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{8 PilotSTRATEGY
2. Executive summary

This report summarizes the work that has been performed in Work Package 3 of PilotSTRATEGY, "WP3,
Statlc and Dynamic modedling”, task 3.4, "Quantification of phenomenological Impacts”.

The main objective of this task was to quantify the Integrity of the near wellbore, the caprock and
fault/fractures by simulation while Injecting CO; and post-injection at the different targeted pilot
project locations (French reglon, Portuguese region and Spanish region]. Its secondary objective was
to consider uncertainties from operational configurations or geological properties in this quantitative
integrity assessment.

In that purpose, models adapted to the studied impacts (00-30, several physics coupling, local or large
scale) were built to simulate the main physical and chemical mechanisms. Models' complexity also
depends on available data and on functionalities of the considered simulation tool. Models are based
on previous resufts from the PilotSTRATEGY project, in particular geo-characterization data from
WP, geological & static model from task 3.1" and well location definition and related flow
simulations from task 3.2°,

Regarding the large scope of the integrity study, it has been divided in three subtasks for clarity:

1. Subtask 3.4.1: The integrity of the wellbore s quantified thraugh the calculation of the
potential Injectivity loss. Salt precipitation may occur around a COy injection well due to
evaporative drying, Inctreasing brine salinity beyond saturation, This process can lead to the
formation of solid salt deposits In the near wellbore pore space, reducing effective
permeability and causing injectivity loss. On the other hand, COp-fluid rich can interact with
in-place minerals leading to a change In petrophysical properties (with potentially bath
dissolutien and precipitation) and thus changing the injectivity, This anahysis was performed
with & local mode! and/or radial wellbore model, modelling the fluid rock interactions and
focusing on the injection period. Geochemical impacts of the CO; injection, leading to
potential salt snd mineral precipitation, are quantified through the mineral composition
changes and its effects on the petrophysical properties (porosity, permeabllity, caplllary
pressure} and the injection rate (injectivity evolution).

2. Subtask 3.4.2: The caprock integrity related to the geochemical impacts of the CO; injection,
l.e. potential impacts of COp-fluid rich in contact with caprock mineras, that could |eopardize
the sealing guality of the caprock, is assessed through & reactive transport moded applied to
the caprock domain (local model). This model simulates the dissohed CO:; migration by

' See Wilkinson, M. [Ed.), 2023. Report on petrophysics of all regions. Defiverable WP2/D2.6, EU H2020
PliotS TRATEGY project 101022664 report; Wilkinson, M, (Ed,), 2023, Report on Conceptual Geological Models.
Delivernhie WPZ/D2.7, EU HI020 PlotSTRATEGY project 101022664 report; Fleury et al, 2023, Report on
Geamechanbcal results for the 3 arese. Deliverable WP2/028, EU H2020 PllgtSTRATEGY project 101023664
repovt. Wilkinson, M. (Ed], 3025, Report of geochemical results for 3 areas. Deliveroble WP2/D2 8, EL H3030
PilotSTRATEGY project 10102 2664 roport.

“See Bouguet, 5. (Ed.), 202430 static geologics| model, Deliverabie WP3/D3. 1, EUH2020 PiotSTRATEGY project
101022664 report; Bowgeet, 5. [BEd.), 2024, Report on static modelling with uncertainties. Deliverabls WP3,/D3.2,
EU 2020 PiigtSTRATEGY proect J0I02266 repaort

3 See Chassagne, R, (Ed.) 2024. Report on optimization - Injection strategy and storage capacity, Deliveroble
WP3/D3.3, EU H2020 MilotSTRATEGY profect 01022664 report,
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«; PilotSTRATEGY
diffusion, the mineral composition change and its effects of the petrophysical property
change (porosity, permeakility, capillary pressure).

Subtask 3.4.3: Storage complex integrity is assessed with studies on its machanical stability. A
coupled fluid-flow geomechanics model is used to study the storage complex integrity. i is
based on a geological model of the storage complex including overburden and underburden.
The potential damage of the caprock induced by CO; injection is analysed by comparison of
the stress state eviolution with a fallure eriterion, When faults or fractures were characterized,
further analyses are conducted to evaluate the potential impact of CO: Injection on these pre-
existing elements. Models include the main structures identified in the geological model of
Task 3.1. The potential and preferential zone of reactivation are analysed through a Mohr-
Coulomb criterion. Two aspects are considered: the potential reactivation of structures
because of their pressurization related to C0; injection and the potential effect of reactivation
on CO; flow [leakage risk).

Each region had its own specificities in terms of geology and thus its own focus for the integrity study:

French region: As no faults were characterized in the studied area in the geo-characterization
step (WP2), no such structures impact is evaluated in the geamechanical study, Storage
cormplex integrity study focuses hare on the risk of fallure in storage and caprock formations
thraugh hydromechanical simulations and fatlure criterion analyses, On the other hand, the
carbonate sedimentary context for the <torage formation requires a comprehensive
gecchemlcal study to deflne if the potential fluld-rock interactions have a significant impact
on storage behaviour and Integrity at pilot-scale.

Portuguese region: As geochemical reactivity Inthe reservoir is already assessed in deliverable
D34 and with mo major impacts, the geochemical assessment in the reservoir lor the
Injectlvity integrity only accounted for salt precipitation reactivity phenomena, However, for
the caprock geochemical integrity, the full mineral composition of the caprock was conside red
In the reactive transport models. Also, main concerns for the storage would be, a priorl, on
mechanical stability, in particular at the existing faults. Thus, a comprehensive mechanical
study was conducted on the storage comples.

Spanish region: Following previous studies performed In this project (WP2 and Deliverables
D33 & 03.4), the targeted Lopin structure is likely to have a constrained maximum capacity
related to poor reservolr properties and the existing natural overpressure, which constrains
the maximum injection rate through the fracture pressure [imit. In addition, the injection area
exhibits a high fault density, with susceptibility to fault reactivation and the potential for
induced selsmicity. Therefore, this defiverable emphasizes these geomechanical constraints,
which ultimately govern the feasibility of Lopin as a geological CO; storage site. Regional
stresses in the area of interest, pore pressure, and fracture gradient were guantified using
wiells located within a 70 km radius and with a sufficient dataset to perform the analysi, The
modelling strategy follows a model adapted to the availability of geomachanical data. Only
one well s lorated within the static/dynamic model area, which represents a primary
limitation for the reliable spatial extrapolation of geomechanical properties. With singhe-well
tontrod, lateral and vertical variations of mechanical parameters cannot be constrained by
data, and any three-dimensional property distribution would be largely assumption-driven.

For this reason, 2 20 fault-plape
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« PilotSTRATEGY
peomechanical model was selected as a fit-for-purpose solution. By focusing an the fault
plane, where the geomechanical response is most critical, and by implementing a one-way
coupling with dynamic simulation results, the selected approach maximizes the use of the
available data while avelding unnecessary model complexity. Regarding wellbore integrity,
given the high formation water salinity, @ dedicated study was undertaken to assess the
patential Injectivity Impairment at the Lopin site resulting from salt pracipitation during
continuous CO; injection. Geothemical and mineralogical analyses of the reservoir
(Buntsandstein; Deliverable D2.7) indicate a silica dominated formation, Quartz (50;) is
expected to exhibit minimal dissolution/reactivity under CO;-brine conditions’; therafore,
reactive transport geochemical simulations within the reservolr are not considered necessary
for this deliverable. With respect to the caprock, some CO; interaction with seal minerals may
occur, but the expected effects are considered negligible in comparison to the geomachanical
aspects and a simple PHREEQC 00 modelling was performed on this regard,

Following tables summarized the main modelling hypotheses and Lools that were specifically used for
each subtask and each region.

ell Integrity Parts basin, France Lusitanian basin, Ebro basin,
achemical) pllot-scale, injection of Portugal (commercial  Spain (commercial scale,
O0kt/yr for 4 months)  [scale, 30 years of 30 years of injection)
nfection)
Maodel type (geometry] 20 radial wellbore 20 radial wellbore 30 Reservoir model

odel with reservair +
prock, 11 km of [ateral
tent

imaode| with the reservair
only (bottom section of
50m), 50 km of lateral

xtent to reproduce the
essure buildup
avkor during the
injection period

Hescribed and reported
fr Deliverables 32, 3.3 &
1.4,

fadel type (problem
Lolved )

srma-Hydra-Chemical
THC) modals with ang
ait THC model
including water
vaporation but no rock

activity) and one

mplex THC model
including rock
eactivity, no water

vaporation)

Therma-Hydro-
Chiemical models with
Salt (Halite] THC model
[including water
vaporization but no rock
reactivity — gaochemical
reactivity af the
reservalr already
ssessed in deliverable
03.4 and with no major
rmpami

sar-wellbore halite
recipitation model
mbedded within a
ultiphase flow
imulator

* a1 supporting background on guanz dissolution kinetics acrost acldlc-to-neutral pH conditions, tee Knauss &
Wolery, 1987/1983,
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Timescale hart-term {one year, | Shart-term {30 yeard of Injection period (30
ncluding 4 manths af  [injection)
njection)
Lincertainties eterogeneities with  Vertical hetercgeneities P10, P50, P90 reservoir
10, P50, PA0 models  jand simplified lataral odel realisations plus
rom static [pare homogeniedties per erent permeability
Volume) analysis + hvertical layer from each fmpairment scenarios
petrophysical P50 models from static  Fimulated using a
uncertainties and {pore volume) analysis  bracketing approach for
pperational {#s the base case he functional form of
uncertainties scenano + uncertainties the k.5, mobility
{in the mjection rate, gradation curve
reservolr salinity and
[injection temperature
fNumerical Toals Geowm and Coupling  [CMG GEM numarical LB’s Eclipse 300
hatwesn Arxim and cimulator CO25TORE option)
GeoHim esarvoir simulator,
ersion 2025,1
prock integrity ris basin, France itanian basin, ro basin, Spain
ochemical) pilat-scale, injection of [Portugal [commercial  commercal scale, 30
Okt /yr for 4 months)  [scale, 30 years of ears of injection)
linjection|

Maodel type [geometry

10 [simplified with only
Ewo elements: resarvoir
and caprock) and 20
(radial wellbore modef,
came as the one in

weellbore integrity
study)

30 model [simplified
with only two elements:
reservoir and caprock).
Mote: although the base
simulation scenario s at
thie bottom of the
reservoir for the
injection, and only a
kmall portion of the CO,
reaches the caprock in
the PA0 modal, in this
task anly the top layers
of the reservolr was
considered to avaluate
chemical integrity of the
caprock in the top
reservoin/ caprock
interface

00 model (batch
Feaction modelling)

The PilotSTRATEGY project has received funding from the
European Union's Horiton 20020 research and innovation
programme under grant agresment No. 101022664
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Complex THC modelling

PilotSTRATEGY

Model type (prablem omplex geochemical Geochemical modelling
kolved) odel with simplified  [for the 3D madels of the
nsport and Complex flop resendolr + caprock
HC model for the radial
one
Timaescale L ong-term (500 years)  |Long-term (1000 years| (N/A
Lincartainties Heterogeneities with | Homogeneous MR
prly P90 model properties of the
reservolr (based on the
P90 modal to ensure the
0 will be in contact
with the caprock) +
heterogeneous caprock
model (with & lithofacies
based an the lithological
information from 2
neary legacy well) as
the base case scenario +
uncertainties in the
mineral volume fractions|
and petrophysical
properties of the
caprock internal layers
Numerical Tools Coupling between Ardm [OMG GEM numerical  |PHREEQC
fnd Geoxim IsimLHatﬂf
orage complex ris basin, France Lusitanian basin, Ebro basin, Spain
Fity pltot-scabe, injection of [Portugal ([commercial  jcommercial scale, 30
omechanical) O0kt/yr for 4 months)  [scale, 30 years of ears of injection)
injection)

Model type (gearmetry)

D modal [surface to
nderburdan) 20 x 20
m with LGRS

Twa 30 models; the first
one for the caprock
mechanical integrity
subtask {resenvoir +
caprock + potential
Eecondary caprock), the
secand one for the fault
reactivation potential
subtask {full 30 model

of caprock:

‘eil-centric 1D
ssEssment at CC5%1; no
D geomechanical
olume,

or faults: 2D fault-plane

mechanical model.

ne-way coupling with
namic simuiation

with 7 regions packed "
from property Sults.
Tha FilotSTRATEGY project has received funding from the EPHotSTRATEGY
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=
imitarities into 4 l3yers

rom surface to
nderburden layers,
owvering the full extent
in depth of the existing
faults)
odel type (problem  Jterative and one-way  [Thermo-Hydro- or caprock: comparing
t:rmn hydro-mechanical Mechanical [THM] tress and pore-prassure
poupling (flow; 2- models for the caprock  purees locally at the
phases) and mechanical integrity, and Hydro to  aprock base (1,732 m
raleulatars |poro-elastic; Mechanical [H->M) 0]. Mechanical
with the calculations of [models for the faults.  threshold only
ctress, displacements, [Two-way coupling of the pomparing & Fracture
pverpressure and post- B0 models between radient (FG) = Sure
processing failure fluid flow and ith 10% safety factor
analyses with the mechanical module tor  [FGx0.9) against a static
Drucker-Prager failure  fthe caprock and one- 0; column
criterion) way coupling of the 30 |~0.007 MPa-m™'); Biot =
imodels from fluid to 5 no fracture
mechanical simulation  propagation, caplilary,
for the faults (stress, sochemical, or fully
displacemants, pled poroelastic
[OVETDIressure, porosity odeling.
mlm:!“' mq e r faults: One-way
Procrcig AT dro-mechanical
Enalyses with the Mohr- :
Coulamb fallure QUpHNE. Intagraes 10
pomechanics data, with,
critarbon, and safety ol
factor for the caprock r]:h”_:fiﬂl;";:f:::;n
integrity subtask only) G i chEatE
ault stahllity is assessed
sing the Mohr-
oulomb criterion.
Timescale Short-term (one year, | Short-term {30 years r caprock: Two
ncluding & months of  [during the injection uasi-static states:
injection) period) for the fault re-injection and
reactivation assessment End-of-Injection
4 short-mid-term {100 |30 years)
peats IHFIUdinE sl r faults: Short-term
of the injection period) :
for the caprock intesity 30 years of injection).
lasseﬂment
Tha FilotSTRATEGY project has received funding from the EPliotSTRATEGY
European Union's Horizon 2020 research and innovation www. pllotstrategy eu
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Yes, 6 existing faults 25 (13 faults)

roMecha propertjes
ncertainties (3 extrame
25 + One Intensive
tudy with 175
simulations)

Faulte Mo (none were
rharacterized in the areajwere [dentified and
of study) characterized in the
study area, and assessad
mechanically and
simultaneausly in the
respective subtask
Lincertainties Heterogeneities with  |Heterogeneous with  [Caprock: sensitivity to
10, P50, P90 models  |P90 models from static  stress heterogeneity and
rom static (pore (pore valume analysis)  Bum
lwme) analysis + as the base case [or the

3 model reglons
considered for the
caprock integrity
assessment +
heterogeneous with PS0
models from static (pore
walume analysis) as the
hass case for the
reservair and

homoge negus
petrophysical propertias
for the other 6 model’s
regions tor the fault
reactivation assessment.
Lncertainty analyses of
injection rate,
perforation interval for
(L0 injection, and
mechanical parameters
[friction angle, Poisson
ratic, Young modulus
f#nd cohesion} for the
caprock integrity
zssessment +
uncertainty analysis of
mechanical parameters
[friction angle] for the
it reactivation
ssessment

aults: 27 cases based
n variabllity in resenoir
ermeabifity (PA0-P50-
10), injection
figuration (CC5-1,
0CD-1, and combined),
nd fault friction angle
|30°, 257, and 207).

Numerical Tools

Coupling between
Code Aster and Gegxim

CMG GEM numerical
Eimulator {caprock
integrity task) + CMG
GEM and FLAC 3D

Caprock: GeoSmart® (10
Ein:ms. willbore
tability, FG);

Tha FilotSTRATEGY project has received funding from the
European Union's Horiton 20020 research and innovation
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efrieve several time bsurface software

ps of the pressure  |5LB) and MOVE™
evolution during the tructural geology
finjection period, and for modelling software
the mechanical analysis [Petroleum Experts Lid.|
of the reactivation
potantial of the fault,
recpectively

Paris basin (France) - Resulls Summary

To evaluate the Integrity of the storage complex, comprehensive numerical geochemical and
geomechanical studies were implemented with short- and long-term analyses, coupling flow with
geomechanical and geochemical processes, Those studies were achleved for a pilot-scale CO; infection
in the Dolithe Blanche formation [Dogger, deep saline aquifer), Grandpuits area, Parls basin, France,
based on previous results from Task 3.1 [statlc modelling), Task 3.2 [wall location definition and flow
simulation] and WP2 (geokogical and geochemical characterization).

1. The near wellbore integrity has been quantified in terms of risk of injectivity loss due to salt
precipitation and fluid-rock interactions. This numerical study is based on radlal wellbore
madels within a shor-term framework. Considering uncertainties in the static model,
injection temperature, capillary pressure, injection rate variabifity, fluid flow paramaeters, and
safinity, the simplified geochemical model (no rock reactivity but salt precipitation) has
estimated an injectivity loss of the well perforations ranging between 0% and 4%. Additional
losses arise from the uncertainties in capillary pressure (+0.6%) and salinity (+0.7%), Howevar,
a 4-month Injection stop could significantly reduce the well injectivity [up to 23% for the PSO
Max case) In contexts of high permeability (100 - 1000 mD]. in this case, the injectivity remains
still sufficlent to continue to allow the targsted injection rate (300k/yr) but this higher risk
must be considered Ih cases of long stops for maintenance or for pllot upscaling Tor
commercial exploitation. The complex geochemical model with fluid-rock interactions (but no
modelling of dry-out effect and refated salt precipitation) simulates a minor 0.09% increase in
permeability due to cakcite dissolution. This allows to conclude that no significant increase in
injectivity loss is anticipsted related to rock reactivity.

1. Tha caprock integrity has been assscsed with 3 comprehensive 20 radial reactive transport
simulation, that Incorporates complex geochemistry and a realistic system configuration. In a
long-term framework, the spatial and temporal evoiution of the CO; plume has been assessed,
as well as the chemical interactions between the injected CO;, water, and the minerals. After
S0 years of simulation, (dissalved and gas) CO; only reaches the first layer of Massingy marls
without further penetration, demonstrating a degree of geochemical and structural stability
in the studied system. The dissolutson of minerals such as calcite and chiorite occurred,
accompanied by the precipitation of dolomite, indicating pH buffering mechanisms and a
slight reduction In porosity. Overall, this demonstrates a very limited geochemical impact on
the caprock of the CO, injection at pilot-scale in the Dogger aquifer. Therefore, geochemical

Tha PilotSTRATEGY project has received funding from the @ PISTRATEGY
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impact on the caprock ks not a major concern for the caprock in the studied case,

3, Tha risk of fallure of storage formation and caprock has been quantified In terms of distance
to failure criterion. This risk is related to geomechanical effects of the CO; injection on the
storage complex, in particutar in the injection phase. A coupled 30 hydromechanical model,
under the assumption of linear poroelasticity, was used to evaluate the potential damage
induced by CO; mjection, analysing the evolution with time of the overpressure and of the
distance to the Drucker-Prager failure eriterion. A first analysi was performed considering
uncartainties In static models and relevant subsurface properties with nine models covering
the uncertainties ranges. Within 2 prior hypathesis on the initial stress state, all results from
these models remain far away from the fallure criterion In the storage formation and the
caprock, with the prescribed limit of bottom-hole pressure. Except for few cases that were
discarded accounting from new information on dynamic behaviour of the area, the pilot
capacity is venfied without jsopardizing the system Integrity in the studied contaxd. Anothar
comlorting result of these simulations is that the overpressure dissipates in all cases, In a
short-term after the injectlon and no more significant Impact on pressure system bs expected
B months after the and of injection. Further uncertainty study, with a systamatic exploration
of uncertain parameters space, leads to simifar results In term of overpressure with a
maximum expected gverpressure around 3 MPa chose to the injection well. Regarding the risk
of failure, caprock Integrity is also safe in all configurations. Howaver, in some specific cases
(1% overa resampling of 20,000) regarding the initial stress state, risk of failure may occur in
starage formations in a critical area. This was obtained with the mast conservative fallure
criterion (inner Drucker-Prager failure criterion) while the less conservative ane {outer
Drucker-Prager failure criterion) s never reached for any simulations from the considered
design of experiments. This means that those cases are at risk but may not nacessarily reach
the failure. Additional anatyses were performed on the deformation of the storage complex
up to the surface. These anatyses indicate that the dynamic of surface displacement would be
sufficient to be monitored in the injection well area during the injection phase and shortly
after the injection ceases. The total surface displacement due to the pilot-injection remains
low (< 1 mm) and will nat impact the surface installation, As no faults were characterized in
tha studied area, the study of fault stabiity was out-of-scope for this case.

Overall, those studies are positive regarding the storage compbex integrity in a pilot-scale context for
the studied area. No major concerns were raised either for the geochemical or geomechanical part.
Only some cautions need to be addressed in case of long-term injection stops (> 3 month, even when
scaling-up from pilot to industrial} and regarding the initial stress state combined with rock properties
chargcterization that may lead to Integrity lssues in some specific and minor cases.

Lusitanian Basin (Portugal) - Resulls Summary

The guantification of the phenomenological impacts was canducted for the pilot site of the Q4-TV1
prospect, located in the offshore setting of the Lusitarian Basin (Portugall. The CO, storage complex
comprises several gelogical units, including the Torres Vedras Group reservolr and its overlying
seraling system with regionally continuous argiilaceous carbonates and mixed lithologies — the Cacém
Formation caprock and the Aveiro Group (s potential secondary seal]. This geological setting is
representative of a saline aguifer storage complex, characterized by a laterally extensive clastic
reservoir with adequate characteristics to accommodate industrial-scale C0y injection, The modeiling

Tha FilotSTRATEGY project has received funding from the @ PHoSTRATEGY
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domains adopted in the different studies results from previous geological characterzation (WP2) and
reservoir modelling and simulation studies (Tasks 3.1, 3.2 and 3.3 of WP3).

1. The injectivity Integrity assessment evaluated whether the Torres Vedras Group reservolr can
sustain the planned €O0; injection rates without operational impairment. High-resolution
coupled thermal-hydraulic-chemical (THC) simulations demonstrate that injection-induced
effects, primarily brine drying and halite precipitation, remain confined to the near-wellbore
region, typically within approximately 20-30 m of the injection well and extending up to about
40-50 m under high salinity or high Injection rate scenarlos. These effects result in minor and
localized porosity reductions, typically below 1% in the meference case and up to
approdimately 3-9% locally under worst-case conditions, which translate into moderate but
localized permeability reductions due to the strong porosity-permeability relationship, while
remaining restricted to the near-wellbore region and not affecting reservoir-scale flow
performance, Under the refersnce injection scenario (0.5 Mtfy, reservoir salinity of 56 g/L,
and injection bottom-hole temperature of 26°C), injection performance remains slable over
30 years, achieving approximately 145-15 Mt of stored CO; with reservolr pressures
stabilizing at approximately 126-127 bar, well below the fracture pressure limit of 165 bar.
Even under worst-case conditions involving higher salinity and Injection rates, injectivity
reductions remain moderate (approximately 10-15%), and injection performance stabilizes
without progressive degradation. These results indicate that injectivity impacts are localized
and self-limiting, and do not compromise long-term injection feasibility, although they remain
dependent on the assumptions and operational conditions considered.

2, The geochemica! Intégrity assessment of the Cacem Formation caprock, based on fully
coupbed 3D THC simulations over injection and post-injection peripds extending up to 1000
years, demonstrates that free-phase CO, remains entirely confined to the reservoir, with gas
saturation in the caprock remaining effectively zero {£10°%) throughout the simulation period.
Dissolved CO: penetration into the caprock remains minimal and spatially restricted to the
basal contact zone, while pH changes and geochemical reactions are strongly buffered by the
taprock mineral assemblage, Although localized dissolution of carbonate minerals such as
calcite and dolomite occurs at the reservoir-caprock interface, these reactions do not induce
measurable porosity or permeability changes, and the caprock sealing capacity remains fully
proserved. Uncertainty analyses exploring mineralogical varlability and pessimistic
petrophysical conditions confirm that even under degraded shale properties, CO; migration
remains confined within this bottom caprock wnit and does not propagate Into overlying
formations, demonstrating the long-term robustness of the caprock as an effective hydraulic
and gecchemical barrier.

3. From a geomechanical perspective, both caprock fracturing risk and fault reactivation
potential remain consistently kow across all immestigated scenarios. Injection-Induced pressure
changes do not approach fallure conditions, and mechanical responses remaln elastic and
reversible. Uncertainty analyses confirm a high margin of stabllity even under intensified
Injectlon rates and unfavourable mechanical parameter assumptions. Faults remain stable
and no permeability enhancement or leakage pathways are generated. Howewer, it is
impartant to mention that these results are obtained under the specific modelling
assumptions, parameter ranges, and boundzry conditions adopted in this study, and should
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therefore be interpreted within this context. A broader explorabion of parameter variability
and alternative boundary conditions would further strengthen the robustness of these
conclusions. The geamechanical risk Is therefore assessed as low. Mitigation & essentially
preventive, consisting of pressure-contralled Injection, avoidance of abrupt rate increases,
and periodic updating of geemechanical moedels as additional field data become available.

Owverall, the combined Inpectivity, caprack, and fault integrity assessments indicate that the storage
complex at the pilot site in the Lusitanian Basin |s suitable for CO; injection and storage. Injectivity
remains stable with Impacts confined lo the near-wellbore reglon, the caprock preserves s
geochemnical and gromechanical sealing capadity without approaching faflure, and faults remaln far
from reactivation under the tested scenarios, Together, these results increase confidence In the
storage integrity and performance, suggesting a low risk of leakage or operational Impairment under
the propased injection conditions.

Ebro basin {Spain) — Results Summary

The geological structure at Lopin (Ebro Basin) was initially selected within the opportunity portfolio
because prefiminary static estimates suggested a storage size potentially exceeding 100 Mt. However,
as the project progressed and new dsta were acquired, dynamic reservoir simulation resufts
[Deliverables 03,3 & D3.4) indicate that this structure is lkely to reach a much lower maximum
capacity due to poor reservolr properties and the esisting natural overpressure (= 43 bar above
hydrostatic pressure at 1750 m depth). In addition, the injection area exhibits a high fault density, with
susceptibifity to fault reactivation. This section synthesizes the main dynamic and Integrity-refated
findings for the Lopin CO; storage concept, with a focus-on injectivity and geomechanicat and fault-
stability constraints. The analysis is based on the dymamic modelling case described in Deliverable D3.4
[Ben Rhouma et al., 2026), considering CO; injection from a single well at two aiternative locations
[CC5-1 ar LOC-D], as well as from two wells operated simultaneausly.

»  Salt precipitation during CO; injection can reduce near-wellbore permeabifity and therefore
Impair injectivity. In this work, the effect is captured using mobllity multiplier functions that
decrease fluld mobility as solid (salt) saturation Increases; the curve shape [often nondinear)
strongly controls when impairment bagins and how severe it becomes. Model resuits suggest
that NaCl precipitation can occur undar certain thermodynamic and flow conditions, causing
localized Injectivity dedline, but the affected rone remains limited and can be mitigated
operationally (e.g., periodic water flushing/brine injection or CO; humidification). Owerall, the
study provides a practical basis to assess salt-related injectivity risk for Lopin and recommends
field-scale validation and extension to multi-salt systems.

» Regarding the caprock geochemistry model performed in PHREEQC:

& Under a purposely conservative, dilute-haseline scenario that maximires reaction affinity,
the B2 seal remains geochemically resilient; destabilizing thermodynamic pathways are
not cbserved. 965eal mineral stability: Ca-montmorillonite, mica, and chlorite are
thermodynamically stable (51 = 0) across 25-100% pCO; exposure; kaclinite {51 = 2.52-
2.57} and dodomite (5 = 2.46-2.89) are consistently oversaturated, indicating a robust
tendancy toward pore-filling precipitation (self-sealing behavior).
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< Because high lonic strength suppressas mineral reactivity lcommaon-ion effects, activity
coefficients), in-situ high-salinity brines will be less reactive than the madel baseline. Thus,
the already favorabls outeomes are condarvative with respect 1o fleld conditions,

€ Risk hierarchy; Geochemical processes pose a very low risk to containment and may
enhance seafing passively, Geomechanlcs, drivén by injection-induced pressure, s the
primary constraint to.be managed.

€ Scope and next steps; Given the negligible peochemical risk within the bounding
assumptions, no further geochemical modelling is  required. Additional
reactive-transport/kinetic or spatially resolved simulations are not warranted for
screening, though they could be revisited If future design changes create materially
diffarent exposure conditions.

€ Methodological note [for traceability): Batch equilibrium modalling (PHREEQC v3; 89 °C)
using meteoric water as baseline and the BZ mineral mix (Quartz 34%, Mica 18%,
Ca-Montmorillonite 15%, Calcite 13%, K-feldspar 10%, Chlorite 10%) was spplied; pC0;,
sensitivity from 25% to 100% of reservoir value was evaluated to bracket plausible
leakage/diffusion expostre,

» Afour-well, multi-1D model (Ebro-1/2, Mayals-1, Lopin-1) indicates a normal-faulting regime
at depth and strike-siip in the shallow section. The reservolr interval is naturally
overpressured, narrowing operational pressure Windows and elevating - sensitivity to
injection-induced stress changes. At the seal base (~1,722 m TVD, CC5-1), mechanical safety
margins shrink fram 9.8 MPa and 13.4 MPa |Shaa) initially to 1.8 MPa and 5.4 MPa at the end
of injection (30 years). The seal remains mechanically intact, but late-life injaction operates
close to thresholds, requiring conservative limits, careful rate management, and strengthened
monEoring.

» The fault reactivation assessment was conducted integrating the results of the multi 10
analysis |5, Shew Shma, Pore pressure, Fracture Pressure) and using @ 20 fault-plane
geemechanical modelling approach, ane-way coupled with dynamic flow simulation outputs,
The analysis is based on the Mohr-Coulomb fallure criterion and the Critical Pore Pressure
Change |CPPC) concept, evaluated at peak pore pressure conditions reached at the end of the
i0-year COy injection period. CPPC k& used as a screening-level indicator of mechanical
suscepilbility, quantifying the remalning pressure margin to fault reactivation at the fault
plane, Uncertainty was systematically explored through 27 scenarios, combining three fault
friction angles (30°, 25° and 20°), three permeability realizations (P90, P50 and P10}, and three
injection configurations (CCS-1, LOCD-1 and dual injection). Negatve CPPC values indicate
mechanical instability in fault segments, with incraasingly negative values reflecting a higher
degree of instability. While this imphes an elevated potential for fault reactivation and the
passible oceurrence of induced selsmicity, no deterministle relationship is assumed between
CPPC-based instabliity and the timing, magnitude or spatial distribution of seismic events,
CPPC therefore provides a conservative, decision-oriented screening metric, rather than a
predictor of seismic activity, Results Indicate that fault stability is primanly controlled by fault
friction angle and the magnitude of pore pressure transmitted to the fault plane. Lower
friction angles systematically lead to more negative CPPC values and a wider spatial extent of
instability, The fault frictlon angle emerges as bath 2 dominant control and one of the largest
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sources of uncertainty, as it cannot be reliably constrained using laboratary tests due to the
difficulty of sampling representative fault-plane material. In addition, fault zones commanly
contain gouge-rich materfals with lower friction than intact host rock, suppenting the use of
conservative friction assumptions. The presence of an initially overpressured reservair further
reduces the pre-injection mechanical safety margin and increases sensitivity to
injectlon-induced pressure buiidup. Injection configuration exerts a strong secondary contral
on fault stabifity. Simultaneous dual-well injection (CC5-1 « LOCD-1) consistently produces the
muast negative CPPC values and the largest number of unstable fault segments across the
evaluated uncertalnty range, representing the least favarable oparational configuration from
a fault stability perspective. Single-injector operation yields more robust stability margins,
with CCS-1 systematically less destabilizing than LOCD-1, highlighting Injector-specific effects
related to location, connectivity and proximity to critically oriented faults. Reservoir
permeability shows a consistent bit secondary Influence, with low-permeability cases
promaoting pore-pressure accumulation at the fault plane. Several fults are identified as
persistently unstable and highly sensitive to pressure changes, notably Falla014, Falla011 and
Falla0l17, which exhibit mechanical instabifity across multiple friction angles and injection
strategies. A second group becomes unstable mainly under low friction angles and
high-pressure scenarios, while 2 smaller subset (s only affected under extreme conditions. This
classification enables clear prioritization of critical faults and high-risk  operational
combinations. Owerall, the CPPC-based assessment provides a conservative and
decision-oriented framework for discriminating between injection strategies and identifying
conditions that require additional risk management measures. Configurations combining low
fault friction, low permeability and simultanecus multi-well injection consistently represent
the highest geomechanical risk and should not be implemented without mitigation. Preferred
operational strategies include single-injector operation (particularly CC5-1), avoldance of
simultaneous multi-well injection, application of injector-specific operational constraints, and
adoption of phased or staggered injection strategies to limit peak pore-pressure bulldup near
sensitive faults, Within current data constraints, the adopted 2D fault-plane geomechanical
modelling approach is considered fit-for-purpose, capturing the governing fault mechanics
while providing a practical basis for monitoring prioritization and risk-informed decision
making In CO; storage projects.
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3. Introduction
The PilotSTRATEGY project i investigating geological 00 storage sites in industrial regions of
Southern and Eastern Europe to support development of large-scale carbon capture and storage (CC5).
Research is focused on deep saline aguifers [DSA), which promise a large capacity for storing COz
captured from clusters of industry. Detailed studies are baing carried out on DSAS in the Parls Basin in
France, the Lusitanian Basin in Portugal and the Ebro Basin in Spain. This report summarizes the work
that has bean performed in Work Package 3 of PilotSTRATEGY, "WP3, Static and Dynamic modelling”,
task 3.4, "Quantification of phenomenological impacts”,

The main objective of this task was 0 gquantify the integrity of the near wallbore, the caprock and
fauly/fractures by simulation while Injecting CO2 and post-njection at the different targeted pilot
project focations (French region, Portuguese region and Spanish region). its secondary objective was
to consider uncertainties from operational configurations or geclogical properties in this quantitative
Integrity assessment.

In that purpose, models adapted to the studied impacts [0D-30, several physics coupling, local or large
scale) were bullt to simulate the main physical and chemical mechanisms. Models' complexity akso
depends on avallable data and on functionalities of the considered simulation tool. Models are based
on previous results from the PilotSTRATEGY project, in particufar geo-characterization data from WPZ,
geological & static medel from task 3.1 and well location definition and refated flow simuiations from
task 3.2

This repart is divided Into 3 parts, one for sach storage site studied: Paris Basin — France, Lusitanian
Basin — Portugal, Ebro Basin — Spain. For each site, the integrity assessment encompassas: 1/ the
Integrity of the wellbore and the potential injectivity loss; 2/ the caprock integrity related to the
geochemical impacts of the CO, Injection; and 3/ the storage complex integrity is and its mechanical
stability. However, aach region has its own specificities in terms of geology and thus its own focus for

the integrity study.
4. Paris Basin Region (France)

This section focuses an a comprehensive geochemical and geomechanical study with short- and long-
term analyses, coupling flow with geomechanical and geochemical processes, for a pilot-scale CO;
injection in the Oclithe Blanche formation (Dogger, deep saline aguifer), Grandpuits area, Paris basin,
France, The main objective is to evaluate the integrity of the storage complex at different levels and
for different physical processes by simulation:

1. The Integrity of the near wellbore is guantified In terms of risk of injectlvity loss within a short-
term arialysis. The salt and mineral precipitation risk is evaluated based on a radial wellbore
model to quantify their impact on well injectivity.

2. The caprock integrity in terms of mineral and petrophysical properties integrity 15 assessed
through @ reactive transport model. Both 0D and radial model are wsed to simulate the
supercritical and dissolved CO, migration from the storage formation up and through the
caprock. The mineral compaosition changes and their retroaction on petrophysical properties
are quant|fiad

3. The storage lormation and caprock integrity in terms of risk of fallure that could be induced
by the geomechanical effect of the CO; injection on the storage complex [short-term analysis:
injection and short-term post injection periods). A coupled 30 hydromechanical model is used
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to evaluate the potential damage induced by CO; injection, analysing the evolution with time
of the overpressure and of the distance to the Drucker-Prager failure criterion, Additional
analysis is performed on the deformation of the storage complex up to the surface. As no
faults have been characterized in the studied area, the study of fault stability is out-of-scope
for this case.

The flow and reactive transport simulations are carried out using CooresFlow {Ahusborde et al., 2024,
Gassara et al,, 2021), & thermal-hydro-mechanical-chemical simulator developed by IFP Energies
nouvelies. This code is based on 3 fully implicit multiphase fiow model coupled in an iterative way to
chemical and mechanical models. It is based on mass conservation equations for fuid species and
Darcy laws for flow modelling coupled with thermodynamic equilibrium eguations, These equations
are discretized in space with a finlte volume scheme and solved with a Newtan-type iterative method.
The geomechanical catculations are carried out using Code_Aster (EDF, 2024). The coupling between
hydra and mechanical calculations are briefly presentad in section 4.4.1.

The risk analysis is also to be performed in regard with the inherent uncertainties of the geological
media. For this, the integrity of the near wellbore and geomechanical integrity are studied for diffarent
cases, considering uncertain parameters. In particular, for the last one, an extensive uncertainties
study has been performed on one of the geological models,

4.1 Problem Definition

Case description

The studied case = a potential pilot-scale CO; injection in @ deep saline agquifer (Dogger, the Qalithe
Blanche formation) in the Paris basin (Grandpuits area), Dynamic simulations focused on the injection
period and short-term period post-injection to assess flow & geomechanical responses to the CO;
injection, Additional dynamic simulations involved reactive transport modelling for long-term
behaviour analysls, focusing on potential caprock reactivity.

Models are based on results from previous work from PiOtSTRATEGY project, in particular task 3.1
(30 geological modelling, D3.1 & D3.2 (Christ, AR, Mattonl, L, 2024), task 3.2 (Well location
optimization, D3.3 (Alavoine et al., 2024)) and collected data on geological context and dynamic
parameters from WorkPackage 2 "WP2, Geo-characterization"[see for example Bordenave and
lssautier, 2023), The domain contains the storage complex one (here the Dogger aquifer including
Dalle Nacrée, Comblanchien, Oolithe Blanche and Lower Bathonian formations and caprock: Callovo-
Owfordian formation, induding Massingy marts), and the underburden and overburden [up to the
surface). Based on a 30 seismic analysis, no faults were obsarved in the area and thus no faults are
modelled in this study. Consequently, no faults integrity study was performed here.

The Jurassic Qolithe Blanche Formation is the primary storage formation for the pilot CO; Injection,
This formation consists of a Jurassic oolithic carbonate ramp with an average porosity of around 10%,
Iocally reaching up to 30% porosity. The Oalithe Blanche formation is capped by the Dalie Nacrée and
the Comblanchien formations, also carbonates formation, but with less favourable petrophysical
properties, The storage comples is capped by a continuous 120 m thick marly seal, the Marnet de
Massingy. According to the existing literature, the Oolithe Blanche Formation is laterally and vertically
heterogeneous in lithology and petrophysical properties. The complexity in geometry and spatial
distribution of reservoir properties has been taken into account while modelling the area.
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The injection site is onshare, and the top of storage formation is around 1734 m depth. The storage
formation thicknass is around 150 m, Initial pressure and temperature at the top of storage formation
are 184 bar and 70.9'C, respactivaly, The aguifer salinity 1s 19 g/L

The Oolithe Blanche formation thickness is partly perforated by the injection well (40 m over around
150 m thick). The injection rate is constramed by a maximum BHP limit {see the preliminary
uncertainties definition). The maximum injection rate is 300 kt/yr, with an injection duration of 4
months. Thus, the total amount of CO, to be Injected is 100 kt, targeting the objective of a CCS pilot-

scale project.

Mode| description

The model extent is 20 by 20 km to capture the lateral pressure build-up extent due to CO; injection
[Figure 4-1). The suggested well location was defined in the previous task and is bocated around 3 km
from the model's center [X = 635642 6; ¥ = 6836032.].

The inherited model geometry, 20 x 20 x 1.5 km mesh, has 2 embedded LGRs:

s 500 % 500 m - 40 x 40 cells (51 cefls in X-Y direction) [Coarse|

# 135%125m - B0 x B0 ealls (34 cells in X-Y direction) [LGR1)

» 625 x625m-128 = 128 cells (27 cells In X-Y direction) [LGR2] with a maximum vertical
discretization of 5 m. The well 5 located at | = 44 and | =100 on this fine grid mesh.

With the vertical discretisation, this represents around B00. D00 active cells. Notice that the modal
geometry has bean adapted for the time-consuming process of reactive transport, as described in the
two next sections {10 and radial modaels).

O

B o ---..r

Figure 4-1, 30 moded of ifee shadied orea {Gmanapusts areal for dhe (0 pilot infecion site from 03.2 (Cheist, AR, Mehond, L
M), W1 o o waste-woier injection wreil neor-by o potenine! £8) soonce. W 65 the suggesten well isation m 023
Afowere el o, 2024

Preliminary uncertainties definition
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This previous static modelling task resulted in three static modebs. They 2l shared the same geometry,
the same petrophysical properties but for the Oalithe Blanche Formation, the larget storage
formaticn, with different porasity and permeability fields resulting from the uncertalnty studies on
parous voliume (porosity fiefd simulated with 5G5, sequential gaussian simulation], These three
models are referred to as P10, P50, and P90, representing the pessimistic, base case, and optimistic
soenarios, respectively, in terms of pore volumae in the target formation (a net porous volumsa of 1123,
1246 and 1369 m’, respectively, for the restricted area of 10 by 10 km). Permeability values are
correlated to porosity values (see Figure 4-2 and details in D3.2 {Christ & Mattioni, 2024)),

Efbectvee fiommity

Peitryealillivg [ 0|
e .
G Gl i i R00 1000

Flgure 42! 20 maos of porokily (top) and permeobiliny [badtom) efds in the Osihe Bleache farmation for the three modek
PG RS0 POD from 032 (Cheist, A Y., Mattiand L, J024)

To assess the impact of uncertainties, in addition to uncertainty on parosity representad by P10, P50
and PA0 models, we also considered uncertainties related to poorly characterized parameters in three
cases: two extreme cases that could be deseribed as the best and worst scenarios (In tarm of
overpressure) and one base case scenario. Uncertaln parameters’ values for those three cases are
described in Table 4-1, Those three scenarios are applied to the three porosity/permeability fields
models (P10, P50, P90 models) leading to nine cases,

The additional uncertain parameters are the following (see the detall in 03.3 [Alavaine et al, 2024)
and Table 4-1 below):
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= Dolithe Blanche [high porosity facies) formation s permeability with an uncertainty in the K-
Phi carrelation parameter [KPhi],

- Permeablity anisatropy in Comblanchian formation [AnfsoCamb],
Caprock permeability (Callovo-Cxfordian formation) (multiplier of permeabiiity) [multiKCOX],
Relative Permeability curves’ parameters for the Oclithe Blanche, high porosity facies
{restdual gas saturation [Spri and expanent factor [LombdaViG]). A Van-Genuchten Mualem
mode| is used for relative permeabilities and capillary pressure. Notice that entry capillary
pressure and residual water saturation are scaled according to the porosity and permeability
values [Timur et al,, 1968, Leverstt, 1941),

- Rock elastic properties for carbonates {elastic properties parameters [Ke|, [Ge]) Bulk and shear
modull parameters for carbonates are used according to the correlation expressad in Bemer
etal, 2004,

KPhi[:]  AnisoComb -] mulikKCOX|-] Sgr(-] lambdaV&[] KciPa] Gc[Pal

Base Case 1 a4y L 0.05 06 5.08E+09 3.79E+09
"Min' Worst eate 025 03 0.005 o3 oA T.50E+09  S.00E+09
'Max’ Best cise i, 3 1 0,05 a7 JR0E+09 250408

Fohie -] Uncertod parameters” uslues for the thres smdled PHIEEL, appiied bo the thive madaly FL0 P50 PO, Inmding fo
nine stwived modeir.

