case of insufficient isolation the
possibility of remedial action {

Duisbur

3. Lower Cretaceous
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FROM THEORETICAL TO
PRACTICAL STORAGE VOLUMES

To mature the Theoretical Storage Capacity:
 Clarity on allowed pressures (pressure space)

» Accessibility:
*which regions should be discarded due to restrictions
*which regions should be avoided due to containment
risk (geological seal, problematic legacy wells)

 Economic screening: et o
* Development scenarios Bijkerk et

O al. 2024

- Depleted gas fields:

2000
Bijkerk et al. 2024, Towards practical CO2 g
storage capacity in Dutch depleted gas g - ciasses
fields: reservoir quality and regulatory limits 5 . .:u.:@m
Average
. - .::::,
i | i N .".-'L'I;y Poor
a i 5 : : : l {1No perm data

SUM Theoretical SUM Effective 5UM Practical
Figure 3 Estimate of Theoretical, effective and praciical capacity of depleted gas fields in the Duich
Offshore. Fields are grouped in transmissivity (reservoir guality) classes. Effective capacity currently
uses a 0.9 muliiplier but will be modified after further work on the underlying processes. Practical
capacity represemts a case study that strongly depends on regulatory choices and economic factors.

Begrenzingen
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Mariene wateren, Territoriale Zee

Basishjn
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,////, g gleg

invoorbereiding (Routekaart 2030)
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Ontwerp

1-z=12uid

1-n =1 noord
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2-n =2 noord

5-0 = 5005t

B-Ver-n = Umuiden Ver noord
HK-w-z = Hollandse Kust wes: 2

Met als voorwaarde: tot en met 2030

maximaal 10 GW + 0,7 GW realiseren in deze

gebieden tezamen
Zoekgebied voor windenergie na 203¢

Aanvuliend zoekgebied voor begrenzing
windenergiegebied na 2030

Scheepvaart
e Scheepvaartinfrastructuur

Geul-as
Overige
Separatiezone
Special area
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Ruimte voor dearway Umuiden-New(

.......

.......

route

Ruimte voor clearway Umuiden-Newcast
door windenergiegebied

vy Ruimte voor mogelijke extra bufferzone
777 scheepvaanveiligheid

__ Indicatie scheepvaartroute / clearway
corridor

a - Oearway aansiuiting Duitse
scheepvaartroute 10 richting Balusche Zes

b - Indicatie Northemn Sea Route

¢ - Aftakking richting Northern Sea Route

Zoekgebiedenkaart Noordzee

Restricted
areas Dutch
North Sea

! verbinding met toekomstige \« Sea

d - Cearway Esbjerg richting het Verenig
Koninkrigk

- Borssele Pass

Defensie
Oefengebied

Manoeuvreerruimte bij oefengebied EHDg
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SUMMARY

«GEODE CO, storage maps are a first regional step for evaluating the Dutch CO, aquifer storage
potential

* Restrictions: regional mapping; local trends not evaluated. Generalized assumptions applied on
some parameters, site specific risks to be evaluated by the operator

* Improvements: incorporate uncertainties, definition pressure space (regulatory guidance),

Closed- (semi-) open system definition (expected pressure behaviour definition of hydraulic
units)

* Rotliegend, Triassic and Lower Cretaceous aquifers in the Netherlands show significant CO2
storage potential. Detailed studies are needed to mature opportunities. A challenge is the
accessibility of parts of Dutch North Sea in the future.

Results available @

www.geodeatlas.nl
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