Petrophysical and thermodynamic models are deseribed in detail in deliverable D33 (Alavoine et al,
2024}, In relation with petrophysical and elastic properties, the increase in BHP (s limited to 70 bars,
60 bars and 27 bars for the P10, P50 an P90 models, respectively (see also deliverable D3.3),
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4.2 Injectivity integrity

The loss of Injectivity of a CO; Injection well represents a significant challenge for CO; geclogical
storage systems. During €O injection Into an underground reservolr, two primary processes can
contribute to this issue. First, CO: dissobves in water, lowering the pH, which may disturb the fluld-
rock equilibrium, resulting in mineral precipitation. Second, CO; injection can cause water evaparation
within the rock pores near the well, leading to salt preapitation (e.g., sodium chlaride). Both
phenomena reduce permeabllity and, consequently, the injectivity of the weli

Section 3.1 presents the results of a numerical study that guantifies the loss of injectivity caused by
salt precipitation and fuld-rock interactions in the potential pilot-scale CO; injection well of a deep
saline aguifer [Dogger, the Oalithe Blanche formation) within the Paris Basin, This study uses reactive
tramsport models applled to a radial mesh. These models evaluate the geochemical effects and thelr
Impact on the petrophysical properties and the injectivity index of the well perforations. Additionally,
thi study evaluates the risk of injectivity loss with uncertainties in the geological static model, injection
temperature, capillary pressure, injection rate variability, fluid flow parameters, and initial salinity.

.21 20 radial THC modes

The THC models emploved in this study integrate a thermal model (T), a fluid flow model (H), and a
geochemical model (C). To uncouple the damage processes of the near wellbore due to salt and
mineral precipitation. two THC models are used in this study. The first, referred to as the Salt THC
mode| in this report, considers water evaporation and simpiified  geochemical modelling of salt
precipitation but excludes rock reactivity, The second, named the Complex THC model, does not
account lor water evaporation but includes fluid-rock interactions using a complex geochemical model
that conslders the primary minerals, Detalled descriptions of these geochemical madels are provided
below
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Crawrtiiitelial Caprnda (T

=
o
A
-
q
1]
o
g
g
W
e flue
Fgnare 4-T [Laf) Shamsdtl redi] avemaln o Daumcary condifions and [Figfd ) comparissn Dehwesn 30 galle nors’ and

rodtn) gret {pani)

A radial mesh (Figure 4-3) is employed in this study, as radial grids are better suited for capturing radial
flow and geochemical affects occurring near the wellbore, The THC models are applied to & 20 vertical
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radial grid centred on the injection well, To reduce computational costs, only @ 3.6" sector axtending
over 11 km s considered, This approach is acceptable, as heterogeneity near the wellbore is little
Influsnced by orlentation. This grid incorporates the Dogger reservair, 2 transition 2one consisting of
Massingy maris, and the Callovo-Oxfordian capreck. To improve precision near the well, a geometric
progression is emplayed, reducing the minimum harizontal cell size from &0 m (as used in the 3D static
geclogical model of the target area) to 0.1 m {results of the grid sensitivity study in Section 3.1.2.2),
Vertically, the same discretization size [minimum of approximately 5 m) as in the 30D static model
(D3.1] is applied. Horizons are modelled as flat surfaces, with negligible impact expected, as the
harlzons are predominantly flat in the 3D static model and reactivity is anticipated to occur within a
500 m radics of the well. The final grid comprises 8,320 cells (130 cells in the x-direction, 1 in the y-
direction, and 64 In the z-direction).

The diphasic compasitional fluid flow mode! is based on the 3D fluid flow model bullt in WP3.2 (D3.3).
The facies, parosity, and permeability are derived from the 3D static geological models developed in
WP3.1 Three geological scenarios (characterized by porosity and permeability uncertainties
corresponding to the percentiles *P10," "PS0," and "PS0") are used, along with upscalad refative
permeability and capiliary pressure curves for each facies and rock compressibility {Alavoine et al,
2024). Similar uncertainties as defined in D3.3 (Table 4-1) related to dynamic parameters—such as
permeability for the Oolithe Bfanche, Comblanchien, and caprock formations, as well as the shape of
gas refative permeability for the Oclithe Blanche—are categorized Into "Min", "Base®, and "Max"
cases. Additionally, if water evaporation is modelled, the caplllary pressure curve of Oolithe Blanche
s extended from the irreducible water saturation to 0. Given the uncertainty of the maximum capillary
pressure within this saturation range, a multipler parametar ranging from 1 to 5 is applied to assess
s impact.

In this study, the fiuld flow miode] considers an additional dependency on salinity and temperature for
component transfer betwaen phases using an equilibrium tonstant. This enables the simutation of COy
dissolution in brine, as well as H:0 evaporation in the gaseous phase for the salt THC model. The
eguilibrium constant is represented by the Sereide & Whitson model, validated by experimental data
fram the Hierature (Figure 4-4) for the dissolved CO: molar fraction under injection conditions
[ternperature of 40°C and 60°C, pressure range of [S0 - 800] bar, and salinity range of [0 - 300] g/L).
Mineral and salt precipitation, which reduces porosity and consequently permeability, is modelled
dynamically using the Kozeny-Carman eguation (Equation 1) with critical porosity [Oolithe Blanche:
0% for Low porosity [<11%) - 5% for High porosity (==11%)).

Equorian 1: Kozeny- Carmin eqinatan with permeadiity K, it permeatidity £ porosay @, IMnal paromry gy ofion
pormEty e &1=1 and bf=2] eapuniend prmmeter

'F—W:)”(l—'l?n'l'ﬁ]h

K=Ky
"\py—g/ \1-gpt+a,
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To simulate the impact of colder fiuid injection on CO; migration and dissolution, salt precipitation
and mineral reactivity. a thermal model is fully coupled to fluld flow models considering thermal
conduction in the rock, parametrised by constant conductivity and thermal capacity values specific to
facies {reservoir and caprock) and precipitated salt [Table 4-2),

while £-2- Thermer podametery: Conduetivity mid hermasl epeotty for redervod, coprock and preciplioted 4oit, Dotr soure
2 ARG RE-5959] report, ¥ Bonte #hd

Thermal parameters Reservoir Caprock Solid Salt
Conductivity {W/m/K) 5" 19" 55
Thermal capacity (1/kg/K) i Fy 00

Finalky, this study Is based on two geochemical models, The simplified geochemical model of the Salt
THC model considers a single salt species (sodium chloride), Salt precipitation and dissalution are
madelled without kinetics using an equilibrium canstant that accounts for thermal effects |Figure 4.5),
The resulting THC moded is fully implicit. On the other hand, the complex geochemical model described
im 3.3.1.1 considers two mineral compositions (reservolr and caprock] and (nitial water compositions
equilibrated with in-situ mineralogy, temperature and pressure and a salinity of 19 g/L It also
simulates kinetics of minerai reactions, It is coupled to the TH madel with a sequential approach,
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As Tor WP3.2, the initial state of the fuid flow model is ydrostatic and saturated with brine at a
salinity of 19 g/L {uncertainty range [17.5 - 23] g/L from D2.11 {Mathurin, 2023)). The CO: injection
well s modelled as a vertical well with a radius of 0.069 m and a perforation length of 40 m, optimized
for the target injection rate of 300 kt/year (9.5 kg/s, i.e. 0.095 kg/s for 2 3.6° sector) on @ commercial
scale. A maximum injection of 100 kt of C0O; is considered, restricting the injection duration to 4
maonths at the target rate. This rate, considered as the maximum allowable injection rate, will be
constratned by the estimated fracture pressure (D3.2) and potential stops ranging from 10 days to 4
months simulating maintenance perlod or technical syent. The temperature of the injected CO,
stream at well bottom is constant over the injection period assuming an uncertainty range of [40 -
62|"C corresponding to the minimum temperature to prevent gas hydrates and to the expected
temperature for CO; transported by pipefine. Regarding boundary conditions, no hydraulic and
thermal fiux is assumed at the top and bottom of the studied domain. The outer lateral boundary is
modelled as open to hydraulic and thermal exchanges with the Dogger aguifer |Figure 4-3}

4.2.2 Simulation results of the Salt THC model
rI:.'.-: MO COLE e

This section presents the dmufation results of the 5alt THC model applied to the P50 geological
scenario and the fuid flow parameters of the Base case
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Figure 4-6 illustrates the distribution of gas saturation, temperature and precipitated salt at the end
of the CO, injection period (4 months). The extent of the CO; plume, which is primarily controtied by
the vertical heterogeneity of petrophysical parameters, reaches 185 m around the well, with & cooled
14 m-thick zone and a dried 5 m-thick zone near the well. Compared to the results of WP3.2 obtained
with the 30 static model, the gas plume is more extended vertically (+42m) and less laterally {-115 m
of radius) mainly due to mesh refinemant and water evaporation that lead to higher gas concentration
close to the well | 100% agatnst 53%)
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Within the dried rone, a heterogeneous distribution of precipitatad salt is observed (Fgure -6 and
toom in Figure 4-7]. This heterogeneity arises from variations in residual brine amounts caused by
differences in pore volumes and horzontal in-situ salt migration toward the well due to brine
imbibition. Thus, the highest accumulations of solid salt are found in cells adjacent to perforations.
The maximum value of sait precipitation (due to the Initial porosity) Is located in front of the
perforation 3 (the deepest perforation is labafled 35 '0'). At this location, the salt precipitation
reduces the initial porosity of 17.3% by only 0.1%, corresponding to a decline in parmeability of 2 mD
trom the initial value of 73 mD. The curves in Figure &-7 [right), representing the variation of the
injectivity index over time for each well perforation, show that this minor damage results in an
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injectivity loss of 2.4% for perforation '3’ during the injection pericd. Across all perforations, losses in
injectivity range from 1.8% to 3% and remain generally constant over the 8 months following the
Injection end. This stability is attributed to the return of brine towards the well which is sufficlently
slow to prevent sofid salt dissolution.

$333 Senstiiviy tomesh refinament
A concentrated accumulation of solid salt can signiticantly reduce the porosity and permeability of the
rock. To accurataly model this effect, it is crucial to apply a refinad grid in the near wellbore, whare
Huid velocities are highest, to avoid artificial dilution and underestimation of the solid salt amount.
For that purpose, the geometric progression of the hortzontal cell size applied for the radial mesh |5
optimized to improve accuracy of the injectivity loss while preventing numerical Issues, The tested
minimum sizes of the cells in contact with the wellbore are 0.01 m {leads too many numerical issues),
(.1 mand 4 m. Figure 4-8 presents the solid sal distribution at the end of the Injection period for the
4 m cell size. While the maximum solid salt amount (38 mole/m”) and the three main deposit areas
are similar due to initial salt amount, the distribution for the 0.1 m-dx grid is more |aterally and
verticatly heterogensous. According to Figure 4-B, this |eads to a 2% injectivity loss to all the
parfarations with a 0.1 m-cell size and 1o only threse parforathons for 2 4 m-cell size. Reduced to x single
cell width, the salt deposit for the 4 m cell size takes longer time to form and becomes less stable over
time following the injection perod. As a conclusion, despite a large refinement compared to the 30
static model, a grid with & minimum 4 m-cell size still underestimates the injectivity boss. The grid with
the minimum 0.1 m-cell size is applied for all the simulations done in this study.
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This section presents the evaluation of the risk of injectivity loss due to salt precipitation with
uncertaintles in the geological static model (P10, P50 and P30}, injection temperature, capillary
priessuse, miection rate varizbility, fuid fiow parameters [Min, Base and Max cases), and initial salinity,

Regarding uncertainties in the geological static model and fluld flow parameters, Figure 4-3 ilustrates
the distribution of selid salt amount at the end of the injection period. Varfations in porosity
distribution across the P10, P50, and P90 scenarios (with the same ireducible water saturation of
approxtmately 40% In the Oolithe Blanche) resuit in differences in the |ocation of solid salt depaosits

The maximum sofid salt amount ranges
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from 35 to 45 mole/m’, Influenced by the petrophysical models and the torrespanding fluid velocities,
which are notably higher in the Min/Base/Max P90 and P10/P50/PI0 Max madels. This increase in
fluid circulation creates a dried, salted area that is more [aterally extended and less vertically spread
compared to other models, particularly the Mincases. In the latter, the effective injection rate 15 lowher
than the target value (0.095 kg/s) because the fracture prassure threshold has been reached. Thus tha
[1.8% - 3%] range of injectivity loss for P50 Base case model previously described in section 3.1.2.1
slightly changes to [0% - 4%| with the scenarios P10, P50 and P90 associated with the Min, Base and
Max cases (Figure 4-10, Table 4-3, Less variation in injectivity loss for Max cases should be noted. It
results from homogenization of the saft distribution due to enhanced salt transport. These injection
loss values remain constant after the injection end excepted for Max cases for which some or all
perforations gain in injectivity one to four months after the stoo due to salt dissolution induced by
faster brine réturn, These results guantlfy the small impact of the gealogical soenarios and fuid flow
properties uncertainty an the risk of ini1,=|:'r|'.l|r'r' loss due to salt precipitation
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Figure 4-10: Inferzivity Indew boriation (W over tme for wall perforatons for P20, 50 arg P30 geodogical socnares ong
fefirs. Baore and ax cases

Tabie 4-3. Mndmum and menimem Infect Ty mdes yanaton (8 gurag ne irpectior pened (4 monma! forall well
penorotiony for P10 P50 ond P90 peologiom scenorios and Mis, Base and Mex coses

15.3.25 15-3.25 174
Base 1.8-35 18-3 2-375
Max 2.25-3 0-3.25 03,25

Similarly (Figure 4-11), an uncertainty in the initial salinity [19 - 23] g/L only adds a 0.7% loss to the
injectivity loss range according to PS0 Base case results and a maximum capillary pressure multiplied
by five adds 0.6% loss, In contrast, uncertainty In the injection temperature, between 40 and 62°C,
and a stop ranging from 10 days {Figure 4-11) to 4 months (Figure 4-12) during the injection period do
not have observable impact on the injectivity loss for the P50 model,

The strongest impact Is simulated with a 4 months-stop, with the P20 Max model {Figure 8-13} that
maximizes the fluid circulation related to higher permeability values. During the first phase of
injection, the salt precipitation phenomenon causes a maximum Injectivity loss of 3,3%. When the CD;
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injection stops, the fluid circulation, which is cantrolied by the upwards migratian of supercritical COy
associated with the lateral brine flow towards the well, induces salt dissolution and its transport, §e.
salt aceumulation multiplled by seven in cells adjacent to the four deepest perforations. When the CO:
Injection starts again, the precipitation of this bigger amount of salt Induces greater damage to
porosity (-0.7%) and permeability (-34 mD}). Thus, by comparison with the PO0 Base case (with an
Injection stop), the fiuld circulation intensification increased drastically the injectivity loss from around
4% to [12% - 23%] for the four deepest perforations 0-3". The overpressure increases from 6 to 7 bar
resulting from the near-wellbore alteration, staying below the maximum threshold of 27 bar for
preventing rock fracturing. Thus, despite a significant loss in Injectivity, the affactive injaction rate is
not impacted by salt precipitation, malintaining the target injection rate of 300 kt/year.
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&£23 Simulation results of the Complex THC model

The targeted Oolithe Blarche formation is 2 carbonated rock mainly compased of caleite, whose
dissolution could locally accelerate brine return in dried regions during CO: Injection stops and worsen
injectivity Inss due to salt precipitation. This section presents the results of the Complex THC model
applied to the P30 scenario (maximizing fluid flow) and Base case for fluid flow parameters. Their
analysis is based on Figure 4-14 and Figure 4-15 displaying the gas saturation map at the end of the
injection period and the change of the following parameters with time at different distance from the
wall (P1, P2 and P3 cells): gas saturation, temperature, dissolved CO; molar fraction, salinity, pH,

mineral velume fraction, porosity and permeability, To complete the analysks, Figure 4-16 shows a 20
view of dissolved CO, molar fraction, temperature, pH and salinity.
The P1, P2 and P3 cells have different physical conditions that may impact the rock reactivity. For P1
located in the cooled area, the gas saturation quickly reaches the maximum value, i.e. in-situ brine s
residual. Far from the well, P2 and P3 are little impacted by the cooling and the in-situ brine
equilibrated with CO; (the minimum gas saturation is the residual value) Is always mobile. influenced
by the low temperature, the dissolved CO: concentration ks higher at P1 than at P2 and P3. In these
conditions, pH decroases from 7 to 5.1 at P1 and to 5 at P2 and P3. Over time, this induces minor rock
reactivity with @ maximum at P1: salinity incroase [(+9 g/L), guick dolomite dissolution (-0.0004 of
volume fraction (-]) and quick cakite precipitation (+0.00014 of volume fraction (-]} inducing an
increase of porosity of D.00027, (2. relative increase of 0.2%, that leads to an increase of 4,10 m*
{(+0.4 mD) for parmeability, With this
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minar reactivity, resulting in @ 0.09% gain in Injectivity, no major impact on salt precipitation is
expected if water evaporation is modedled.

This very low reactivity in carbonates has also been simulated by André et al., 2007 with a 1D radial
reactive transpart model, In their study, 300 kt of supereritical CO; are injected in 10 years in a 20-m
thick reservoir modelling the Dogger saline aquifer. The petrophysical properties (0,12 as porosity and
107" m' {100 mD) as permeability) and the initial state [75°C for temperature and 180. 10° Pa {bar))
are similar to our study parameters. Compared to this study, three timas higher CO; amount (s injected
at ten times lower rate with twice lower horizontal transmisshvity, At these conditions and with a
Dogger mineralogy modelled by 0.7 of Calcite, 0.1 of Dolomite-Dis and 0.05 of Siderite, lllite, Alblte
and K-Feldspar, the CO; injection mainly induces dissolution {-0.007 of volume fraction (<)) of Calcte.
André et al, 2007 also show that when injecting directly dissoived CO; in water (rather than
supercritical gas) with an injection of 21 kg/fs of water saturated with CO; induces higher reactivity
with & dissolution [-0.7 of volume fraction (-)] of Calcite, This is due to a higher acidified water amount
in contact with the rock. Owverall, results fram the current study and the one from André et al,, 2007
are consistent with an expected low reactivity for 2 moderate injection of CO; at supercritical state.
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&.2.4  Conclusion

This numerical study has gquantified the loss of injectivity in a CO, injection well due to sait
precipitation and fluid-rock interactions. The study has focused on a potential pilot-scale CO; injection
into a deep saline aquifer [Dogger, Oolithe Blanche formation) within the Paris Basin, France. Two
reactive transport models applted to a radial mesh have evaluated the geochemical effects and thair
impact an the petrophysical properties and the injectivity index of the well perforations, The first has
considered water evaporation and simplified geochemica! modelling of salt precipitation while
excluding rock reactivity. The second has not accounted for water evaporation but has included fluid-
rock Interactions using a complex geochemical model that considers the primary minerals.
Considering uncertainties in the static model, injection temperature, caplilary prassure, injection rate
variability, fluld flow parameters, and salinity, the simplified geochemical madel has estimated an
Injectivity loss of the well perforations ranging between 0% and 4%, Additional losses arise from the
uncertainties in capiliary pressure (+0.6%) and salinity (+0.7%).

However, the study has also revealed that a 4-month injection stop could significantly reduce the well
injectivity {up to 23% for the P30 Max casa) in contaxts of high parmeability {100 = 1000 mD). 54, in
this case, the infectivity remains sufficient to continue to aliow the targeted injection rate (300kt/yr]
but this higher risk must be considered in cases of long stops for maintenance or for pllob upscaling
for commircial exploitation. The results of the complex geochemical model, which simulates a minor
0.09% increase in permeability due to Calcite dissolution, allow to conclude that no significant increase

in injectivity loss is anticipated related to rock reactivity
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4.3 Caprock integrity — Geochemical aspects

This section addresses aspects related to caprock integrity from the perspective of mineral reactivity.
To this end, two types of calculation will be performed. Firstly, 10 calculations will be carried out, in
which the transport component is resalved in a simplified way, but the geochemical model is complex.
Secondly, coupled reactive transport 20 radial calculztions will be performed, in which both transport
and geochemistry are resolved In a complex way. The geochemical model |s based on data from the
SEIF1 well which s located in the studied area.

4,31 1D smplitiea reactive transport calculations with complex geochamistny

4301 Datd ang workiiow

To madel the interface between the reservoir and the caprock, 10 smplified reactive transport
madelling was performed. This type of ealeulations invalves monophasic isothermal calculations but
resolves complex geachemistry,

These calculations are carned out in two steps (Figure 4-17):

- Frstly, the water saturated with gaseous C0: |s injected into a reactor representing the
rasarvoir,
- Ateach time step, the composition of the fluid leaving the first reactor is injected into a second
reactor representing the caprock.
Therefore, the caiculations performed here model the venue in the caprock of a fluid that has aiready
reacted with the reservoir rather than modelling the CO-saturated fluld directly, because CO; would
be injected into the reservoir meaning that the fluid reaching the caprock would have passed through
the reservoir,

caprock
'I:I:ﬂmd‘.l Pt:m:v '@l:ulm:ll i
& | st
PRI
wFauln
R w1l
reservoir -
lllrll'|| I.Irlllr.l I:|I'!I. ®» [ jemA=
® Harmnorlloens

'ﬁ Watet salurated with gaseous ), 8 Hirhon

m bl

Fipare 4-17: Prasentanin of e warkflow

In order to mimic the real system, water saturated with gaseous CO: is injected into the reservoir for
& months atter which the simulation runs for 500 years. The reservolr and caprock volumes and the
£, flow have been calculated to be representative of the real case, based on a long-term transport
simulation of the 30 model as well as porosities for each facies, pressure and temperature (Table 4-4)

As a reminder: the studied system is representative of a pllot-scale Injection: 100kt of supercritical
L0 are Infected inta the Oolithe Blanche formation.
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Fmhig d-d; Parometers foreoch foces, bowed oo tie PO 31T mpolel

Reservolr | Caprock
Temperatura (“C} 72.85 69.85
Pressure (bar) 130 182
Indtial porosity {3 10 5

The initial volumes of the reactors are set to 1 m*and 0.5 m* for the reservoir and caprock respectively.
The fiuid flow is 0.007754 m'fyear, correspanding to the flow rate injected Inta the 30 model relative
te the resarvolr volume.

The mineral compositions of the reservoir and caprock are based on average composition values for
well SEIF 1 [Tabie 4-5 and Table 4-6) located in the studied area |see Deliverable D2.9, Kilpatrick et al.

2025}

Tabie -5 Averoge mireral composition of the recervodr besed am SEFD wel dose fmalfil
Calcite Quartz Daolomite Kaolinite
9H.6% 0.1% 1.2% 0.1%
Taire 4=5: dvmroge ininshal campasdinn of the capriae haved on SEES wel dofo (mefs)

Calcite | Quartz | Muscovite | Kaolinite | Albite | Pyrite | Dolomite i | Binach Microchine

llanite lore
30.6% | 47.5% 5.5% 6.9% 1066 | 2.0% 1.5% 3.5% 1.0% 0.5%

The Inftial waters compositions are calculated to be equilibrated with [n-situ mineralogy and a salinity
of 19 g/, and the injected water ks calculated as the reservoir water equllibrated with a gaseous CO:

sky (Table 4.7,
TeshiE & 7 Wiskers compasitfan (mol kgt 0
Reservolr water Caprock water Injected water

Na 325601 3.62E-0% 3.25E01

K 1.00€-12 6.60E-06 1.00E-12

Ca 3.34E-04 5.53E-D4 3.34E-04

Al 7.87E-06 6.83E-08 7.B7E-D6

S 1.00€03 5.99¢€-04 1.00E03

C 7.70e-04 4 6BE-02 1.77E+00

a 1.256-01 3.24E-01 1.25E01

Fe i.7dk-1d 2.32E-09 2. rik-12

5 1.00€-12 1.09¢-14 1.00E-12

Mg 4.36E-04 7.82E-D4 4 36E-D4
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Figure 4-18 presents the evolution of geochemical parameters in the first reactor [reservolr) over a
500-year period. The system displays very low reactivity, the pH drops rapldly from approximately 9
to B immediately after CO; injection, then remains stable throughout the simulation. The saturation
indices of the main minerals remain close to zem, indicating that all minerals are at or near

thermadynamic equilibrium, Consaquently, no significant mineralogical transformations occur, the
mineral composition remains unchanged, and the porosity stays essantially constant at around 10%.
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Figure 4-18: Reswtts for the reserenlr as o furdchian of time’ o. gecrease af pit when mfeoting OO, satureied wate ; &, poramity
remar e constpnt e 10N, & stwroton imderrs siey onese to O all the minemly are ot équiibrigm, @ mwern
wlurme fractions remnoin (o stomt

Figire 4-19 confirms this observation, showlng that the overall mineralogleal composition of tha
reservodr remains stable, with no significant variation In the proportions of calcite, quartz, dolomite,
and kaolinite over time.
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Figure £:19 Minstmogy of indtiol (e ! ond finad stare (sight] (mef]in the peaensoir: (heey [y na change

In contrast, Figure 4-20 llustrates the evolution of geochemical parameters in the caprock, where
reactivity is higher than in the reservoir. A sharp initial drop in pH s observed upon contact with the
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COz-rich fluid, followed by 8 more gradual decrease from 6.85 to 6.45. In panels ¢ and d, only the
minerals exhibiting notable changes are represented. Quartr and moentmoriilonite show positive
saturation |ndices, Indicating a tendency to precipitate, whereas albite and dinochlore exhibit
nagative indices, suggesting 2 tendency 1o dissolve. The other minerals remaln close to equilibrium,
with saturation indices near zero. The evelution of volumetric fractions further confirms these trends:
quartz, montmorillanite, and dolomite precipitate, while albite, clinochlore, and calcite dissolve.
These mineralogical changes lead to a decrease of porosity from 5% to 4.76%.
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Finalty, Figure 4-11 shows the evolution of the global mineral composition in the caprock. An increase
in guartz, kaolinite, mentmorillonite, and dolomite is observed, along with a decrease in calcite, albite,
and clinochlore. These changes are consistent with the precipitation and dissolution processes
highlighted in Figure 4-20,

THESET1 Frewil gimes
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Figure -1 Mimeroiogy ot infml eft] oad final fote (pghi! (mo!) m the coorock, THe oranges are minor colote, atbibe

and chlinachione are dissoived wheress quarts, manimanfonite end dolomite precipitote

In conclusion, the 1D simplified reactive transport modelling, combining basic transport processes
with complex geochemical interactions, reveals limited reactivity within the reservoir, and & higher
degree of reactivity in the caprock, Inthe latter, a slight decrease in porosity is observed, from 5% to
4.76%, accompanied by the precipitation of quartz, kaolinite, montmorillonite, and dolomite, as well
as the dissolution of calcite, albite, and clinachiore.

L

4.3.2 2D radial coupled reactive transport simulaticn on a long term
To complete the work performed on the simplified 10 simplified reactive transport calculations with
complex geochemistry, a 20 radisl coupied reactive transport calculation is perormed.

The 20 radial model has been presanted i the previous section (P30 model]. It = composed by &
facies: Lower Bathonlen, Dolithes high and low [porosity], Comblanchien, Balle nacrée and Massingy
marts {Figure 4-23)

Figure 4-77 20 s eneade andd faciey ditribution, The douhed pellow line indicatey the brumdory betwesen the Dalle

fircrde and [ Maidagy mar

The geochemical mode! is the same as for the 10 simplified model: the mineral compasitions for the
reservolr and caprock are based on the data from SEIF]1 (Table 4-5 and Table 4-6) and the initial waters
compasitions are set to be at equilibrium with the in-situ minerals {Table 4-7),

As for the near wellbore study, gaseous €O, is injected aver a period of 4 months. However, in this
study, the post-injection period Is extended for the long-term behaviour study with a simulation
carried out over a period of 500 years.

The Figura 4-23 shows the state of the system at the end of the injection period, The drop of pH is
associabed with the extent of the CO; plume. The first layer of Massingy marls s not reached by the
CO; fuld (gas phase and COx-rich brine).

The FilotSTRATEGY project has received funding from the BPiintSTRATEGY
European Union’s Horizon 2020 research and innovation www, pllotstrategy eu
Poge 42

programme under grant agresment No. 101022664

o — —



1! PilotSTRATEGY

fiEEEEHOED OO

IBLEILEE 2

|| i b
|SEE il EEEER
LLLIER R

e

Figure 4-23; Afrer the 4-manth inectios period” & (s soturebon; & dissalwn £

molne frmction © BM, The anited relow

e inoawies the boundrny betwrey e Jalle Noorée ongl the Massingy mov

Flgre 4-24 Hlustrates the system's evolution after 11 years of simulation: the CO; plume spreads and
the dissolved COy reaches the first layer of Massingy marls,
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""" & s smrunmion; B dissoived L0 maigr froceen; © g, The dashed pefoiw line

Figure 424 After 11 yeors of simis
nalccied the bounoary bebween the Dute Aincrée and (e 8o singy mot

After 500 years, at the end of the simulation, the COz, whether in gas form or dissalved In water
présent In the first layer of Massingy marls, but does not penetrate any further [Figure 4-25}.

Fagee 4. 2%: At the end of the simulation: o
ingcares the bowndary betweer the Dalte’ Necrée amd the Mossingy maris

Regarding the geochemical reactivity of the caprock, Figure 4-26 displays a selected cell in the
layer of Massingy marls. This cell will be analysed In more detall later In the report.

gas siuwoticd; b dissaleed 00, molar frocion; ¢ pi. The dashed pefow lne
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Figure £-2€ Sencied oel tain b Bl oy af Moatsagy iafle The doahed yetiow ine inciivared the balnoory Beddeere
the Oinlfe Amiree and e Massagy anarn

The evolution of key parameters 5 shown on Figure 4-27. Dissolved CO:; molar fraction starts
increasing after 11 years and reaches the limit of solubility of CO, under these conditions,
conseguently, gaseous CO, appears, pH decreases from 6,85 to 6.67 when the dissolved CO; amount
Increases but when gaseous CO; appears, pH Increases back to 6.85. Porosity decreases fram 4.63%
to 4.5%,

1 |
J | : |
|
Figwne =37 Bwalirbion of porometen as o funchion of foe i fhe seleched ool @ pon suratan, &, divoteed C0 rmolor
fraction c gt i poeally

Figure 4-28 displays how the molar fractions of méinerals in the sefected cell change over time. Only
minerals that exhibit notable changes are represented. Calcite {CaCDy) and chiorite {clinochlore:
Mishl[AlSiz)0va{0H)a) can be seen to dissolve, releasing Ca®, Mg®*, AP, 51*" and CO,7 ions into the
water. Consequently, the main mineral that precipitate is dolomite (CaMglCOua). Montmorillonite
[Nas sgMEn 20l 2500, (0H);) and quartz [5i0,) also precipitate, but only in small quantities.
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In conclusion, this study swccessfully developed a comprehensive 20 radial reactive transport
simulation, that incorporates complex geochemistry and a realistic system configuration. The results
highlight the spatial and temporal evolution of the CO; plume, as well as the chemical interactions
between the injected COy, water, and the minerals present in the reservolr and caprock.

After 500 years of simulation, CO;, in both dissolved and gaseous forms, reaches the first layer of
Massingy marls without further penetration, demonstrating a degree of geochemical and structural
stability in the studied system. Geochemical observations reveal the dissolution of minerals such as
calcite and chlorite, accompanied by the precipitation of dolomite, indicating pH buffering
mechanisms and a slight reduction in porosity. Overall, this geachemistry study demonstrates a very
[imited geaochemical impact on the caprock of the COy injection at pilot-scale in the Dogger aquifer.
Therefore, geochemical Impact on the caprock s not a major concern for the caprock in the studied
Case.

4.4 Storage complex integrity — Geomechanical aspects

4.4.1 Coupled flow-geomechanics model

The coupled simulations were carried out through & sequential coupling between CooresFlow and

Code Aster. Code_Aster |s an opén-source finite element-based simulator for solld machanics and

structural analysls (hitps://code-aster.omgf), Simulations are subdivided Into fixed coupling periods,

and two algorithms are used: a simple one-way coupling in which the mechanical problem [s sobved
independently without retroaction on

Tha PilotSTRATEGY project has received funding from the @PISTRATEGY
Eurcpean Union's Horizon 2020 research and innovation W'-"-F"m"i;bﬂ'r-::
age

programme under grant agreement No. 101022664



«; PilotSTRATEGY
Auid-flow, and an iterative coupling which relies on a fixed-stress coupling algorithm [Kim et al., 2011).
Far the iterative approach, all exchanges and communications between simulators are managed by
preCICE (https://pracics.org/) an open-source co-simulation library (Chourdakis ot al., 2021).

Far each period, the quasi-static mechanical equilibrium equation is solved under the assumption of
lmear poroelasticity (Coussy 2004). Poroelastic properties are estimated from the porosity field using
analytical models based on the effective medium theory. Two models were used depending on the
facies; Bemer's model (Bemer ef al, 2004} tallored to carbonate-rich formalions present in the
reservoir (the Dalle Nacrde, Comblanchien, Oalithe Blanche and Lower Bathonien), and a mare general
Mori-Tanaka model (Marl, Tanaka 1973} for caprock, overburden, and underburden formations,
Parameters of these laws were deduced from available data (core samples from Charmottes-4
[CHM4), Vulaines-1 (VUS1) and DT log from VUS1), During one-way simufation, the pore
compressibifity moduli are calculated based on the poroefastic properties of each formation and
porosity values, so that the variations in pore volumes astimated during fuid-fliow simulations are
consistent with calculated mechanical deformation. Several assumptions are possible 1o express this
pore compressibility:

isotropic deformation with an incompressibie solid skeleton ({so b1)

1
E_ﬂ-n_ﬁ,

Isatraplc deformation with compressible skeleton [isa)
C i + :
Fodp\Kk M

Dedometric deformation with incompressible skeleton (oedo bl)

oo g S
F‘s::—.,(axur:)

Qedometric deformation with compressible skeleton (oeda)

C_l b +1)
U \IK 46 M

With b, M, K, G respectively Blot's coefficient, Biot's modulus, bulk and shear elastic moduli, A
comparisan between one-way models based on these assumptions and an fterative calculatlon is
avallable In the appendix (Figure 7-1).

To evaluate formation integrity, a Drucker-Prager criterion i§ used (Drucker, Prager 1952]. The
coefficlents of Drucker-Prager criterion can be expressed in terms of the cohesion ¢ and friction angle
&' parameters of a cassical Mohr-Coulomb: These parameters are estimated from the porosity field
through empirical laws, For reservolr formation, these laws and their associated parameters were
identified from triaxial tests on carbonates [Bemer et al., 2004). For caprock {callovo-oxfordian
formation], parameters were taken from literature data (Menaceur et al., 2015}, The distance
expressed in the p', q imvariants plane, between the local stress state and the failure criterion, is used
as a risk indicator and calculated for each cell in the formations af interest,
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= For reservoir formations, an “oedo-distance” is used, which crresponds to the distance to
the criterion when the stress path lollows a trajectory under cedometric condithons. This
simple physical assumption s suitable for a cell primarily subjected to pare pressure
variations.
For the caprock, an orthoegonal projection of the stress state onto the yield surface is used,
This is the most consenative distance, as the cap-rock is subjected to more complex loading
{pressure, bending, etc).

Mo In situ test results allowing to estimate the initial stress state (LOT, hydraulic fracturing tests, FIT,
ete) for the area of Interest were provided. The initial stress state is then estimated based on literature
data and equilibrium calculations. The principal horizontal stress (SH) is oriented N150°E, and the
stress ratio SH/Sy s dose to 1 at the depths of interest, while the ratio Sh/Sv varies between 0.55 and
.85 depending on the clay content of the formations (Gunzburger, Magnenet, 2014, (Vidal-Gilbert
et al,, 2008),

All reference parameters for alastic and plastic properties, as well as the initial stress state, are
provided in Appendix 7.1. The complete description of the mechanical model and the identification of
the chosen parameters is detalled In 3.3, appendix 7.1 (Alavoine et al,, 2024).

The following analyses focus solely on the infection perfod (4 menths) and short-term past-injection
period [up to B months). Beyond this last period, the overpressure becomes negligible and therefore
geomechanical effects become also negligible.

442 Geomechanical study an P10, PSO, P90 modals

The nine cases, described in section 4.1 (Table 4-1) and in deliverable 03.3 (Alavoine el al,, 2024) have
been simulated with an erative hydromechanical coupling to improve the estimates of the
overpressure induced by the injection and |5 related consequences to the subsurface deformation
and surface displacement, and to assess the risk of fallure through the calculation of the distance to
the Drucker-Prager failure criterion. In these simulations, CO; was injected from day 10 to day 131 and
the simulations continued for up to one year (365 days).

For the Initial stress state here, the strecs ratio SH/Sv Is 1 for all cases and the stress ratio Sh/Sv s
taken as follows for all 9 cases: 0.8 for the over/under-burden, 0.74 for the caprock, 0.6 for the Dogger,
and 0.68 for the lower Bathonian {see Appendix 7.1 Table 7-3).

The resulting variables of these numerical simulations that are relevant to the study are:

s  The pressure and overpressure in the reservolr and at the bottom of the caprock formation.
s The vertical displacement at the surface of the model and at the Interface between the
caprock and the resenaair,
»  The distances ta the failure eriterion:
o for the caprock: ortho-distance to the criterion,
o for the storage formations; cedo-distance to the criterion,

The distances used to assess the storage integrity (caprock and storage tormations) are distances to
the inner Dricker-Prager criterion, they are described in the deliverable 3.3 {section 7.1.3.4)
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For the sake of clarity, in the models, rock formations with the same mechanical properties are
grouped together and treated as a single rock rone. |1 may vary from the layers defined in terms of
flow properties, The formations of interest are defined as follows in terms of machanical proparties:

o Caprock: Callovo-Oxfordian (COX) and Massingy marls.
s Storage farmations [also called ‘reservolr'): Dalle Nacrde, Comblanchien, and Qolithe Blanche.
o  Lower Bathonian : Lower Bathonian,

In this section, in all figures the system of coordinates is centred on the injection well location.
fofection well results

For most of the cases, the expected amount of CO, (100 kt) can be Injected in 4 months while
respecting the maximum Bottom-Hole Pressure (Figure 4-29], pre-caloulated for mechanical integrity
of the injection site {in D3.3, recalled in 4.1 section of this report). Only P10-Min and P90-Min cases
reached the maximum BHP and have a limited amount of injected CO; after 4 months (around 10kt
for PLO-Min and 40kt for PS0-Min), This is related to low values of permeability, with the considered
K-Phi relationship leading to a low connectivity near the injection well (Table 4-8, see also Figure 4-30
and Figure 4-32). However, all threa "Min® cases are super-pessimistic in regards with Oolithe Blanche
permeability values: indeed, these values are related to the lowest permeability values from core/plug
measurements, Yet the matching of the wasted water injection well's history (SEIF-1 well) in the area,
perfarmed by the BRGM's partners {see D3.4, Ban Rhouma et al., 2026) required to increase three
times the permeability field of the P50 model (base case). Thus, 'Min' cases are probably to be
discarded with this new information about the dynamic behavier In this area, leading to an expected
maximum overpressure around 28 bars for the reraining cases. In conclusion, on this basis, we do
not expect any injectivity problem regarding the geomechanical aspect for the CO; pilot-scale Injection
Im this area. This will be confirmed in the next section with the study of the failure distance criterion
for each case.
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CO; migration results

Compared to previous results in 03,3, the extent of CO; migration is slightly larger (laterally and
vertically} but could alsa be related to the change in in-situ temperature |dissolution and density
affacts) compared to the previous models. Updated tables of CO; plume extent and snapshot of the
cross-section of the C0; plume at the end of the simulation (1 year) are presented below for the sake
of completeness (Figure 4-30, Figure 4-31, Figure 4-32).

Owerall, the extent of the plume remains in the same order as previously, with a maximum extent
abaut 350 m around the well. The CO; plumes never reach the caprack during the injection period and
B months post-injection period [as described, in 4.3.2, the CO; plume only reaches tha caprock
Interface about 11 years post-injection for the P20 model (radial)).

P10_PSC ~ CO» plume Extent [m] X ¥ z
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Figre 4-33 iHustrates the spatial distribution and magnitude of the maximum overpressure (or
pressure difference with the inital state] at the end of COy injection into the storage formations (i.e.
Oaolithe Bianche, Comblanchien and Dalle Nacréel. The maximum overpressure was evaluated
vertically for each column of the 30 grid and represented in 20 for clarity, The rows represent the P10,
P50 and P90 models, while columns correspond to the additional three case scenarios (Min, Base case,
Max). The initial maximum pressure in the resecvoir ranges between 19 and 20 MPa.

The simulations showed that the maximum overpressure reached at the end of injection, upon closing
the well, over the whole reservoir formation and over the 9 modeks, was 7.06 MPa (70.6 bar) in the
P10_Min case [injection well results, see previous Figure 4-29). Looking more closely, the peak values
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of overpressure in all cases are concentrated in a tew cells above and Below the injection point (see
Figure 4-34 with the P10 Min case as an example). In 30 models, maost of the maximum excess

pressures appearing in Figure 4-33 are In 2 range closer to 1.5-2 MPa

This overpressure was completely refeased in the reservoir at the end of simulation [after 1 year of
simulation, B months post-injection] where the maximum value observed over the 9 cases was around
0.08 MPa (0.8 bar). This ks clearly shown In Figure 4-35, which provides sections of the 2D maps of
maklmum overpressures in the raservoir from Figure 4-33, for all models and at different times

Sactions are positloned just above the wall location, to capture (s peak value

The overpressure in the storage formations therefore extend with redatively low values during
injection; in comparison to the well pressures, If we ioak anly at the top of Dalle Nacree, at the end of
injection, overpressure results have the same distribution but with even lower values {Flgure 4-35)
The maxdmum pressure value s 1.1 MPa, which is far from tha 7 MPa af the injection point, and quite
low compared to the maximum values distributed ever the entire reservalr in Flgure 4-33, This means
that upen reaching the caprock layer, overpressures are significantly reduced, lowering the risk for
caprock integrity,
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Figure 4-38 completes these observations by showing the overpressure profiles on a cross-section of
the models, still at the top of the reservaoir and at different times. Unsurprisingly, the maximum value
is around 1 MPa at the end of injection in the P50_BaseCase model, and all excess pressures disappear
at the end of simulation (B months after ending €04 Injection)

In the caprock zone, maximum excess pressures occur at the bottom of the grid, and they do not
exceed 0.6 MPa (or 6 bars) at the end of injection, as shown In Figure 4-39, All excess pressures of the
nine cases drop down below 0.1 MPa at the end of simulation in the caprock. This leve! of
gverpressures remains very low, which means that the integrity of the caprock should not be greatly
affected, This affirmation is reinforced by the analysis of the distances to the fallure criterion in the
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related section [following the displacement results], It should be noted That the peculiar aspect of the

pressure distribution In Flgure 4-33, is due 1o the heterogeneity of flow properties at the bottom of
the caprock zone, in particular in the 'Min' cases with the lowest values of caprock parmeabliity, and
consequently with the highest permeability contrast between storage formation and caprock (see
Figure 4-37)
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Dvsploncement resilts

In addition to the evolution of the resulting pressure field, the displacement fleld was also studied in
the 9 simulated cases, especially the vertical displacements at the surface of the models and at the
caprock-reserveir interface. Surface displacements provide insights into ground deformation, which
can serve as an early warning for subsurface pressure buildup and associated risks to infrastructure.
Displacements at the caprock-reservoir interface can give information about caprock integrity,
highlighting potential damages.

What can be seen from the simulations in Figure 4-40 is that the vertical displacement at the surface
remains very low, with a maximum value in the P50_Min and P10_Base cases of 0.8 mm, at the end
of injection {131 days). The displacement in these cases drops down to 0.4 mm, 8 months after the
end of injection. This figure shows the displacements of the surface nodes an a oross section alang the
X axis a1 2 given Y position (12 475 m). This position is right above the well kocation to capture the
rnaximum magnitudes of the displacements.

The nearly symmetrical shape of the curves indicates an almost radial distribution of the vertical
displacements, centred on the well location, The propagation of overpressures shown before suggests
that the distribution of the displacements follows the same trend, and that profile of the curves in
Figure 4-40 and Figure 4-41 is quite the same in all cutting directions.
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The same observations can be made for the vertical displacements at the caprock-reservoir interface
In Figure 4-41°, where the magnitude of vertical displacements remains relatively low, with a
maximum valie of 1.75 mm for the P50_Min case at the end of injection. The maximum value then
drops under 0.75 mm at the end of the simulation.

Tracking displacement velocities is one of the few possible monitoring methods, from the surface of
the 0y injection site. Looking at the displacement velocity, averaged over 10 days at different times
ol injection, and for all models, it can be observed that the velocities are all within a range of -3 10 3
mm/year (Figure 4-42), Tha represented timas in Figure 4-42 correspond to [from left to right): the
first 10 days of injection [tr= 20 days), thie last 10 days of injection (t;= 131 days), and the first 10 days
after closing the wall and ending the injection. Based on surface monitoring technigues such as InSAR
[resalution ~1mmy/year], all cases can be monitored at the beginning of the injection, and some until
the well Is closed. The post-injection phase |s partially detectable over & short period of time but
completaly invisible in all "Min” casas,
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* The number of nodes plotted at the caprock-reservolr interface Is higher than the number of nodes at the
surface due io the mesh refinement, That explaing also the finer representation of displacements at the caprock-
reseryoir interfoce for points with X positions betwesn 5000 and 15000
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Failure risk analysis

Anaother impartant element In the analysis of caprock and reservoir integrity is the distance to the
mechanical fallure criterlon. As deseribed in deliverable 3.3 (section 7.1.3.4), a Rilure criterion [inner
Drilcker-Prager) was chosen, with parameters [cobesion, friction) varylng as a function of porosity and
formation type. The parameter that is looked at in this integrity study is the distance of the stress state
of each grid cell from its own Dribcker-Prager failure criterion. The methodology used to assass the
distance to the criterien is described in deliverable 3.3

A first look at the distances evaluated over the reservoir shows that, prior 1o injection, the initial stress
states of each cell are far from the failure criterion. Just like the overpressure distribution in Figure
4-33, Figure 4-43 represents the minimum ortho-distance that was evaluated vertically for each
column of the 30 grid, over the entire reservoir formation, The minimum values obtained are in
majority close ta 30 MPa, and the lower fimit is 25 MPa, which is still a high value and a |arge distance
to the failure criterion. In the caprock farmation, all cells have an ortho-distance between 12 and 19
MFPa, the lower values being in the upper layers of the concerned rock zone, subjected to lesser values
of excecs pressures driven by the Injection, This range of values s still quite high, meaning that the
caprock calls are quite far from the fallure point.
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The same kind of representation is quite difficult to obtain for the caprock, due to the grid refinement
that adds complexity to the structure and arrangement of the cells. They are no konger all aligned in
simpie columns from the top to the bottom of the caprock formation, unlike in the reservoir. This is
why, another representation of the stress state of the cells over the reservosr and caprock was used
in Figure 4-44

In Figure 4-44, all cefls of the grid are representad, for all modals, in their stress state at the and of
injection, in @ mormalised (P, Q) plane, Points from caprock and reservoir ame in red and blue
respectively. Usually, the stress state of an element is represented in the (p'; q) plane, where p' is the
mean stress and g is the devigtoric stress of the element. Here, a5 each stress state is to be compared
with a difterent failure criterion, since it varies with cell data (porosity, rock type), it was found more
relevant to normalise the representation following the description of Figure 4-45, This normabsation
allows all elements ta be represented with respect to a single criterion in the same plane

From Figure 4-14, even at the end of injection, all cells from reservoir and caprock are still far from
the failure criterion, so no matter what type of distance is used as a parameter here, the risk of
damaging the caprock or reservair is really low in these simutations. Tha P20 models ara the ones in
which stress states of some elements are closer to the criterion, but when looking at Figure 4-46, the
variations of mean stress p’ and deviatoric stress g during [njection in these models are lower than in
P10 and P50 corresponding cases,
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Figure 4-45 shows the variations of p’ and g for all cells In reservoir and caprock at the end of injection
for all models. Variations are calculated with recpect to the initial state |t appaears that, at the end of
injection, these variations are limited to values in the range |-0.45:0.45] MPa for p° and to [-5;0] MPa
for g, in the reservelr. The maximum changes in stresses occur in the Min cases of the models, while
almast no stress changes are seen in the Max cases, this can be related to the magnitude of
averpressure in each case. The stress changes of the elements in the caprock are even lower, with less
than 1 MPa varation for the deviatoric stress q, and less than 0.1 MPa absolute varlation for p’

Compared with the initlal distances to the criterlan of around 25 1o 35 MPa in the reservair, thess

Tha FilotSTRATEGY project has received funding from the EPliotSTRATEGY

Eurcpean Union's Horizon 2020 research and innovation wiww.pligtstrategy eu

programme under grant agresment No. 101022664 Fage 61
= = —



« PilotSTRATEGY
variations confirm that the storage integrity (incl. caprock) Is well presefved and far from being at risk
i this context.
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Conclusion

The geameachanical study of the P10, P50, and P90 models indicates that OO0y mpection up to 100 kt
over four months is achievable in mast scenarios without exceeding critical Bottom-Hole Pressure
[BHP] limits, except in the P10-Min and PO0-Min cases, where low permeabllity restricts injectivity,
Crverpressure levels are highest near the Injection point (7 MPa in P10-Min) but significantly dissipate
at the caprock level (< 0.6 MPa), ensuring caprock integrity. Vertical surface displacements remain
minor, peaking at 0.8 mm, and caprock-resemvoir interface displacements do not exceed 1,75 mm,
Stress states in both caprock and reservoir remain far from failure criteria, with minimal stress
variations during injection, These results confirm that CO; injection under the studied conditions is
mechanically sale and does not threaten storage integrity,

a.4.2 Enlarged uncertainties analysis on P50 modal

For this analysis, the uncertainties have been extended to additional geomechanical parameters
compared to previous one (see deliverable D3 3 [Alavoine et al., 2024)) and some uncertainties ranges
have baen shifted {e.g. K/Phl relationship) in regards with new information coming from SEIF-1 data
analyses (BRGM, personal commmunication, see also D3.4, Ben Rhouma et al,, 2026), We consider 12
uncertain parameters which may specifically affect gas migration and/or pressure and displacement
results (Table 4-12). We performed a Latin Hypercube Sampling (LHS] of those uncertain parameters
to build & Design Of numerical Experiments (DOE] of 175 ssimulations (Figure 7-2).
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Tohie 412 Honge of values for imoertom pommeters in the DOE

K/Phi expanent factar in high porosity facies of the Oalithe Blanche {logld P 0.6
5L/ o ) | P -
_Comblanchien anisotropy (bogl0 scale) [ - 0.52 0.48
Callov-Oxfordian permeability multiptier factor (log10 scale] [-] -23 0
‘Residual gas saturation in high porosity facies of the Dolithe Blanche [-] | 0.05 0.3
_Kr model exponent In high porasity facles of the Oalithe Blanche [~ 04 0.7
Bulk modulus parameter for carbonates [GPa) |38 |75
Shear modulus parameter for carbonates [GPa) 29 2
Vp (compressional wave velocity] in shale [m/s] 3000 4500
nu [poissan coefficlent) In shate [-] 0.15 0.3
Stress ratio SHYSY [-] 0.9 1.1
Stress ratio ShfSv in shale [-] 0.75 0.85
Stress ratio Sh/Sv in carbonates || 0.55 0.65

After assessing a low difference between iterative and one-way results, for this case, with a proper
estimation of pore compressibility for the flow simulation (sea Figure 7-1 in appendix 7.1}, only & one-
wiy hydromechanical calcutation is performed for this uncertainties study, This leads to a possible
negligible pressure overestimation {conservative choicel but allows to save a significant
computational time for the 175 hydromechanical models of the design of experiments. For
computational cost’s raasons and because this DOE covers a large range of possibilities, tha fallowing
analysis (s performed solely an the P50 model.

For the uncertainty and sensitivity analyses, the same methodology as presented in D3.3 s used
[caleulation of Sobol indices and use of Gaussian Process as metamodel for large sampling). Distances
to fallure criterion are calculated using the same methodology as previously,

In the following results, the timedine was shitted to start at the injection beginning (e.g. 10 days now
means 10 days of injection),

44.3.1 Sotistes ong sensitnily fo Lincertain, parameters for the well pressure results for the 175
SITELI L AOTTE

With the shift in the range of the porosity/permeability relationship factor to higher values for
permeability, the trend in the increase in pressure at the well [s even lower than in previous results in
03.3 [uncertainty analysic, section 3.3) and pressure results remain far below the maximum allowed
bottom-hale pressure {24.7 MPa). This allows to inject the targeted amount of CO, (100 kt) in 4 months
for all Smulations of the P50 model (Figure 4-47), The main parameters infiuencing the well pressure
results are still porosity/permeabliity relationship factor and parameters related to relative
permeability curves (residual gas saturation and factor exponent for the curves) (Figure 4-48).
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d.4.3.7  Stotsics ond Sensiivity oy incartal pargmeters for the gas sotyroion migration for the 175

SirrRLg G
Actording to the first analysts of the flow simulation results [see previous sections and 03.3), CO; gas
[supercritical) remains in the Oolithe Blanche formation, where it is mjected, during the injection and
up to 8 months after the injaction. Therefore, the gas saturation analysis, and its extent will focus an
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the Oaolithe Blanche farmation. To study the lateral extent af the gas Saturation, we will select per
time step the maximum extent of CO; over the vertical.

Based on maximum resuits from the ensemble of realizations (Figure £-49) representing the maximum
area that could be Impacted considering all uncertainties [Le. at feast one realization reached one
element of the area), the axtent of the CO; plume remains betow 500 m from the well at the end of
injection and 8 months past-injection. Accarding to the Figure 4-50, one should expect at maximum a
C0; plume exdent af 350 m from the injection well far the considerad uncertainties,
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To compute average, variance and percentiles results for the gas saturation maps, we used a random
sampling of 20000 on metamodels built on the basis of the 175 realizations (02 above 0.9 for &
months, and above 085 for 1 year, except for one value around 0.75). For these metamodels,
parameters related to initial stress state are excluded since they are not considered for the flow part
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of the simulations, Metamodels are thus bullt with 9 vanables (the nine remaining uncertain
parameters),

According to Figure 4-51, Figure 4-52 and Figure 4-53 one can notice a gas trend migration sfightiy
toward the NW during the injection, and slightly toward the SE after the Injection stopped. Bath
Ipcations are also the ones with the highest uncertainties, with the highest vanance values.
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The maost infiuencing parameters of the gas migration are the permeability and permeabiiity curves
parameters (Figure 4-54), Interactions between parameters increase post-injection. The cumulative
influence of both relative permeability parameters tends to be predominant ower the field
permeability.
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Nate: For the 00, dissalution, the uncertainty and sensitivity analyses gave the same trend as in D3.3.
The average amount of dissolved CO, is slightly lower because ol the change in permeability ranges
[pressure effect).

44,33 Stotisties and sensithi to uncertain porometers for the overpressure for the 175 simidaticns

The maximum overpressure results obtained for the 175 simulations in the storage formations are
relevant with resuits in previous sections, with the significant values of maximum overpressure
concentrated around the injection well (Figure 4-55). Ta recall, the maximum overpressure for each
simulation is caleulated by the maximum overpressure value over the vertical axis, reducing
dimensions from 3 to 2, In the studied formations. After 10 days of injection, some cases excoeded 3
MPa of max. overpressure In the vicinity of the well, and most of overpressure is at max. 1 km from
the well (i.e. above 0.1 MPa). At the end of Injection, the peak of owerpressure has been
accommodated amd is around 1.6 MPa at maximum. The overpressure has propagated with the
injection and is &t max. 3 km from the well {for values above 0.1 MPa). Eight manths after the well
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shutting, the overpressure ks negligible for all simulations: below 0.1 MFa everywhers,
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The sensithvity analysis on the maximum overpreéssure (Figure 4-56) Indicates that permeability and
relative parmeability parameters are the ones that contribute the most to the overpressura’s results
variability {i.e. contribution is defined as significant in the area where the overprassure |5 superion bo
0.1 MPa}.

Tha PilotSTRATEGY project has received funding from the @ PISTRATEGY
Eurcpean Union's Horizon 2020 research and innovation W'-"-F"ﬁ“"i;bﬂ'r-;:
age

programme under grant agreement No. 101022664



Talel Cwci - D IFwdad 100

Twy h Ty
Dt o fhe el elzng Heanls m]

Figure #-50) Tote! effec

Pl poadiain, 10 g arfer the Siec o sforted (o1l and ot th

{8 PilotSTRATEGY

J |-r
D e e wedl bl ot g Wi ds ]

fabal inoioes Jor the e oveTnresure a1 Stordge fomatienT aiong the X-aus f=0, ot tha

£ rd cf miectior frightl

As previously, the level of overpressure in the caprock remalns low, with a maximum of overpressure
around 0.4 MPa in the bottom caprock at the end of injection (Figure 4-57), The discontinuous aspect
of the caprock’s overpressure (s related to the caprock heterogeneities which drive the pressure
propagation from the storage formations to the caprock as described previoushy in Figure 4-37. After
the injection ceases, the pressure releases follow the same trend as in the storage formations with an
averpressure below 0.07 MPa after 8 months of injection
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4434 Srotistics and sensitivity 1o uncertain parameters forf the surfote J-displacement for the 175
L1 T L
Both surface velocity of displacemant and cumulative displacements are treated Hers. The velocty
gives a hint about the expected velocity of displacoment and thus the ability to measure the
displacement with the surface monitoring tool while the cumulative displacement gives the order of
magnitude of the total surface movement.

Velacity retults depend an the studied period site |average value over the considered period). For a
periods of 10 days, at the very beginning of the injection, the velocity above the injection well ranges
between 2 mm/yr and 5 mm/yr (Figure 4-58) in function of uncertain parameters values. This s above
the detection threshold for most monitoring tools (2.g. 1 mmy/yr for InSAR). High velocities [negative
vitlues) are also recorded, between 2 mmy/yr and 4 mm/yr, while shutting the well {again period of 10
days) when subsidence occurs when stopping the injection. These results are consistent with periods
of the largest change in pressure regime. Notice that, at the end of the post-injection period, surface
displacements are below the In5AR threshold value.
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In Figure 4-59, cumulative displacement results above the well reach a maximum at the end of the
injection, with an uncertainty range batwean 0.4 mm $o0 0.7 mm. At the and of the post-injection
period, with the pressure release inducing subsidence, the surface uplift decreased to a value of 0.3
to 0.1 mm, depending on the subsurface properthes.
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In the following anahysis, we will treat cumidative displacement at the end of the injection period (122
days, l.e. 4 months of injection) and the and of the post-injection persod {355 days after the Injection
begins), while the velocity will be studied at the beginning of the injection (10 days of injection) and
|ust after stopping the injaction (10 days after the injection stops, .. 132 days after the indection
bagins)

The maxmum velotity and related madimum cumulative displacaments are above the well 25 shown
in Figure 4-60, Figure 4-61, Figure 4-62 and Figure 4-63. For the considered Injection period (4 months),
thie cumulative displacements remaln bow (<1 mimj and will ot imgact the surface installation [Figure
4-62). Nevertheless, the velocity is sufficient for measuring and monitoring the displacemeant in the
Injection well area (Figure 4-60, Figure 4-61).
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Indeed, accarding Lo Figure 4-64, velocity of displacement will be measurable at maximum about 2.7
km from the well. Differences between P10 and P90 results are measurable in the vicinity of the
Injection well [differences larger than 1 mm/yr), but standard deviation results remain below the
measurable threshald. This is probably iimiting for model calibration based on surface monitoring, As
for gas seturation, we used a random sampling of 20000 on metamodels built on the basis of the 175
realizations (02 above 0.9 for both periods) to obtain these statistical results.
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According to the sensitivity study, the most contributing parameters of the results variabllity at the
well are the permeability {(K/Phi relationship paramieter) and the efastic parameters of Oolithe Blanche
[Figure 4-85). The permeabifity (s predominant when injecting €O while the elastic parameters
become predominant further away from the well while injecting and in the vicinity of the well after
the injection stops (Figure 4-65 and Figure 4-66), The permeability’s impact is directly related to its
Impact on pressure response ([dominant parameter on the injaction well pressure while injecting, see
Figwre 4-48) and by consequences on porous medla deformation, untll impacting the surface

displacement.  Elastic  parameters
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define the ability of porous media to elastically deform with the stress change and to accommaodate
this one. Thus, for example, with low values for elastic parameters and a given increase in pressure,
we expact higher porous media deformatlon and consequently a higher surface uplift. The change in
pressure being mainly In the Oolithe Blanche formation, it leads 1o its elastic parameters being
predominant here, compared to the caprock ones {low overpressure in the caprock). Further away
from the well, the influence of some caprock properties is noticed [permeability and elastic properties)
on surface displacement after the injection stops, but in an area with low displacements and at that
time, far away from the well, boundaries effect may disturb those results.
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While previously none of the nine models reaches the failure eriterlon, either In the Dogger aquifer or
In the Callevo-Oudordian formation (caprock) (see section 4.4.2), here one simulation obtains negative
values in terms of distance to the faillure criterion in the Dogger aquifer during the injection period
[Figure 4-67, right}. This means that the considerad failure criterion is reached and that the risk of
failure must be considered for this parameter configuration. The main reason for this difference is due
to different values of Initial stress ratio. Indeed, in the initial state, there are already some elements
for some specific simulations with stress invariant values close to the fallure criterion [Figure 4-88). As
previously (Figure 4-46), the distance variations are quite limited but sufficlent for one of these
simulations to reach the criterion at some paints, since they are very close to it at the very beginning.
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Addressing the specific case of the simulation reaching the fallure critarion in Figure 4-69, we gbsanve
that the area at risk is [ess than 2 km south of the Injection point (blue colour), During the injection,
there is a sfight change toward colder colours, meaning a slight decrease In the distance to the failure
criterion, This is still sufficient to reach the failure criterion in the blue-coloured area. The area close
to the well remains safe. This is also to be related to the heterogeneity of rock properties (porosity
will bath impact cohesion and friction coefficients, impacting the initial distance and the elastic
parameters values, impacting the dynamic behaviour)
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Even if interactions between parameters and non-linear effects make difficult the analysis of
simulations results vs. parameters values in a scatter plot, a trend i5 emernging between inktial stress
ratio and distance to failure criterlon, with clearly the lowest values of distance with a ratlo SH/5v
above 1.02 and in a lesser extent with decreasing value of Sh/Sv (in Dogger aguifer|, Even with quite
low uncertainty ranga, the value of tha initial stress ratio betwesn tha principal horlzontal stress (5H)
and the vertical companent stress (Sv] i€ critical for the estimation of the risk of fallure,

Neyertheless, one should remember that the considered failure criterion s the most consenvative one
[inner criterion). While analysing results for the outer Drucker-Prager fallure criterlon, even for this
simulation, this last fallure criterion is not reached, This means that this case Is at rsk but does not
necessar| by reach the fallure,
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Regarding the general results of the entire set of simulations, minimumn distance for all simulations
[Figure 4-71) and standard deviation In distance to the fallure criterion {Figure 4-72), It appears that
areas with the lowest distance are also the ones with the highest variations [thus highest
uncertainties). This Is to be related with the heterogeneity of rock properties again, and maore
specifically to the porosity field, Porosity valuss control the elastic and plastic parameters values,
Imipacting the initial distance and the dynamic behavior, These low distance values and high variation
areas correspond to higher porosity values in the 20 trend of porosity values in Oolithe Blanche (see
03.2).
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Using metamodeling, when resampling over 20,000 samples of uncertain parameters, we obtain
around 1% of samples (203 realizations) reaching the failure criterion (Figure 4-73). All negative results
are obtained for SH/5v above 1. and Shy/Sv below 0.59 in carbonates,
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Because the areas with the highest risk are also the ones with the potential highest variations, it is
recommended to constrain these uncertainties by (1) Addithonal characterization over initlal stress
state (2) Additional characterization over rock proparties (porosity, elastic and plastic praperties) (3)
avoid these areas for future injection well location (already considered In the suggested well kocation
in D3.3)

On the cantrary, for the distance Into the Callovo-Oxfordian formation to the fallure criterhon, we keep
the same ordet of magnitude as for the nine models previously studied, aven though SHYSy and Sh/S¢
if marts have been varied, Minimum distances ranpe between 12 and 19 MPa and remain far away
from the critericn aven during the Injection period.
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45 Summary and conclusions

To evaluate the integrity of the storage complex, comprehensive numerical geochemical and
geomachanical studies were implemented with short- and long-term analyses, coupling flow with
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geomechanical and geochemical processes. Those studies were achieved for a pilot-scale CO: injection
in the Oolithe Blanche formation (Dogger, deep saline aquifer], Grandpuits area, Paris basin, France.

1. The near wellbare integrity has been quantified in terms of risk of injectivity loss due to salt
procipitation and fluid-rock interactions. This numerlcal study Is based on radial wellbore
models within 2 short-term framework. Considerdng uncertainties |n the static model,
injection temperature, capillary pressure, injection rate variabiiity, fluld flow parameters, and
salinity, the simpiified geochemical model (no rock reactivity but salt precipitation) has
estimated an injectivity loss of the well perforations ranging between 0% and 4%. Additional
losses arise from the uncertainties in capillary pressure {+0.6%) and safinity [+0.7%). However,
a 4-month Injectlon stop could significantly reduce the well injectivity [up to 23% for the P30
Max case) in contexts of high permeability (100 - 1000 mD. In this case, the injectivity remains
still sufficient to continue to allow the targeted injection rate {300kt yr) but this higher risk
must be considered in cases of long stops for maintenance or for pilot upscaling for
commercial expioitation. The complex geochemical model with fluid-rock interactions {but no
modelling of dry-out effect and related salt predpitation) simulates a minor 0.09% Increase in
permeahility due to calcite dissalution, This allows to conclude that ne significant increase in
injectivity loss is anticipated related to rock reactivity.

2. The caprock integrity has been assessed with a comprehensive 20 radial reactive transport
simulation, that incorporates complex geochemistry and & realistic system configuration. In a
long-term framework, the spatial and temporal evolution of the CO: plume, as well as the
chemical interactions between the Injected CO;, water, and the minerals, After 500 years of
simulation, (dissolved and gas) CO: only reaches the first layer of Massingy marls withaut
further penetration, demonstrating @ degree of geochemical and structural stability in the
studied system. The dissolution of minerals such a& calcite and chiorite occurred,
accompanied by the precipitation of dolomite, indicating pH buffering mechanisms and a
slight reduction in porosity. Overall, this demonstrates a very imited geochemical impact on
the caprock of the CO; injection at pllot-scale |n the Dogger aquifer. Therefore, geochemical
impact on the caprock is not a major concern for the caprack in the studled case,

3. The risk of failure of storage formation and caprock has been quantified in terms of distance
to failure criterion. This risk is related to geomechanical effects of the CO; injection on the
storage complex, in particular in the injection phase. A coupled 30 hydromechanical model
was used to evaluate the potential damage induced by CO: Injection, analysing the evolution
with time of the overpressure and of the distance to the Drucker-Prager failure criterion. A
first analysis was performed considering uncertainties in static models and relevant
subsurface properties with nineé models covering the uncertainties anges. Within a prior
hypothasis on the initial stress state, all results from these models remain far away from the
failure criterion in the storage formation and the caprock, with the preseribed limit of bottom-
hale pressure. Except for few cases that were discarded accounting from new Information on
dynamic behaviour of the area [see Ben Rhouma et 2, 2026, D3.4}, the pilot capacity is
verified without jeopardizing the system integrity in the studied context.

Anather comforting resuit of these simulations is that the overpressure dissipates in all cases,

in @ short-term after the injection and no maore significant impact on pressure system is

expected B months after the end of injection.

Further uncertainty study, with a systematic exploration of uncertain parameters space, leads

to similar results in term of overpressure with a maximum expected overpressure around 3
MPa close to the injection well
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Regarding the risk of failure, caprock integrity is atso safe in a1l configurations. However, in
some specific cases {1% over a resampling ol 20,000) regarding the Initial stress state, risk of
fallure may accur In storage formations in a eritlcal area. This was obtained with the most
conservative fallure criverion (inner Drucker-Prager falure criterion) while the less
conservative one {outer Drucker-Prager fallure criterion) is never reached for any simulations
from the considered design of experiments, This means that those cases are at risk but may
nat necessarily reach the failura.
Additional analyses were parformed on the deformation of the storage complex up to the
surface. These analyses indicate that the dynamic of surface displacament would be sufficient
to be monitored in the injecthon well area during the injection phase and shortly after the
Injection ceases. The total surface displacement due to the pilot-injection remains low (< 1
mm) and will not impact the surface installation.
As no faults were characterized in the studied area, the study of fault stability was out-of-
scope for this case.

Cwerall, those studies are positive regarding the storage complex integrity in a pllot-scale context for
the studied ares. No major concerns were raised either far the geochemical or geomechanical part.
Cnly some cautions need to be addressed in ¢ase of long-term injection stops (> 3 month, even when
staling-up from pliot to industrial) and regarding the initial stress state combined with rock properties
characterization that may lead to integrity issues in some specific and minor cases.
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5. Lusitanian Basin (Portugal)
This study focuses on & comprehensive fluid flow, geochemical and geomechanical assessments with
short-, mid- and long-term analyses, coupling dynamic simulations with thermal-hydraulic-
mechanical-chemical (THMC) processes. It is based on data and numerical modals resulting from
previous characterization and modelling studies conducted In “WP2 - Geo-characterization” and
“WP3 - Simulation”, respectively, of the PHotSTRATEGY project (Margues da Silva et al., 2023; Percira
et al,, 2024; Khudhur et al., 2024),

The target area for a commercial-scale CO; injaction and storage site in the Portuguese region —
specifically the O4-TV1 prospect - is located in the offshore setting of the northern sector of the
Lusitanian Basin {Portugal), approximately 20 km from the Figueira da Foi [Pereira et al., 2024;
Khudhur et al,, 2024), and comprises the siliciciastic reservoir of the Torres Vedras Group (Margues
da Sitva et al., 2023; Pereira et al., 2024).

The main phenomena and impacts of the CO; storage are briefly introduced in the next section,
followed by the detailed assessments of each phenomenological Impacts at the potential CO; storage
and injection site offshore of the Lusitanian Basin.

5.1 Introduction

The secure and permanent geological storage of CO; is dependent upon the performance of the
storage complex, which includes the reservolr, the sealing caprock, and any Intersacting structural
features ke faults. The evaluation of the integrity of the storage system requires a multi-faceted
assessment of key phenomenological Impacts that could potentially compromise short- and long-term
containment and performance. Four critical areas of assessment for the storage complex are
presented below: reservoir injectivity integrity, caprock geochemical integrity, caprock geomechanica!l
Integrity, and potential reactivation of faults.

5.1.1 Phenomena and impacts for the CO; storage complax

Reservolr injectivity integrity is fundamental to the operational feasibility of a €O, storage project. it
refers to the ability of the target formation to accept the planned volumes of CO; at the intended
injection rates without experiencing significant impalrment. This can be affected by processes such as
mineral precipitation [eg, halite) due to geochemical reactions batween the injected CO;, the
formation brine, and the reservoir rock, potentially reducing porosity and permeability near the
weltbore (IEA GHG, 2011). Conversely, dissolution phenomena can also enhance injectivity. A
comprehensive understanding of these coupled processes is essential for predicting and managing
long-term reservoir performance.

Caprock geochemical integrity assesses the potential for the low-permeability seal, typically shale or
mudstone, to be altered by geochemical interactions with the COyrich brine. Over long timescales
(1000 years or more}, the acidic environment formed by dissolved €0, can potentially dissolve caprock
minerals (e.g.. carbonates, feldspars) or precipitate new minerals, thereby altering its seafing capacity.
However, as highlighted in the IEAGHG report on caprock systems, many shale caprocks are rich in
clays and resistant minerals, making them geochemically stable over the timescales relevant for
storage security, with reactivity often limited to the immediate vicinity of the caprock-reservoir
interface (IEAGHG, 2011,
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Caprock Geomechanical Integrity is concerned with the mechanical response of the seal to the
increased pore pressure during COz injection. The primary risk is hydraulic fracturing, where the
pressure exceeds the minimum In-situ stress and the tensile strength of the caprock, creating new
fractures that could provide a migration pathway. This reguires a detailed understanding of the in-situ
stress field, the mechanical properties of the caprock, and the evolution of the pressure plume during
injection (Zoback & Gorelick, 2012). Maintaining injection pressure below the fracture gradient is a
fundamental design criterion to preserve geomechanical integrity.

Fault Reactivation Astessment is a critical component of the geomechanical evaluation, The [ncrease
in pore pressure from Injection can reduce the pffective normal stress acting on pre-existing faults,
bringing them closer to fallure, This can induce selsmicity and, more critically, potentially re-open fault
zones, creating condufts for fluld leakage out of the sterage complex. A thorough fault reactivation
assessment involves mapping faults, characterizing their orientation refative to the in-situ stress field,
and determining the critical pressure at which slip may occur, thereby defining a safe operating
window ta prevent significant Induced seismicity and ensure contalnment {Rutguist, 2012).

5.2 Injectivity integrity

This section presents the infectivity integrity analysis conducted on the reservoir to (dentify chemical
and petrophysical impacts on performance during the CO; injection period.

First, the dynamic model bullt for this assessment s introduced, slong with the initial and boundary
conditions and the main parametrization for the dynamic simulations. Then, the modelling approach
used for this assessment is presented, followed by the main results and analysis, which Include the
base case scenario and an uncertainty analysis of key parameters that may impact reservolr injectivity
and potential losses.

5.2.1 Dynamic Maodel

=X

11 Thermal-hyarotic-chemical Mode!

The injectivity integrity subtask was developed using the CMG GEM compositional software (CMG,
2022}, which enables the integration of chemical data and a reactive transport model to conduct a
complex coupled thermal-hydraulic-chemical (THC) dynamic simufation, As described in the following
paragraph, chemical reactivity, here, will focus on hallte mineral reactivity along with water
vaparization.

Since the critical phenomenaological impacts to assess occur in the near-wellbore area, the static and
dynamic models built in previous tasks (Perelra et al., 2024; Khudhur et al., 2024] were used as a basis
but were adapted for the specific needs of this task. This involved not only Increasing the vertical and
horizontal resolution near the CO; injection well but also changing the mode! type from a Cartesian
grid to a radial grid model {Figure 4-1). Althaugh this model s represented in 3D, the simulation
actually uses a 2D grid sectlon (Figure 4-2) with a 360" sweep parameter applied during the bullding
process to mimic the full radial section of the model {Figure 4-1),

The 20 grid of the radial model for the dynamic simulations comprises 10 000 celis {200 cells in the -
direction, 1 cedl in the |-direction and 50 cells in the k-direction). The lateral extension {i-direction)
uses progressively slzed cells extending up to 50 km (Figure £-1), and a minimum cell size of about
0.076m at the injection well lacation, In contrast, the vertical thickness of each cell was reflned 1o 1
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m, with a total of 50 cells in the k-direction to represent the bottom fone of the reservair, e, the
total thickness of the reservolr was not represented in the radial model, since previous simulations
indicatad that the CO; plume would remain constrained in the lower rone of the reservoir. This vertical
refinement was performed to aveld numerical effects due to spatial discretization and boetter capture
the potential salt precipitation near the well, The remaining part of the reservolr was excluded from
this assessment, as ity inclusion would increase computational complexity and simulation time
without providing significant benefit for the phenomenological impacts evaluated in this subtask.
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The petrophysical properties used to build the radial model were based on the porosity and
permeability (both horizontal and vertical) models of the PSO case, which were obtained during the
task of 30 static modelling with uncertainties {Pereira et al., 2024). Since the vertical thickness of the
cells in those models was & m, this was translated to the radial model by preserving the verticzl
heterogeneity from the static models while maintaining & unifarm S-meter thickness in the radizl
adaptation. Laterally, the reproduction of the petrophysical properties at the well location were
homogeneously propagated throughout the radial model. Although this limitation of lateral
homogeneity can Impact the simulation results, it s not possible to reproduce directly the
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petrophysical properties from the original Cartesian grid to this radial grid model. The final porosity
and harizantal permeability models are illustrated in Figure 4-3 and Figure 4-4, respectively.
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5212  Iritiod state and boundary congdiiions

The numerical simulations were conducted considering @ maximum injection rate of 710 272 Sm'/day
over 3 30-year injection perind, with the objective of achieving @ cumulative CO: mass of
approximately 15 Mt [14.5 Mt). This injection strategy was derived from the P50 models for the base
tase scanafio edtablished previously, which assumed no phenomenological impacls such as water
vaparization and halite precipitation during injection and their potential consequences for infecthvity
losses. Therefare, the daily injection fiow rate in this assessment remains the same and serves as the
benchmark for comparison across the differant scenarios in the base case and uncertainty analyses.
Additionally, a maximum bottom-hole pressure of 16 500 kPa was imposed as an operational
constraint (pressure limit), as previously identified and applied for the reservoir model region [e.g.,
Khudhur et al,, 2024).

The initial pressure distribution of the reservoir & illustrated In Figure 4-5, and the initial temparature
distribution |5 shown in Figure 4-6. These initial conditions represent the reference state for all
subsequent simulations, corresponding
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to approsimately 12 MPa and 48°C for the pressure and temperature conditions In the bottom zone
of the reservolr
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Figtira 4.5 Wertical section of the indbal ressnan tempenaiure,

A reactive transport mode! was defined for the reservolr area of the model, incorporating
thermodynamic data for the chemical interactions. These parameters included the reservoir brine
composition and initial agueous concentrations, the initial volume fraction of reservoir minerals [both
primary and secondary), reaction kinetics, and thermal properties.

The pH value of the Inftial formation watar (brine} was 6,90, Due to the lack of real brine composition
data from the reservair, a proxy brine composition was created using loboratory measurements at the
University of Edinburgh. This was done using a reservoir rock sample with pure water and NaCl of
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about 99.5% purity {with a salinity of 55.6 g/L), as reported in the geoch&mical studies of “WP2 - Geo-
characterization” [Afonso et al., 2025}, The concentrations of the aqueous elements in the reservoir
brine are presented in Table 4-1, and the reservoir mineralogy compaosition is presented in Table 4-2.
Due to the negligible impact of chemical reactions of rock minerals present in the reservoir, verifled
on the long-term reactive transport modelling conducted in a previous task to guantify the evolution
of the trapping mechanisms (Peraira et al., 2026], it is important to note that only water vaporization
and salt precipitation phenomenoclogical impacts are addressed here, For this reason, the original
reservoir minerals were defined as non-reactive {i.e., in equilibrium), except for the halite minaral.
This mineral was included to evaluate potential halite precipitation as a key phenomenon in this
injectivity integrity assessment. The initial mineral volume fraction of salt (halite| was set as zero. The
reactive transport model uses kinetic parameters for mineral reactions, including reactive surface
area, activation enargy, and reaction rate constants, governing the rate of COy-Induced mineral
dissolution and precipitation. Table 4-3 shows the Input data for the reactive transport modelling of
halite mineral of this work wsing the Wolery thermodynamic database [(Wolery et al., 2007) for the
aqueous and mineral/solid reaction.

Tabie 4 1 frne conmpoation in e reseneair

Agqueous Elements Concentrations (ppm)

Al 0.13
ca™ 36.75
K* 16,51
Mg™ 13.25
MNa' 22852.20
S10; 7.84
cr 33719.00

Tabie 4-21 Minermiogy compasition (mineral balk solume fracoions) af the soservir.

Minerals Cuartz Fald-K Calcite Dolomite | Kaolinite
wih 73 q 1 B 12

Fahis 4-3: mpul dota far the reeetive tranuoan soadeling dodag the Wolsry geoohidmiond dolnhiie

Minerals Reactive Surface Area Activation Energy Logl0 of reaction
(m’/m’) {1/ maol) rate (1/sec)
Sait (Halfte] 2163.35 1400 (.21

Thermal properties, critical for THC simulations, are summarized in Table £-4, with values derived from
laboratory measurements conducted in the petrophysical studies of "WP2 - Geo-characterization”
[Barradas et al., 2023; Margues da Silva et al., 2023), The thermal properties were considered uniform
atross the feservoir model, fepresenting a sandstona. Although the reservoir is known to b
heterogeneous, most of this heterogeneity is present in the full thickness of the reservoir, which
Includes interbedded clay layers. These day layers are not expected in the bottom zone of the
reservolr represented in the radial model for this assessment, which is composed essentially of coarse
sand and conglomerates.

Tha FilotSTRATEGY project has received funding from the @ PHoSTRATEGY
Eurcpean Union's Horizon 2020 research and innovation """"""'-F"““"‘;‘ﬂ"'-;
age

programme under grant agresment No. 101022664



{8 PilotSTRATEGY

Tiphie <-4 Thermal prrameiers off the seervoirond coprock

Reglon | Thermal Conductivity — Heat Capacity

(1fm.5.K) (kg K)
Reservoir 26 7i0.8
Caprock 3.0 E00.0

The soiubllity tables for the CO; dissolution in the reservaoir brine and the reservolr relative
permeability curves used kn this work were previously presented In the work from Khudhur et al,
(2024}

5.2.2 Modelling Approach

The THC dynamic simulations for injectivity integrity allow to assess the phenomenological impact of
potential halite precipitation near the wellbore. Conseguently, the petrophysical properties of the
reservalr may change over time. For this assessment, the halite precipitation and porosity changes
were directly evaluated.

After ldentitying and spatially characterizing the occurrence and extent of these phenomena, the
potential injectivity loss of the injected C0: valume was firstly evaluated based an the svolution of
both the instantaneous and cumulative mass of injacted CO;,

In addition, the injectivity at the well is commaonly evaluated through the injectivity index (11), which
can be analogously derived from the well productivity formulation (Dake [1578); Ahmed (2019]], and
defined by the following relationship (Equation &-1):

{Eguation 4-1)
T ] J

Where { Is the injection rate {in this case, Sm'/day] and the pressure difference [in this case, kPa)
between the well flowing bottom-hole pressure {F,, (] and the average reservoir pressure around the
well (P.). This formulation provides a direct measure of how efficiently a reservoir accepts injected
FAluid

This modelling approach was firstly conducted for the reference [base) case The results from this
seenario are then compared with those from other relevant parameters (injection fiow rate, raservolr
salinity, and CO; injection temperature] in the uncertainty analysis section. The final assessment
evaluated In the uncertainty analysis corresponds to the worst-case scenario, which jointly evaluate
the impacts of increasing the injection flow rate and the reservoir salinity. The set of parameters for
all these scenarios are presented in the Table 4-5.

Tobie 4-5: Porometrizmtian of the ngference tosr omd e scenarios for the wmoertsimry gnalysi

Seenarios Relference Case Higher Case Lower Case Worst Case
Flow Rate |5m"/day| 110272 1301 440 . 1301 440
C0; Bottom-hole
Injection 26 a0 20 26
Temperature [°C)
Salinity (/L) 56 130 10 130
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It is important to nate that, although the real chemistry of the reservolr brine was not available for
this assezsment, thi Information from the conductivity logs from the set of offshore wells in the
Lusitanian Basin {at varying reservoir depths) indicate that the reservoir salinity may range from
approximately 10 g/l and 130 g/L This Interval of values corresponds, respedtively, to lower and
higher extreme cases defined for the uncertainty analysis of this parameter, and the value of
approximately 56 g/l (coming from the fabricated brine as previously mentioned) corresponds to the
verage [expected) estimate of reservolr salinity value and used as the reference case in this
d35835ment

5.4.3 Results

This section presents and analyses the results of the injectivity integrity assessmant. First, the main
results and phenomenological Impacts of the base case are presented and discussed. Subsequently,
the results fram this scenario are compared with those fram the uncertainty analysis

The base case scenario aims to achieve a cumulative mass of OOy injected of approximately 15 Mt
[14.5 M), Le., 2 00 injection flow rate of 710 272 Sm*/day during the 30-vears of the injection period
The injection bottom-hole temparature of the C0; s 26°C and the reservoir salinity was set a8 56 g/L

The results of the halite precipitation, porosity changes, gas resistance factor and, finally the impacts
on the injectivity integrity are presentad in the next subsactions,

strongly localized in the near wellbore zome (Figure 4-7), within roughly the first 20-30m from the
injection well. Peak hallte concentrations (up to approximately 400 mole/m?) occur at discrete depth
imtervals around 1180-1190m; colncding with zones of strongest COy-induced brine displacement and
vaporization

falite Precipltation [gmole/m")
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Away from the well, halite precipitation rapidly diminishes and becomes negligible beyond
approximately 40m, indicating that salt {halite) accumulation is not pervasive at the reservoir scale
This spatial pattern suggests that, under the base case injection and reservolr conditions, infectivity
impairment is primarity a2 near-well phenomenon, potentially leading to localized permeability
reduction rather than widespread flow restriction,

The parasiky change distribution shows that porosity reduction is concentrated In the near-wellbors
rane [Fgure 4-8), fairly matching the spatial pattern observed far halite precipitation. This ls an
eipectad bahaviour since it & the only reactivity modelled in this task. Minor perosity reductions up
to 0.8-1% occur onty within 20-30 rmv of the injection well due to salt precipitation and brine drying,

while beyond this zone, changes are negligible and the bulk reservoir remains unaffected
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Despite the relatively small magnitude of porosity reduction, the associated permeability losses can
be significant due to the strong non-linear pofosity—permeability relationship (e.g., using Kozeny-
Carman equation), For the porosity range cbsenved in the reservoir {between 15-2B%, Figure 4-3), a
reduction of 0.5-1% may result in permeability decreases on the order of about 20 to 700 mD,
corresponding to relative losses of approximately 10-35%. These reductions are expected to locally
imcrease gas flow resistance, as verified in the simulation, and therefore have a more pronounced
impact on pressure build-up and injectivity than the parosity change itself, particularly in the near-

wellbore region where flow velocities are the highest.
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This section compares the COy |njection performance, reservolr pressure and injectivity indes
evolution for scenarios with and without salt precipitation ever a 30-year injection period. As shown
in Figure 4-3, both scenarios exhibit |dentical cumulative Injected CO; mass and injection rate,
reaching approvimately 1.45x10" tonnes after 30 years at a constant rate of about 1250 tonnes/day.
This confirms that both simufations are strictly rete-controlled, ensuring that any differences in
pressure o injectivity response are related to reservoir behaviour rather than differences in injection
valume or operational constraints.

3.4.3.1.3  InEctivity impacts

Figure 4-10 shows that reservoir pressure Increases progressively in both scenarios due to continueous
Injection, with the non-reactive scenario consistently axhibiting slightly higher pressure than the
reactive scenario, After 30 years, the pressure difference is approximately 50-100 kPa, corresponding
to less than 1% of the absolute pressure level (approximately 12600-12700 kPa). This behavigur is
attributed to thermodynamic and fluld partitioning effects associated with salt precipitation and brine
drying, which Increase salinity and reduce CO; solubllity in the reactive case. As a result, a slightly
higher praportion of CO; remains In the free phase, Increasing the effective compressibility of the
system and allowing accommodation of the injected volume with marginally lower pressure bulld-up
compared to the non-reactive case.
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Figurs d4-3; Evolution of the cumulative gos [0 mass, and goi [C0:) mass rate for the scemarior with ond
withour salt preciodtation over the injection period of 30 years.
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Figure 4-11 shows that the injectivity index remains high and stable In both scenarios, with values
around 2050-2100 Sm?/day/kPa throughout the injection period. The maximum deviation between
the reactive and non-reactive cases is approximately 10-20 5m®/day/kPa, corresponding to less than
abaut 0.5-1% vanation relative to the baseline Injectivity, This indicates that no significant injectivity
loss occurs due to salt precipitation, and any permeability reduction, although potentially reaching
about 10-35% locally (or tens to several hundrads of mD), remains spatially limited to the wellbare
reglan. Overall, the results demonstrate that salt precipitation has negligible impact on long-term
injectivity and does not compromise injection parformance under the simulated condithons.
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Figure -1 1. Evilution of the reservair irgecthily index for the scenonas with ofd withnut tall precipdation over
the infection period of 30 years.

524 Uncertainty Analysis

After presenting the main results from tha dynamic simulation of the base reference} case scenario
and the respective quantification of its phenomenological iImpacts on reservoir injectivity integrity,
these resutts were then compared with those from the uncertainty analysis.

This comparison evaluates the impacts of injection flow rate, reservair salinity, and CO; bottom-hole
injection temperature. Finally, the [ast comparison assessment was conducted belween the base case
scenario with the worst-case scenarfo. These impacts resulting from the uncertainty analysis are
briefly summarised bélow and explained in maore detail in the Appendix [section £.2.1).

Across all uncertainty scenarios, salt precipitation remains confined to the near-wellbore region and
does not propagate into the ressrvoir far field. in tha base case (0.5 Mtly, 56 g/L, 26°C), precipitation
is limited to appraximately 20~30 m from the well (Appendix; Figures 6.2-1, 6.2-6, 6.2-11). Increasing
injection rate or salinity expands this affected zone moderately to approximately 40-50 m, with
salinity exerting the strongest control on precipitation magnitede. In contrast, lower salinity
significantly suppresses precipitation, while temperatura variations produce only minor differences.
The worst-case scenario (1 Mty and 130 g/L) produces the greatest precipitation intensity and extent
[Appendix, Figure 6.2-16}, but even under these conditions, precipitation remains spatially localized
and does not affect reservoir-scale fiow behavioor.

Parosity reductions follow the same spatial pattern as salt precipitation and remain localized near the
injection well. In the base case, porosity reductions reach approximately 0.008-0.010 {<1% absciute
reduction) within 20-30 m of the well (Appendix; Figures 6.2-2, 5.2-7, 6.2-12). Variations in injection
rate and temperature produce only minor changes in magnitude and extent relative to the base case,
while higher salinity increases the affected radius to approwimately 40-50 m. The worst-case
tombined scenario results in the largest porosity reduction, reaching approximatety 0.03-0.04 locally
[Appendix, Flgure 6.2-17), but these reductions remain confined to the near-well regien. in all
scenariot, porosty beyond approximately 40-50 m remains essentially unchanged, canfirming that
resarvolr-scale storage capacity and connectivity are preserved.

Injection performance remains stable in all unceriainty scenarios, with cumulative injected CO, mass
increasing linearly and targel infection rates fully maintained (Appendix; Figures 6.2-3, 6.2-8, 6.2-13,
f.2-18). Reservolr pressure in the hase case stabilizes at approximately 12600-12700 kPa, with most
uncertainty scenarios producing only minor variations (<150 kPa, or ~1%| relative 1o this reference
[Appendlx; Figures £2-4, 5.2-9, 6.2-14). Dnly the worst-case combined scenarle shows a more
noticeable increase, stabilizing at approximately 13900-14100 kPa, but still well below the operational
pressure limit of 16500 kPa (Appendix, Figure 6.2-13). Similarly, the Injectivity index in the base case
stabilizes at approximately 2050-2100 Sm*/day/kPa, and most uncertainty scenarios produce only
minar deviations (<5%] from this reference (Appendix; Figures 6.2-5, 6.2-10, 6.2-15). Higher salinity
and the worst-case combined scenario produce the largest reductions, with injectivity stabilizing at
approximately 18001900 Sm*fday/kPa, comesponding to & maximum injectivity loss of
approximately 10-15% relative to the base case [Appendix, Figure 6.2-20). Importantly, injectivity
stabilizes after early transient adjustments in all cases, and no progressive or long-term degradation
ocours.
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525 Discussion and Canclusions

This injectivity integrity assessment for the 04-TV1 prospect in the Lusitanian Basin demonstrates that
0, injection-induced geochemical and petrophysical alterations are systematically localized to the
near-wellbore region and do not compromise long-term reservoir-scale injectivity under the evaluated
conditions. Using a high-resolution coupled THC madelling approach, the study shows that halite
precipitation driven by CO-Induced brine drylng Is the deminant mechanism controlling near-
wellbare porosity reduction and Increased resistance to COy flow. In the base case scenarlo (0.5 My
injection rate, 56 g/L salinity, and 26°C Injection bottom-hole temperature), halite precipitation and
associated porosity reductions remain limited to approximately the first 20-30 m from the injection
well, with maximum porosity decreases of less than approximately 0.008-0.010 (<1% absolute
reduction). These locallzed effects do not result in measurable field-scale Injectivity degradation, as
evidenced by stable injection rates of approximately 1200-1300 t/day, linear cumulative injection
reaching approximately 14.5 Mt over 30 years, reservoir pressures slabilizing at approximately 12600~
12700 kPa, and a stable injectivity index of approximately 2050-2100 Sm /day/kPa.

The uncertainty analysis confirms that injection rate and reservoir salinity are the primary controls on
Imjectivity integrity, while injection temperatura exerts only a secondary influence. Increasing injection
rate to 1 Mtfy produces anly small injectivity reductions of approximately 1-2%, whereas increasing
salinity to 130 g/L results in more pronounced reductions to approximately 1850-13900 Sm'/day/kPa,
corresponding to injectivity losses of about 8-12%. Injection temperalure variations between 20°C
and 40°C produce only modest changes of approdmately 3-5%. The compounded worst-casé scenario
(1 Mv/y and 130 g/l) produces the largest Infectivity reduction, with injectivity stabilizing at
approximately 18001850 Sm/day,/kPa, corresponding to a total injectivity foss of approximately 10—
15%. Despite this reduction, injection remains stable at approximately 2700 t/'day, with cumulative
Injection reaching approximately 30 Mt over 30 vears and reservoir pressures stabilizing at
approximately 13900-14100 kPa, well below the operational limit of 16500 kPa.

Fram a risk and operational parspective, the results indicate that injectivity loss in the Q4-TV1
reservolr is moderate, localized, and self-limiting rather than progressive. Injectivity reductions occur
primarity during early (njection stages and subsequently stabilize as geochemical and flow conditions
reach dynamic equilibrium. No progressive decline in injectivity or reservoir-scale impairment s
observed in any uncertainty scenario. Even under adverse combined conditions of high salinity and
high injection rate, injectivity loss remiains limited to approximataly 10-15% and does not compromise
the ability of the reservair to sustain long-term CO; injection. These risks can be mitigated through
appropriate Injection management strategies, including gradual ramp-up of Injection rates, pressure-
controlled injection, end close monitoring of bottom-hale pressure during early operations. Overall,
the assessment supparts the technical feasibility of CO; injection and storage in the 04-TV] resenvoir,
provided that near-wellbore Injectivity is proactively managed, particularfy In scenarios involving high
injection rates and elevated formation salinity

5.3 Caprock integrity — Geochemical aspects

This section presents the geochemical aspects for the caprockl integrity analysis conducted on the
taprock to identify chemical and petrophysical impacts over the long-term (1000-years period).
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First, the dynamic model bullt for this assessment s introduced, 2long with the initial and boundary
conditions and the main parametrization far the dynamic simulations, Then, the modelling approach
used for this atsatsment 15 presented, followed by the main results and analysis, which Include thi
base case scenario and an uncertainty analysis of key parameters that may impact the caprock

Integrity.

531 Dynamic Mode|

The dynamic moded emploved In this study is a fully coupled thermal-hwdro-chemical [THC} numerical
framework daesigned to simulata the complex multiphase and reactive processes associated with CO;
Injection into @ deep saline aquifer owerlain by a heterogeneous caprock. This integrated approach
captures the interplay between thuld flow, heat transfer, solute transport, and geochemical reactions,
providing a comprehensive assessment of CO; plume migration and its potential impact on caprock
Integrity over operational and post-injection timescales,

5311 Themolbydro-Chermucal Mogel

The simulations were performed using the compositional résenvoir simulator CMG-GEM (CMG, 2022),
which incorporates a coupled thermal-hydraulic-chemical {THC) formulation capable of representing
multiphase flow (CO; gas. agueous brine, and dissolved species), advective-dispersive transport, and
kinetically controlled mineral dissolution/precipitation reactions, The model accounts for the
thermoadynamic non-ideality of CO; under reservoir conditions, Including fugacity corrections,
solubility In brine as a function of pressure, temperature, and salinity, and the consequent farmation
of carbonic acid leading to pH-dependent geochemical interactions. Thermal effects, such as Joule-
Thomson cocling during injection and conductive/convective heat transfer, are explicitly Included,
although temperature variations in this base case réemain minor due to isothermal boundary
assumptions, The geachemical module tracks the evolution of agueous species, mineral assemblages,
and rock properties (e g, porosity and permeability via Kozeny-Carman relations if significant minera|
volume changes occur), enabling quantification of buffering capacity, mineral trapping, and potential
seff-sealing or self-enhancing leedback mechanisms within the aquifer—caprock system.

Due to the intensive computational time required for these complex coupled simulations, a sector
model was extracted from the original model domain (Figure 4-12), In addition, the original thickness
of the 30 model was reduced, retaining only the first layers of the reservair and the full caprock.
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This modelled domain represents a conservative scenario In which €O; s injected directly Into the
topmast layers of the saline aquifer, immediately beneath the caprock, to maximize plume-caprock
contact and assess worst-case risks to sealing efficiency. In fact, it tends to represent an "hypothetical”
scenario — as the OOy Injection hat been originally considered in the bottom tone of the reservoir in
Tasks 3.7 and 3.3 (e.g., Khudhur st al., 2024 = in which the CO:; migrates upwards over time and
reaches the caprock, although this oceurs only after several hundreds of years, as verified fram the
long-term dynamic simulations for the higher iniection flow rate scenario performed in Task 3.3.

From the ariginal caprock model region buiit in the 30 static modelling (Pereira et al., 2024}, which
was explicitly discretized into seven vertical layers to reflect its stratigraphic heterogeneity, a much
more refined grid was required for this task. Instead of considenng the whale caprock as a single
mode| region, two distinet members could be distingulshed based an the genlogical and lithological
Infarmiatian from the report of the legacy well Do-1C close to the target storage site. Thus, the lower
member comprises three layers, from bottom to top (Figure 4-13);

¢ shale In direct contact with the aguifer;
» dolomite and marl;
o four limestone-dominated |ayers.
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The final modelling setup step consisted of 2pplying a local grid refinement In the injection well area
[Figure 4-13} to better capture mineralogical contrasts that strongly govern reactivity and transport
barriers, From a numerical perspectiva, particular attention was given to grid resolution in the vicinity
of the injection well, where strang gradients in pressure, saturation, and geochemical variables are
expectad. Accordingly, a locally refined grid 2one of 262 km was implemented around the injection
well, with each grid block subdivided into 5x5x3 cells in the horizontal and vertical directions,
respectively, that yields cells of 50x50x6m. This refinement ensures a better representation of near-
well CO; plume development and early-time geochemical processes, while a coarser grid is applied in
far-fiald regions for computational efficiency. This multiscale discretization strategy allows the model
to resalve both short-term, localized effects near the injection point and the lang-term, basin-scale
evolution of C0y; migration and s Interaction with the caprock.

The 30 grid for the dynamic simulations comprises 108 585 cells (46 cedls in the i-direction, 45 cell in
the j-direction and 13 cells in the k-direction), The vertical thickness of the cells was defined as 15 m
for the caprock kayers and 10 m for the reservair layers. As mentioned before, a local grid refinement
was then applied in the area of the injection well [Figure 4-14]).
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The petrophysical properties of the reservoir, both for porosity and permeability, were defined
homogeneously based on the median values of the reservoir from the 30 static modelling [Pereira et
al., 2024}, This was assumed as the most relevant aspect for the development of this task is the
Interface between the reservoir and the caprock to evaluate the CO-rock geochemical interactions,
For the caprock, and since the lithological discretization was perfarmed, the petrophysical properties
were determined by applying stochastic simulation methods In 3 reguired pre-processing and
characterization task based on the 3D static modek (Pereira et al,, 2024) and the well log data from
the legacy well Do-1C by honouring the maln statistics (mean and variance) for each caprock
lithofacies. The resulting models for porosity and (horizontal) permeability are illustrated in Figure 4-
i4,

3312 it state and Dousdany comditions

Prior to €Oy injection, the model Is Initialized to a reafistic geochemical equilibrium state through a
1000-year steady-state simulation without injection. This initialization phase allows fluid-rock
interactions to evolve under constant in situ pressure, temperature, and boundary conditions until
agueols chemistry and mineral volumes reach equilibrium, eliminating artificial transients.
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Boundary conditions include no-flow lateral boundaries for the caprock To avoid edge effects, a dlosed

top boundary at the upper caprock surface, In contrast, the aquifer was set to have open lateral
boundaries,

€0, is injected at a constant mass rate of 15 kg/s for 10 years, followed by a long-term (1000-years)
post-inpection simulation period, aiming for the simulated CO, plume to reach the aquifer-caprock
interface and come into direct contact with the lower caprock layers. This setup provides a robust
reference lor evaluating long-term caprock response under conditions af direct plume contacl,
enabling a detalled assessment of CO-induced geochemical alterations within each caprock unit. The
long simulation period allows slow geochemical processes to be fully captured.

The initial brine compasition is defined with major ions representative of deep formation water,
yielding an atkaline pH of 9.5 {Afonso et al,, 2025). The chemical composition of the caprock brine is
explicitly defined in the model and is reported in {Table 4-6).

Tonhie &-6: Brine ciee miieal compasdinn

Agqueous Elements Concentrations (ppm)
AP 2.30
ca® 36.19
K' 5.17
Mg E.63
Na* 20458 B0
si0, 829
¢ 31560.00

The mineralogical compasition of the heterogeneous caprock units, defined In terms of weight
percentages of quartz, K-feldspar, calcite, dolomite, and kaolinite, |s summarized in Table &7, which
represents the reference mineral compaosition used in the base case scanario, The upper limestone
member is characterized by a dominant calcite content, whereas the lower member exhiblts
pronounced mineralogical heterogenelty, with clay-rich marl, carbonate-rich dolomnite, and quart:-
and clay-dominated shale,

Fahie &-1: Mingral compod #ibh of the roprock gealsgival membery ond for the epeniiog Mhiploges

Samples (W%} | \ighologies  QUarlz  FeldK  Caicte | Dolomite  Kaolinite

Upper member Limestones ! 2 79 10 2
| Mas | S 3 32 | 5 a5

Lower member Dolomites 3 L 13 75 4
Shales 5 3 5 2 3

5.3.2 Modelling Approach

Key features of the modelling approach include heterogensous mineral distributions {Table 4-7),

realistic brine chemistry (Table 4-6), equilibrium |nitialization, and conservative injection placement

to faciltate direct plume—caprock contact. The modelling approach aims to capture the coupled
effects of multiphaze fiow, geochemical
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reactions, and long-term evolution af fluld and rock properties, with parlicular emphasis on evalusting
the integrity of the caprock under CO; storage conditions. Overall, this base case modelling framework
provides a robust reference scenario for evaluating the lang-term Integrity of the caprock under CO;
sequestration conditdons. The results obtained fram this reference scenario serve as a benchmark for
subsequent uncertainty analysas.

An uncertainty analysis was performed to evaluate the impact of uncertainties In caprock
mineralogical compasition an the geachemical response to CO; injection and long-term storage. In
addition to the base-case mineralogy, two alternative mineralogical scenarios were considered,
representing plausible variations in lithological composition within the caprock. These scenarlos were
defined to reflect contrasts in carbonate content, clay abundance, and silicate minerals, which are key
factors controlling buffering capacity, mineral reactivity, and the long-term evolution of sealing

properties,

Compared to the base case, Scenario 1 ks characterized by a more heterogeneous mineralogical
distribution, with a balanced contribution of carbonate minerals (calcite and dolomite) and a
significant presence of clay minerals, particularfy kaalinits, in the marl and shale units. This scenario
emphasizes clay-rich facies in the lower member and relatively moderate carbanite dominance inthe
upper limestone unit. In contrast, Scenario 2 exhibits a stronger dominance of carbonate minerals,
especially calcite and dolomite, in both the upper and lower members, with reduced clay content in
most lithologies except for shale. As a result, Scenario 2 represents a carbonate-dominated end-
mermber comparad to the base case, while Scenario 1 reflects @ more mixed carbonate—clay system

The differences between the two scenarios and the base case are summarized in Tables 4-8 and 4-5,
highlighting the shift in dominant mineral phases within each lithological unit.

In uncertainty analysis, an additional worst-case scenario was considersd to evaluate the potential
impact ol caprock petrophysical properties on C0; vertical migrathon and sealing performance, Unlike
the previous scenario of the uncertainty analyses, which focused on mineralogical variability, this
scenario specifically targets the petrophysical characteristics of the shale layer located at the base of
the caprock.

Falrle 4-8: Meneral compedition of the caprock for the Scengrin 1 for the uncerloin by analysis

Scenario 1 for Lithologies/

uneertainty Mingerals Quartz K-Feldspar Calcite Dolomite Kaolinite
analysis (W)
Upper member Limestones 13 1 66 16 5
Marts 19 P 43 7 EH
Lower member ~ Dolomites g 1 12 70 8
Shales 21 5 9 4 61
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Tahke 4-3 Mineral composition &f the coprock far the Scenario 2 for the uncartalnty anopsis

Scenario 2 for  Lithologies/
uncertainty Minerals Quartz K-Feldspar Calcite Dolomite  Kaolinite
analysis (wi%)

Upper member  Limestones f ¥ = B 2
Marls 13 3 28 A 52
Lower member  Dolomites 4 1 | n 80 3
Shales 21 a | 4 2 59

In the base case, the shale layer is characterized by a very low mean effective porosity (0.0003] with
avarfance of 0,002, and a low mean permeability (0.002 mD) with a variance of 50 mD, resulting in an
effectively impermeable barrier. In the additional worst-case scenario, the shaie layer porosity was
Intentionally increased to a high mean value of 0,04, with a standard deviation of 0.005, representing
@ degraded or partially absent shale barrier. The permeability of the shale layer was also adjusted
accordingly based on the relatlonship with the parosity (Pereira et al,, 2024).

All other model parameters were kept unchanged. This scenario therefore isolates the effect of
petrophysical degradation of the shale [ayer on CO; migration, simulating conditions representative
of @ more mari-carbonate-dominated caprock in which the basal shale layer Is either absent or
laterally discontinuous

53.3 Results

This subsection presents the results obtatned for the base case scenarin, which serves as the reference
configuration for evaluating CO; injection into the aguifer and its potential Impact on the overlying
caprock, The analysis focuses on CO; plume migration, dissolved CO; distribution, pH evolution,
mineral reactions, and porosity changes within both the aguifer and the caprock. These resulls provide
a benchmark against which the scenarios of the uncertalnty analysis are later compared and allow for
a systematic assessment of caprock integrity under reference conditions.

5331 Minery precpiohen gng Sssution

Before the onset of CD; injection, the model was run far 1000 years without any injection, in order to
establish a geochemical steady state. During this perind, the simulated mineral mole changes in the
caprock remain extremely limited, ndicating that the systam has reached a quasi-steady state under
i situ conditions.

Table 4-10 illustrates the temporal evalution of mineral molar changes {in gmaoles) within the caprock
for the base case scenario, covering three key stages: the steady-state period prior to CO; injection,
the end of the 10-year injection phase, and the long-term monitoring period extending to 1000 years
of & post-injection period. The caprock mineralogical compesition used in the simulations [Table 4-7),
together with the initial brine chemistry (Table 4-8), governs the geochemical response observed
throughout the simulation.
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Fobie 4-15; Miresal molr changes within the coproci.

Mineral changes [gmoles)

Years
Quartz K-feldspar Calcite Dolomite Kaolinite
o =7 3TE=04 B.3TE+05 5.54E+05 1.74E+06 6.94E+05
10 -7.60E+04 -1.70E+06 -7.26E+08 -4 BRE+08 7.65E+05
1000 4. TFeHOT -1,11E+08 <1 ATEHID -9.B2E+{8 A 4 2E+07

These trends indicate a buffered geachemical emvironment dominated by carbonate stability, in fine
with the carbonate-rich compaosition of both the upper limestone member and the lower dolomitic
units of the caprock (Table 4-7). Overall, the steady-state results confirm that the caprock system is
geochemically stable prior to CO; injection.

Following 10 years of continuous €Oy injection into the underlying aguifer, a marked shift in mineral
reactlons is observed as Mlustrated in Figure £-15, The most significant changes occur kn the carbonate
minerals, with substantfal dissolution of calcite and dolomite (see Table 4-10, This behaviour s
attributed to localized acidification induced by CO, dissolution at the aguifer-caprock interface,
leading to enhanced carbonate reactivity. Despite this dissolution, the reactions remain spatially
[imited and do not imply structural degradation of the caprock.

Silicate minerals show a contrasting behaviour: K-faldspar disselution intensifies, while kaolinite
continues to precipitate, suggesting secondary elay formathon as a result of feldspar alteration, Quartz
dissolution remains minar, These coupled reactions Indicate an active but controlled geechemical
adjustment driven by transient COy exposure rather than pervasive alteration of the caprock mingral
framewark,
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At the end of the 1000-years period, the system evalves toward a new geachemical equilibrium.
Carbonate dissolution continues, with cumulative dissolution of calcite and dolomite, However, these
changes must be interpreted in the context of the large initial carbonate inventory of the caprock,
particularly within the [imestone and dolomite units, Implying that the relative impact on bulk
mineralogy remains limitad,

Cuartz mineral shows significant net precipitation, reflecting long-term silica redistribution and re-
precipitation [amorphous silica or chalcedeny) following earlier dissolution stages. In contrast,
kaolinite transitions from precipitation to dissolutlon, indicating clay mineral adjustment under

stabilized pH conditlons during pest-injection equilibration, K-feldspar continues to dissolve, although
at a much lower rate comparad to carbonate minerals.

5.3.3.2  Boolution of the dissohed CO, plume

Figure 4-16 shows the spatial and temporal evolution of gas saturaticn during 10 years of continuous
00, injection and 1000 years of post-injection monttoring, providing key insight into plume behaviour
and caprock sezling performance.
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Buring injection, a well-defmed buoyant COy plume develops within the aguifer, Maximum gas
saturation reaches ~0L 78 in the ingection well block and ~( 44 in the adjacent block beneath the
taprock, importanthy, these values occur exclusively within thie aguifer, No gas-phasa C0; enters the
caprock; indicating that IS capillary entry pressure and sealing capacity are not sxceeded undes
sustained injection. After injection ceases, gas soturation progressively decreases due to dissolution
and lateral plume spreading. After 1000 years, saturation declings to =0.49 in the well block and =0.34
below the caprock. Redistribution Is deminated by ronzontal migration rather than wpward Tlow,
further reducing leakage risk
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Critically, gas saturation in all caprock grid blocks remains effectively zero (€10°%) throughout both
Injection and paost-injection peripds. Even after 1000 years, no gas invasion otcurs, confirming the
robustness of the caprock seal and the absence of numerical or physical leakage pathways, Combined
with limited geochemical alteration, the results demonstrate secure bong-term structural and residual
trapping within the aguifer,

Figure 4-17 presents the dissoved €0y mole fraction and pH distributbon after 10 vears of injection,
(Hustrating the geochemical responsa of the system, Within the aguifer, dissolved CO; reaches a
maximium mole fraction of =0.004 near the Injection wall, reflecting efficlent gas—hiquid mass transfer
and contributing to solubllity trapping. Concentrations decrease laterally due to dilution and buffering
reactions, In contrast, dissolved CO, In the caprock remains below 0.001, Indicating restricted upward
transpart and limited chemical exposure
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Anuifer pH decreases from 9.5 to ~6.72 near the well due to carbonic acid formation, promating
buffering reactions, However, caprock pH remains clase to initial alkaline conditions, demonstrating
minimal acidification and strong buffering capacity.

Overall, Figures 4-16 and 4-17 show that C0; remains confined to the aguifer, where dissolution and
lateral spreading dominate plume evolution, Both hydraulic and geochemical sealing mechanisms
remain effective, and caprock integrity is preserved over the simulated long-term period.

5333  Porosily ohanges

Figure 4-18 presents the porosity evoelution in the coupled aguifer—caprock system after 10 years of
continuous £0y injection {base case). Porosity changes within the aguifer are minor and spatially
localized, generally ranging between <0.0005 and -0.001 across most of the C0; plume. These small
variations reflect a balance between dissolution and precipitation reactions and are negligible relative
to the initial reservoir porosity, indicating no impairment of storage capacity or injectivity.

The largest porosity reduction (up to=-0.002) occurs at the outer margin of the plume, sway from the
injection wetl. This iocalized effect results from enhanced mineral precipitation at mixing zones
between C0;-rich brine and native tormation water. Howevar, the impact remains limited in spatial
extent and does not extend toward the caprock.

No measurable porasity change is observed within the caprock. As shown in Figure 4-18, geochemical

alterations are confined to the aguifer, and the caprock preserves its structural and sealing integrity
under base cace conditions.
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2,34 Uncertainty Analysis

5341 Impocsof mufersl commpotitan

Figure 4-19 compares the cumulative mineral mass changes [in gmoles) within the caprock for
Scenario 1 and Scenario 2, at the initial state and 1000 years of post-injection evolution, thereby
providing a comprehensive assessment ol caprock geochemical sensitivity to mineralogical
urcertainty,
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Arrss both scenarios, the same overall reaction trends are observed, Carbonate minerals, namely
calcite and dolomite, exhibit the largest cumulative mass losses, with calcite dissalution reaching
approxtmately —-1.44 = 107 to -1.48 = 10® gmoles and dolomite dissolution ranging betwessn -9.65 =
10* and -9.88 » 10° gmolas. These values are remarkably consistent betwean Scenario 1 and Scenario
2 and closely match those obtained for the base case. The similarity in carbonate dissolution
magnitudes indicates that the geochemical response of the caprock is primarily governed by C0;-
driven acidification and buffering reactions, rather than by moderate variations in initial mineral
propaortions.

Scenario 1 vs. Scenano 2
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Silicate and clay minerals display more limited but systematic behaviour. K-feldspar undergoes
sustained dissolution in both sensitivity scenanios, with cumulative losses of approximately -1.08 =
10" to -1.10 = 10® gmoles, again closely aligned with the base case response, This dissalution |s
secompanied by longterm amorphous tllics or chalcedony precipitation [modelled as quartz), with
gains of approximately +2.6 x 107 to +2.7 w 107 gmoles, reflecting silica redistribution and re-
equilibration during the post-injection phase, Kaolinlte shows moderate net dissolution {43 = 107 to
—4.4 % 107 gmoles), consistent with clay mineral adjustment under stabilized chemical conditions,

Impartantly, the differances between Seanario 1, Scanario 2, and the base case are neghigible across
&ll minerals, despite the imposed variations in caprock mineralogical composition, This insensitivity
demonstrates that the caprock geochemical evolution is robust and not strongly dependent on
moderate heterogeneity in mineral content. The dominant reactlon pathways and cumudative reaction
magnitudes remain effectively unchanged across scenarios,

C0y injection produces only minor, localized geochemical and petrophysical effects that remain
confined to the aguifer, while plume migration is pradaminantly lateral and vertical conlainment is
fully maintained across all scenarios.

As shown in Figure 4-20, the COy plume geometry, lateral extent, and long-term evolution (10 years
of injection plus 1000 years of post-injection) are nearly identical for the base case and both
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mineralogical sensitivity scenarios. Migration is controlled by aquifer properties and buoyancy, with

no upward penetration into the caprock and negligible gas saturation within the sealing formation

CO, Dabrgdion
[ mtne]

Fmpes: i

Bl (R T
Figwre 420 Vertiom! sections of e spoing! ofstnbution o the 00 saturrtian &1 e agedier for 6 Scenane 1 {top) ond
R |-"|.'|".'-' 1l of he unrertainty onehsis gffer fnjecton (it ;: hate il ¥ g the ng r Herind of BT s
tdl The red fimee wrtrate the Anderiecr et ey (e reservoys and the tepnock For the Mogitmn of o section fefe

Consistently, Figure 4-21 demonstrates that elevated dissolved CO,; concentrations and localized pH
reduction occur only within the aguifer near the injection weil The caprock exhibits negligible
dissolved CO; and no measurable acidification in any scenario, indicating restricted vertical transpaort

and minimal geachemical interaction within the seal

Porosity evolution follows the same pattern. As llustrated n Flgure 4-22, porasity reductions within
the plume are minor (-0.0005 to -0.001}, with maximum localized decreases of =-0.002 at plume
margins due to precipitation-dominated reactions, No porosity alterstion |s detected within the
caprock. Simifarly, Figure 4-19 shows that all scenarios converge toward nearly identical long-term

geachemical states, despite differences In initial caprock minarzlogy,
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Overall, mineral reactions do not generate adverse petrophysical consequences, and caprock sealing
capacity is preserved under all investigated conditions, The close agreement between the base case
and sensitivity scenartos confirms that plume dynamics, aqueous geochemistry, and porosity
evolution are controlled primarity by aquifer processes. Therefore, the storage system demonstrates
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strong robustness to caprock mineralogical uncertainty and maintains lang-term containment

integrity

- - | - - A -
Im thi worst-case scenari, the shale layer's mean porosity was intentionally increased from 0.0003 to
0.04 1o simulate a degraded or partially absent barrier. Consequently, the permeability was adjustad
aocording 1o the ralationship established by Peralra et al. [2024), effectively transitioning the layer

from an impermeable seal to a more conductive state for sensitivity anabysis

Figure 4-23 illustrates the spatial evolution of the OOy plume in the aguifer-caprock system after 10
yaars of continuaus injection and tollowing L0 years of post-injection pericd for the petrophysical
warst-case scenario in the caprock; in which the shale [ayer exhibits relatively elevated porosity and

permeability compared to the base case scenano,

W E

0, Saturation

Il i
Ay eyl

Daxprih (mj

EHsdande= | I

L0y BMuraion
Mrahian)|

Dapth {m

aiter 10 years of injection, the COy plume remains argely confined within the aquiter; however,
[rmited upward penetration into the basal shale layer s observed &t the aquifer-caprock interface
[Figure 4-23). This localized migration is directly linked to the skgnificantly increased porosity and
permeability of the shale laver, which reduces its effectiveness asa hydraullc barrier comparad to the
base case and mineralogical sensitivity scenarios. During the lodg-term period of 1000 years, more
pronounced C0y migration inta the shale layer occurs. In certain locakized areas, CO; ponetrates the
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full thickness of the shale kayer, with gas saturation reaching values of up to 0.2. This behavior reflects
the enhanced vertical transmissivity induced by the elevated petrophysical properties and the
sustained buoyancy-driven migration of COy over long timescales

Despite this localized peretration, COy migration remains confined within the shale layer, and no
leakage into the owverlying caprock units or higher geological formations is observed. This outcome is
primarily attributed to the large overall thickness of the caprock (exceeding 100 m|, which provides
substantial vertical separation and containment capacity. Consequently, even under deiiberately
pessimistic assumptions regarding shale petrophysical properties, the caprock system continues to
prevant COy escape Into overlying formations. These results highlight the importance of shale
continuity and low permeability for caprock performance, while also confirming the robustness of the

storage system under extreme but plausible conditions.

Figura 4-24 presents the spatial distribution of dissalved CO; concentration and the associated pM field

after 10 years of continuous CO; injection for the worst-case petrophysical scenano,

The dissolved CO, distribution shows that, in addition to the aguifer, significant amounts of CO;
dissolve within the basal shale layer of the caprock. In localized zones near the aquifer-caprock
interface, dissolved gas mole fractions reach values of up to 0,003, which are comparable to those
observed in COx-dominated regions of the aguifer. This behaviour indicates enhanced upward
migratian af COz-rich brine inta the shale layer, facilitated by the increased petrophysical properties
of this wmit.
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The pH distribution reflects this enhanced geochemical interaction. Within the aguifer, pH decreases
in response to 00, dissolution, consistent with previous scenarios. Motably, within the shale layer of
the caprock, pH locally decreases from initial alkafine values (~9.25) to approximately 8.5, particularly
near the injection well and at the aguifer-caprock contact. This localized acidification s directly
associated with the presence of dissolved €0; and carbonic acid formation in fones where vertical
migration is permitted.

Despite these localized geochemical perturbations, pH changes remain confined to the basal shale
layer and do not propagate into the overlying caprock units. The absence of widespread acidification
suggests that buffering reactions and limited vertical transport effectively restrict the extent of
chemical alteration. Consequently, although the shale layer experiences increased geochemical
reactivity under worst-case petrophysical conditions, the overall caprock system retains its capacity
to isolate CO, from higher geological formations.

Figure 4-25 [llustrates the spatial distribution of porosity changes in the aguifer—caprock system for
the worst-case petrophysical scenario, The results show that porosity variations are minor and
comparable in magnitude and spatial pattemn to those obsenved in the base case and in Scenarios 1
and 2.
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Figure 4-25; Verticol section of the spafel distribition of porosity ehonges of the reservpir—maprock system in the scenarip
urdter degroded shate peémphysicol conditions. The Block foe Murtrmies the inferfoce between the reservoirand the coprock
Fior thee lncinbbar aff Bl septiam refed in Figure 4-12

Within the reservoir, small porosity changes occur as a result of mineral dissolution and precipitation
driven by COy-brine-rock Interactions. These variations remain negligible relative to the inktial
porosity and do not affect reservoir performance. In the caprock, Including the shale layer, porosity
changes are minimal, indicating that mineralogical activity remains limited despite enhanced CO; and
brine migration.

The similarity of porosity evolution across all scenarios suggests that geochemical reactions are wealk

and well buffered, and that changes in
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shale petrophysical properties primarily influsnce fluld migration rather than mineral reactivity, As a
result, porosity alterations do not contribute significantly to caprock weakening or leakage pathways,

5.3.5 Discussion and Conclusions

The geachemical assessmenit of caprock integrity demonstrates that, under reference conditions, CO;
injection into the deep saline aguifer does not compromise the sealing capacty of the overlying
formations. Inthe base case, plume migration remains confined to the aquifer over both injection and
long-term monitoring periods, with geochemical reactions dominated by carbonate dissolution and
limited silicate redistribution. These reactions induce only minor, spatially localized porosity changes
within the aguifer and produce no measurable alterations in gas saturation, dissolved COy, pH, or
porosity within the caprock, confirming its effectiveness as both a hydraulic and geachemical barrier.

The mineralogical sensitivity scenarlos further reinforce this conclusion by showing that moderate
variations in caprock mineral composition have a negiigible influence on plume behaviour and lang-
term geochemical response. Despite differences in the relative abundances of carbonates, sllicates,
and clays, the simulated distributions af mineral mass changes, porosity evelution, dissalved €Oy, and
pH closely mirror those of the base case, This indicates that COy-driven reactions are controdled
primarily by transport processes and buffering capacity, rather than by modest mineralogical
heterageneity within the caprock.

A tontrasting behaviour emerges only under the defiberately pessimistic worst-case petrophysical
soenario, where the basal shale fayer is assigned substantially higher porosity and permeability. Inthis
case, imited upward migration af both free-phase and dissolved C0; occurs, leading to localized
atidification and increased gas saturation within the shale. However, this migration remains confined
to the basal unit and does not extend into the overlying caprock formations, demonstrating that even
enhanced vertical transmissivity does not trigger large-scale lsakage or destabilization of the sealing
SYSEEM,

Importantly, across all scenarios, porosity changes within the caprock remain negligible, indicating
that CO;-induced geochemical reactions do nat generate significant mineral-driven weakening, These
results highlight that caprock Integrity Is more sensitive to petrophysical degradation than to
mineralogical variability, yet even undér extreme petrophysical assumptions, the combination of
limited wertical connectivity and substantial caprock thickness effectively restricts upward CO;
migration,

Orverall, the study provides strong evidence for the long-term robustness of the caprock, with Integrity
preserved over injection and post-injection timescakes of up to 1000 years. Tha interplay of low vertical
permeabllity, geochemical buffering, and structural thickness ensures effective containment,
supporting the suitability of the investigated formation for long-term €O, sequestration. These
findings also underscore the importance of jointly evaluating minerslogical and petrophysical
uncertaintles when assessing caprock performance and storage securlty,
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54 Caprock integrity — Geomechanical aspects

This section presents the geomechanical integrity assessment of the caprock, focusing on its ability to
maintain structural stabifity and sealing performance under OO, injection-induced stress and pressure
changes

First, the geomechanical dynamic model used for this analysis is Introduced, including the Inltial stress
state, boundary conditions, and key mechanical parametars. Then, the modelling approach and fallure
criteria applied to evaluate caprock stability are described, followed by the main results and analysis.
These include the base case injection scenario and a sensitivity analysis of oritical geomechanical
parameters that may influence caprock integrity and long-term containment performance.

54.1 Dynamic Model

5443 Thermal-fydrouic-mechanicol Model

The geomechanical integrity of the caprock was assessed using the compositional reservoir simulator
CMG-GEM (CMG, 2022, including the geomechanics module, which enables the integration of rock
mechanics data along with the fluid-fiow data to perform complex two-ways coupled thermal-
hydraulic-mechanical (THM) dynamic simulatians. The static and dynamic modeis developed in
previous tasks of WP3 (Pereira et al, 2024; Khudhur et al., 2024) were used as a basis but were
s#dapted to meet the specific requirements of this assessment.

Duse to the intensive computational time reguired for these complexes coupled simulations, a sector
model was extracted from the original mode! domain (Figure 4-26). In addition, a lateral grid-
coarsening process was applied, increasing the areal cell dimensions from 250x250 m in the original
static/ dynamic model to 500500 m s for all the cells. This approach was applied to the three
geological regions in this assessment: the siliciclastic reservoir of the Torres Vedras Group {Lower
Cretaceous), the regional argiflaceous-carbonated caprock of the Cacém Formation (Upper
Cretaceous) and the overlying siliciclastic deposits of the Aveire Group (Upper Cretaceous), which act
at a potential secondary seal {Figure 4-27).
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The verticat cell thicknesses of each unit were defined as follows: 10 m for the reservair, 20 m for the
caprock and 50 m for the overlying taprock unit of the Aveiro Growp. The final 30 model comprised a
total of 46128 cells, with 31 cell blocks in bath i- and j-directions and 48 cell blocks for the k-direction,

Despite the application of the grid-coarsening process, the spatial heterogeneity of the petrophysical
properties ware stlll reproduced in the maodels for this assessment, honouring the main statisties,
characteristics of the original P50 case for the three model regions from the 3D statlc modelling task
[Perelra et al., 2024). The porosity and the horzontal permeabliity models are shown in Figure 4-28.

5417 o siote ong Doundary congitions

The numerical simulations were conducted considering @ maximum injection rate of 710 272 Sm*/day
over & 30-year infection perlod, achieving a curnulative €O, mass of approximately 15 Mt [14.5 Mt).

Following the injection phase, an additional 70-year post-injection period was simulated, resulting in
a total simulation time of 100 years. A maximum bottom-hole pressure of 16 500 kPa was imposed as
an operational constraint (pressure limit), as previously identified and applied in earfier WP3 tasks.
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This operational strategy was derfved from the P50 scenario resulting from the Task 3.2 (Khudhur et
al., 2024),

The initial pressure and temperature distributions are shown in Figure 4-29. Due to the axtraction of
a sector maodel for this assessment, volume modifiers of 50 were applied to the boundary cells to
represent the reglonal extent of the formations and allow for prassure dissipation, while preserving
the pressure distribution behaviour in the 3D model observed In previous tasks using the original
reservolr model (Figure 4-26).

Geomechanical calculations were performed over all active grid bocks of the model. The mechanical
model includes prescribed displacement boundary conditions explicitly defined in the geomechanical
module on the external boundaries: lateral boundaries are constrained in their normal direction (i.e,,
no displacement perpendicular to the boundary), and the bottom boundary is constrained vertically
(== 0). In contrast, the top boundary s left unconstrained and is free to deform in respanse to stress
changes.

As the injection cells are located at the base of the madel, this lower displacement constraint may
influence the local stress path and deformation close to the reservair—-caprock interface. In particular,
the fixed vertical displacement at the base prevents downward movement, which may contribute to
the development of stress redistribution and residual deformation in the overlying farmations.

From & flow perspective, no valume modifiers were applied at the top and battom boundaries (wolume
modifier = 1], while enfarged volume modifiers were assigned laterally to represent regional pressure
dissipation, as previously mentioned, This combination of lateral pressure dissipation and constrained
vartical displacement at the base plays a key role in controlling the simulated deformation response,
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The solubllity tables for the CO; dissolution in the réservoir brine and the reservoir relative
permeability curves used in this work were praviously presented in the works from Khudhur et al.
[2024) and Pereira et al. {(2026).

The madel was nitlalized under in-situ stress and hydrostatic pressure conditions representative of
local geostatic eguilibrium, The initial stress state is presented in Table 4-11, including the normal and
shear stress gradients used in this assessment. For more information, refer to the information of the
“Fault reactivation assessment” of section 4.5.

The rock mechanical parameters used in this assessment are presented in Table 4-12. The Poisson's
ratio-and Young's modulus [elastic modulus) values were derived from well-log data, specifically from
the P-wave velocity computed from sonic logs and the S-wave velodty predicted using the Greenberg-
Castagna equation (Greenberg & Castagna, 1992), with regression coefficients based on Castagna et
al. {1993),

Thie £-1 1 it stress o {in KPa) sad npsemel ood shear shiess roiends {in I.Pe:ll."m]
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Lo 14 MECRamOIN gonameEters J0r ChE iree model regions

Property/ Modgl Rock Density Poisan’s Young's Cohesion Friction Anghe
Reglon [g/m"} Ratha -} Réodulus (GPa) (WP a) =]
Upper Cretnceowm 2412 L wmn 5.00 35.00
[Cwerburden) |

Uippaed Cretadeous 2502 (] 13.07 500 000
|Caprock)]

Lower Cretaceous 2342 LR L 2.0 2300
[Resmrvair)

Far the sake of simplicity, enly average (homegengous) values of the rock mechanical parameters
were used in this assessment, although parameter distributions (heterogeneous values) were also
abtained, particularly fram the log data of the legacy well Do-1C. These distributions were used to
define the ranges of the key mechanical parameters for the sensitivity analysis conducted and
presented later in thiz work,

D to the lack of direct mechanical information for the friction angle and cohesion, these values were
defined based on the available information on the lithofacles and cementation conditions of each
geological unit in the model. The spatial distribution of these mechanical parameters within the model
is lllustrated in Figure 4-30

Thermal properties were also considered In this assessment. The thermal conductivity and heat
capacity values for the reservolr and the caprock were previoushy presented In the "Injactivity
Integrity™ sectlon [Section 4.1). For the overlying Aveiro Group unit (Upper Cretaceous), due to the
lack of available data from the studies conducted in "WP2 - Gep-characterization,” the thermal
parameters wera assumed to be the same as those of the caprock. This assumption Is justified by the
high proportion of argillaceogus-carbonated |ithofacies in this unit (Pereira et al.,, 2024) and by its role
within the storage complex as a potential secondary seal
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5.4.2 Modelling Approach

The THM dynamic simulations carried out to evaluate caprock geomechanical integrity accounted for
coupled variations in hydraulic properties (pore pressure and porasity] and kinematic respanses
[valumetric deformation and vertical displacement]. Structural stability and sealing performance were
assessed using the Mohr-Coulomb failure criterion, complemented by the calculation of a Safety
Factor (SF) to quantify the margin to mechanical failure.

5421 inbegrity qesessmment

The geomechanical integrity assessment focused on evaluating the |oad-bearing capacity of the
caprock under evolving stress conditions induced by €0, injection. In this framework, rock strength is
defined as the maximum shear stress that the material can sustain before failure occurs (Atkinsan,
2007}, The analysis therefore aimed not only to identity polential fallure conditions but also to
quantify how close the system approaches these limits during injection and post-injection phases.

2 Mohr-Cowlomb follure eriierian

Caprock stabifity was evaluated using the Mohr-Coulomb faflure criterion (Figure £-31), one of the
most commaonly applied analytical models im geaomechanics for assessing rock strength and fallure.
This criterion relates shear strength (tf} to the intrinsic mechanical properties of the rock, namely
cohesion (c) and internal friction angle (§). Failure is predicted to occur when the applied shear stress
exceads the shear strength, which, in graphical terms, corresponds to the Mohr stress circle
intersecting the Mohr-Coulomb fallure envelope [Figure 4-32),

Under critical pressure conditions, the critical pore préssure was determined using the analytical
formulation of the Mohr-Coulomb critarion, In which the parameter Ng depends solely on the
Internat friction angle . This approach enables the evaluation of whether injection-induced pressure
Increases could drive the stress state of the caprock towards failura.

Fagure 4-31: Geomerno ong enoiics definion of Moo -Couwlomb srrengiy crtermen and resgective governing geamechennal
parmime by (fromm Merte JE01E
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Under critical pressure conditions, the overpressure can be determined using the equation below
[Equation 4-2):

Fg=r ,.'|". Ef:_.lﬂ'_‘i

‘!IF'."” = i=MNg

{Eepudtion 4-7)

Where N¢» depends solely on the friction angle (Eguation 4-3);

_ Auin () )
Ny = N St [Equaaticn &3}

54221 Safety Facto

Rock materials may undergo significant deformation while remaining mechanically competent
(Atkinson, 2007), Consequently, geomechanical integrity assessment should not be limited to
identifying fallure onset but should also quantify the proximity of the stress state to the failure
envelope, For this purpose, a Safety Factor was employed,

Fallowing the CMG GEM formulation, the Safety Factor represents the ralative distance between the
current stress state and the Mohr-Coulomb failure criterion (Figure 4-33).

For a given stress configuration, the Safety Factor is defimed as the ratio CB/CA, where ¢ s the internal
friction angte, CB’ |s derived from the constitutive failure envelope, and point C corresponds to the
Intersection of the stress path with the failure criterion. The Safety Factor is expressed as:
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For this set of voltages, the safety factor is CB/CA, where (Equations 4-4 and 4-5):

T 4= i
LA = I'—I;I'] { Fetunfan -2

CB = cos(g) - CB  (Equmtion 4-5f

Here ¢ is the friction angle, and the estimated value of CB' is based on the failure of the construction
model. The location of C is given by Equation 4-6:

[P |
gf = —— fEgwirliin £-5]

The safety factor is defined as (Equation 4-7);
SF=1 —{mIn{I,;—‘?)} (Frudtion 4-7)

It the ratio CA/CB exceeds unity, the Safety Factor is zero, indicating that fallure has octurred. Positive
values of the Safety Factor {up to one] indicate stable conditions, with stresses remaining below the
fallure threshold, wheneas values approaching rero indicate imminent fallure.

Sl 3 Spnaral for the Uncarfanhy Anmmpllesn

The numerical modelling strategy encompassed a range of C0; injection scenarios designed to test
the robusiness of the caprock system under progressively mora demanding operational conditions. A
reference scenaria with an Injection rate of 0.5 Mtfy was first simulated, focused on the
geomechanical response and integrity of the sealing units, namely the Cacém Farmation, which acts
as the primary caprock directly overlying the reservair, and the Avelro Group, which constitutes a
potential stratigraphically higher secondary seal.

As part of the uncertainty anabysis, additional simulations were conducted to specifically evaluate the
integrity of the primary seal {Cacém Formation), given its direct contact with the reservoir. These
simulations adopted an injection rate of 1 Mt/y, corresponding to the P90 injection scenario defined

in Task 3.2 (Khudhur et al., 2024), and
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Investigated the impact of different completion strategies, In particulas, the response aof the caprock
was compared batwesn a single perforation interval at the injection well and a dual-perforation

configuration, comprising one interval at the base of the reservoir and a second, shallower interval
within the wellbore [Figure 4-34),
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Finally, sensitivity analyses were performed for the most critical operational configuration, identifled
a5 a 1 Mty injection rate using the dual-perforation configuration of the injection well. In these
simulations, key geomechanical parameaters were systematicaily varied to identify the principal
controls on systam stability and to assess the robustness of the caprock Integrity under parameter
uncertainty, as summearised in Table 4-13,

It ks irportant to nate that the high- and low-cate values adopted for Young's modulus and Polsson's
ratio were derived from the probability distribution functions [PDFs) estimated for both parameters
using log data from the legacy well Do-1C, located close to the storage site. These values represent
thi minimum and maximum bounds of the corresponding PDFs.

Frdie 4-13; Geprtechancn poameters for the coprock aefined fioe wicertointy drahisis: refierance, hgher and bwer cose

FCETTI

Geomechanical Symbodl  Unit  Reference Case Higher Case Lower Case

Parameters Scenarios . S:Fnarhs Scenarios
Cohesion - [MPal .00 - 0.10 and 1.00
i - 10.00 and
Friction angle b "l an.00 20,00
‘l_’nung‘s modulus E [GPa) 33.07 B0.00 _ 5.00
Polsson's ratlo W I} 0.28 040 .20
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In contrast, the ranges defined for cohesion and internal friction angle were assumed for the purposes
of this assessment In arder to evaluate the effects of higher and lower values on caprock Integrity.
Exceptions were made for the cohesion and the friction angle, for which only low-case scenarios were
considered, to test a worst-case condition characterised by very weak caprock strength, In particular,
minimum cohesion and friction angle values of 0.10 MPa and 10%, respectively, were assumed to
represent extreme lower-bound scenarios for these parameters.

H.8.3  Resuits

The results are presented following the established sequence of scenarios, beginning with the
referénce case scenario, which was defined by a CD; injection rate of 0.5 Mtfy, evaluates the
geomechanical performance of the sealing system, encompassing both the Cacem Formation [primary
seal) and the overlying Avelro Group (secondary seal/ caprock}. The geomechanical impacts were
evaluated by the evolution of the pore pressure, porosity changes, volumetric strain, vertical
displacemnent (uplift), safety factor, and the estimate of the Mohr-Coulomb failure envelope for the
caprock.

Subseqguently, the uncertainty analyses examine the affects of different operational variables by
simulating more demanding conditions. These included an increased injection rate of 1 Mt/y and a
change in the well completion strategy from a single to dual perforation intervals in the injection well,
in order to verify the structural integrity of the caprock under elevated pressure regimes.

Finally, the results of the uncertainty analyses also focused on geomechanical properties, assessing
the impact of parameter variability on the stability and structural competence of the caprock.

It is important to note that all results were analysed throughout the sealing system (both primary and
secondary caprocks). However, the results and figures presented In this section refer to a specific
lacation in the modsal grid - the derper cells of both sealing layers at the location of the €O, injection
well - as the mechanical effects are representative of the response in the near-wellbore region and
show consistent behaviour across the injection area.

.. Relerence Cose

4311 Evolution of pore préssure

Throughout the injection phase {30 years), the Aveiro Group (secondary caprock) displays only minor
pore pressure variations (Figure 4-35), The pressure curve remains relatively fiat at approximately
7200 kPa, with a very gradual and smooth increase over Lime rather than a strictly isobaric response.
This limited pressure perturbation indicates that the secondary seal s largely decoupled from the
reservolr-primary seal pressure evolution, consistent with effective hydraulic isolation provided by
the Cacém Formation,

In contrast, the Cacém Formation [primary caprock) exhibits a clear pressurisation trend following the
onset of injection. After a short initial adjustment period, pore pressure rises progressively from
around 9000 kPa to a peak close to 5400 kPa at approximately 35-40 years. This behaviour reflects
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the poroelastic response of the storage complex to CO; injection and assaciated fluld pressurisation
within the réservoir—seal system.

During the post-injection (shut-in) phase [30-100 years), the Cacém Formation shows a gradual
pressure decline from its maximum value, stabilising at around 9300 kPa by the end of the simulation
[Figure 4-35). The smooth, asymptotic relaxation pattern suggests progressive pressure dissipation
and redistribution toward a new quasi-aquilibrium state rather than an abrupt return to initizl
conditions.

These pressure profiles support the integrity of the storage complex. The primary seal accommodatis
the induced pore pressure changes while remaining within a stable gromechanical regime (Le. below
the fracture gradient], and the secondary caprock [Aveiro Group) experiences only minimal pressure
perturbation, reinforcing its role as an effective redundant hydraulic barrier.
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54312 Feolution of porosity chionoes
During the Injection phase (0-30 years), the sealing wnits exhibit very small but distinct porosity

changes (Figure 4-36), reflecting the local poroelastic response to reservoir pressurisation and stress
redistribution within the storage comples

The Cacém Formation (primary caprock) shows a slight increase in porosity duting injection. An initial
rapid increase is observed in the first few years, followed by a more gradual rise until approximately
30 years, This behaviour is consistent with a locally dilative elastic response at the reservalr—caprock
interface, likely associated with stress redistribution and upiift induced by reservoir pressurisation. In
contrast, the Aveiro Group (secondary caprock| exhibits a small decrease In porosity throughout the
injection period. This Indicates a mild compaction response, suggesting that stress perturbations
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imduced by reservair pressursation are transmitted upward but are attenuated by the primary seal.
The Cacém Formation therefore acts as a mechanical buffer, limiting deformation in the overlying

secondary caprock.
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During the post-injection (shut-in) phase (30100 years), both formations display a partial recovery
tewards thelr initial porosity values, In the Cacém Formation, porasity decreases slightly after infection
stops, while in the Aveiro Group, porosity graduatly increases. This behaviour reflects elastic stress
relaxation as pore pressure dissipates and the stress field re-equillbrates within the system. The
absence of full recovery within the simislated period is consistent with incomplete pressure dissipation
and boundary condition effects. Nevertheless, it is important to note that the magnitude of porosity
varlations In bath sealing formatlens s extremaly small {order of 10°%), Indicating a negligible impact
on storage properiies and sealing capacity.

34313 Ewvclibtionof vollmetnc siriin

The numerical simulations indicate that both sealing units undergo progressive volumetric
deformation throughout the injection and post-injection periods [Figure 4-37). The recorded strain
magnitudes remain on the order of 10°%, well below levels that could compromise mechanical integrity
or induced failure of the caprock units.
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The Aveiro Group [secondary caprock) displays a positive valumetric strain [net compaction) during
the injection phase. Strain increases rapidly in the early years of inpection, then continues to rise more
gradually until reaching a peak of approximately 4.5 x 107° around 30-35 years. This response reflects
the poroslastic reaction of the overburden to reservolr pressurisation and associated stress
redistribution. During the post-injection {shut-in) phase (30-100 years), the volumetric strain in the
Aveiro Group decreases slowly and asymptotically, indicating progressive relaxation of injection-
induced stresses. Howewer, strain does not fully return to rero, suggesting @ small residual
detormation related to the incomplete stress recovery and boundary condition effects.

In contrast, the Cacém Formation (primary caprock} exhibits negative volumetric strain (net dilation)
throughout most of the simulation. A rapid initial dilative response occurs in the first faw years of
injection, followed by a relatively stable period up to about 30 years. Immediately after shut-in, the
formation undergoes a transient change in deformation behaviour, after which strain prograssively
returns toward rero during the post-injection period. This behaviour reflects local stress redistribution
at the reservoir-caprock interface, including stight uplft associated with reservoir expansion and
subsequsnt slastic stress relaxation as pore pressure dissipates

Overall, the contrasting deformation responses — compaction in the Aveiro Group and slight dilation
in the Cacém Formation = highlight the different mechanical roles of the twao sealing units within the
storage complex, The smooth temporal evelution and very small magnitude of volumetric strain in
both formations Indicate that deformation remains within the elastic-poroelastic regime, with no
evidence ol mechanical instability or impact on sealing integrity.

s 43514 Evoiution of sarety foctor
The computed Safety Factor values confirm that the storage complex remains geomechanically stable
throughout both the injection and post-
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injection pefiods (Figure d4-39). For both sealing units, the 5afety Factor remains consistently well
above rero, Indicating that the stress state stays comf{ortably within the elastic domain and remains
far from the Mohr-Coulomb fallure envelope (Figure 4-40), indicating that the stress state remains
stable and no fallure conditions are approached, The pressure and deformation changes induced by
COy injection are therefore insufficent to compromise rock integrity or materally reduce the
mechanical safety margin.
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The Aveiro Group (secondary caprock) exhibits a high and nearly constant Safety Factor of
approvimately 0.906 throughout the entire simulation, A very small, short-lived increase occurs during
the early years of injection, after which the value stabilises with negligible temporal variation. This
near-nvariant behaviour demonstrates that the secondary seal is only minimally affected by reservair
pressurisation and subsaguent pressure dissipation, reinforcing its role as 2 mechanically robust and
redundant barrier within the storage system,

The Cacém Formation (primary caprock) displays a sfightly lower Safety Factor, stabilising around
0.878-0.879 over most of the simulation. A modest initial decrease is observed during the early
injection phase, consistent with rapid pore-pressure build-up and the associated reduction in effective
stress. Thereafter, the Safety Factor remains essentially constant, with only very minor fluctuations
during bath the injection and post-injection periods. This indicates that, despite accommodating most
of the pressure and deformation changes; the primary seal maintains a stable stress state and
preserves an adequate margin of mechanical safety.

54315 Estimare of Molir foliuré envelooe
The Mahr diagram analysis supports the overall geomechanical Interpretation of the storage system.
The Initlal effective stress state [blue dashed circle) lles well within the Maohr-Coulomb fallure

Tha FilotSTRATEGY project has received funding from the @ PHoSTRATEGY
Eurcpean Union's Horizon 2020 research and innovation WW-*"'““":‘EETI-:;
age

programme under grant agreement No. 101022664



« PilotSTRATEGY

envelope, indicating a stable pre-injection stress regime (Figure 4-40f, Al the end of the injection
period (30 years), the final effective stress stale (blue solld circle) remains clearly inslde the fallure
envelope, demonstrating that the stress changes induced by COy injection do not drive the system
teward shear failure during active operations.

The stress path between the initial state and the end of injection shows a modest shift toward lower
affective normal stress and slightly reduced shear stress, consistent with effective stress reduction
associated with reservoir pressurisation @nd poroelastic coupling. Importantly, the distance between
the stress circles and the Mohr-Coulomb envelope remains substantial at the end of injection,
confirming that an adequate safety margin i preserved during the critical operational phase.

From 2 peomechanical perspective, the tendency toward dilative behaviour (poroelastic expansion
reflected by porosity increase and negative volumetric strainj observed by the end of Injection does
not compromise caprock integrity, Rather than promoting mechanical instability, this response
reflects reversible slastic-poroelastic deformation under increased pore pressure. The primary seal
[Cacem Farmation) remains far from failure, and no conditions fevourable to shear or tensile
fracturing are reached.
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In addition, and after applying the Equations 4-2 and 4-3, the critical overpressure {AP.q) of for the
reference |base] case ks approximately 061 MPa (about B10 kPal, This value indicates the pore
pressure increase required to bring the stress state of caprock to the Mohr-Coulomb shear failure
limit. Pore pressure increases below this threshold suggest mechanical stability against shear
reactivation, whereas exceedance of this value could potentially allow sfip or fallure. The simulated

Tha FilotSTRATEGY project has received funding from the @ PHoSTRATEGY
Eurcpean Union's Horizon 2020 research and innovation ""’""'""'-P"““":“ﬂ"'i-;:
age

programme under grant agresment No. 101022664



{87 PilotSTRATEGY

pressure increase remains well below the critical threshold, confirming a substantial safety margin
under the amalyzed conditlons. Because this estimate depends on assumptions regarding rock
strength, stress regime, and mechanical homogeneity, It should be regarded as @ conservative
indicator of caprock stability rather than an absolute integrity limit.

244 Uncertainty Analysis

As highlighted in the previous analyses, the Cacém Formation plays a pivotal role in ensuring system
confinemant, éxhibiting @ dynamic response to the interpiay between the pressure build-up
[pressurisation| due to the CO; plume and the lithastatie stress imposed by the overburden,

To further test the robustness of the seafing system, additional simulations were conducted to
evaluate the geomechanical response under more demanding operational conditions. These scenarios
include an increased injoction rate and, subsequently, aiternative wall-completion strategies. The
uncertainty analysis focuses on the integrity of the caprock {Cacem Formation), tracking the evalution
of the pors pressure, porosity changes, valumetric strain, and vertical displacement, while validating
structural stability using the Safety Factor and the Mohr-Coulomb failure criterion.

The impacts of injection flow rate, perforation intervals and mechanical properties resulting from the
uncertainty analysis is briefly summarized below and explained in more detail in the Appendix [section
b.2.2).

5441 impacts of inection fow rale

Increasing the injection rate from 0.5 to 1 Mtfy raises peak pore pressure in the Cacém Formation
from about 9.45 MPa to ~9.7 MPa (AP = 250 kPa) at the end of injection, while remaining well betow
fracture limits [Appendix, Figure 6.2-21). Post-injection pressure decline trends remain nearly parallel,
indicating unchanged hydraulic behaviour.

The higher rate leads to stightly greater porosity increase, reaching a deeper minimum at 30 years and
slower recovery during shut-in (Appendiy, Flgure 6.2-22), Volumetric strain ks more negative for 1
Mt/y, indicating stronger dilative response, but remains on the order of 107, within the elastic-
poroelastic regime [Appendix, Figure 6.2-23). Early uplift increases to about 2 mm for 1 Mt/y
compared with <1 mm for 0.5 Mt/y, followed by progressive subsidence (Appendix, Figure 6.2-24).

This behaviour reflects a poroelastic response contralled by pressure magnitude, where higher
Injection rates increase pare-pressure build-up, leading to strenger effective stress reduction and thus
grester dilation (porosity increase and negative volumetric strain) and larger early uplift. The overall
response pattern remains unchanged because the system stays within the elastic—poroelastic regime,
with only the amplitude scailng with pressure.

The Salety Factor shows a small decline during Injection, reaching a minimum near 30 years, then
partially recovering while staying comfortably within the stable domain {Appendir, Figure 6.2-25),
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Mohr-Coulomb stress states for both rates nearly overlap and remain far from failure, confirming that
the pressure increase ls small relative 1o In-situ stresses of 10-11 MPa [Appendix, Figure 6.2-26).

5440 Impacts of perforotion infervals

At a constant rate of 1 Mt'y, both singie- and dual-perforation configurations preserve storage
stability and caprock integrity. The dual-perforation case shows a slightly higher peak pare pressure
at the end of injection because the extra interval is closer to the caprock, but the difference is small
and within safe limits {Appendix, Figure 5.2-27),

Parosity increases steadily during injection in both cases, reaching a minimum around 30 years, with
marginally greater porosity increase and siower recovery for the dual-perforation case {Appendix,
Figure 5.2-28). Volumetric strain shows the same trend for both cases, with negative values {dilation),
yet ramains on the order of 107 {Appendix, Figure §.2-29). Both configurations experience brief early
uplift of approximately 2 mm, followed by progressive subcidence, which is slightly greater for the
dual-perforation case (Appendix, Figure 6.2-30). The similar behaviour across well perfaration
configurations indicate that the response s governed by the same pretsure-driven poroelastic
mechanism, while differences in perforation intervals only sfightly modify the local pressure
distribution and stress perturbation, affecting the magnitude but not the trend. As a result, porosity,
strain and displacement evolve consistently, with only minor variations in amplitade over time.

The Safety Factor reaches a minimum near 30 years then partially recovers and stabilises while staying
wiell within the stable domain for both cases [Appendix, Figure 6.2-31). Mohr—Coulomb stress states
nearty overlap and remaln far from failure, Indicating no added geomechanical risk from two
perforations (Appendi, Figure 5.2-32).

cd4.4.4  irnpacts of mecharing propertioes

In the adapted geomechanical formulation, cohesion and friction angle are plastic parameters used
te define the Mohr-Coulomb fallure criterion and evaluate the Safety Factor, but they do net influence
the elastic-poroelastic response of the system unless yielding is activated. Since no plastic yielding
occurs under the simulated stress conditions, variations In cohesion and friction angle do not affect
pore pressure, porosity, volumetric strain, or wertical displacement. Consequéently, the
hydromachanical response is controlled primarily by efastic parameters, namely Young's modulus and
Poisson's ratio.

Safety Factor scaies with cohesion but remains comfortably stable even for cohesion equal to 0.1 MPa
[Appendlx, Figure 6.2-37). Mohr-Coulomb analysis shows that although coheslen shifts the fallure
envelope, stress states stay far from failure In 3ll cases [Appendix, Figure 6.2-38),

Friction angle only affects the Safety Factor: higher friction angle increases Safety Factor and lower
friction angle decreases It, but even for a friction angle equal to 10° remains well above failure
[Appendix, Figure 6.2-43). Mohr-Coulomb cirches stay far from the failure envedope for all friction angle
scenarios (Appendix, Figure 6.2-44),
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Variations in Young's modulus (5, 33 and &0 GPa) do not compromise operational safety, with pressure
evolution nearly identical for all scenarios, showing overlapping peaks and decay trends (Appendix,
Figure 6.2-45), Stiffer rock (60 GPa) shows the greatest porosity increass and most negative volumeatric
strain {dilative response) during Injection (minimum at about 30 years), with slower recovery during
shut-in, whereas lower stiffness cases exhibit smaller deformation amplitudes {Appendix, Figures 6.2-
&6 and 6.2-47), Strain remains on the order of 107"-10. Sa#fety Factor reaches @ minimum near 30 years
then stabilises, remaining safely above fallure for all cases {Appendix, Figure 6.2-49). Mohr circles
nearly overlap and stay far from the fallure envelope [Appendix, Figure 6.2-50),

Varlations in Polsson's ratio (0.20, 0.29 and 0.40) show minimal influence on pore pressure evolution
under the modelling conditions, resulting in almost identical pressure responses, with only negiigible
late-time differences [Appendin, Figure 6.2-51). Porosity and volumetric straln show dilative behaviour
during injection {porosity increase and negative volumetric strain) followed by slow recovery during
shut-in; higher Poisson’s ratios produce stightly smaller deformation amplitudes, but differences are
minor (Appendix, Figures 6.2-52 and 6.2-53). Straln remains approximately 107%, Safety Factor dips
slightly during Injection, reaches a minimum near 30 years, then recovers and stabilises; higher
Polsson’s ratio yields marginally higher Safety Factor, but all remain safe |Appendix, Figure 5.2-55),
Mohr circles are almost superimposed and far from fallure for all scenarios (Appendix, Figure 6.2-56).

545 Discussion and Conclusions

The geomechanical assessment of the Q4-TV1 storage comples prevides a comprehensive evaluation
of the mechanical response of the sealing system (primary and secondary caprocks) to Injection-
induced pressure perturbations over both operational and early post-Injectlon timescales. By
employing a coupled thermal-hydraulic-mechanical modelling framework and a three-dimenskonal
representation of the storage complex, the analysis captures the evolution of stress, deformation and
stability within the reservoir-sealing system under reakistic injection scenarios and conservative
uncertainty bounds, The results consistently demonstrate that the Cacém Formation behaves as a
mechanically competent and resilient primary eaprock, capable of accommaodating the pressure
Increases associated with commercial-scale CO; injection without approaching fallure conditions.

Across all simulated scenarios, including Intensified injection rates, alternative perforation
configurations and wide variations In key mechanical parameters, the system remains within the
poroelastic domain and well separated from the Mohr-Coulomb failure envelope. Although the Safety
Factor exhibits a gradual dedine during the Injection phase, reaching a minimum around 30 vears dug
to pore-pressure build-up and effective stress reduction, this response s limited in magnitude and
partially reversible during shut-in. The favourable Initial stress state, moderste burial depth and
placement of the Injection interval several tens of metres below the caprock collectively contributa to
maintaining a high margin of mechanical stability throughout the infection and past-injection perlods,

The uncertainty analysis further reinforces the robustness of these conclusions. Systematic variation
of cohesion, friction angle, Young's modulus and Poisson's ratio over wide ranges does not tead to
instability, even under the most conservative mechanical assumptions, While friction angle primarily
controls the theoretical fallure envelope and Safety Factor magnitude, and Young's moduluc
modulates deformation amplitudes, none of these parameters materally affect pore-pressure
evolution ar bring the system closer to failure. Likewsse, higher injaction rates and dual-perfaration
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configurations lead to only marginally higher prassures and shghtly stronger dilative responses
[porosity increase and negative volumetric strain), without altering the overall stress state or
compromising seal performance. The thick secondary seal of the Aveiro Group provides an additional
mechanical and hydraulle buffer, ensuring that any locallzed perturbation in the primary caprock
would not jeopardize overall containment,

In conclusion, the integrated geomechanical analysis confirms that the 04-TV1 prospect exhibits a
high degree of mechanical robustness and is well suited for long-term CO, storage from a structural
integrity perspective. The Cacém Formation maintains its sealing function under all investigated
operational and uncertainty scenarios, with substantial safety margins relative to Mohr-Coulomb
failure criteria. These results provide strong evidence that the mechanical integrity of the storage
complex does not represent a limiting factor for safe and secure €O, storage In the offshore Lusitanian
Basin, provided that injection operations remain within the defined pressure-controlled operational
envelope.

5.5 Fault reactivation assessment

551 Ohjectives

The reactivation of existing tectonic structures such as faults Is one of the most impacting geological
hazards because of the potential seismic risk. The role of fluids in the triggering of fault reactivation
has been studied since few decades especially for seismic events in the shallow part of the earth’s
crust. Indead, fAuids flow variations, whether they are due to natural meteoric fluctuations or
anthropic activities, induce hydromechanical impact affecting stresses in the geological media. In
anthropic activities linked to the geaological reservolr exploitation of heat, hydrocarbons, water
resources or i00: storage (Elsworth, 2013; Les, 2015; Rutgwist, 2013; VanWees, 2014; Jeanne, 2017;
Pang, 2020), the fluid injection/pumping affect the in situ mechanical equilibrium. The
hydromechanical perturbation of ambient stresses acting on faults: can be due to pore pressure
changes within the faults and/or by changes of their boading conditions (Figure 4-41). Of course, the
triggering of shearing processes in faults depends on [ts state of equilibrium before the perturbation
and on the level of the solicitation, In some cases, faults can be reactivated because their ambient
stress states were closed to mechanical stabllity equilibrium point, so a little change is enough to
trigger displacermnents of the walls, in other cases, if the faults are in a very stable ambiant state, tha
unlocking of the fault would require a high intersity perturbation due to fiuld injection. The
assessment of the potential fault reactivation depends on the most accurate estimation of amblent
strass state on faults before any perturbation and on the fine description of the solicitation. In this
study, numerical mechanical simulations have been performed to describe the mechanical stresseson
faults at the boundary of the reservoir from the initial state to ditferent Increasing times of C0;
injection; The perturbation induced by the CD; injection on the mechanical stress state an faults s
simulated by imposing pore pressure fields calculated by dynamic flow simulations at the different
Injection tmaes.
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5.5.2 Contesxt of the study and methodology

To get an officlent workflow for the integration of calculated pore pressure fields at different CO;
injection times, from hydrodynamic simulations previously performed (Khudhur et al,, 2024), the
mechanical model was directly bullt based on the hydrodynamic reservoir model geometry (extension,
mesh, faults). This has driven the choice of a continusm media approach also for the mechanical
numerical code,

5.53 Description of the mode

53.1 Geology dnd geometry

The construction of the mode! combines both geometrical constraints given by the model used for
hydrodynamics simulations and geological aspects to integrate for the mechanical simulations. The
extension of the mechanical model was buiit on the reservoir mode! area for the hydrodynamic
simulations [Figure 4-42), Due to the lack of information about the transmissibility properties of the
existing fauits, the hydrodynamic behaviour of the faults was assumed ta be transmissible, except for
the two major faults Isterally bounding the O4-TV1 prospect, designated as faults F2 and F5, which
were assumed to be slightly non-transmissible (Khudhur et al., 2024). The boundary conditions of the
hydrodynamic  simulations were defined as open boundaries. For more detalls about the
hydrodynamic model and the key input data, refer to deliverable D3.3 [Khudhur et al,, 2024). The
hydrodynamic model focused on the reservoir and integrated only the rock reservoir lithology to
estimate the flow of CO; (considering the cap rock and under burden farmations impermeable). For
the mechanical simulations, the integration of over- and under-burden with their rock types
heterogeneity and characteristics are taken into account to better estimate the stress state, For the
mechanical model, a simplification of the geclogical layers (Figure 4-43) has bean made considering
the reservolr layer bounded at the bottom by wunder burden formation and at its top by cap rock and
over burden |ayer (Figure 4-44a). The description of the geology in the mechanical model is completed
by the integration of faults localisation (Figure £-44b).
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Two entities are to be faken into account in the mechanical simulations: the lithological units and the
faults. The fater are discontinuous wnits and should in theary be nemerically represented as such
instead of continuous elements. However, considering faults as thick damaeged regions, using
continwous numerical elements has proven relevant in numerous studies (eanne et al., 2017, Reiter
et al., 2024},

FLAC3D is a widely used machanical calculation software for engineering applications. It is 2 finite
volume code that solves, far ezch mesh, the mechanical equilibrium equation [Eguation 4-8):

ﬂ [:gj 4+ p:g = ﬂ [Equititian 4-8)

where o [Pa] is the total stress tensor, p [Kg'm™] is the bulk density of the medium, and g [m's™] is
the acceleration due to gravity.

The total stress represants the interaction forces between the grains of the porous medium. The pore
pressure within the porestends to push the grains apart and thus opposes the effect of the total stress.
Terzaghi’s law sxpresses this relationship In @ saturated medium with iIncompressible grains (Equation
4-9):

_ﬂ'_' - E +P§ {EquaTon -5

where o' [Pa] is the effective stress tensor and p |Pa) is the pore pressure. Note that the negative
compression convention is adopted; if the pressure p increases, the stress o' &lso increases and thus
becomaes less compressive.
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The relationship between effective stress and strain is governed by constitutive laws, In the elastic
regime and for a hamogenecus, sotropic medium, the constitulive law can be written as |Equation 4-
10):
o =2pg + ATr(g)d R

where & [-] is the strain tensor, j [Pa] and A [Pa] are the Lamé parameters, j 15 the same parameter
as the shear modulus, denoted G. The Lamé parameters are related to the more commonty used
parameters: Young's modulus E [Pa] and Poisson's ratho v [-], according to Equation 4-11:

E

28 2(L+v) {Equation 411
Ev

T ET T

A

To account for rreversible deformation effects [grain rearrangement, microfracturing, ete.), plasticity
laws extend the above equations. FLAC3D offers several plastic laws. In this study, the Mohr-Coulomb
law was chosen, as It has proven to be representative in many applications and most notably when
apphied to fractures. This law involves only two parameters that describe how grains resist forces due
ta, on the one hand, their irregularities and induced friction, and on the other hand, the cementation
between them. These parameters are the internal friction angle ¢ |*] and cohesion ¢ [Pa).

Mathematically, these parameters are Introduced In a plasticity imit {Equation 4-12);

= "'il + IE‘H'H'F [Equation 41}
= ¥ ¥

Ny
where oy [Pa] and o' [Pa] are the major and minor principal stresses, respectively {in negative
compression, 0y £ 0y'), and N = (1 + sin{d)){1 - sin(d)).

For a given stress oy, the material remains in an elastic state as long as oy’ |5 less than the limit given
abave. When o' reaches the limit, the material enters plasticity, and irreversible deformations accur,
Plasticity theory implies that o, cannot exceed the Emit but must remain less than or equal to it: elther
oy’ < limit {elasticity) or oy’ = limit [plasticity).

5533 Initigl ziote ond boundany condiiont

The nitiai state and boundary conditions are chosen in accordance with local tectonic knowledge of
the Lusitanian Basin, where the stress state i5 estimated to be in slight extensive regime with a major
horizontal stress direction of N145° (Heidbach et o/, 2025).

The inltial state & obtained by applying gravity and stresses on all four lateral sides of the model
(Dirichiet conditions). Beskdes, bottom boundary has flxed normal displacements, and top boundary
s free, The applled stresses are obtained using horizontal to vertical stress ratios in accordance with
the local tectonic regime: Tymay = Ty 808 Tjmin = 0.8 X o, hence leading to a slightly extensive
regime {5y, Tiimax. AN Tjmin are the vertical, maximum harfzontal and minimum horizontal stresses,

respactively).

Maotice that some testing simulations where the model was extended |aterally (not shown here) were
run to ensure that having the faults close to the boundaries does not introduce bias in the results, We
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nbserved that the outermost fault zomes were very slightly impacted and the innermost ones, not al
all,

The initial pore pressure is hydrostatic, and In accordance with the hydrodynamical computations
previoushy conducted (Khudhur et al., 2024) as can be seen on Figure 4-45.

Initial pore pressure In reservolr
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5.54  Parameters

The elastic parameters are based on in sity data and are plotted in Figure 4-46
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As for the plastic parameters within the faults, no data ks avallable. Standard parameters were used:
coheshon c=10 MPa and friction angle ¢=30° [Bemer et al., 2004) and are homogeneous throughout
all the faults.

59.58.5 HResulls

N
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Figure 4-47 to Figure 4-53 show the overpressure evolution in the reservoir loyer, where
gverpressure=0 cormesponds to a pore pressure eguals to that at the initial state.

Each figure reads as such:

Top left: reservoir overpressure from top view, and rupture state in faults reservoir traces.
Cyan cells indicate no rupture
Top right: reservoir overpressure east-west cross-section around modalled injection, and
rupture state in faults through whole model [vertical scale is magnified by 5). Cyan celis
indicate no rupture.

- Bottom left: overpressure distribution within faulls reservair traces only.
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Bottom right: faults stability. The axes depict the minimum a
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manimum effective stresses

(red and black points} and the continuous line shows the Mohr-Coulomb yield as detailed in
Equation 4-12. Points located above this line are stable,
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Based on the simulations, faults are far from a potential reactivation even after 30 years of injection
The precise necessary injection pressure to reach rupture cannot be estimated from separate
hydrodynamic and mechanic simulations, However, we can glve an estimate on the additional
overpressure that would be needed In the faults to have rupture. The estimation Is derived from
Eguation 4-11: starting from a local stress state (&, #3) that Is stable (1.2, where Equation 4-11 is NOT
verified], the necessary additional overpressure Ap.. to reach rupture would be yielded by
Equation 4-13;

(7 + 4p, et ¥ ‘-':'-_'."'H'r-}- {Equetian 4-111

! 4 A T
Ly P "Illlil

Stratghtforward manipulation leads to (Equation 4-14):
i i ai o~ . Far
oy = oy Ny + 2, Ny

Ny—1

[Egqumhinn 4-14)

'I:I'.F".I'I.I_[!'I .

Taking the local stress states of the faults celis given by the points in Figure 4-53d, the Ap,., .
distribution obtained is plotied in Figure 4-54,

dcdditivnel required averprassure in Taults bo reach rupturs
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Those results estimate that an additional overpressure of at least 180 bars is required in the faults to
reach rupture. The required injection overpressure at wel should be estimated by running additional
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hydrodynamical simulations and finding the critical injection pressure that would bring such values in
the vicinity of the faults,

Our resufts most certainly overestimate the actual reguired additional overpressure (optimistic
hypotheses about fault material properties; hydrodynamical effects and stress redistributions not
accounted for). Still, these results (llustrate that our model i guite far from rupture, and that tension
rupture would cccur before shear one,

=l =

Wors COTe LCERanc

The faults clastoplastic properties are generic and derive from no measurements. Although based on
well accepted ranges of values, they might overestimate the actual values and possibly the faults
resistance to rupture. To explore how these parameters could impact the model results, we tried a

“worst case "scenario where parameters depict poorty resistant faults due to highly subfractured and
poorty cemented fault cores

Faults more prone ta deformation: Young modulus fault = B0% of intact rock and Polsson ratio
= 110%
Poorer resistance to slip: 20° angle of friction (30" in ref.) and 2 MPa cohesion (10 MPa in ref.

The simulation results stiil show results far from rupture. The final stress state is plotted in Figure .
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Using Equation 4-13, an overall estimation of the additional required overpressure (s plotted in Figure
456 and, according to mode| assumptions, still estimate high necessary overpressure valuss [»50
bars|.
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556 Discussion and Conclisions

The simulations result tends to highlight that, under the simulations assumptions, the model is quite
far from reactivation. However, the model comas with some limitations, mast notably on the physical
laws used: the poroelastic effects were not accounted for (i.e., pore volume deformation under
pressure), elastoplastic state eguation (Mohr-Coulomb only) and parameters uncertainty.

When considering poroelasticity, the deformation due to pore pressure variation can be expressed as
[Eguation 4-15);

1 E‘lrﬂ {Equotian 4-15)
E F

Eyr =

With £ is the volumetric strain and Ap the overpressure in the madium,

With the simulation parameters and overpressures considerad hers, a maximum of 2, = 107" is
expectod lotting us conclude that poroelastic effects should be negligible and poorly affect model
stability. Mote that for rocks with rigid properties (as s the case here|, the volumetric strain is only
affacting the pore volumes and will result in a variation of porosity 4 = £, With g, = 1075, the
porosity variation 5 well below 1% of the initial porosity llustrating how small poroelastic effects can
he expected

Our simulations come of course with limitations and could still be iImproved. Here is a non-exhaustive
list af hints for future improvements: broader parameter value ranges, various mechanical laws of
behaviour, different boundary conditions [displacements, stress ratios, etc.}, different initial states
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[e-g., multistage tectonics), even worse case situations |i.e., lower friction/cohesion) and, Ideally, a
complete poroelastic model,

One of the main feedbadk from this work, relying on two different softwares |Aspen Tempest/SKUA
and Flac30), is the importance of putting efforts in the inter-softwares compatibility. Among all the
combined efforts from the partners involved, the most time-impacting actions weare:

Meshes conslstencles;

Representative interpalation;

Mutti-farmat conversion;

Fac3D mesh trial and errors (poor meshing capacities, plus estimating the optimal ratio
between precision and computation times).

5.6 Final Remarks

The phenomenological a@ssessment of the 04-TV1 offshore prospect integrates coupled
hydrodynamic, thermal, geochemical and geomechanical analyses to evaluate storage integrity over
operational and post-injection timescales. By combining high-resolution near-well modeliing with
long-term basin-scale simulations, the assessment addresses reservoir injectivity, caprock
geochemical and gromechanical integrity, and fault stability. The results indicate a robust storage
system in which perturbations remain spatially limited, and no mechanisms are identified that would
compromise long-tarm contalnment. From a risk perspective, the main challenges are operational and
localized, rather than structural or systemic, and can be addressed through appropriate injection
management and monitoring.

Injectivity integrity represents the dominant shart-term aperational control, primarily influenced by
salt precipitation in the near-wellbore 2one during CO; Injection, Under reference conditions, these
effects remain confined close to the well and do not affect reservoir-scale performance. Sensitivity
analyses confirm that injection rate and reservoir salinfty are the main amplifiers of near-well
impairment, while injection temperature plays a secondary role. Only under compounded
unfavourable conditions do transient injectivity limitations appear, restricted to the early injection
phase. Accordingly, the overall risk of injectivity loss Is low, increasing to low-to-moderate only under
extreme operational scenarios. Mitigation reles on careful control of injection rates, continuous
bottom-hole pressure monitoring, gradual ramp-up of injection, and accurate pre-injection
characterization of formatian sallnity.

Caprock geochemical Integrity ks governed by buffered reactions at the aquifer-caprock Interface and
represents @ long-term containment consideration rather than an operational constraint. Reactive
transport simulations show that mineral alterations remain localized and do not induce significant
thanges in caprock petrophysical properties. Varations In mineralogical composition do not
significantly modify sealing performance, confirming the robustness of the geachemical barrier. Only
under defiberately pessimistic assumptions, involving degraded basal sealing wnits, does limited
upward CO; migration occur, without propagation Into overlying formations due to the lange caprock
thickness. The risk of geochemically induced leakage is therefore assessed as low to low-moderate,
mainly reflecting geological uncertainty. Mitigation focuses on improving caprock characterization,
refining geological models, and imptementing targeted monitoring at the reservoir-caprock interface.
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From a geamechanical perspective, both caprock fracturing risk and fault reactivation potential
remain consistently low across all Investigated scenanios. Injection-induced pressure changes da nol
approach fallure conditions, and mechanical responses remaln elastie and reversible. Uncertainty
analyses confirm a high margin of stabllity even under intensified injection rates and unfavourable
mechanical parameter assumptions. Faults remain stable and no permeability enhancement or
leakage pathways are generated, However, it is important to mention that these results are obtained
under the specific modelling assumptions, parametar ranges, and boundary conditions adopted in this
study, and should therafore be interpreted within this context. A broader exploration of parameter
variability and afternative boundary conditions would further strengthen the robustness of these
contlusions.

The geomechanical risk is therefore assessed as low. Mitigation is essentially preventive, consisting of
pressure-controlied injection, avoidance of abrupt rate increases, and periodic updating of
geomechanical models as additional field data become avzilable.

This Integrated assessment damonstrates that the Q4-TV1 prospect axhibits a high degree of resillence
to coupled hydraulic, thermal, geochemical and mechanical perturbations, The dominant risks are
locallzed near-well effects affecting early-time Injectivity under unfavourable operational and
geachemical conditions, while caprock sealing capacity and fault stability remain robust over long
timescales. The storage compiex benefits from strong structural, caplllary and geochemical trapping,
with no evidence of progressive degradation or leakage risk. Although the results support thie technical
feasibility and long-term security ol C0y storage in the offshore Lusitanian Basin, safe deployment
requires disciplined injection management, continuous pressure survelllance, early-time Injectivity
maonitaring, and ongoing rafinement of geological and geomechanical madels to further reduce
reshdual uncertainties and ensure sustained containment performance.
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6. Ebro reglon (Spain)

6.1 Introduction and problem definition

The waork discussed in the present deliverable s based upon the reservair simulation work that was
presented and discussed In previous Dellverables D3.3 [Blanco Pericana ot al,, 2024) and D3.4 (Ben
Rhouma, 2026).

An InitTal dynamic model was developed using SLB's Intersect reservolr simulator (version 2023.4) and
presented in Deliverable 3.3. In this model, both the maxmum storage capacities and the achievable
injection rates were found to be relatively low. This behaviour & primarily linked to the poor reservolr
properties and the fact that the resarvolr ks Inftlally overpressured. The low permeabilities asslgned in
the model were largely derived from laboratory measurements on cutcrop samples from the Torre de
|las Arcas section, as documented in Deliverable D3.2 (Garcla et al., 2024). Under these conditions, the
simulated system yielded a total storage capacity of approximately 3.15 Mt for a single Injection well
operating over a 30-year period. Beyond constraining storage capacity, the combination of low
permeability and natural overpressura also has important geomechanical implications, affecting both
the fracture pressure and the potential for fault reactivation during injection operations.

Subsequent analysis of the Chiprana-1 well, located near the Lopin site (see lecation in Fig. 6-2 of
Delverable 03.3; Blanco Pericana et al., 2024], revealed a porosity-permeability relationship that
differed significantly from earller assumptions, Laboratory core measurements confirmed resstvolr
properties that were markedly more favourable than those inferred from outcrop samples. Based.on
these new Insights, a revised porosity—permeability relationship was established and Incorporated
into an updated dynamic reservoir model. The updated reservoir simulation, performed using SLB's
Intersect {version 2025.1), indicatas a maximum storage capacity of 14.62 Mt and a peak injection rate
of 0.496 Mtpa for the scenarlo Involving two injection wells. This revised dynamic model is fully
documented in Deliverable 3.4 (Ben Rhouma, 202€), and the present deliverable has been prepared
using this updated model as its reference framewaork.

The first part of the analysis described here (section 6.2) addresses wellbore Integrity, evaluated
through the estimation of potential injectivity loss caused by solid deposition. Because the reservoir
target interval s predominantly siliceous, it Is considered chemically and mineralogically nert. This
assessment Is supported by mineralogical analyses of the reservoir section, including observations
from the Pefia Royas and Torre de las Arcas outcrops and the Chiprana-1 weidl report, as discussed in
Deliverable D2.7 {Ayala, 2023) and further detailed in Deliverable D3.4 (Ben Rhouma, 2026).
Nevertheless, given the high salinity of the formation water (160,000 ppm in the base-case scenario),
it is necassary th assess the potential impact of NaCl precipitation around the injection well and its
influenice an achievable injection rates.

Section 6.4, titled “Storoge complex integrity - studies on its mechanical stability”, constitutes the core
of this deliverable, This emphasis arises from the reasons outlined previously —namely, the poor
reservolr properties and the presence of natural overpressure, which together result in a narrow
operational pressure window before reaching the fracture gradient andfor potentially triggering
induced seismicity. The chapter is structured into two subsactions. The first subsection [Section 6.4.2)
focuses on the preparation of a multi-well 1D geomechanical study, using four wells with the most
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complete dataset avallable in the study area [well log data). Mechanical properties obtained from
laboratory analyses (Deliverable 2.8; Baronl er ol 2023] were also incorporated for limited
comparative purposes, acknowledging that these maasuraments were performed on outerop samplas
rather than core material. The effective stress ratla (ESR) method was applied to derive in-situ stress
condittons; including the magnitudes and gradients of vertical stress, minimum horizontal stress,
maximium horipontzl stress, pore pressure, and fracture gradient for each well considered. The second
subsection (Section 6.4.5) extends the resutts of the multi-well 10 geomechanical study to a regional
scale. These peomechanical parameters were integrated with key reservoir simulation outputs {i.e.
the initial reservoir pressure and the maximuem reservoir pressure reached during imjection). By
applving the Mahr-Coulomb filure criterion to each mapped fault, and by accounting for the stress
state and pressure acting on each structure, the susceptibllity of individual faults to reactivation was
assessed. As expected, faults situsted closest to the planned injection wells show the highest
likelihood of reactivation.

6.2 Integrity of the wellbore,

Salt precipitation may occur around a COy injection well due to evaporative drying, whereby injected
C0; absorbs water from the formation brine, increasing Its salinity beyond saturation. This process
leads to the formation of solid saft deposits in the near-wellbore pore space, reducing effective
permeability and causing injfectivity ' loss. The resulting permeability impairmert elevates
near-wellbore pressures, potantially bringing aperational pressures closer to dosure limits—an effect
that is particufarly critical in low-permaability and overpressured reservoirs. Although some
precipilated salt may dissolve If brine later re-enters the affected rone, injectivity impairment during
active €Oy Injection can be significant and therefore warrants careful consideration in dynamic
modelling.

A dedicated study was undertaken to assess the potential injectivity impairment at the Lopin site
resulting from salt precipitation during continuous COy injection. This analysis focused on simulating
halite (Ma(l) deposition around the €Oy injection well CC5-1, The primary objective was to evaluate
the geochemical interactions between the Injected 00y and the formation brine under conditions
favourable for salt precipitation. The modal incorporated the reservalrs temperature, prassure, and
salinity characteristics to predict the spatial and temporal development of NaCl accumulation In the
near-welbore region.

b.2.1 Methodology

Representation of water vaporization and near-wellbore drying must be considered when predicting
solid deposition, particularly MaCl precipitation, during €0y injection Into saline formations. In this
study, SLB's Eclipse 300 reservoir simulator [wersion 2025.1) was empioved to evaluate these
phenomena using the isothermal COZ3TORE option. The COZATONRE aption considers three phasas:
& COp-rich phase, a Hy0-rich phase and a solid phase. The COx-rich phase is labelled the gas phase
while the HiO-rich phase is labelled the aguecus phase (liguid phase). CO2STORE provides a
compositional treatment of CO;—H;0 interactions and evaluates salt precipitation and dissolution
through equilibrium-based reactions, allowing the prediction of sofid build-up, pore-throat biockage,
and permeability reduction.
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The partitioning of CO; and H,0 between the aqueous and gas phases follows the correlations of
Spycher and Pruess {2005, 2009], which are applicable for temperature and pressure conditions
relevant for geologlcal CO;storage (12-100°C and up to 600 bar). Within this framewark, salts remain
entirely in the agueous phase unfess the SOLID keyword Is activated; both configurations {Le. with

and without the S0LI0 keyword) were assessed |n the present study, When the S0LI0 option Is
enabled, the companents MaCl, CaCly, and CaCO, may existin both agueous and solid phases according
to the following equilibrium reactions:

H:O= H +0H

C0: + HiO 7= HOOG + HY

HCDj == €03+ H'

NaCly = Na*+ CF

{iu.lm e Call" + O

Catl'= G+ 00’

Cally, = Ca™ + €07
In the present study, anly £O; and NaCl were included to allow the use of a implified geochemical
systam within the simulator. The NaCl colubllity moedel s based upon the work by Potter || et al, (1977),

The maximum Nall solubility in the agueous phase s calculated using the following emplrical
correlation:

Wyeo = 26218 + 00072 x T + 0.000106 x T°, 11]

whire Wy Is the maximum solubility of NaCl at the vapour pressure in weight percent and T is the
temperature in degrees Celslus. The gas and aqueous saturations are normalised to be between z2ero
and unity, so the two-phase water and gas relative permeability curves can be used. However, the
presence of solids raduces the effective fluid volume, FV, which is defined as:

FV=(1—5)xPV, 12]
where £V |s the pore volume and 5 Is the solid saturation.

The pre-exsting reservoir simulation model used in this study (Deliverable D3.3) was converted from
Intersect to Eclipse 300 [C02 STORE), The conversion was carefully validated, and the results confirm
that the Eclipse 300 mode! correctly reproduces water vaporization in the near-wellbore region during
COy injection (see Appendix 7.3.1).

In the present study, Eclipse 300's S0LID aption ks used to calculate the permeability reduction
caused by solid plugging through 2 mobility multiplier function. When a sofid phase ks present, the
mability for component ¢ in phase g, Mg, is given by:

b
M, =5 kklSy) oL, (3|
where.x;, is the mole fraction of component ¢ in phase p, k; is the mobility multiplier accounting for
the presence of solids, k., s the relative permeabllity of phase p, 5; Is the normalized saturation of
phase p, by, |s the molar density of phase p, and b, {s the viscosity of phaze p.
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The term K, in Equation [3] reprasents the mobiiity reduction resulting Trom plugging of the pores by
adsarbed solids. This mobility multiplier can be specified either as a function of the adsorbed
concentration or alternatively as a function of the adsorbed saturation, 5,. The latter option, which is
adopted in this work, s implemented through the SOLIDMMS keyword in Eclipse 300, With
50L10MME, the mobility multiplier s defined as

ky = Ky (5, (]

with the adsorbed saturation given by
5= (1-1)% s

Here, f is the [dimensionless) fraction of solid present in the flawing phase and 3, is the normalised
sodid saturation, defined as the solid volume expressed as a fraction of the pore volume. In the prezsent
model, the S0LIDMIS mobility multiplier, &, is applied uniformiy to all fluid phases, implying that
permeability reduction caused by solid deposition affects the flow of all phases equally. The factor
(1 —j‘] ensures that only the adsorbad (i 2. immiohlle) fraction of solids contributes to permeability
degradation, while solids remaining in suspension do not directly reduce mobility,

The SOLIDOMMS function k,, (5, ) is provided as a tabulated input and represents the mobility multiplier
associated with pore plugging and surface coverage by deposited solids. As 5, increases, k, decreases,
reflecting the progressive permeability impalrment due to solid deposition within the pare network
This formiulation enables the simulator to capture the coupled offects of solid transport, adsorption,
and permeatdlity reduction in a fully compositional framework, while maintaining flexibility through
user-defined mobility reduction curves.

Due o the absence of field data, laboratory measurements, or [terature-based calibration datasets
apphicable to the specific solld phase and flow conditions considered in this study, the SOLIDMME
permeability multiplier remains poorly constrained. As a result, the functional form of the solid
mobility-saturation rélationship Is subject to significant uncertainty.

To address this limitation, we adopted a bracketing approach, commonly used in reservoir simulation
and reactive transport modelling. Twe end-member cases were evaluated, representing high- and
low-salid-mability conditions. Each case is defined by a distinct k, = k. (5,) relationship (Figure 3,
These refationships are not intended to represent a specific constitutive law, but rather to bound the
plausible range of system behaviour given current uncertainties, This approach enables an assessment
of the sensitivity of injectivity impairment to solid deposition processes, with particular emphasis on
near-wellbore regions, where permeability reduction, flow convergence, and associated Injectivity
lmsses are expected to be most pronounced,
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6.2.2 Resuits

The salt-precipitation assessment was perfarmed for the single-infector configurations defined in
Deliverabla 3.4. These comprise scenario 1, In which CO; B injected through the CC5-1 well, and
scenario 2, where CO; injection is undertaken from the LOC-D location, Numerical simulation resufts
show that NaCl precipitation consistently develops within the first tens of meters of the near-wellbore
reglon for both scenarios, with the highest solid saturations occurring along intervals of maximum CO;
flux (Figure &3 Spatial distribubion of solid phase saturation along a representative cross section
through CC%-1 for the P10, P50, and PAD reallzations, (lustrating the sensitivity to different mobility
multiplier paramoterizations. and Flgure 65 ), The resulting hallte accumulation generates a
measurable injectivity decline, reflected by the reduction in well deliverability curves presented in
Figure 6-2 Cumulative Gas injection for P10, P50 and P90 cases for CC5-1 at different mobility
multipliers versus solid saturation and Figure 6-4 Cumulative Gas injection for P10, PS0 and P90 cases
for LOC-D at different mobility multipliers vs. solid saturation. The severity of injectivity impairment is
sensitive to the selected mobility multipker function ralating relative permeability to solid saturation
[implemented via the SOLITMMS keyword). Twe end-member parameterizations were evaluated
(the 'low’ and 'high' mobility cases represented in Figure 8-1: Mobility multiplier, ks, as function of
sofid saturation, 5a, for the high and low solld mobifity cases assessed in this study. ), yielding markedly
different injectivity responses.

Modeling water vaparization is critical for quantifying salt deposition during CO, injaction, as injected
supercritical €O, evaporates pear-wellbore brine driving salinity to halite supersaturation and
triggering Nadl precipitation. The resulting porosity and parmeability reductions impair injectivity;
models that omit vaporization systematically underestimate sofid saturation and Injectivity loss.
Figure 6-3 Spatial distribution of solid phase saturation along a representative cross-section through
CCS-1 for the P10, P50, and P90 reafizations, llustrating the sensitivity to different mobility muktiplier
parameterizations. and Figura 6-5 show that halite deposition is spatially heterogeneous, producing
permeabllity contrasts thal can generate localized flow barriers or preferential pathways, with
implications for plume migration and pressure evolution,
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Accordingly, reliable performance predictions require a coupled modeling framework that accounts
for water vaporization, halite-precipitation kinetics, and the associated porosity- and
permeabllity-reduction functions, enabling appropriate design of mitigation measures such as well
stimulation, brine co-injection, or operational adjustments.
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The impact of solid deposition on total COy storage cépadty Is surnmarized in Table &-1 Storage
capacity for P10, P50 and PO cases for CCS-1 at different mobility multipliers versus and Table -2
Total CO2 storage capacity for the P10, P50 and P90 cases in the single-injector LOC-D scenario and
for different mobility multipliers versus solid saturation for the single-injector scenarios CC5-1 and
LOC-D, respactively. Storage capacities are reported for the P10, P50, and P90 realizations. A
consistent decline in injectivity and storage capacity is observed as k, decreases from thi "high’ to "low’
mobllity cases. Im the CC5-1 scenarip, the maximum reduction In storage capacity reaches
spproximately 10-15% under the low" mobility condition.

In eontrast, for the LOC-D scenarla, P10 storage capacities remain essantially unchanged acrass all
solid-deposition realizations (Table 6.2 Total CO2 storage capacity for the P10, PS0 and P30 cases in
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the single-injector LOC-D scenario and for different mobility multipliers versus solid saturation cases),
indicating stable injectivity under these conditions. However, injectivity decreases markedly (by 8-
1084 In the ‘low’ mobility case, reflecting 2 measurable reduction in effective parmeability or flow
capacity. The P50 and PI0 values show slight Increases in injectivity for the &= 1 and "high" mobility
cases compared to the "Mo SOL 10" case, suggesting that moderate halite deposition may marginally
enhance injectivity,

These modest Increases In Injectivity do not indicate per se any beneficial effect of halite deposition,
Rather, they arise from early-time increases in CO; saturation, which temporarily enhance CO;
muobidlity before salt accumulation becomaes significant; this short-llved effect has been documented in
simulation studies reporting an initial Injectivity rise prior to hafite-induced impairment (Ogundipe &
Mackay 2025). A concurrent reduction In caplllary resistance as water saturation decreases during
early dry-out may further facilitate CO; flow., Once halite precipitation progresses, however,
pare-throat blockage dominates and injectivity dedines, consistent with establishad near-wellbore
irmypairment mechanisms.

A grid sensitivity analysis was conducted to assess the influence of cell size in the Immediate vicinity
of the C0; injector and its potential effect on solid deposition estimates. Three local grid refinement
[LGR) configurations® were tested: the base S5x5x1 grid with 40 m spacing, a 7x7x] grid with 28.6m
spacing, and a 9x9x1 grid with 22.2 m spacing, Table 6-3 . Storage capacity for P10, P50 2nd PI0 cases
for CC5-1 at different LGRS resolution with solid deposition summartzes the effects on cumulative mass
injected for the "low’ mobility case and the relative change in injectivity (RR) with respect to the k= 1
case, Total stored mass remains constant at ~7.58 MtCO; for k. = 1 across all grid configurations,
whereas it decreases when the k, is reduced in the ‘low’ mobility case. The refative injectivity reduction
consistently fails within -13% to -14%, demonstrating that Injectivity is largely insensitive to this
increased grid resofution. Figure 8 presents the cumulative gas-injection profiles for the CC5-1 P50
scenano for each LGR case. The results confirm that the considered grid refinements do not
significantly change injection behaviour over time. Overall, this analysis indicates that the original LGR
configuration (5x5x1) provides sufficient accuracy and robustness for modelling sait precipitation
procasses in the near-welibore region relatively to the others considered grid refinements.

A Mol i, focal grid refinement denotes a discretized reglon around the welibore in which each coarse grid
coll B subdivided into N, cells in the x direction, N, in the y direction, and N, vertical sublayers. This refinement
increases spatial resoluthon in the near-wellbare domain and Improves the representation of flow and transport
procasses

Tha PilotSTRATEGY project has received funding from the @ PISTRATEGY
Eurcpean Union's Horizon 2020 research and innovation W'-'-'-#"““":“Wj;:
age

programme under grant agreement No. 101022664



ﬁ)_‘FilntETRATEG‘Y

L
| F&O carm
P Low motvlry
E. -.r'.'..___‘,.-’"
i = ]I__..-"'"'_
¥ - 1 L ' =
E MESAT mEdw eSS0 AEEm
el
i
PN

(=T T

1
—_— et iGtia 3K
—  ppsbr G T e T
Al LG P 9
0y i T T T T
B i B Bty ¢ LA N e
Simulationdats

Fauwe 66 Modeled comuwative gas miection for coevors with different kweli of oca gold reflmement surrounaing the Oy
infecior, Reawits ore shown for the 08 2 snplesnpector P50 cose under e Jow” mediity mudiplier confeunancn

Storage capacity (Mton) for
Halite MS = 0.5
RR (%] -14.4 -13.2 -133

Tabwe &3 . Siomoge capacty for PUL P50 ard P00 omes for O05-1 of diffevent LGRS reraenion with. solin depostbon (R =
refabive. injectivity reduction fockar)

6.2.3 Conclusions

Salt precipitation during €Oy injection can significantly impair injectivity by reducing near-wellbore
permeability. In this study, the phenomenon i represented through mability multipler funstions of
solid saturation, &,,[S,), which prescribe how fluld mobility decreases as the fraction of pore valume
occupled by precipitated solids increases. At low solid saturation, mobility reduction is minor, but as
saturation grows the multiplier decreases (often non-linearly) resulting in a pronounced decling in
injectivity. The functional form of this curve (e.g., exponential, sigmoidal) is therefore critical for
predicting the severity and onset of impairment.

Calibrating this relationship ideally requires core-flooding expertments in which €O, Is injected into
brine-saturated rock under reservolr conditions. Measurements of pressure drop and flow rate,
combined with core imaging {e.g., CT scanning), enable estimation of salt-saturation profiles and their
associated permeability reduction, Reactive transport simulations and field-scale injectivity index
anatyses further refine the multiplier curve to ensure it refliects reservoir behavior. This
parametenization is essential for evaluating mitigation strategies and optimizing Injection design in
C0; storage operations.

Simulaticn results indicate that Nall precipitation Is likely under specific thermodynamic and flow
condittons, causing locallzed injectivity decline. However, the impairment remains spatially limited
and may be mitigated through operational measures such as penodic water flushing or COy
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humidification. Overall, this study provides a basis for assessing sall-related injectivity risks and
supparts the broader CC5 deployment strategy in Lopin, Further work should include field-scale
validation and extension of the analysis to multi-component sall systems,

6.3 Caprock integrity - Geochemical aspects

To evaluate the inherent geochemical resllience of the caprock, we performed batch reaction
modelling using PHREEQC Interactive v3 (Parkhurst and Appelo, 2013). This tier delibarately uses a
conservative approach to establish an upper bound on reactivity, avolding the need for complex
reactive transport or high-sallnity similations at the screendng stage.

* Mineralogical Input: Based on detalled site characterisation (Wilkinson, 2023] and X-ray
diffraction analysls, the primary seal {B2) was represented as a mixture of Quartz (34%), Mica
(18%), Ca-Montmaorillanite {15%), Calcite (13%), K-feldspar (10%), and Chiorite {10%),

*  Modelling Strategy: The system was first equillbrated with meteoric water at reservoir
temperature (69°C) to establish a well-constrained chemical baseline. Meteoric water was
chosen deliberately over the high-salinity native brine (=160,000 ppm NaCl) to maxmize
chiemical potential and establish an upper-bound reactivity scenasio. 1t was then perturbed by
injecting CO; to @ partial prossure of 143.5 bar. For the seal, @ sensitivity analysis was
conducted by exposing It 1o a range of CO; partial pressures (25% to 100% of the reservoir
pC0;) to simulate varying degrees of leakage or diffusion,

High lonic strangths suppress minaral reactivity through common-lon effects and activity coefficent
reductions. By using a dilute baseline, we maximize the chemical potential for fluld-rock interaction,
theraby sstablishing an upper-hound on reactivity. This approach maximizes reaction affinity but does
not artificially suppress dissolution pathways; therefore, failure to observe destabilizing reactions
under these conditions provides a robust upper bound, 1t does not capture kinetic effects or spatial
heterogeneity but s sufficient for bounding thermodynamic behavior at the screening stage. The
objective 5 not to predict reaction rates or spatial evolution, but to test whether any
thermodynamically favourabie destabilizing pathway exists under maximized reactivity. The absence
of such pathways under bounding conditions is sufficient to exciude geochemistry as a first-order risk
driver. If even this upper-bound scenario shows negligible risk within the assumptions of the bounding
approach, the conclusion is robust. Under realistic in-situ conditions with high-salinity brines, mineral
reactivity is expected to be significantly jower. This ter thus allows rapid screening without
committing resources to detailed reactive transport.

Geochemical results for the Buntsandsteln Primary Seal Indicate that key sealing minerals |Ca-
montmorillonite, mica, chiorite) remain thermodynamically stable {51 = 0) even under full CO;
exposure, The system exhibits consistent oversaturation of pore-filling minerals like kaolinite {5 =
2.359-2.57) and dolomite (S| = 2.46~2.89) across all C0y exposure scemarios, Indicating a robust
thermadynamic drive for pore-filling mineral precipitation. Even wnder this maximized reactivity
scenario, the seal shows a self-sealing tendency.
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In conclusion, geochemical risks for the main seal are negligible for Lopln within the assumptions of
the bounding approach. Even under an upper-bound reactivity scenarlo (dilute baseline), the clay-rich
seal shows a consistent thermodynamic tendency for pore-filling mineral precipitation. Under realistic
high-salinity conditions, reactivity is expected to be significantly lower.

6.4 Storage system integrity = Geomechanical aspects

b4l Intreduction

The injection of CO; into deep geological formations induces changes in subsurface pore pressure and
streas fields, which may compromise the mechanical stability of the storage system. These pressure-
and stress-ralated perturbations can adversely affect wellbare stability, the sealing capacity of the
caprock, and the stability of pre-existing faults. Injection-induced increases in pore pressurs leads to
a reduction in effective stress within the reservolr and surrounding formations. This reduction may
trigger several mechanical responses, including:

»  Wellbore instability, resulting from shear or tensile failure in the stress-concentrated region
surrsunding the borehole wall.

+ Caprock damage, caused either by hydraulic fracturing when injection pressures exceed the
local fracture gradient, or by progressive shear weakening that degrades the sealing capacity
of the caprock.

» Fault reactivation, where critically stressed faults may undergo slip, potentially generating
induced seismic events and creating high-permeability pathways that threaten long-term COy
containment.

To assess and mitigate these risks, a robust geomechanical analysis is essential. These evaluations
typleally bagin with the construction of a 1D geomechanical model at the well location, which provides
the foundational data required for further anabysis.

The 10 model supports a range of key assessments:

»  ‘Wellbore stabllity simulations, used to define the required mud weight (mud weight window)
to prevent coflapse or fracturing during drilling.

« Fracture gradient estimation, to establish safe infection pressure thresholds and avold caprock
fallure,

« Caprock Integrity analysis, to determine the mechanical limits of the seallng unit under
changing pressure and thermal conditions,
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Fault stzbility assessment, using techniques such as slip tendency or Coulomb failure stress to evaluate
the likelihood of fault reactivation.

6.4.2 Multi-1D Geomechanical study

b2l Introguchion

Developing @ 1D geomechanical model has been a crucial step in obtaining the necessary inputs fo
evaluate geomechanical nsks and establish the conditions for maintaining long-term storage integrity,
It i5 essential for conducting analyses such as wellbore stabilty simulations, fracture gradient
estimation, caprock integrity assessment, and fault stability evaluation

The main objectives for this 10 geomechanical model are:

» Perform Pore Pressure (P,) & Fracture gradient (F,) profiles,

s Calculate main stresses, Vertical Stress (5.}, Maximum Horizontal Strass (Shy.,.) and Minimum
Horizontal Stress [Shy)

» [Derive a calibrated & integrated model that lllustrates well unstable areas.

«  Canclude recommendations for future drilling.

Available data come from wells drilled between 1958 and 1981. The average geothermal gradient is
0.0307 “C/m and an assumad mean surface temperature of 15 “C at the surface, which translates into
a3 temperature of approximately &9 °C at 1,760 m TVDSS. Formation water salinity ranges from a
minimum of 100,000 ppm to & maximum of 250,000 ppm, with a base case of 160,000 ppm.

Geplogical history can be summarized n three main steps (Figure 6-7):
o Permo-trias rifting. Outlined the main structural framewark.
o Jurassic-Cretacéous rifting. Posterior distensive event that reactivated the previous one,
exaggerating previous structural features.
o Alpine inversion. Comprassive event. Inverted rift faults and generated some inverted faults
In the Upper Section (from Jurassic ta Tertiary).
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Well selection was primarily driven by data avallability and prexdmity to the propesed CO; injection
site. For Inclusion in the multi-1D geomechanical analysis, wells were reguired to contain, at a
minimum, the following wireline log datasets: gamma ray (GR), caliper (CALI), bulk density IRHOB),
neutron porosity (NPHI), deep resistivity (RD), comprassional transit time from sonic fogs (DTCO] and
drilling mudweight (MW). In addition, wells exhibiting recorded drilling events Indicative of
pore-pressure ar strets-related conditions—such as gas influxes or kicks, mud losses, and tight-hole
occurrences—were considered preferable, as these events provide valuable constraints for
pore-pressure cailbration and wellbore stability. assessment. Based on these criteria, anly a limited
number of wells were deemed suitable for a multi-1D geomechanical study, The selected wells are
located at distances ranging from 10 to 60 km from the proposed Injection site and include Ebro-1,

Ebro-2, Mavyals-1 and Lopin-1. The spatizl distribution of these welis relative to the injection area is
shown in Figure 6-8.
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Twio main approaches are commonly employed In multi-1D geomechanical studies: the poroelastic
method and the effective stress ratio (ESR) method. The poroelastic method is most appropriate
when a robust and comprehensive datasel 3 available, including detailed geomechanical
characterization such as elastic properties, Biot's coefficient, and other refated parameters, This
method provides @ more ngorous estimation of in-situ stresses and explicitly accounts for rock
deformation induted by pore pressure vanations and lectonic strain, resulting In higher accuracy
where sufficient data exist. Within the framework of the PilotSTRATEGY project, however, the
available labaratory geomechanical characterization Is limited and ks based on culerop samples, which
significantly reduces the confidence in the representativeness of the results. In addition, available wel|
log data are scarce, as the maost recent well in the area was drifled in 1981 (Baroni et al. 2023). Given
these limitations, the ESR method represents a simpler and more suitable approach for the existing
data conditions and has therefore been adopted in this study. This method is particularly appropriate
In scenarios where highly detailed and compliete datasets are not available. The analysis was carried
out using Gea5Smart®, a proprietary software tool developed internally by Repsal.

The warkflow employed in this analysis can be summarized in the following steps [Hgure 6-9):

1. Data loading: Selection and importation of the refevant well log curves reguired for
geamechanical analysis, ensuring data integrity and adequate depth coverage.

2. Well schematic and lithology: Definition of the lithological profile and well architaciure,
intluding identification of drilled formations and construction of a schematic diagram showing
wellbare geometry and casing diameters,

3. Rock mechanical properties: Estimation of rock mechanical properties using empirical
correlations tailored to each rock type. Where avaitable, these estimates are validated against
laboratory test data to improve reliability,
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4. Vertical stress (5., overburden) calculation: Computation of the vertical stress through
Integration of bulk density lags along the well depth,

5. Pore pressure (P,) estimation: Determination of pare pressure, incorporating drilling events
and indirect indicators (e.g. mud weight changes, kicks, losses) as key constraints in the

pressure maodel,

6. Calculation of minimum ($hes) and maximum (SH...) horizontal stresses: Estimation of the
harizantal stress magnitudes using the selected geomechanical maodel.

7. Fracture gradient (F;) calculation: Derivation of the fracture gradient to assess wellbore
stability and mud weight windows.

B. Wellbore breakout analysis: Evalustion of borehole breakouts to infer in-situ stress
orientations and Lo further constrain stress magnitudes,

9. Final analysis and model validation: Execution of the ESR-based geomechanical model to
obtain theoretical predictions of wellbore Instability as a function of depth. The stress
estimations and overall model performance are considered reliable when the predicted
instability zones correspond with observed wellbore enlargements, as verified using calliper

log data.
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Drilling events constitute a critical input for 1D geomechanical models, as their accurrence provides
constraints on the regional stress field and natural pore pressure conditions. Observations made
dusring drilling can therefore be used to calibrate and validate the geomechanical model.

Although no major safety incidents were reported during drilling operations, several recurrent
operational challenges were identified. The most significant issue was lost circulation, particularly
while drilling through the Cretaceous-lurassic and Muschelkalk intervals, primarily associated to
karstic lithologies and evaporitic formations. All wells were drilled using water-based mud (WBM)
systemns, initially employing bentonitic mud and later switching to salt-saturated mud within Keuper,
Mud densities are in the 1.1 to 1.6 kgL~ range. Tight-hole conditions were frequently encountered,
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mainly related to swelling clays and bit balling, resulting in averpull evénts and, in some cases, stuck
bottom-hole assemblies (BHA| that required fishing operations. Additional drifling issuves included
cavings In claystone intervals, washouts affecting drill pipes, and restricted wireline logging in certain
sections due to reduced borehole diameter. However, no wireline fishing events were reported,

424 Pressure goio

The mast reliable formation pressure measurement availabie for this study are derived from drill-stem
test |0ST) data acquired In wells. Wells located farther away from the study area (Ballobar-1,
Candasnos-1 and Fraga-1) exhibit pressure regimes consistent with @ hydrostatic gradient, with no
significant pressure anomalies identified. In contrast, wells situated closer to the injection site display
tlear pressure deviations from hydrostatic conditions, characterized by overpressure at the level of
the Injection réservalr [Buntsandstein Formation). These overpressure observations are documernted
in Chiprana-1, Ebro-1, Ebro-2 and Monegrillo-1. Formation pressure vaiues were extracted from the
final DST reports-available for each of these welis. Among them, the pressure data from Chiprana-1
are considered the most refiable (Figure 6-10).
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Bad A Mechdmcal Bock Fropeiay

The mechanical properties of rocks directly control their response to the regianal stress field as well
at to perturbathons induced by €O injection. These propertios are typlcally derived either from
laboratory measurements or from empirical correlations based on wetl log data. [n the present study,
laboratory data are avallable for the Buntsandstein Formation, providing an important cross-check for
the mechanical properties estimated using empirical relationships (Deliverable 2.8). The empirical
formulations employed here are primarily based on compressional wave velocity (], shear wave
velodty (Va), and bulk density (i.e. RHOB), Comprassional wave velocity s directly obtamed from the
sanic log (OTCO), while shear wave velocity, unavailable due to the age of the wells, is estimated from
Wy using the Gassmann equatbon, Bulk density is obtalned directly from the RHOB log measurements,
The resulting rock mechanical properties derived from these Inputs are summarized in Table 7-3. All
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equations and reference values used in the estimation of mechanical parameters are laken from
laeger et al, (2007) and 2oback (2010}, Mean values of the measured mechanical properties ablained
from Tosre de las Arcas outcrop samples (Deliverable 2.8 [Baroni et al. 2023)] are shown in Table 7-3
and are used as a gualimative reality check against log-derived properties. Laboratory-deried
geomechanical properties from outcrop samples are not directly comparable with in-situ reservoir
conditions, as the tests do not reproduce the effective stress, temperature, and compaction state of
the reservair at depths >2500 m. Consequently, laboratory results are used primarily for validation

and callbration purposes, while log-derived properties are adopted for the geomechanical model. The
rationale for parameter selection is summarized below.

Sonic log

Ultrasonic  laboratory measurements indicate & P-wave velocity of 254 kms™. However,
comprassional wave velocity is strongly dependent on compaction, cementation, effective stress, and
mineralogy. At reservolr depth, expected V, values for consolidatad sandstones are significantly
higher, typically ranging between 3.5 and 45km<™. Measured sonic log data yleld a Vi of
approximately 4.5 ks, which Is considerad more representative of in-situ reservoir conditions.
Therefore, log-derived sonic velocities were used In the geomechanical anakysis.

Shear wave velocity is not available from logs due to the age of the wells. Consequently, V. was
estimated from Vi using etastic refationships derved from the Gassmann framework:

where V. 15 the compressional wave velocity Vy is the shear wave velocity, K is the bulk modulus, it is
the shear modulus and p |s the density.

Young's modulus

The static Young's modulus cannot exceed the dynamic Young's modulus, Significant discrepancies
were observed between laboratory and log-derived dynamic values: the laboratory measurements
Indicate =<9 GPa whereas log-derived dynamic modulus at reservoir level point to values around
45 GPa. The dynamic Young's modulus generally ranges between 30 and 50 GPa for consolidated
sandstones at depths of 1500-2000 m (Nourifard ef al. 2021). Given the reservolr depth and rock
consolidation, log-derived values were considered more representative and were theretore used in
the geoamechanical modal

Uniaxial compressive strength (UCS)

Laboratory UCS measurements (performed without confinement) on Buntsandstein outcrop samples
yielded a mean value of 3.6 MPa, which is consistent with the log-derived LICS estimates as presented
im Figure 7-5. As a result, UCS values derived from logs were calibrated using |aboratory results,
Improving confidence in the final UCS profile.

Paolsson's ratia
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Static Poisson's ratio derived from laboratory measurements closely matches the values obtained
fram empirical carrelations, Theretare, laboratory values were used as a reality check, confirming the
validity af the log-derived Poissan's ratla applied in the madel,

pd 26 Verlital strest colaeian (S, overbiurden)

The vertical stress, or overburden, i calculated using the RHOB log, which is available for all wells
analyzed. The RHOB logs exhibit sufficient quality and good vertical coverage across the logged
intervals, providing a reliable basis for overburden estimation. As a verification step, a synthetic
density log was generated using the Gardner-Bellotti empirical relationships; however, this synthetic
log was not used in the final vertical stress caleulation, as the measured RHOB data were considered
maore representative of in-situ conditions. In the shallow portion of the wells, corresponding to the
Tertlary section, density measurements are not avaltable for the first few hundred meters. To account
for this gap, a palynomial density function was defined to smoothly tie the first measured RHOB values
to @ representative near-surface density of 1.9 gem™ at ground level. sThis approach ensures
continuity of the density profile and avoids artificial stress discontinuities in the shallow section. The
vertical stress, 5, is computed by integrating the bulk density aver depth according to:

I
S5z} = Lph}g da,

where p(z) is the bulk rock density as a function of depth, g Is the acceleration due to gravity (=981
m-s '} and 7 is the true vertical depth.

G2 T Pore Pressicre [P,) estimalion
The pare préssure was estimated uting the RHOB, DR and DTCO well-log measurements: Thase logs
were used to define normal compaction trend (NCT) lines, which form the basis for pore-pressure
pstimation. For the definition of the NCT lines, different methodologies were applied depending on
the log bype:

»  Density: NCT derived using the depth equivalent method

»  Resistivity and sonic logs: NCT established using Eaton's method (Eaton, 1975)

To improve the robustness of the pore-pressure interpretation, additional constraints were
incorporated, including direct formation pressure measurements, drilling ewents, and drilling
mud-weight records.

Once pore pressure profiles were obtained from log-based methods, results were verified using
empirical correlations, specifically the Miller—Bower sonic equations (Miller & Bower 1963).

Miller's equation estimates pore pressure, Py, in subsurface formations, primarily in shale, by relating
seismic/sonic vebocity to effective stress, Incorporating matrix and mudline velocities to account for
compaction:

1

V,— 1
Ppn.‘a“,-:r’=$.,-;|1n SR

L"Im "v‘]

where 5, Is the vertical stress {from overburden density integration; see previous section], A Is the
rate of increase in sonic velocity with effective stress (empirical, typically 3.5 = 107, V.. Is the sonic
veloaity in shale matrix (=20,000 ft-s™), V., is the sonic velocity at the mudline and V,, is the measured
senic velocity.
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Bower's equation (s a velocity-based method to estimate £y:
V. = VA8
= _{u_m*) ,
=5 A
where 5, Is the vertical stress |from overburden density Integration; see previous section), V), is the

measured sonic velodty, V. Is the sonic velocity at the mudiine (typically 1,250 ms™), A 5 an
empirical constant (10-20, commaonly 20) and B is an empirical exponent (0.7-0.83, commanly 0.8)

The following drilling ebservations wera assessed for pore pressure calibration:

» Formation pressure measuramants: Only DST-derived pressures were considered rellable and
used as callbration referances [Delivérable 3.2).

+ Minor gas influxes: Recorded during drilling but considered insufficient in magnitude to
provide reliable pore-pressure constraints.

¢ Partial to total losses: Observed mainly in carbonate and anhydrite intervals (Muschelkalk-
Keuper), likely reiated to natural fractures or karstification rather than overpressure.

»  Pipe-sticking events: Recorded but interpreted as drilling-mechanical issues rather than direct
pare-pressure indicators.

Given that drilling events were neither abundant nor highly diagnostic, pore-pressure estimates were
primarily calibrated against drilling mud-weight data and subsequently cross-checked using the Miller
E Bower eguations.

Because the drilled wells did not exhibit significant gas influxes or well-control incidents, it is
considerad reasonable to assume that the equivalent pore pressure corresponding to the applied mud
welght provides a reliable estimate of formation pressure. The resulting pore-pressure profiles and
validation comparisons are presented in Figure 611, Figure 6-12, Figure 6-13 and Figure 6-14.
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h428 HMHorgoptol stress sfimabion
The ESR method involves calculating the ratio ef herizontal to vertical effective stress, as Hlustrated in
Figure 6-15. The minimum {Sq,) and madmum (S, ) herizontal stresses are estimated as:

L =Hﬂ5im-[i_—n-ﬂ,]+n'-#u,and
Siwan = ESs, (S, —@-P;) +a-Py,

where ESRy_ and ESRg,  are the effective stress ratios for 5. and 5., horizontal stresses,
respectively, S, s the vertical strass, P, Is the pore pressure and o [s Biol's coeffident (assumed equal
to 1).
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Al parameters In the formulations for S, and Sum €an be oupressed as depth-dependent
gradients. However, the ESRs for 5, and 5., @ré scalar values that are modeled based on the
prevailing tectonic regime rather than directly derived from depth-variant logs. The ESR approach is
routinely used to estimate horizontal stréss magnitudes and to validate stress models through
comparison with observed wellbore faillure features, particularly borehaole breakout rones with CAL
log data, Breakouts form because of stress anisotropy between 5. and 5., and occur where the
circumferential compressive stress around the wellbore exceeds the rock's compressive strength. An
adequate ESR model should predict breakout locations that align with CALI log anomalies, ensuring
consistency between theoretical stress modefing and observed wellbore behavior. The relative
magnitudes of the three principal stresses define the tectonic stréss regime. These regimes impose
first-order constraints on plausible ESR values for 5., and 5. (Table 6-5).

Tectonic regime
it Strike sii
stress ratlo P
Win. =,
.ESR_;W 0.6 .8 0.6 0.8 0.5 1.1
EsRs, 0.8 1 1.05 14 12 16
Todle &-5 ESR waliaes for Bolh 'i.1 : .'J"""'.r'.. arad fheir relofian &8 the fedionic rr_r."Tr-.'l|"rr' Fobaok (00T

Snmin Calculation. To astimate the minimum horizontal stress, formation integrity test (FIT) and leak-
off test (LOT) measurements are commonly used, with LOT values generally considered more reliable.
In the present ¢ase, however, neither FIT nor LOT data are avallable. Additionally, extensive mud
losses weare observed over g large portion of the driling interval, predominantly within carbonate and
anhydrite lithologies of the Muschelkalk and Keuper formations. Lising the ESR methodology, we
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adopt ESR; = 0.6, for an assumed & = 1 and consistent with the teCtonic regime inferred for the
study ared,

Fracture pressure calculation, In general, the fracture initiation pressure is related to 5., through
the following relationship:

Pirae = Sy + Py + T

where Pi.,, s the fracture initiation pressure (ie. pressure at which tensile failure of the formation
accurs] and T 15 the tensile strength of the rock. The tensile strength is typically small compared to
the stress terms and is therefore aftan neglected in practical applications.

Several analytical models and empirical relationships can be used to estimate fracture pressure or
fracture gradient;

« The ESR methodology is consistent with effective stress scaling used in Zoback (2007) and
related gromechanics workflows that parameterize horizontal stress as a fraction of the
vertical effective stress, The fracture pressure, Py, calculated with this approach [s:

Py =Po+ SRy, - (5,—Py).
The concept of Py can be used interchangeably with Py when tensile fallure (T, = 0} is
assumed.
» The Hubbert-Willies model calculates P, as:

Py= Clyrmin + 'Fh + EI-F,

whire gy, ... is the minimum horizontal afféctive stress [not to be confused with the minimum
harlzontal totol strass, which we denote 5., here), and &P is a model-spedfic parameter that
represents additional induced pressure increment and accounts for thermal stresses, Injection
effects, or transient pressure changes. This method was originally presented for hydraulic
fracturing and subsurface stress analysis in Hubbert & Willies (1957].

» The Eaton model is a widely used poroelastic formulation stemming from Eaton's
overpressure/fracture gradient work (Eaton 1969, 1975). In this formulation, Py is calculated
as;

Py =P.1+|:'_5.,—FI,]-(%'J,

1

whare is v is the [dimensionless) Poisson's ratlo, an elastic parameter describlng the ratic of
lateral to axial strain, In the present work, this parameter Is set for each well {average valug).

» The Mathews & Kelly model is an operationally focused model introduced In Matthews &
Kelly (1967) for drilling and casing design. The fracture pressure (s caloulated as follows:

Fr=ﬂh-|n+Pn+Clﬁ'{5-'_Fn}

where C, Is the model-specific matrix stress coefficient (dimensioniess), an empirical
parameter dependent on Poisson’s ratio and rock compressibility.

The fracture pressure values abtained using the different methodologhes yield similar results when
eipressed as pressure gradients. These values are summarized In Table 6-6, while Figure 6-16. Fracture
gradient plot (left side) calculated for each methodology iHustrates the calculated fracture gradients
for each well, plotted in the left-hand diagram (Matthews & Kelly 1967; Eaton 1975; Zoback 2007).
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Fractura pressure model
Well =

ESR; Hubbert & Willis Eaton Matthews & Kelly

Ebro-1 0.83 (.83 0.77 a.77

Ebro-2 173 0.85 0.8 0.B2

Lopin-1 0.24 0.84 0.B1 077

Mayals-1 077 0.77 0.74 0.71
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Sunm calculation. Estimating Swwa i€ typically the most challenging component of regional stress
characterization, partlcularly when high-guality data are imited or lacking. To constrain its arientation
im the study area, we used the World Stress Map (Heldbach et ol 2016) database. A
medium-confidence strasz orlentation, labeled wem05999 AURAMLUIS97, is available for this region,
This estimate is derived from two borehole breakouts observed at 2125 m MD and 2306 m MD, which
indicate an S azimuth of 76° {Heidbach ef al. 2016). The locations and breakout signatures are
shown in Flgure 6-17.
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Figure 6-17 Shimax anmath extrapoimhed ro Lopim s{EcTion. aneg

After establishing the tectonic regime, the ESR method is applied to ensure that the ranges for E5R;
and E5Ry__ are consistent with the identified regime. Thesa ESR values are not fixed o priori; rather,
their validity is confirmed only after running the geomechanical model. The mode! predicts zones of
instability along each analyred well, primarily controlled by horizontal stress anisotropy. These
unstable intervals correspond to segments with a high probability of borehote breakout and should
colncide with recorded deilling problems such as BHA sticking, stuck pipe, or similar events, Comparing
these modeled instability zones with CALI log data provides a key reliability check for modal
calibration.

A critical factor governing wellbore stability 15 the magnitude of S and its relationship to Swwe. This
stress contrast strongly cortrols wellbore failure. Because of limited data available for the project,
Sumu 5 the most challenging parameter o constrain. Its estimation begins with defining a tectonic
regime that (s compatible with the geological observations for the area, Once this regime is specified,
the ESR formulastion, dependent on S, and 5., 15 applied. Since 5., has already been astimated
and calibrated to fracture pressure, 5. must be iteratively adjusted until the resulting ESR values
are consistent with the assigned tectoric regime.

The selected Sun, and 5g values are those that (1) allow the geomechanical model to reproduce the
observed unstable rones identified |n the caliper fogs, and (2] remain consistent with the tectonic
regime. It is important to note that the Ebro Basin has undergone an extensive geological history since
ts formation in the Permian through the Tertiary, when the Alpine erogeny imposed & compressive
pattern, particularly noticeabée in the shallow section, For this reason, the obtained effective stress
ratio values (ESRy,w, = 0.60 and ESRy~u = 0.97 for the deeper section, and ESRyn, = 1.05-1.38 for
the shallow section] are compatible with a normal faulting regime in the lower section and a strike-
slip regime in the upper saction. Although the Tertiary saction exhibits minor reverse faults, the Alpine
orogeny had limited influence in this area and did not produce low-angle thrust faults or significant
ovesthrusting, Therefore, this section cannot be classified as compressive according to the Effective
Stress Ratio method
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The final calibrated stress values are as follows:
o ESRsmat 0.60 (callbrated to fracture pressurs)
*  ESHsmmus
o Upper Interval (Tertiary Section): 1.05 to 1 38 - Strike-slip regime
o Lower Section (Base Tertiary to TD): 0.97 — Normal faulting regime

This calibration ensures that the geomechanical model accurately predicts breakout-prone rones and
provides 3 robust basis for wellbore stability analysis, In Figure 6-18 an example s shown for Ebro 2
wall,
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Results. As indicated by the model results, breakouts occur when there s significant horizontal stress
anisotropy—that Is, when Sheg 5 substantially lower than Shiw,—a condition more prevalent In the
upper section than in the lower section. The following figures ilustrate this, showing a comparison
between caliper logs and the modeled breakout predictions. Usually, the shallowest sections of the
model shows poar calibration. This happens because of {foback, 2010);

* Low Overburden 5tress (5.): In shallow depths, 5, is small, so normalized ratios {5./5,) become
very sensitive to small changes in $hy., or Sh,., leading to instabliity in ESR interpretation.

» Influence of Mear-Surface Conditlons: Shallow formations often have complex stress
perturbations due to topography, faults, and local heterogeneities, which ESR does not fully

capture.
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« Data Scarcity: Shallow sections rarely have direct measurements (eg., leak-off tests,
hreakouts), making ESR calibration difficult.

»  Mon-tectonic Stresses: Near-surface stresses can be influenced by residual stresses, uplift, or
erosion, which ESR assumes negligible,

The following figures show the callper log for each well, compared with the breakout openlng angle
predicted by the modal based on the input parameters. When the bréakout angle exceeds 90°, the
well s considered unstable, Indicating a higher likelihood that the caliper will refiect borehole wall
collapse. it can be observed that the model aligns well with the predictions and, furthermare, that
drilling events such as tight hole or stuck pipe occur in areas where instabllity s predicted,

Ebro 1. Figure 6-19, left, The model results show a poor match in the Upper Section, The rest of the
section Is very well matched

Ebro 2. Figure 6-19, right, Slightly better match in the shallow section, and cverall, it fits the entire
well quite well. Very geod match between drilling events and predicted breakouts area {stuck pipe +
tight hole).

Lopin 1. Flgure 6-20, left, Good match, more obvious in the lower section

Mayals 1. Figure 620, right. Good match, more obvious in the lower section
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6:43 Wellbore stability

Maintalning wellbare stability during the drilling of a €Oy Injection well Is a eritical requirement for
safe and efficient cperations. Geomechanical instabllity near the wellbore can lead to severe drilling
problems such as borehole collapse, lost circulation, or unintended welibore fracturing—all of which
compromise drilling success and the long-term integrity of the injection well,

Accurale mud welght prediction is essential to:
s Maintain near-wellbore mechanical stability,

» Prevent wellbore collapse or fracturing,

v Ensure safe drilling operations and long-term well integrity.

This process begins with the development of a geomechanical model that integrates in-situ stress,
pore pressure, and rock strength data to define a safe mud weight window tallored to the geological
and operational conditions of the €Oy injection site,

Using the parameters calculated from previous analyses, GeoSmart software was employed to
generate a mud weight window for a hypothetical future injection well {Figure 6-21). This prediction
is based on calibrated stress magnitudes, pore pressure, and rock strength, ensuring consistency with
the tectonic regime and wellbore stability criteda. The resulting mud weight window provides
operational gukdance to minimize instabllity risks durlng drilling and subsequent CO injection.
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b.4.4  Seal integrity assessmeant

This section presents a continuous and Integrated evaluation of the mechanical integrity of the
caprock at the CC5-1 injector location, considering (a) the initial, pre-injection state, and (b) the End
of Injection (EOI) state, defined as the moment of maximum reservoir overpressure after 30 years of
continuous COy injection (peak injection). The scope i purely geomechanical: the assessment
addresses patential seal failure by hydraulic fracture initiation or fracture reactivation; capillary seal
capacity {e.g, caplilary entry pressure/column height, buoyancy-driven leakage) and other
non-mechanical processes are outside the scope of this section. The same geomechanical framework,
mechanical thresholds, and fracture criterla are applled in both states to ensere a consistent
before/after comparison.

All stress and proessure curves used herein were derlved specifically for CC5-1 using 3 wellbore stability
analysis calibrated with the 10 geomechanical models of offset weils Lopinl and Ebrol. As CC5-1- is
undrilled and no LOTs ane avallable to calibrate the fracture gradient (FG), the FG is estimated directly
from Sene following established practice for undrilled locations; for conservatism, we adopt FG_safe
=09 « FG a3 the operational reference in stability chacks and pressure limits.

The analysis tocuses on the top of the reservair {~1,722 m TVD|—the base of the seal—wheare reservoir
pressure first interacts with the caprock and where mechanical failure would be expected If thresholds
were exceeded. In both states, pore pressure profiles use the COy gradient anchored at the reservoir
base; the initial profile I anchored to the original raservair pore pressure, and the EOQI profile is

anchored to the peak pore pressure at
Tha PilotSTRATEGY project has received funding from the EPHotSTRATEGY
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CC5-1- and vertically shifted at CC5-1 to match the depth of maximum mean pore pressure from logs
relative to its pre-injection position, keeping the base anchoring,

5 3. 7.1 Initil 2ol integrity Stote {Pre-infection)

The initial analysis begins with the pore pressure (PP} and minimum horizontal stress (Suwes) profiles
constructed for CC5-1. These two curves define the effective stress regime in the formation according
fo:

o=g—of
di
where o'is the effective stress, o is the total stress, P, is the pore pressure, and a is the Biot coefficient

[assumed =1 for shale caprock). This relation governs how increases in pore pressure reduce effective
stress and bring the system closer to fracturing. Fracture initiation is theoretically associated with:

P.lm,: = s-hmm + TD—II"F‘“
but for undrilled wells where tensile strength, T, and LOT data are unavailable, it s standard to
approximate: FG = 5 . providing & conservative fracture threshold.
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The accompanying graphic [Figure 6-22) integrates the principal mechanical and fluld pressura curves
required to evaluate caprock containment at the CCS-1 location.
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»  The pore pressure profile (black curve) represents the expected in situ formation pressure at
CC5-1, derived from the regional trend and calibrated with the pressure and rock mechanics
constraints avallable from Lopinl and Ebrol

»  The hydrostatic reference is shown as a dashed black line.

# The OOy pressure column (cyan ling) is computed using a representative dense phase CO;
gradient of 0.007 MPam™", consistent with CO; densities in the range 650-750 kgm™ (Le.
gradient 0.0064-0.0074 MPa:m™’). For the Initial-state reference, the C0; static gradient is
positioned at the reservoir base (1839 m} and anchored to the initial pore pressurs at that
depth (PP_base). This choice Is conservative for caprock evaluation because it maximizes the
effective overpressure at the top of the reservoir relative to fracture thresholds while
explicitly accounting for the initial pressure tield, At the depth of the reservoir tap (=1,722 m
TVD}, the resulting static CO, pressure Is =21.8 MPa, which is the reference used in this
analysis,

«  The minimum horizontal stress {Se-we) 8t CC5-1 [blue curve) reaches =35.2 MPa at 1,722 m, as
determined from the CC5-1 geomechanical model constrained by the mechanical properties
from the offsat wells. Because CCS-1 is undrilled, no LOT/XLOT//minifrac measurements exist.
Accordingly, the fracture gradient (FG) at CC5-1 (blue curve) Is obtained directly from the
CC5-1 wellbore stability analysis, where FG = 5., is the conservative and standard

assumption under these conditions,

+ An operational fracture gradient with a 10% safety factor (FG x 0.9, blue dashed line) Is

included to represent the maximum allowable operating pressure (MAQP| for injection,
ensuring a conservative buffer to induced Tracturing.

At OC5-1, the geomechanical model derived trom Lopin-1 and Ebro-1 ylelds:
v Smn=352MPaat1,722m,
v FG =Sy = 35.2 MPa,
»  FG =09 [10% safety factor] = 31.6 MPa.
Initial Safety Margins: Two fracture-related safety margins are computed:
[a) Operational margin (fracture gradient with safety factor)

Margin, .. = FGyape — Peg, =316 —21.8 = 9.8 MPa.
This guantifies the distance to the eperational fracture limit, i.e_, the MADP used in dynamic injection
control.

{b) Conservative margin {minimum horizontal stress)

Margin_,., = Shmin — Py, = 35.2— 218 = 13,4 MPa,

Imterpretation of results indicates that, at the initial state, the CC5-1 caprock displays wide machanical
buffers {3.6-13.4 MPa| and lles well below both fracture Initiation and reactivation limits, confirming
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seal integrity and establishing a robust pre-injection mechanical baselife that supports confidence in
containment and 2 conservative operating envelope,

5 3.7.2 Seal inteégrity ot End-af-injection (EDI, FPeok Presure ot 30 Years)

At EOI (End of Injection}—defined as the peak reservoir pressure after =30 years of modeled €O,
injectionat CC5-1—PF_peak denotes the peak simulated pore pressure at the CC5-1 well location from
the single-well, P10-permeability dynamic case; it does not represent the absolute field maximum but
= expected to ba vary cdose, as the highest pressures concentrate near the injector. Using the same
mechanical thresholds as in the initial assessment (Sisk, FG = Sene, and the safety-factored FG x 0.9),

the residual safety margins are evaluated at the reservoir top [~1,722 m TVD) ta quantify how the
injection-induced AP narrows the operational (0.9 X FG— P, ) and conservative (Shmin -

PP_peak_Injection) buffers relative to the pre-injection state. For consenvatism, the CO, gradient is
kept with unchanged slope, remains anchored at the reservoir base (1,839 m), and is vertically
translated to intersect PP_peak_injection; this transiated line replaces the initial static column and
provides the reference for recomputing the margins, which are assessed at the reservolr top where
seal-failure risk is greatost.
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Figure B-23 shows the peak-state [end-of-injectson, EOI} analysis for the CCS5-1 caprock, summarizing
the reservair-top pressure and the mechanical thresholds used to evaluate caprock seal Integrity
under maximum modeled canditions.

At the reservoir top (~1,722 m) the simulation gives PPpgqy = 298 MPa.This pressure is used In place
of the Initial CO, statie column for evaluating seal stability under maximum injection conditions.

The mechanical limits remain unchanged from the Initlal state since they derive from the static stress
model:

o  Shmin= 352 MPa
s FiG =352 MPa

» Fligge =316 MPa

EOI Safety Margins
{a) Operational margin (FG » 0.9 - PP_peak)

Margin e zo) = 31.6— 29.8 = 1.8 MPa.

This sharply reduced margin Indicates that the pressure at CC5-1 |5 now close to the safety-factored
fracture threshold, reducing operational flexibility.

(b} Conservative margin {Shmin - PP_peak)

Margin_ e gor = 35.2 — 29.8 = 5.4 MPa.
This ls the remaining buffer before pre-existing fractures could theoretically reopen.

At the end-of-injection (EOQI) state, the analysis indicstes that caprock seal integrity is maintained—
both the operational margin (vs. safety-factored fracture gradient) and the conservative margin {vs.
Shmin) remain positive—but the system now operates much coser to the mechanical fallure
envelopes. Specifically, the operational margin contracts from 98MPa to 1.BMPa and the
conservative margin from 13,4 MPa to 5.4 MPa, tghtly aligning with the 8 MPa increase In reservalr
pressure predicted by the simulation. This means that while new fracture Inftiathon or reactivation Is
not expected at EQ! under the modeled conditions, the available headroom has narrowed, reducing
operational fiexibility and Increasing sensitivity to additional pressure increments or uncertainties
[e.g., stress heterogeneity, measurement error). Practically, this supports @ conservative operating
envelope—careful control of injection rates and vigilant monitoring=—to enzure pressures remain
comfortably below the relevant threshalds,

S 375 Senl integmty assdssmeni COnCitsinn

» Before injection, the CC5-1 caprock possessed wide safety margins of 9.8 MPa (operational)
and 13.4 MPa [conservative], indicating strong mechanical integrity at the pre-Injection state.

o At EOI (peak pressure at 30 vears), the margins are reduced but still positive, with 1.B MPa
operational and 5.4 MPa conservative margins remaining at reservolr top depth.

* The reduction in margins s directly attributable to the injection-nduced pore pressure
Increase from 218 MPa ta 29.8 MPa,
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» Although the system remains mechanically stable at EON, It operates close to the fracture
gradient with safety factor (FG = 0.9), suggesting 2 need for careful operational contral and
monitaring.

» Because both analyses use the same peomechanical stress model for CC5-1, derived from
Lopin-1 and Ebro-1, the comparison between the initial and EO| states is rigorous and
internally consistent.

o Overall, the CCS-1 seal remains mechanically competent throughout the injection period
studied, but with significantly reduced safety buffers at the end of injection, emphasizing the
importance of pressure management during late-life injection.

6.4.5 Fault stability assessment

Fault stability assessment is @ key step in evaluating the risks assoclated with CO; Injection, as slip
along pre-existing faults can lead to induced seismicity, create leakage pathways, and compromise
storage Integrity. In this case, the 1D geomechanical model was used to support the fault stability
analysis by providing vertical profiles of pore pressure, In-situ stresses, and rock mechanical
properties,

These data are incorporated into @ 20 fault plane mode! developed using 518's Petrel™ subsurface
software and Petroleum Experts Lid's MOVE™ structural geology modelling software, which
accurately represents the geometry, orientation, and dip of the fault, as well as the mechanical
behavior of surrounding formations. The 20 model projects the results directly onta the fault planes,
atcounting for the dip and dip azimuth of each segment relative Lo the in-situ stress flald, This allows
fault orientation to be evaluated with respect to the direction of the maximum horizontal stress
[Simar), which is critical for accurately assessing fault stability. In this context, the stress tensor (s
decomposed into normal and chear companents on each fault segment, with the resulting values
directly influenced by the orientation of 5. This approach facilitates a high-resolution spatial
anatysis of fault mechanics under the infiuence of the current tectonic stress fiald.

Using aone-way coupling approach, the mode! |ntegrates pore pressure changes [AP)derived
from dynamic reservolr simulations, enabling the update of effective stresses pver time. This allows
for a detailed assessment of fault stabllity and reactivation potential under evolving operational
conditions.

Given that the system starts from a highly stressed and unfavorable initial state, with a limited safety
margin for injection, this modeling approach is particularly valuable, It will be essential when repeating
the analysls with updated reservolr conditions, a it will help quantify how Increasing pore
pressure may further reduce stability in an already sensitive system,

When applying this fault stabllity assessment method, there are certain limitations that need to be
considered. The analysis is based on a 2D fault plane model supported by @ 10 geamechanical
framework, which does not fully capture 30 stress vanasbility or along-strike fault heterogensity.
Mechankcal properties and fault fricthon are assumed to be homogeneous and time-nvarlant, and the
results are strongly dependent on the assumed In-situ stress tensar, particularly Si-. orientation and
magnitude, In addition, the one-way coupling between reservoir pressure and geomechanics neglects
stress redistribution, poroelastic effects, and fault-slip feedback, while fault hydraulic behavior is
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treated implicitly, Under highly stressed initial conditions with a limitedsafety margin, the results are
therefore sensitive to uncertainties in baseline stress and pore pressurs,

Despite these limitations, we consider this to be the most appropriate method given the available data
density. Onfy one well |5 available within the model domain to constrain the geomechanical
properties, which is insufficient to reliably populate a 30 geomechanical mode! without imposing
unrealistic lateral continuily. Implementing a 30 approach under these conditions would require
axtrapalating single-well 1D geomachanical profiles acrass the entire model volume, praviding no
additional Insight or improvement in result quality, while Introducing significant uncertainty.
Moreover, the effort and computational cost asseciated with a full 3D model would be
disproportionate to the expected benefits. A 20 fault-plane approach, constrained by the available 10
geomechanical data and the |n-situ stress framework, is therefore suffident and appropriate to
support robust conclusions on fault stability and reactivation potential in the present context.

451 Methodalogy

This study employs 3 one-way coupled geomaechanical workflow o assess the risk of fault reactivation
during CO; Injection. The methodology Integrates dynamic reservolr simulation outputs with
geomechanical medeling based on the Mohr-Coulamb failure criterion,

Figure 524 illustrates the workflow implemented for conducting the fault stability analysis,

'lﬂ-ﬂlll-
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The key steps are outlined below:
1, Data Acquisition and 10 Geomechanical Model Construction

A 1D geomechanical model was developed using well log data and regional stress information to
obtain the initial stresses state. Explained in the previous section.
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2, 2D Fault Plane Modeling

To improve both the understanding and representation of the fault stabllity analysis results, a two-
dimensional (20} geomechanical model was developed along the fault plang. This model integrates
one-dimensional (10) geomechanical data from well locations and interpolates stress and pore
pressyure conditions across the entire fault surface, both laterally and with depth.

Impartantly, the model enhances the analysis by explicitly considering the orientation of the fault
relative to the direction of the maximum horizontal stress (SHa). This allows for accurate resolution
of the stress tensor components—normal and shear—on the fault plane, providing a more realistic
depéiction of the mechanical interaction between the regional stress field and the fault geometry.

By capturing depth-depandent variations in stress and pore pressure, the 20 model enables a more
detalled and rellable assessment of fault reactivation potentlal, It reveals heterogeneities and critlcal
zones along the fault that are not visible In 1D proflles, thereby strengthening the geamechanical
interpretation under dynamic reservolr conditions.

3. Fault Stability Assessment Using Mohr-Coulomb’s Criterion

Fault stability was evaluated for each fault-plane segment using the Mohr-Coulomb failure criterion
[Flgure 6-25}, implemented through the application of the Coulomb failure function (CFF). The analysis
was carried out under both Initial (pre-Injection) stress conditions and the altered stress state resulting
from CO; injection, thereby allowing the assessment of potential fault reactivation driven by changes
im pore pressure and effective stress, The CFF is defined as:

CFF=t—[f, - (o, - Pp) + L},

wherne 7is the shear stress acting on the fault plane, g;, Is the normal stress, P, Is the pore pressure
before injection, £ is the cosfficient of friction, related to the friction angle, ¢, by [, = tand, and Cis
the cohesion of the fault material. In accordance with common practice in fault stability analysis, the
cohesion term is assumed to be C =0 for pre-existing faults. This assumption reflects the fact that
such faults have previously experienced slip or fractuning, resulting in the degradation or loss of
intergranular bonding. Consequently, their shear strength 15 primarily governed by frictional
resistance rather than cobesive strength, Moreover, adopting zero cohesion provides a conservative
assessment, ensuring that potentially unstable or near-critical faults are not overlooked.

A fault segment is considered critically stressed or prone to reactivation when CFF 2 0, indicating that
the applied shear stress equals or exceeds the fnctional resistance of the fault; 2 negative CFF suggests
mechanical stability under current conditions.

To complement the analytical evaluation, Mohr's circles were constructed at each depth level to
visualize the in-situ stress state relative to the fallure envelope. This graphical approach enables direct
assessment of proswimity to shear failure, highlighting fault segments where stress conditions approach
or intersect the failure critenon.
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4. Post-analysis metrics.

To evaluate the likelihood of fault reactivation and define the Initial mechanical state of the system
prior to injection, the following metrics are used:

» Slip tendency, [__. . s defined az the ratio of the shear stress to the resolved normal stress
acting on a fault face:

;

a,
It represents the mobiised friction on the fault face. A higher . indicates that the fault
orientation i mare favourably aligned for slip under the present stress field. However, slip
tendency alone does not determine whether slip will occur, as |t does not incorporate
frictional strength,

» Slip tolerance, 5T, quantifies how close 3 fault i to frictional fallure by comparing the shear
stress acting on the fault to the shear stress required for sliding along the Coulomb fallure
envelope at the same normal stress.

-Irmﬂb'__

T
BT A
The fault is critically stressed or likely to reactivate if 5T = 1; the fault face Is stable when 5T <
1. 5T therafore normalises the shear strass against the frictional strength of the fault and
provides a threshold condition for reactivation.
» The critical pore pressure change (CPPC or Ap_ ) represents the additional pore pressure
reguired to bring the fault face 1o failure under the Coulomb criterion It Is the pore pressure
Increase needed to reduce the effective normal stress such that the shear stress equals the

5T

shear strength:
r—=L
E'Fm gy ——
- ¢
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Physically, this guantifies how much pore-pressure reduction of effective strass is required for
shiding to occur. It is therefore cructal far identifying pressure-sensitive faults, and for defining
safe upper bounds for injection pressures to avold induced selsmicity.

To support and validate the fault stability assessment under CO; injection conditions, a
multi-representation workflow was applied, Integrating analytical and graphical tools to provide a
comprehensive evaluation. The approach included:

» Mohr's circles, constructed at multiple depths to characterize the in-situ stress state and
evaluate proximity to shear faflure.

» Stereonets, used to analyze faull orlentation relative to the principal stress directions
(parthcularly Syme) and identify segments optimally ariented for siip.

+  Two-dimensional fault plane projections, generated from Interpolated 1D geomechanical
Inputs, mapping shear stress, narmal stress, pore pressure, and CFF across the fault surface.
These projections account for fault geometry and stress onentation to locate rones that are
critically stressed.

All metrics are computed and analyzed for the Initial (pre-injection) stress state to establish the
baseline fault stability conditions and identify unfavorable fault orientations.

For the final fault stabllity assessment under COy injection, only the CPPC metric Is applied, as it
directly quantifies the additional pore pressure required to induce fault reactivation under
injection-altered conditions.

5. End of Injection (EOI} - Peak injection Condition.

Fault stability was evaluated under end of injection (EOI] conditions 2t year 30, which corresponds to
the period of maximum pore-pressure bulldup [APau) during CO: storage operations. This time step
occure immediately prior to injection shut-in, after three decades of continuous injection, when
cumulative pressure within the reservolr reachas (ts highest magnitude. At EQI, pore pressure s at its
maximum and thus produces the largest reduction In effective normal stress acting on pre-existing
faults. This makes EDI the most critical and conservative moment for fault stability assessment, as it
represents the peak likelihood aof injection-induced reactivation prior to any post-injection pressure
dissipation or stress re-equilibration,

Whan injecting CO,, pore pressure (PP) increases in the reservolr, playing a critical rode in fault
stability. This elevated PP reduces the effective normal stress acting on the fault plane, which in tum
loweers the shear strength of the fault according to the Mohr-Coulomb failure criterion, This effect is
visualized through Mahr's arcle, which shifts leftward (toward lower effective stress) as pore pressure
Increases. This shift brings the circle closer to—or even intersecting—the failure envelope, Indicating
& higher likelihood of fault slip,

Following the inltlal evaluation of fault stability under pre-injection stress conditions, the analysis was
extended to incorporate the effects of pore pressure increases induced by COy Injection. This was
implemented using a one-way coupling approach, in which the pressure data from dynamic reservoir
simulations are used as input to the geomechanical model. Specifically, the pore pressure increment
was manually appliedto the 2D fault plane model, enabling 2 spatially resolved, cell-by-cell
assessment of the pressure reaching each fault segment, This approach provides a more realistic
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representation of the pressure field and s influence on fault “stability, while maintaining
computational efficlency.

To assess the potential for fault reactivation, the methodalogy Involves a direct comparison between
the pore pressure increase (AP) and the Critical Pore Pressure Change [CPPC), which is derived from
the initial in-situ stress conditions. Assuming a constant stress tensor, the analysis evaluates whather
the pore pressure increase alone i3 sufficient to bring fault segments to a critical state.

In practical tegms, this is achieved by subtracting the simulated pare pressure increase (AP) from the
CPPT value at each fault cell. The resulting difference {CPPC - AP) indicates the remaining pressure
margin before faillure. i this value is negative or close to zero, it suggests that the fault segment has
reached or exceeded the failure threshold, This differential mapping provides a clear and conservative
screening tool to identify areas where fault slip 5 most likely to occur due to CO; injection, without
requiring a full recomputation of the stress field.

The methodology was applied to a range of dynamic reservoir model scenarios, each representing
distinct geological and operational conditions. Specifically, the analysis considered permeability
realizations corresponding to the P90, P50, and P10 percentiles, as well as injection configurations
imvobving one and two CO; injaction wells, For each scenario, the pore pressure increase was extracted
at the peak injection time—corresponding to 30 years of continuous injection—and used to evaluate
fault stability through the CPPC comparison framewark. This multi-scenario approach enables a robust
and comprehensive understanding of fault sensitivity under varying reservoir behaviors,

6. Fault reactivation risk evaluation,

Finally, a risk evaluation was conducted by identifying the scenarios in which unstable fault segmeants
emerge. This step enables a systematic assessment of the canditions under which fault reactivation is
most likely to accur. By analyting the spatial distribution and extent of eritically stressed or failed
segments across all scenarios, the methodology supports the identification of high-risk configurations.

These results provide a basis for drawing conclusions and defining Injection strategies. For instance,
scenarios showing widespread fault instabllity may indicate the need to reduce injection rates, modify
well placement, ar implement pressure management strategies such as brine axtraction, Conversely,
scenarios with minimal or localized fault reactivation may be considered operationally safe,
supparting centinued infection under current conditions. This integrated approach ensures that faull
stability considerations are embedded into the decision-making process for CO; storage operations,
enhancing both safety and leng-term containment integrity.
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hd52  Resuls from nitial stress stale condition

The application of an Integrated workflow—combining 10 and 2D geomechanical modelling, dynamic
reservolr simulathon, and multl-representation analysis—resulted in a set of key Tindings, This section
presents the results of the 10 well models, used to define the inputs for the 2D modalling, and the
corresponding 2D geomechanical results on the fault planes in their initial configuration.

64521 DataAcquisition and 10 Geomechanical Mode| Construction

This section presents an analysis of the 10 geomechanical well data to select the most reliable and
representative parameters for this study, Key datasets, including pore pressure profiles and in-situ
stress measurements are evaluated based on their guality, consistency, and applicabliity to fault
stability assessment. This selection process ansures that the inputs used in the modeling accurately
reflect the subsurface conditions, thereby enhancing the robustness of the fault stabiiity anabysis.

The following image Figure 626 presents a correlation between the weils located in the area of
Interest In Lopln, overlaid with the results from the 10 geomechanical models. The display includes
key geomechanical curves such as pore pressure, vertical and horlzontal stresses. Additionally,
the tectonic stress regimaes interprated at each well location are shown, providing insight into the
reglonal stress origntation and faulting styie (normal, strike-slip, or reverse).

The well correlation across the Lopin area reveals a notable change in tectonic stress regime starting
fram the Keuper Formation, Above this formation, the stress regime is interpreted as strike-slip, while
below it, the regime transitions to normal faulting. This shift |s supported by the 1D geomechanical
model autputs, which inclede stress magnitudes and orlentations, and s consistent across multiple
wells in the area.

This observation is critical for understanding fault behavier and stress evolution with depth,
particularly in the context of CO; injection, where fault reactivation patential is strongly Influenced by
the prevalling stress regime,
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Figure 6-27 focuses specifically on Lopin and Ebro-1, the two wells closest to the fault system under
Imvestigation. These wells are considered the most appropriate for the fault stability analysis, as they
not only e within the immediate vicinity of the study area but also clearly capture the transition in
tectonic regime—from strike-slip to normal faulting—at the level of the Keuper Formation. In
contrast, the other wells, due to their distance, already show substantial differences in stress and pore
pressure profiles, making them lass reliable for localized faukt stability assessment.

Additionally, the data from these wells indicate that the reservodr is initially overpressured, a condition
that significantly influences fault stability. Elevated pore pressure reduces the effecthve normal stress
on fault planas, increasing the ikefihood of fault reactivation under CO; injection scenarios,
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Figure §.27 Comprrative anoves of off wells in The region,

This transition into the tectonic regime Is particularly impartant because all \dentified faults are
located below the Keuper Formation, within the normal faulting regime. As a result, the fault stability
analysks will be focused exclusively on this regime, which poverns the mechanical behavior of the
reservolr and surrounding farmations at the depths of interest. By considering the normal faulting
stress state, the study ensures that the evaluation of fault reactivation risk during €0, injection is both
geologically consistent and technically robust.

Figlere 5-28 prezents a table summarizing the average values and gradients of pore pressure and stress
for each geological formation. These values are calculated at the central depth point of each unit and
include both the absolute magnitudes (MPa) and the vertical gradients (MPa/m), This dataset
provides a consistent geomechanical framework for evaluating fautt stability across the stratigraphic
column.
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All identified faults are located below the M3 Formation, indicating that the Faull stability anabysis
should facus on the deeper stratigraphic intervals, These farmations are characterized by a normal
strese regime and an initlally overpressured state, which significantly influences fault stability.
Elevated pore pressure reduces the effective normal stress and lowers fault shear strength in
accordance with the Mohr-Coulomb criterion, placing faults closer to failure prior to CO; injection.
This condition increases sensitivity to additional pressure perturbations and must be considered when
defining safe injection limits and assessing fault reactivation risk.
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bAS 22 Faull Stability Assessment Lizing Mok -Coulomb Criterion
This secticn details the results of the Mohr's cirecle analyses depicting the initial in-situ stress state at
various depths, derived from the data provided by the 1D geomechanical study.

Figure 6-29 presents a series of Mohr's circles constructed at multiple depths to illustrate the
evolution of the stress state with depth, based on the stress and pore pressure data extracted from
the geomechanical model. These circles are used to assess the proximity of the stress state to the
failure envelope defined by the Maohr-Coulomb criterion,

The image Nustrates that as depth increases; the size of the Mohr's circle also increases. However,
the distance to the failure envelope line {fallure criterion) likewise grows, indicating a greater margin
of stability at greater depths.

The PilotSTRATEGY project has received funding from the @ Pl STRATEGY
Eurcpean Union's Horizon 2020 research and innovation wiww. pllotstrategy eu
programme under grant agresment No. 101022664 Page i3



{8 PilotSTRATEGY

o) H--_-IH ERLs . A
'll':h 1 f—— é B ___.-":..-P""—r P
Ay = T L (N TR ]
- | = ¥ ' ! . e ‘FEI R ]
-BLEl m i 20 ¥ 40 fjefuien T R
W P s v £l Lo Ty iy LU -
L 71 ;.-;,-‘
‘I'u WA A5 m iy
O = T - Ee—————
¥ 200 ™ 4q
i 1o s
E ., ’45 T [y ekt '-_.n.lu.- :‘.' BiDnET
T i
1 ,, i £
!, i e
£ Medm E|E o i e gome
{ il WA N
Wy ‘.h " i E? ﬂlﬂ:t-n-!.-ﬂ.‘ll"nll [ywrinser LTS LELS)
- |l-i_ r -
M 8 VN mns)p K SR el Sl
I ke E TR ETE
I Il‘ll. % i = fvn I0H - A0
| ¥ 1 b L [T B
li = =k -'-n-:-m--:-.-umm etk T AT
LR

Frgune 629 Mohr's oviics constrincied of mishaie fepths

To evaluate fault stability sensitivity to the internal frictlon angle, a range of plausible values was
considered due to limited direct calibration data, For each depth, the critical pore pressure Increase
[Ap_cri) required to cause fault fallure was calculated for each friction angle, assuming zero cohesion
[C=0) to represent cohesionless pre-existing faults.

In normal faulting regimes, typical friction angles range between 25" and 35°, reflecting the fault's
shear resistance, Frash or unaltered fault surfaces usually have friction angles fram 30° to 35°, while
fault zones with clay-rich gouge or alteration minerals have lower friction angles, often between 207
and 25°, due to reduced shear strength. Understanding these values is essential for applying the Mohr-
Coulomb fallure criterion to assess slip potentlal and fault reactivation risk, Therefore, to account for
this uncertainty, all analyses will be performed using friction anglas of 307, 25°, and 20", These valuas
will be used to calculate the Mohr's circles and the Coulomb Faillure Function (CFF), enabling a
comprehensive evaluation of fault stability and slip potential under varying shear resistance
conditions.

Tabde 6-7 presents the AP, associated with the previously shawn Mohr's circles, calculated at varlous
depths. It demonstrates that AP, increases with depth, indicating greater fault stability due to higher
confining stresses. Lower friction angles substantially reduce AP, especially near the surface,
revealing that faults with weaker shear strength are more susceptible to reactivation. Near-surface
faults with low friction angles may be close to failure, while deeper faults require highar pressure
increases to slip. This emphasizes the importance of considering friction angle variability and depth in
fault stability asssssments during CO, Injection.

500 BperuDIMpa  Bpei01Mpa  Aperi:0Mpa
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For the purposes of this analysis, a depth of -1609 m has been adopted as the reference datum,
corresponding to the entry into the Bunt resenvoir in tha Lopin reference well, which is also the €0y
injection interval. This depth lies approximately midway within the normal stress regime and coincides
with the onset of the identified faults. In practice, the specific choice of datum is not critical, as stresses
and pore pressure are governed by their gradients and decompose consistently with depth along the
fault plane regardless of whether the reference level is placed shallower or deeper. Nevertheless,
using the reservoir antry provides a representative snapshot ol the Mahr state prior to entering the
reservolr, capturing the most critical condition; at greater depths, increasing normal stress would
progressively increase the stability margin.

The figure below {Figure 6-30) depicts a Mohr-Coulomb failure anaiysis conducted at a depth of -1609
meters within the M1 Formation. It includes the Maohr's circle derived from the effective principal
stresses at this depth, along with failure envelopes corresponding to internal friction angles of 30°,
25", and 20 degrees, which represent the inltial stress conditions. This reference depth and associated
stresy gradients will be used for all subsequent calculations to ensure a consistent and rigorous
assessment of fault stability within a normal faulting regime during CO;, injection operations.
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The tallowing Figure 6-31 presents the results of a2 2D fault stability analysis conducted directly on the
fault planes using Petrel, illustrating the initial state of stress at a reference depth of ~1609 meters,
which corresponds to the top of the M1 Formation. This analysis assumes a friction angle of 30° and
incorporates vertical gradients of pore pressure, vertical stress, and horizontal stress to estimate the
effactive stress eonditions along the fault serfaces as a function of depth. Additienally, the direction
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of the maximum horizontal stress, sat at 76°, is taken into account to ensure the accurate distribution
of bath normal and shear stress companents across the fault plane, based on its dip and dip direction,

This precise alignment of stress s crucial for the 20 analysis, as it ensures that the fault stability is
taiculated correctly, facilitating an accurate evaluation of the potential for slip and reactivation under
different stress conditions, particularly In overpressured environments. This methodology offers a
more spatially resolved and depth-sensitive evaluation of fault stability, enabling the identification of
specific fault segments that eould be yulnerable to reactivation under current or changing stress
states,
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Al computed points were piotted ina crossplot of effective normal stress versus shear stress, with the
Mohr-Coulomb fallure envelope superimposed to assess the proximity of each point to failure. This
crossplot serves as an equivalent to the Mohr-Coulomb circle but is applied across the entire fault
pkane rather than at a single depth. In the |eft plot, the colored points represent the Mohr's circle at
the specific depth of -1609 m, while the black points correspond to the rest of the fault's stress
conditions. This distinction enables a focusad assetsment of the stress state at the datum compared
to the overall fault planes. In the right plot, the entire fault plane is color-coded to visualize the
distributien of the Coulomb Fallure Function |CFF], with the datum highlighted in black.

In addition to the elfective stress analysis, stereonet plots were used to visualize the spatizl
distribution of fault orientations and their Coulemb Failure Function (CFF) values. Each point,
representing a fault plane pole with defined dip and dip direction (no strike), is color-coded by its CFF
value. This enables the identification of orlentation-dependent trands in fault stability, highlighting
fault segments with higher CFF values that are closer to fallure, and correlating them with specific dip
ranges, By combining this stereonet analysls with the effective stress versus shear stress crossplat, a
more comprehensive assessment of fault stability is achieved, considering both mechanical and
geometric factors Influencing reactivation potential.

On the fault plane, the Coulomb Fallure Function [CFF) ks represented in color, with the black line
indicating the datum at -1609 meters. The analysis reveals that for a friction angie of 307, no points
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intersect the fallure line, suggesting that under the given conditsons, the fault remains stable and does
nol approach the fallure criterion. Additionally, the absence of red reglons, which correspond to areas
where the CFF is positive and Indicate instabifity according to the color scales, further confirms that
there are no unstable areas along the fault at this friction angle.

Furthermore, the margin of safety Increases with depthn, as the effective normal stress becomes more
dominant relative to shear stress. This depth-dependent stabilization Is consistent with the increasing
confining stress in deeper formations, which enhances fault resistance to siip.

However, the results vary significantly when different friction angles are applied, Flgure 6-32 presents
& comparative fault stability analysis using crossplots of effective normal stress versus shear stress,
evatuated for three different friction angles: 30°, 25%, and 20°, Each point represents a location on the
fault plane and is color-coded based on its Coulomb Failure Functian [CFF) value,
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Fgws 6-31 Comparmiive foult crabilty analyns readls evilustad for Bres differsat friction oagler 30° 35° and 20°,

For a friction angle of 30°, all points on the fault plane remain well below the Mohr-Coulomb fallure
envelope, indicating stable conditions. However, when the friction angle is reduced to 25°, several
paints begin to move closer to the failure threshold. At a friction angle of 20°, a significant number of
points He very near the failure fine, suggesting that the fault ks approaching reactivation under the
current stress and pore pressure conditions. These findings highlight the critical rele of the friction
angle in fault stability, with lower angles increasing the lkelihood of fault reactivation and potential
failure.

4529 Pot-anahald mattic
As describad in the methodology section, fault stability was evaluated using several metrics, with the
primary results coming from the slip tendency analysis. This approach offers an additional layer of
Insight, complementing the Mohr-Coulomb fallure critarion and further confirming the fault's stabilivy
under the assumed conditions.

5.3.4.2. 3 1 5lip terndency anatyuia
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Figure 6-33 presents the results of the slip tendency analysis, which Bvaluates fault plane stability
based an initial In-sity stress conditions and a friction angle of 30° The analysis was perflormed across
all faul planes in the model, considering thelr orlentation and Inclination relative to the regional stress
fleld. A fault s deemed unstable when its slip tendency exceeds the critical threshold of approximately

0.577 for a 30" friction angle.

The results show that no regions on the fault plane exceed this threshold, indicating that the fault
remains stable under current streds and pore pressure conditions, with ne indication of reactivation
risk. This analysis provides a spatially resolved evaluation of fault stability, demonstrating the impact
of fault geometry and stress arfentation on the potential for reactivation.
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Figure B-34 presents the results of the Siip Tendency analysis for three frictlon angles (¢ = 307, 25",
and 20%), calculated under the initial in-situ stress conditions, prior to any COy Enjection or
pore-pressure changes, The histograms show the distribution of 5lip Tendency values for all evalusted
points along the fault plane and-are comparad with their corresponding critical threshald, defined by

the tangent of the friction angle.
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Table 6-8 summarizes the minimum, mean, and maximum Slip Tendency values for each friction angle,
In this analysis, Shp Tendency values approaching zero indicate increasingly unstable conditions, while
higher values indicate greater stability. For all friction angles, the values remain below the critical
threshold, indicating that the fault is stable under the current stress state. Nevertheless, a clear
dependence on friction angles is observad. The ¢ = 30" case shows the highest Slip Tendency values
and represents the most stable scenario. The ¢ = 25" case indicates intermediate stability, with lower
valuas for some fault segments. The & = 207 caseé presents the [owest Slip Tendency values; with 2
minimum of 0.02, highlighting locafized segments that are close to a critically stressed state, although
failure s not reached,

Slip
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Cwerall, the combined Interpretation confirms that decreasing friction angle progressively reduces
fault stabifity, identifying & = 207 as the most critical configuration under initial conditions.

Tha FilotSTRATEGY project has received funding from the EPliotSTRATEGY

Eurcpean Union's Horizan 2020 research and innovation www.pllotstrategy.eu

programme under grant agresment No. 101022664 Page i38
— — — - - = = — - — -



{8 PilotSTRATEGY

ERd 133 '!-ll..'.l Taleranre aralait

The following analysis appiies Slip Tolerance as an alternative, friction-dependent metric to evaluate
fault instability and reactivation potential under initial in-situ stress conditions, assuming a 30° friction

angle

The results are displayed directly an the fault planes, with each point color-coded accarding to their
Slip Tolerance value, This color scale allows for 3 clear visual interpretation of stability
conditions: black indicates values greater than 1, corresponding to unstable fault segments. In this
case, no points exceed this threshold, meaning no black areas are present, and all evaluated fault
segments remain within the stable range. A Mohr-Coulomb diagram complements the anabysis by
plotting effective normal versus shear stress, with the fallure envelope overlaid, while stereonet and
spatial plots further illustrate fault erientations and highlight areas that, although doser to eritical
conditions, remain stable under the current stress state, (Figure 6-35)
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Figure 6-36 shows the resuts of the Slip Tolerance analysis computed under the initial stress state for
three friction angles (¢ = 30°, 25°, and 20°). Slip Tolarance is used as an indicator of fault reactivation
patantial, where a value of 1 reprasents the instability threshold, and values below 1 indicate stable
conditions. The 20 results, visualized through stereonet plots, histograms, Mohr-Coulomb dizgrams,
and fault-plane projections, provide a comprehansive view of the fault mechanical response.
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Table -9 summarizes the minimum, mean, and maximum 5lip Tolerance values calculated over thee
entire fault surface. The lowest values generally correspond ta shatiow fault segments, where stability
s more critical, whereas the highest values are associated with deeper fault portions, which are more
stable. None of the analyzed cases exceed the instability threshald; however, the ¢ = 20° scenario
shows values approaching Stip Tolerance = 1, particularly at shallow depths, indicating a reduced
safety margln and highlighting the sensitivity of faull stability to frictienal strength,
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§.2.4.2.3.3 Critical Pore Pressure Change onalysis

The next parameter used to assess fault stability is the Critical Pore Pressure Change Parameter,
which quantifies the increase in pore pressure required to bring 2 fault to failure under current stress
conditions. This metric complements the Slip Tolerance analysis by providing a direct measure of how
much fluid pressure would need to rise to induce fault reactivation.

As inthe previous cases, the following Figure 6-37 Critical Pare Pressure Change [CPPC) for initial stress
state and friction angle of 30" to 25" and 207, llustrates the variation of the Critical Pore Pressure
Change (CPPC) Parameter as
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the friction angle is reduced from 30° to 25° and 20°. The results are visualized using a combination
ol sterecnet plots, histograms, Mohr-Coulomb diagrams, and 2D fault plane projections, with CPPC
values represented through a color scale,

Table &-10 reports the minimum, mean, and maximum CPPC values calculated for all fault points.
Minimum CPPC values correspond to the shallowest portions of the faults, whereas maximum values
occur at greater depths as a result of increasing stresses wath depth, This stress increase leads to higher
effective normal stress and therefore provides a larger stability margin in desper fault segments,

_ GPCP :
Friction CPCPmin CPCP max Sensitivit . .
P50/ Mean Risk implicatien
angle d [ (MPa) {MPa) {MPa} ytodP
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However, 1o complaement these results, the following Table 6-11 includes the 10 CPPC values, which
provide a direct quantitative comparison of the critical pressure increase (Apgoriy) or CPPC required to
induce failure at a reference depth ot = <1770 m [Buntsandstein reservoir)

4770 AP 65Mpa  Apd3Mpa ApoiMpa
(Buntsandstein)

Febie 510 10 CPEC (Ap ety wollres ot =1 770 m depth for tfee theee fretion ongle scametios

The analysis shows that as the friction angle decreases, the fault system becomes maore critical,
requiring smaller pore pressure increases to reach failure. However, this criticality generally decreases
with depth, indicating that desper fault planes tend to be more stable under the same stress regime.
At afriction angle of 207, the system approaches & highly critical state, although this represents
a conservative scenario. These results highlight the sensitivity of fault stability to changes in shear
strength and underscore the importance of frictional properties in assessing reactivation potential,
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G4.524 Conousons inrddl stress state

All parameters Used to assess fault stability under the current initial stress state—Slip Tendency, Slip
Tolerance, and Critical Pore Pressure Change (CPPC)=—yield similar results and lead to consistent
conclusions. Although each represents a different metric and approach to evaluating fault behaviaor,
they all highlight comparable fault arientations as belng closer to fallure. This alignment strangthens
the robustness and credibility of the geomechanical interpretation, supporting a coherent
understanding of fault stabifity under present striss conditions.

The analysis also underscores the significant influence of the friction angle on fault stability. As the
friction angle decreases, the fault system becomes increasingly susceptible to fallure. Even under the
mast favarable condition—a friction angle of 30°—the safety margin is limited to approximately 5.2
MPa. In contrast, under the most conservative scenarlo—a friction angle of 20"—the system
approachas a highly critical state, with a safety margin of only about 0.5 MPa. This narrow margin of
stability may be attributed to the reservoir already being overpressured, which reduces the effective
normal stress acting on fault planes and increases the likelihood of reactivation.

It is important to emphasize that the reported safety margin values—5.2 MPa for a friction angle of
0" and 0.5 MPa for 20°—are strictly applicable at the reference depth (datum) of —1609 m,
correspanding to the top of the LOPIN formation, These figures may not accurately reflect the
conditions within the reservoir interval, where stress states and pore pressure levels can vary
considerably. Therefore, a dedicated analysic targeting fault segments situated within the resenvolr is
recommended to obtain a more representative assessment of fault stabifity.

Ta refine the fault stability assessment, the analysis was repeated (ocusing exclusively an the reservair
Interval, where pore pressure increase was explicitly estimated through dynamic simulation. This
lmcalized evaluation offers a more realistic view of the actual safety margins under injection
conditions. The Critical Pore Pressure Change (CPPC) was filtered to include only the fault segments
intersecting the M1 and Buntsandstein units, providing a resenvoir-specific threshold for fault
reactivation, In this case, the results-—shown in Figure 6-38—indicate a minimum CPPC of 4.28 MPa,
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& maximum of 11.25 MPa, and a mean value of 6.7 MPa. This average value tan be considerad a
representative threshold for the reservair under a friction angle of 307, which correspands to the most
favorable shear strength scenario,
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To better understand the sensitivity of fault behavior to shear strength, the same analysis was
extended to less favorable scenarios. For a friction angle of 257, the CPPC values decrease, ranging
from 2.54 to 9.15 MPa, with a mean of 4,75 MPa. Under the most conservative condition, with a
friction angle of 20°, the CPPC drops further, ranging fram 0.71 to 6.20 MPa and averaging 3.49 MPa.

The following Figure &-39 presents a comparative view af the CPPC distributions for the three friction
angle scenarios, highlighting how fault stabllity thresholds evolve with decreasing shear strength,
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Figure 6-40, presented as a comparative histogram, together with Table 6-12, summarizes the
reservoir-focused CPPC analysis for the different friction angle scenarios. The histogram compares the
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CPPC distributions for fault segments intersecting the M1 and Buntsandstein units, where
pore-pressure changes were explicitly derived from dynamic smutation, The comparison shows a
systematic shift of the CPPC distributions toward lower values as frictlon angle decreases, refiacting
progressively reduced faull stability within the reservoir interval. The statistics reported in Table 6-12
provide the guantitative bounds for this trend, confirming that lower friction angles consistently
reduce the pressure increase required to reach fault reactivation, Owerall, the combined
interpretation highlights the strong sensitivity of reservoir fault stability to Frictional variability,
especially under conditions close to critical stress.
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E453 Feakaf Injection Conditfon or FOI

After evaluating fault stability under initial stress conditions, the analysis was expanded to account for
pare pressure increases resulting from CO; Injection. A one-way coupling approach was used,
integrating pressure outputs from dynamic reservolr simulations inte a 2D fault plane model. This
allowed for a detailed, cell-by-cell assessment of how pressure changes affect each fault segment,
pffering a more accurate representation of subsurface conditions,

The methodology was applied to multiple reservaoir scenarios, covering P30, P50, and P10 permeability
cases and different Injection setups (CC5-1, LOCD-1, and both). Pressure data at peak injection |30
years) were wed to evaluate faull response under varying geological and operational conditions. By
comparing pressure  buildup across the different parmeability realizations and Injection
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configurations, the analysis also addresses the uncertainty associated With fault stability predictions,
identifying how variations in pressure increase may affect the likelihood of fault reactivation.

Prior to applying the fault reactivation methodology, it Is crucial to thoroughly interpret the results of
the dynamic resenvair simulation. This analysis provides insight into the maximum pressure increase
and its spatial distribution, allowing us to determine how much of the injected CO; reaches the fault
system. Understanding which faults are most affected by the injection is essential for accurately
assessing the potential for reactivation, This step ensuras that the evaluation i based on realistic
reservoir behaviour and enhances the refiabliity of the fault stability analysis.

Figre 6-41 [llustrates the results for the P50 permeability scenario with a single COy injection well
[CCS-1) at peak injection time {30 years). The left panel shows the spatial distribution of pore pressure
increase across tha reservoir, highlighting the injection zone and surrounding bulldup. The center
panal projects this pressure onto the fault planes, revealing how much is transmitted to the faulls.
The right panel filters the data to the area used for fault stability assessment, focusing on reglons
where pressure changes are most eritical,

In this case, the reservoir reaches a maximum pressure increase of 8.35 MPa, while the fault plane
recelves approwimately 5.83 MPa (maximum pressure, close to the injection point). This difference
underscores the attenuation of pressure during propagation and highlights the Impaortance of
evaluating transmission specifically along fault struetures,

Simulation cases P50 with CCS-1 injector
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The followling Figure 5-42 shows the pore pressufe increase results for the P10 permeability case,
evaluated at the peak of injection after 30 years. It compares three dynamic simulation cases: Case
1with injector CC5:1, Case 2 with injector LOCD-1, and Case = 3 with both infectors operating
simultaneously. Although all scenarios exhibit similar pressure ranges (from approximatefy -0.025
MPa to just above 9 MPa), the spatial distribution of the pressure perturbation differs significantly, as
reflected in the corresponding histograms. The mean prassure increase s 1.19 MPa for Case 1, 0.84
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MPa for Case 2, and 2.14 MPa for Case 3, indicating a substantial ncrease in reservoir pressure when
both injectors are active. In terms of maximum pressure, Case 1 reaches 852 MPa, Case 2
reaches 9.04 MPa, and Case 3 reaches 9.11 MPa. While the differances in peak values an not [arge,
the results clearly show that LOCD-1 contributes mare significantly to pressure bulldup than ©CS-1.
This suggests that the location or connectivity of LOCD-1 leads to more concentrated prossure
accumulation, which may have stronger implications for fault stabiiity in its vicinity —especially under
low-parmeability conditions,

Simulation cases for P10
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To better understand how pressure affects fault stability, this analysis focuses on the pressure
increasa measured directly along fault planes, rather than the general reservoir prascure distribution,
Figure 6-43 captures only the pressure that effectively reaches the faults. In the P10 permeabiiity case,
the maximum pressure Increase on faults s 5.71 MPa for Case 1 (injector CC5-1), 8.04 MPa for Case
2 (injector LOCD-1), and 8.18 MPa for Case 3 {both injectors), (maximum pressure, close to the
Injection point}. Although the differences between Cases 2 and 3 are relatively small, the results clearly
show that LOCD-1 generates a stronger pressure Impact on faults than CCS-1, and that the maximum
value In the dual-injector scenario ks primarily driven by LOCD-1, This highlights the Importance of
injector location and connectivity when assessing fault reactivation risk under low-permeability
condithons.
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dP projected on Fault plane only reservoir (P10)
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A5 with the P10 permeability realization, the P50 case was cvaluated under three injection
configurations: CCS-1 alone (Case 1), LOC-D alone (Case 2), and both (njectors operating
simultanecusly (Case 3] (Figure 6-44). When considering the full reservair pressure field, the maximum
pressure values are very similar across the three scenarios—ranging from 8.35 MPa to 8.93 MPa—
while the spatial distribution of the pressure perturbation varies significantly, These differences are
clearly refiected in the corresponding histograms, which show distinet pressure distribution profiles
for each case. The mean pressure increase is 1.19 MPa in Case 1, 1.01 MPa in Case 2, and 2.13 MPain

Case 3, confirming that simultanecus injection leads to a broader and more intense pressurization of
the reservoir.

However, when focusing specifically on the pressure component projected onto the fault plane,
notable differences emerge (Figure B-45). In particular, Case 1 shows a significantly lower maximum
projected prassure (5,83 MPa) compared to the full-field maximum, indicating that the fault (s less
impacted under this configuration. Similar reductions are observed in the mean projected pressures,

which are consistently lower than the reservoir-wide means: 0.72 MPa, 0.72 MPa, and 1.26 MPa for
Cases 1, 2, and 3, respectively.
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Simulation cases for P50
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In addition, the P90 permeability realization was evalusted under the same three injection scenarios.
Maximum pressure increzses across the reservoir resched 7.84 MPa, 8.93 MPa, and 53.09 MPa,
respectively, reflacting the overall pressure response within the reservolr volume, (Figure 6-46)

When pressure is projected onto the fault plane {maximum pressure, close to the injection point), &
noticeable reduction 15 observed—particutarly in Case 1. The maximum fault-related pressure
increases were 4.94 MPa, 7.09 MPa, and 7.B3 MPa tor Cases 1, 2, and 3, raspectively (Figure 6-47)
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Simulation cases P90
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Table 6-13 integrates all permeability realizations and injection configurations to provide a clear and
concite comparizon of AP values across the full reservair domain and the pressures transmitted to the
fault planes

Tha FilotSTRATEGY project has received funding from the EPliotSTRATEGY

Eurcpean Union's Horizon 2020 research and innovation wiww.pligtstrategy eu

programme under grant agresment No. 101022664 Page 310
— — — - - = = = - — -



{v PilotSTRATEGY

fP mar AP maan AP mEean
Parmeability Case '“’::i“’ o Ressrve Reservair f':r":“ Foult e Mos)
CONTRUTRTON  rpg) (Mps) IMPa)
P10 case [ w2y 6.0z 114 o | 0.7
S 2 LOICT-1 4 i1 5 and nA7
, cesi- . _
Cated gt a1 .14 318 135
PEO Tose 1 Cost 535 1,19 5,83 0,72
Case 2 LoD B85 .01 750 0,72
= T -
Cosed OG0 502 i | R | 1.25
P Can 1 O 783 131 149d 113
Cose 3 Loco 5.02 0,63 7.08 033
& = CEE1 = 3 s
—ase oGO SRS .01 N K 212

Toble & 13 Beservoir pad Fowl 42 Companizan

This comparative analysis of €0y injection scenarios across P10, PSO, and PO0 permeability cases
demonstrates how reservolr proparties and injection strategy influence pressure evolution and fault
stability. Lower permeability {P10) results in more localized and intense pressure bulldup, limiting
dissipation and increasing fault pressurization risk. In all cases, dual-well injection (Case 3} leads to the
highest mean pressure increases and broader plume spread, while LOCD-1 (Case ) consistently shows
a stronger impact on fault pressurization than CCS-1 [Case 1), likely due to its location or connectivity.

Importantly, the pressure projected onto fault planes is consistently lower than the maximum values
observed In the full 3D reservoir field. This difference s most pronounced in Case 1 across all
permeability scenarios, indicating that CCS-1 has @ more limited impact on fault pressurization.
However, in Cases 2 and 3, the pressure reaching the faults is significantly higher, especiafly in the P10
scenario, where values exceed 8 MPa, These findings underscore the importance of evaluating fault-
speciflic pressure behavior separately from genaral reservioir dynarmics, as the spatial distribution and
connectivity of injectors can lead o localized pressure concentrations that are not evident from
reservolr-wide awerages.

Overall, the analysis confirms that both reservoir permeability and injection configuration play a
tritical role in determining pressure evolution and fault stability, Under less favorable conditions (low
permeability and dual injection), the risk of fault reactivation increases, highlighting the need for
careful injector placement and pressure manitoring in CO, storage operations.

EA54  Foult Stabiity Assessment Bosed on Critival Pore Pressivre Change (CPPC)

This section investigates the evolution of the Critical Pore Pressure Change (CPPC) rasuiting from COy
injection across all evaluated scenarios, with the objective of identifying fault segments susceptible to
injection-induced reactivation, The assessment is conducted at the and of the 30-year injaction period,
immediately prior to injection shut-in, when pore pressure reaches its maximum lavel, representing
the mast critical condition for fault stability anabysis.

CPPC is first computed under pre-injection stress: conditions, defining the pore pressure increase
required to bring each fault segment to failure. The injection-induced pore pressure increase (AP) is
then extracted from flow simufations tor each injection configuration. The reduction in stability
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associsted with pressure bulldup is quantified by subtracting AP from the initial CPPC, yielding an
effective CPPC that represents the remaining pressure margin to faull reactivation, assuming a
constant regional stress tensor;

CPPCesinetne = CPP Gy — AP

Fault reactivation potential Is evaluated by directly comparing AF &long the fault plane with the initizl
CPPC. Fault segments for which CPPC ¢ pprpipe < 0 are classified as critically stressed and prone to
slip, whereas CPPC  rpucpive 2 0 Indicates mechanically stable conditions under the evaluated
assumptions, with positive values guantifying the remaining stability margin.

This methodology provides an efficlent and conservative first-arder screening of fault sensitivity acrass
seanarios, enabling the ldentification of patentially unstable fault segments under peak pore pressure
conditions without recalculating the full stress fiedd.

2.4 4] Reguits of all svaduatod scenanos

This part of the report presents the results derived fram the complete set of evaluated scenarios,
encompassing the full range of permeability cases (P10, P50, and P30), injectian configurations (0C5-1,
LOCD-1, and duakinjector), and fault friction angles (307, 25°, and 20°). The combination af these
parameters results in a total of 27 scenarios analyzed, allow ng a systemnatic assessment of uncertainty
associated with reservoir propertias, injection strategy, and fault frictional behavior, and providing &
robust basis for evaluating variabdlity in pressure evolution and fault reactivation potential. For the
sake of clarity, exhaustive results with an intermediate fault friction angle of 25° are presented In
Appendix 7.3.3. Results for these cases are summarized together with the other cases in the following
sections,

5.34.4. 11 CEE-1 lboation cases
This subsection presents all scenarios corresponding to the P10 permeability realization, including the
different injector configurations and fault friction angle combinations

In the P10 permeability case with injector CCS-1, the maximum pressure inerease |n the reservair grid
reachaes 8,52 MPa, while the pressure transmitted to the fault plane Is approximately 5.71 MPa. Based
on the final CPPC value, and assuming a friction angle of 30°, the fault remains within the safety
margin, although vary close to the failure threshold. Only the areas with negative CPPC values—
represented in black—indicate mechanical fallure. These appear as solated zones enclosed by a black
doted palygon, highlighting localized regions where fault slip is likely to occur,

Figure 6-48 CPPC after injection (P10) for case 1{CCS-1) and friction angle of 30°. presents the results
for this specific case, focusing on the reservolr zone within formations B1 and Buntsandstein. The
image on the left shows the nitial CPPC, calculated under pre-injection stress conditions assuming a
friction angle of 30°. The central Image displays the pore pressure increase (AP) corresponding to the
P10 scenario forinjector CC5-1, as obtained from the dynamic reservair simulation. The image on the
right shows the change in CPPC after injection, calculated by subtracting the pressure inorease from
the initial CPPC. This sequence clearly ilustrates the evolution of fault stability due to CO; injection. In
this case, only 3 few points along fault FallaO08 exceed the fallure threshold, with CPPC values
dropping below zero, These localized 2ones of potential mechanical fallure are highlighted in biack
and enclosed by a contour, Indicating areas where fault sip may occur, The minimum CPPC value
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reaches =056 MPa, confirming that while most of the fault remains Stable, solated critical points
exlst. These are also visible in the histogram as values falling below zero.

CPPC after injection (dP P10): Case 1 CCS-1 (¢: 30%)

CPPC P CCS-T wl| (indlod) e dPPI0COS- T well = CPPC P10 CCS-1 wall (afier yaction)
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Figure 5-08 CAPC ofier (nfectian f{PI0) fov crse 2A0CE-1) pad frictimn angie af 30°

The next Figure 7-6 shows the same analysis but assuming 2 friction angle of 25°, while keeping the
same P10 scenario and injector CCS-1, As in the previous case, the sequence includes the initial CPPC,
the pore pressure increase [AP], and the resulting change in CPPC after Injection.

In this case, a greater number of faults exhibit points with CPPC values below 2ero, indicating potential
instability. Specifically, faults Falla008, Falla009, and FallaD05—the ones closest to the injector—show
several points exceeding the failure threshold, These critical areas are also visible in the histogram,
where a larger portion of values fall into the negative range. The minimum CPPC value reaches 2,17
MPa, confirming a more widespread reduction |n fault stability compared to the case with a 30°

friction angle, and highlighting the importance of mechanical parameter selection |n fault reactivation
assessments.
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CPPC after injection (dP P10): Case 1 CC5-1 ((p: 25°)
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Figure 549 {PPC aiter imfectian (2100 for crse 3001 and friction dangle of 25°

A reduction in the friction angle to 207, while maintaining the P10 scenaric and injection from €C5-1,
reveals @ markedly more critical stability condition. The results show a substantial increase In the
number of faults with CPPC values below 2ero, indicating widespread patential for mechanical fallure.
Faults FallaDOS, FallaDO6, FallaD08, FallaD09, FallaD28, Falla029, Falla015, FallaOl4, Falla018, and
FallaD27—many of them located near the injector—display multiple unstable points thal exceed the
failure threshold. These areas are clearly visible in the histogram, which shows a broader and deeper
distribution of negative values. The minimum CPPC value reachos ~4.53 MFa, confirming that this
configuration represents the most unfavorable scenario analyzed, with a significantly increased risk of
fault reactivation under lower friction angle conditions. This result is (llustrated in Figure 8-50.
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CPPC after injection (dP P10): Case 1 CCS-1 (¢. 20°)
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Figure §-50 CMPE ofter infecrion (P10] for cose 20051 ood friction ongie of 30°.

The results clearly demonstrate the strong sensitivity of fault stabiiity to the assumed friction angle.
When a friction angle of 30° is considered, only FallaD08 exhibits limited instability. Reducing the angle
to 25" leads to a broader Impact, with several faults near the Injector [Falla005, Falla008, Fall2008)
reaching critical conditions, The scenarla with a 20° frictlon angle Is the mast unfavourable, showing
widespread instability across multiple faults {including Faliz005, FallaD06, FallaD08, Fatlab0g, Fallag2g,
Falla029, FallaD15, FallaD14, Falia018, and FallaD27}, These findings underscore the critical Importance
of accurately constraining the fault friction angle when assessing the feasibility and safety of
subsurface injection operations.

The analysis continues with the results corresponding to the P50 scenario under the CCS-1 injectian
configuration. In this case, pressure within the reserveir grid reaches up to 8.35 MPa, while the
pressure transmitted to the fault plane Is approsimately 5.83 MPa [maximum pressare, close to the
injection paint). Assuming a friction angle of 30°, Falla008 remains technically stable, although it
approaches the filure threshold. Only a few [solated cells exhibit negative CPPC values—as low as—
0.10=indicating localized mechanical fallure. These rones, delineated in black on the fault plane,
reprasent areas where fault slip could potentially occur; however, their spatial extent remains limitad
[Figure 6-51).
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CPPC after injection (dP P50): Case 1 CCS-1 (¢ 30°)
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Fagure §-51 LPPE piferinjection (P50 for amse 1/CC5-1) and ficoon ongie of 30°

Under a friction angte of 207, conditions became significantly less favarable for injection, CPPC values
drop to —4.14, and Instability becomes widespread. Multiple faults near the injector—
including Falla00s, FallaD06, FallaD08, Fala00g, Falla014, Falla015, Falla018, Falla027, Falla028,

and FallaD29—exhibit numerous points below the fallure threshold. These areas are clearly
highlighted in the maps and histograms, making this the most unfavorable case among those analyzed
[Figure &-52).

CPPC after injection (dP P50): Case 1 CCS-1 ((p: 20°)
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Frgure 5-52 CPPC after injection (P50 for cose 2/CC3-2) and friction angie of 207
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The results are very similar to those observed |n the P10 scenario. AltRough the maximum negative
CPPC values are shightly lower in P10, the same faults are affected n both cases. This consistency
reinforces the Interpretation of fault behavior under varying friction angles and highlights the
importance of accurately constraining this parameter when evaluating COy injection feasibility and
associated risks.

In the P90 scenario with injector CC5-1, the pressure increase in the reservair grid reaches a maximum
ol 784 MPa, and the pressure projected onto the faull plane is .94 MPa (maximum pressure, dose
to the Injection point), both values being the lowest among all well and permeability cases analyred.
With a friction angle of 30°, the CPPC value remains entirely positive, with a minimum of 0.36. No cells
on the fault plane are in a critical state, indicating complete mechanical stability across the domain
[Figure 6-33].

CPPC after injection (dP P30): Case 1 CCS5-1 ((p: 30%)
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Migure §-53 CFFC ofter inpectan (PO for crse 2(CE5-3) and friceon angr af 30°

At 20°, the system becomes more reactive, with CPPC values reaching -3.62. Several faults near the
Injactor—including FallaDOS, FallaD06, FallaD08, FallaD0S, FallaD14, FallaD15, Falla01g, Fallan27,
FallaD28, and Falla029—show points below the failure threshold, However, the number and severity
of these critlcal points are lower than in the P10 and P50 scenarios. (Figure &-54).
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CPPC after injection (dP P90): Case 1 CCS-1 (¢ 20°)
CPPCPOOCCS- 1 well finita) ==  SPPROCCSiwel === CPPC P10O0 COS-1 wel (wher Injectian)
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Figure §-54 CMPE ofter infecrion (#00) for cose 10051 ood friction ongie of 30°.

Overall, the PI0 case stands out as the most favorable scenario. It shows the lowest pressure increase
and the least fault instability, with no critical cells on the fault plane when assuming a friction angle of
30", This reinforces the robustness of the system under conservative injection conditions and
highlights the importance of friction angle and pressure transmissian In contralling fault stabllity.,

The following Table 6-10 Summarizes the statistical distributlon of CPPC values in the initial stress
state. summarizes the results of all analyzed cases for the CCS-1 injection location, providing a clear
and efficient overview that facilitates rapid comparison and understanding of CPPC evolution,
pressure [ncrease, and fault stability autcomas,
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hAL4.1 2 LOCD-1 location cases

The analysis continues with Case 2, using injector LOCD-1, across the three permeability scenarios:
P10, P50, 2nd P30,

In the P10 scenario with injector LOCD-1, the maximum pressure Increase in the reservoir reaches
9.048 MPa, while the pressiure transmitted to the fault plane is 8.04 MPa (maximum pressure, close

to the injection paint), the highest among all cases analyzed. This elevated pressure transmission
results in @ more eritical response In terms of fault stability,

Assuming a friction angle of 30°, the minimum CPPC value drops to -3.34, indicating that some cells
on the fault plane have entered the fallure domain, This marks @ clear contrast with the CC5-1
scenarios, where the system remained stable at this friction angle. The presence of negative CPPC
values confirms that fault skip is lkely in localized rones, and the system is no longer within the safety
margin.

In this case (Figure §-55), the unstable faults include Fallad14, FallaD1l, and Fafla017, representing a
broader and more severe impact compared to the P10 scenario with injector CCS-1, where fewer faults
were affected. This highiights the increased sensitivity of the system when Injecting from LOCD-1
under low-permeabiirty conditions.

CPPC after injection (dP P10): Case 2 LOCD-1 (. 307

CPPC P10 LOCD-1 wil) {irial) e dPr PI0LOCO-Twall = CPPC P10 LOCD-1 well (afar irpacton)
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figure 55 EPPC after infection (P10 for cove & LOCE- 1) ond friction eogée of 30°

When the friction angle is further reduced to 20°, the systam shows a marked Increase in nstability.
The minlmum CPPC value drops to-7.16, the lowest observed across all scenarios, indicating a
widespread mechanical response. In addition to the previously affected faults—Falla014, Fallad1l,
and FallaQ17—several new faults become unstabie, including Fala008, FallzD09, Falla018, FallaD1s,
Falla029, Falla0l2, Falla0z8, and Falla019. The expansion of affected zones and the severity of
negative CPPC values suggest a high likelihood of fault slip across multiple structures. This scenario
represents the most critical configuration for the P10 parmeability case with injector LOCD-1. (Figure
6-5E).
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CPPC after injection (dP P10): Case 2 LOCD-1 ((p: 20°)
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Frgure &-56 CPAL after inlectian (P10 for ease HLOCE-1) ond irkction eagle of 207

In the P50 scenario with injector LOCD-1, the pressure increases in the reservoir and on the fault
planes remains high, though slightly lower than in the P10 case. The system shows signs of instability
across all friction angles, but with fewer affected colis and bess severs CPPC values.

At a friction angle of 307, the minimum CPPC value reaches -2.696, Indicating localized fault slip. The
same faults identified in the P10 case—Falla014, Fail2011, and Falla017 —remain affacted, though the
extent of instabllity s reduced., Fewer cells [zl below the failure threshold, and the histograms reflect
a more moderats distribution of negative values. Figure 6-57.

CPPC after injection (dP P50): Case 2 LOCD-1 {(: 30
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At 20°, the system becomes more unstable, with the minimum CPPC value reaching —6.49.
Although FallaD14, Falla01l, and Falla017 remain affected, several additional faults also enter the
fallure domain, including FallaD048, FailaD0O, FallaOiB, FallaD15, FallaD29, FallaDi2, Falla028, and
Falla019. Despite the broader distribution of negative CPPC values, the number of affected cells and
the severity of the response remain lower than In the P10 scenario. This i5 consistent with the
histograms, which stiow a more moderate spread of instability. Figure &-58.

CPPC after injection (dP P50): Case 2 LOCD-1 ((p: 20°)
CPEC Pi0 LOCE-1 well (Indlal) e P PO LOCD-1 weall = CPPC P50 LOCD-1 veell {afiar [nfacton)
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Figure &58 CPPC after isfactian (P50 for eose HLOCD-1) o frittion magle af 207

Overall, the P50 scenario with injector LOCD-1 shows a consistent pattern of fault activation across
the same structures, but with reduced severity and extent compared to P10. This highlights the
influsnce of resarvair permeability on fault response and reinforces the importance of evaluating
multiple scenarios when assessing Injection safety,

In the P90 scenario with injector LOCD-1, the pressure transmitted to the fault plane reaches 7.09
MPa, the lowest among the three permeability cases. Despite this, fault instability is still observed
across all friction angles, though with reduced severity.

At 30°, the minimum CPPC s —2.37, affecting Falla014, Falla011, and FailaDi?, but with fewer critical
cells, At20°, the system becomet more reactive, reaching—6.17, and additional faults’ become
unstable: FallaDO8, FallaD0g, Falia018, Falla015, Falla02%, FallaOl2, FaliaD28, and FaliaD19. The result
of this case is |llustrated in the folowing three Figure 8-59, Figure 7-11 2nd Figure 5-60.
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CPPC after injection (dP P30): Case 2 LOCD-1 (@ 307
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CPPC after Injection (dP P90): Case 2 LOCD-1 (: 20°)
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The following Table 6-15 surmmarizes the results of all analyzed scenarlos for the LOCD-1 infection
location, providing a clear and rapid comparison of CPPC evolution, pressure transmission to the
faults, and the resulting fault instability patterns,
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534413 C05-1 8 LOCD-1 Incatlon casas
The analysis continues with Case 3, which involves simultaneous injection from both wells—CCS5-1 and
LOCE-1—across the three parmeability scenarios: P10, P50, and P90,

In the P10 scenario, the pressure transmitted to the fault plane reaches £.18 MPa, slightly highar than
in the individual injection cases, This elevated pressure results in a more critical mechanical response,
At a friction angle of 30°, the minimum CPPC value drops to ~3.48 MPa, Indicating localized fault slip.
The unstable faults at this angle include Fallad06, Falla008, FallaD09, Falla011, Fallad1d, and Fallad17.
Whan the friction anghe is reduced to 25", the minimum CPPC decreases to -5.034 MPa, and additional
faults become unstable, induding Falla028, FailaD05, and Fallall8. At 20°, the system becomes highiy
reactive, with the minimum CPPC reaching-7.30 MPa. In this configuration, further faults such
a5 Fallal03 and Falla027 also enter the failure domain, Indicating widespread mechanical instability
#cross multiple structures. The result of this case is Hlustrated in the following three Figure 6-61, Figure
7-12 and Figure 6-62,

CPPC after injection (dP P10): Case 3 CCS-1 & LOCD-1 ((p: 307
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CPPC after injection (dP P10): Case 3 CCS-1 & LOCD-1 (: 20°)
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In the P50 scenario, the pressure transmitted to the fault plane i5 7.73 MPa, slightly lower than in P10
bt still sufficient to trigger instability. At 30°, the minimum CPPC reaches -2.84 MPa, with the same
set of faults—Falla006, Falla008, Falta009, Falladl 1, Falla014, and FallaD17 —showing signs of localized
slip. Reducing the friction angle to 25° leads to a more pronounced response, with a minimum CPPC
of <1.40 MPa, and the activation of Falla028, Falle005, and FallaD18. At 20°, the system becomes
increasingly unstable, reaching a minimum CPPC of -6.67 MPa, and additional faults Fall003 and
FallaD27 also become unstable, confirming the broader impact of dual injection under moderate
permeability conditions. The result of this case is Hlustrated in the following three Figure 6-83, Figure
7-13, and Figure 6-64.
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CPPC after injection (dP P50): Case 3 CCS-1 & LOCD-1 (@: 30°)
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CPPC after injection (dP P50): Case 3 CCS-1 & LOCD-1 (@: 20%)
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Im th P90 scenario, the pressure transmitted to the fault plane is 7.83 MPa, sfightly higher than in P50
but stlll lower than in P10, At a friction angie of 30°, the minimum CPPC is 2,94 MPa, with instability
observed in FallaD06, Falla008, FallaD09, Falia011, Falla014, and Falla017, When the friction angle is
reduced to 25°, the minimum CPPC drops to-4.48 MPa, and faults FallaD28, Falla®05, and
Falla01B also become unstable. At 20°, the system becomes more reactive, reaching a minimum CPPC
of -6.67 MPa, and additional faults Falla003 and Falla027 are affected. Although the number of
unstable cells = lower than in P10, the spatial distribution of instabifity remains significant, highlighting
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the persistant sansitivity of the system to friction angle aven under hgh-permeaability conditions, The
result of this case is Hllustrated In the followlng three Figure 5-65, Figure 7-14 and Figure 6-66.

CPPC after injection (dP P90): Case 3 CCS-1 & LOCD-1 (@: 30°)
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CPPC after injection (dP P90): Case 3 CCS-1 & LOCD-1 (¢} 20%)
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The following Table 6-16 surnmarizes the results of all analyzed scenarios for the dual-well Infection
configuration (CCS-1 and LOCD-1), providing a clear and rapid overview of pressure transmission to
the fault planes, CPPC reduction, and the resulting patterns of fault instabiiity.
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The results demonstrate that fault stability during C0; injection is strongly governed by both the fault
friction angle and the magnitude of pore pressure transmitted to the fault plane. Across &ll scenarios,
loweer friction angles systematically lead to more negative CPPC values and a wider spatial extent of
fault reactivation, with 207 representing the most critical condition. For friction angles of 30°, stability
I& generally maintained or only marginally exceeded, whereas reductions to 257 and 20° result in
progressively larger stability losses.

Amaong the single-well Injection strategies, CC5-1 under the P3) permeability scenario (s the most
stable configuration, with a maximum fault-plane pressure of 4.94 MPa and a minimum CPPC of +0.36
MPa, indicating no fault reactivation at 307, In contrast, LOCD-1 under the P10 permeability scenario
represents the most critical single-well case, where pressure transmitted to the fault reaches 8.04
MPa and CPPC values drop te =7.16 MPa, leading to widespread fault instability.

Dual-well Injection (CCS-1 + LOCD-1) further amplifies the mechanical response, Under
low-permeability conditions (P10), pressure transmitted to the fault plane reaches 8.18 MPa, and the
minimum CPPC falls to -7.30 MPa, the lowest velue observed across all analyzed scenarios. This
configuration results in instability acrass multiple fault structures even at a friction angle of 30°, with
severity increasing markedly as the friction angle Is reduced.

Based on these quantitative results, a risk evaluation was conducted to identify the conditions most
prone to fault reactivation. This assessment focuses on scenarios In which CPPC becomes negative,
efther locally or over large fault segments, and considers the combined effects of permeability,
injection strategy, and friction angle. The analysis highlights that low permeability, high pressure
transmission to faults, dual-well injection, and low friction angles constitute the most unfavorable
combination, providing 2 clear numerical basis for defining safe and effective CO; injection strategies
and for prioritizing mechanical parameter uncertainty in storage site assessments

o Most Unstable Faults
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These faults are consistently unstable across all injection strategies [LCS-1, LOCD-1, Dual) and all
friction angles {307, 25°, 20°). They are the most sensitive to pressure changes and mechanical stress.

« FallaD14 - Highly reactive In every scenario. Shows instability even at 30°, especially under
LOCD-1 and Dual injection.

« Falla011 - Frequently unstable in LOCD-1 and Deal injection, across all friction angles.
« FallaD17 - Similar to FallaO11, with persistent Instability under all condithons,
o Frequently Unstable Faults

These faults show Instability mainly under low friction angles [25° and 20°) and are affected by
multiple injectian strategies. They are moderately sensitive but became eritical under more aggressive
conditions.

»  Falla005 - Affected in CCS-1 and Dual injection, especially at 25° and 20°,
»  Falla006 - Similar behavior to FallaD05, with instability Increasing at fower friction angles.

# FallaDOB - Unstable in all three strategies {CCS-1, LOCD-1, Dual), particularly at 25° and
200,

s  Falla009 - Mirrors FallaDOB's behavior, with widespread instability under low friction.
# FallaD15 — Becomes unstable at 20°, especially in LOCD-1 and Dual injection.

s  Falla018 - Reacts similarly to Falla0l5, with instability under high-pressure, low-friction
conditions,

* FallaD28 - Frequently unstable at 20°, acrass all strategies,
+ Falla029 - Same pattern as Falla028, indicating structural sensitivity
o Critically Unstable Only Under Extreme Conditions

These faults are only affected at 20" friction angle and under high-pressure scenarios (mainty LOCD-1
and Dual injection). They represent localized but severe risk zones.

« Falla003 - Only becomes unstable under Dual injection at 20°, indicating desp-seated
sensitivity.

» Falla012 - Affected in LOCD-1 at 20°, not present in other scenarios.
«  Falla019 - Similar to Falla012, with instability limited to the mast critical conditions.

The summary of this analysis is visually represented In Figure 6-67, which graphically (llustrates the
fault Instability results across the evaluated scenarios and conditions. The spatial distribution of the
most critical faults and their relative Instability Is further illustrated in the following Figure 6-68 and
Figure 6-59.
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To support a comprehensive understanding of fault behaviar under varying injection conditions,
a healmap analysie (Figure 6-70) was conducted to visualire the spatial and scenario-based
distribution of fault instability. This graphlcal reprasentation captures the presence or absence of
mechanical failure |[CPPC<0) for each fault across all combinations of Injection strategy,
permeability scenario, and friction angle. By highlighting the frequency and conditions under
which each fault becomes unstable, the heatmap serves as a diagnostic tool for identitying the
mast critical taults and for assessing the sensitivity of the system to key operational parametars,

The results indicate that injection strategy and friction angle axert a first-order control on fault
stability, whereas geclogical variabliity as permeabllity plays a secondary role. In particular, the
dual injection scenario Is characterized by @ systematically high occurrence of unstable faults
across nearly all realizations and friction angles, suggesting that this operational configurstion is
intrinsically prone to fault reactivation and therefore likely infeasible from a geomechanical
perspective. In contrast, the alternative single-injection scenarios exhibit a more differentiated
response yel still show a high frequency of Iinstability for low friction angles [20°), largely
independent of the permeability scenario considerad. This pattern indicates that low fault friction
dominates the mechanical response, overriding stabilizing effects introduced by geological
heterogeneity.

Dverall, Figure 6-71 demonstrates that an inereasing number of unstable cases corresponds to a
higher degree af fault instability, allowing ertical faults and unfavorable operational conditions
to be readily identified. The heatmap therefore provides a robust framework for ranking injection
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strategies according to geomechanical risk and for informing decisions aimed al minimizing fault

reactivation potential
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Figure 6-71 summarizas the minimum post-injection CPPC values and their distributions for different
friction angles (@ 30°, 25°, and 20%), injection wells {CC5-1, LOCD-1, and Both), and permeability
scenarios (P10, P50, P90). Each call in the table contains a histogram showing the distribution of CPPC
values. The red vertical line represents the fallure threshold, Le., where CPPC = (0. Values to the left of

this line are negative, indicating that the fault has rezched or exceedad the fallure condition.

The more negative the CPPC value, the greater the degree of instability of the fautt. This is because a
loweer CPPC implies that the pore pressure increase has significantly reduced effective normal stress,
bringing the fault closer to reactivation
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Ad5 6 Conclusions ED or Beak fyfrction.conditons
Fault stability is evaluated using Critical Pore Pressure Change (CPPC) as the primary gromachanical
Indicator, assessed under peak pore pressure conditions reached at the end of the 30-yvear COy

injection pertod, immediately prior to Injection cessation. This timing represents the most
conservative condition for fault reactivation anabysis.

The methodology focuses on the evaluation of CPPC at peak conditions. Initially, CPPC is computed
under pre-infection stress conditions, defining the pore pressure increase reqguired to bring aach fault
segment to failure. The Injection-Induced pore pressure increase (AP) at peak conditions is then
subtracted from this mitial CFPC to obtain an effective CPPC, which represents the remaining
mechanical stabllity margin of each fault segment at peak pressure. This effective CPPC |5 used as the
sole metric for stabilty assessment, providing a conservative, first-order evaluation without
recaloulating the full stress freld and assuming a constant regional stress tensor,

Within this framework, negative effective CPPC values {CPPC < 0) indicate that fault segments become
mechanically unstable, implying an increased potential for fault reactivation and the possible
occurrence of Induced seismicity. Moreover, the more negative the CPPC value and the farther it
deviates from zero, the higher the degree of mechanical instability, reflecting a progressively larger
exceedance of failure conditions, However, no explicit or deterministic process is assumed to directly
torrelate the inferred fault instability with the occurrence, magnitude, or spatio-temparal distribution
of seismic events

Conversely, non-negative CPPC values (CPPC 2 0) define stable fault conditions under the evaluated
geclogical and operational assumptions. Owverall, this approach provides a consistent and
decision-oriented screening methodology, directly linking injection-induced pore pressure bulidup to
fault stability at peak pressure conditions.

The fault stability analysis) reveals the following key findings:
1. Sensitivity to Friction Angle.
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Fault stabifity is strongly controlled by the assumed fault friction angle, which governs shear
resistance along fault planes. Increasing the friction angle from 20° to 30° feads to progressively
less negative minimum CPPC values, indicating a systematlc reduction in fault instabitity and a
lower suscoptibility to pressure-Induced reactivation,

For example, in the most critical injection scenario (Both injectors, P10 parmeability):
» 20" -7.302 MPa
« 25" -5.035 MPa
« h 30" -3.484 MPa

This trend reflects fundamental fault mechanics, whereby higher friction angles increase the
available shear strength, reguiring larger pore pressure perturbations to reach failure
conditions. Consequently, uncertainty in fault friction properties represents a key control on
stahility. outcomes and should be considered @ primary sensitivity parameter in risk
assessments.

2. Influence of Permeability (P10, PSO and P90).

Reservoir permeability exerts a secondary but consistent influence on fault stability. Across all
friction angle scenarios, higher permeability cases (P90} tend to yield less negative CPPC
values than lower permeabilty cases (P10). This behavior Indicates that increased
permeability facilitates more efficient pressure dissipation, limiting pore pressure
atcumulation mear fault planes at peak injection condithons.

Although the magnitude of the permeability effect is smaller than that assoclated with friction
angle variations, the observed trend demonstrates that low-permeability scenarios represent
more conservative assumptions for fault stabllity, particularty when combined with low
friction angles and multi-well injection, Far instance, in the ¢ 20" case with Both injectors:

« P10:-7.302 MPa
»  PS0:-6.674 MPa
»  PO0: G747 MPa

3. Impact of Injection Configuration

The combined injection scenario {CC5-1 « LOCD-1] conststently produces the most negative
CPPC valwes across the tested parameter space. This configuration results in the largest
cumulative pressure buildup and thersfore represents the maost unfavorable condition in
terms of fault stabiiity.

The results indicate that pressure contributions from multiple Injectors can interact
constructively, increasing the likelihood of exceeding failure thresholds at peak conditions,
This finding highlights the importance of evaluating multi-well injection strategies not anly in
terms of reservoir performance but also with respect to their combined geomechanical
impact.

4, Comparison Between Injectors: CCS-1 vs. LOCD-1
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A systematic difference is observed between the two individual injectors, For equivalent
friction angles and permeabllity assumptions, LOCD-1 consistently generates mare negative
CPPC values than CCS-1, Indicating a greater destabilizing effect on nearky faults,

For mample, at 4 25", P10:
+  O0S-1:-2.173MPa
= LOCD-1: —4.895 MPa

This contrast suggests that injector location, connectivity, or proximity to critically orented
faults plays a significant role in controfling local pressure bulldup and fault response. As such,
injector-specific  assessments are essential for discriminating spatial  variations  in
peomechanical risk.

5. Most Critical and Maost Stable Scenarios

» The most unstable condition Is observed at ¢ 20°, P10, Both injectors, with a
miindmum CPPC of =7.307F MPa

» The most stable condition Is found at 4 307, P20, CCS-1, where the minimum CPPC
|s +0.36 MPa, remaining above the fatlure threshald.

bd.5.7  Dheroll mplicatons and Coerstionm Becommendations

Negative CPPC values Indicate mechanical instabllity in fault segments, with the degree of instability
incteasing as CPPC becomes more negative and departs further from zero. While this implles a higher
patential for fault reactivation and the possible occurrence of Induced selsmicity, no deterministic or
direct correlation ts assumed between CPPC-based instability and the timing, magnitude, or spatial
distribution of seismic events. Accordingly, CPPC should be interpreted as a screening-level indicator
of mechanical susceptibility, rather than a predictor of seismic occurrence.

Within thie framework, the CPPC-based assessment provides a conservative basks for discriminating
between aperational configurations and for identifying scenarios that may require additional risk
management measunes. Scenarios combining low fault friction angtes, low reservoir permeability, and
simultaneous Injecticn from multiple wells consistently yield the most negative CPPC values and
therefore represent the least favorable operational configurations from a fault-stability perspective.
These conditions amplify pore pressure bulldup near critically stressed faults and result in reduced
mechanical stability margins at peak pressure.

In contrast, single-injector operation, particularly when dominated by CCS-1, and scenarios
characterized by higher friction angles or higher permeability reafizations, are assoclated with less
negative or kocally positive CPPC values and thus provide maore robust stability margins. These
configurations are therefore preferable as baseline operaticnal strategies under the current
FSSUMpPtions,

From an operational standpoint, configurations |dentified as potentlally unstable should not be
Implamented without mitigation, Recommended actions include avolding simultaneous multi-well
injection, applying Injector-specific operational constraints, and adopting phased or staggered
injection strategias to imit peak pore pressure bulldup. Particular attention should be given to injector
configurations that have a stronger destabifizing influence on nearby faults.
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Overall, these resuits highlight the impartance of accurately constraining fault mechanical properties
[eg., friction angle] and reservolr flow characteristics (8§, permeability] using conservative
assumptions, in order to avosd underestimating fault reactivation risk. Within thase limitations, CPPC
evaluated at peak pore pressure provides a practical and decision-oriented tool to guide operational
design, prieritizé monitoring and model refinement efforts, and support risk-informed
decision-making for CO; injection projects.

6.5 Conclusions

1. Conditional feasibility. CO, storage at Lopin is technically feasible under conservative
configurations: single-well operation, strict pressure management, and focused control of
geomechanical risks linked to low permezbility and natural overpressure,

2. Injectivity & halite. Compositional runs capture near-wellbore drying; NaCl precipitation
degrades injectivity and attainable capacity. For a mobility multiplier “M5=0.5, capacity
reductbons of “10-15% are observed, warranting mitigation (C0; humidification, water flush)
and laboratory calibration of the mobility curve.

3. Seal integrity. At the seal base (~1,722 m TVD), safety marmgins decrease from 9.8 MPa
(FGx0.9) and 13.4 MPa initially to 1.8 MPa and 5.4 MPa at end-of-injection (EOI), Margins
remain positive but tight, requiring conservative MADOP limits and continuous surveillance;
peochemical risks to the seal are secondary to geomechanics.

4. Waellbore stability. The 1D-basad mud-weight window aligns with lacal experience; breakouts
cluster where SureSeww anisotropy is highest. Use conservative densities/BHAs and
salt-saturated muds across evaporites.

5. Fault stability (CPPC). Proximity to fallure is governed by fault friction {$) and fault-plane
pressura, g=30" is largely stable or shows limited local failures; d=25-20" broadens instakility,
especially for low-k (P10} and near injectors, Dual Injection (CCS-1+L0C-D) is least tavorable;
LOC-D tends to pressurize faults more than CCS-1, while CCS-1 with P30 & ¢=30" retains
positive CPPC.

6. Operational recommendation. Favor single-well injection (CCS-1) with ramp-up/ramp-down,
conservative pressure fimits, and strengthened MMV (downhole P/T, microseismic). Avoid
co-injection; if a second well is considered, use staggered/atternating schemes.

7. Key uncertainties & next steps (i) Constrain fault friction () with targeted tests and
LT/ minifracs; (il} run focused 3D poroelastic coupled cases over high-risk domains; (1]
conduct core-floods to calibrate k(S,) for halite; {iv) further refine near-wellbore gridding for
salt-damage and transhent BHP studies,
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7. Appendix

7.1 Appendix — Paris Basin Region (France)

Fohig -1; Wamogorsarion model snd paramenies far pizite properties fMeomer 200d), (Mar 1973

Parameters (GPa)
Law Blot's coefl. b
Ks Gs Ke Ge
Owerby/ underh,  Mari-Tanaka 42 8 133 ia
COX [Caprock} Maork-Tanaka 434 132 0.8
Dalle nacrée Bemer [cag) 726 316 S0E 379  equation®
Comblanchien Bemer (cap) 726 316 SO08 379  equation®
Oolithe blanche  Bemer [cap) 726 316 SO0E 379  equation®
Lower bathonlen  Bemer [cap) 726 316 S0B 379  equation®
*poroelastic (or compatibility) equation
K
b=1- H_;

Fobde 2.2 Frtpirial porrelation ma sevmetars for alpetic proge e {8emsr J004)

i fz o (4]
COX [caprock) 0268 373 16.2 0.060
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7.2 Appendix - Lusitanian Basin [Portugal)

7.4.1  Injectivity integrity (Uncertainty Anilysiz)

it all iiarting I 1
The impact of Increasing the C0; injection rate from the base case value of 0.5 MLy to a Kigher rate
of approwimately 1 MESy (1 301 440 5m?/day) was evaluated bto assess the sensitivity of near-wellbore
processes and injectivity integrity to operational conditions

I ijmcTiom Well

Halite Pracipitavian [pmaleim®

Depth (m)

Distance [m]

T i e Wl Haitte Pretp nagssn fgmoda =]
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Distarca (M|
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Under base case conditions, halite precipitation remains confined to the immediate near-wellbore
reglan, with moderate peak values and limited lateral extent, consitent with previgusly discussed
lzcalized injectivity affects. Increasing the injection rate leads to bath higher pracipitation magnitudes
and a broader spatial distribution of halite, with peak concentrations exceeding those of the base case
and extending laterally to distances of up to approximately 50 m from the well {Figure B.2-1). This
intensification and vertical spreading of halite accumulation reflect enhanced brine displacement and

stronger drying effects associated with
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higher C0y fluxes, Despite this amplification, halite precipitation remains predominantly localized
around the injection well, indicating that even under increased Injection rates, salt-related impacts
are controlled and do not propagate extensively into the resenvoir,
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In the base case, porosity reductions are modest and strongly localized within the first approximataly
20-30 m from the well, with mawimum decreases on the order of approximately 0.008-0.010 [Figure
6.2-2). Al the higher injection rate, porosity reduction becomes both more intense and more spatially
extensve, with peak values of similar or slightlty higher magnitude but extending faterally to
approximately 40-50 m and affecting @ broader vertical interval, These enhanced porosity |osses
reflect the greater degree of salt precipitation driven by higher injection rates, leading to mare
pronounces pora Ell:lgﬁll'lﬁ in the near-wellbore rone. Nevertheless, porosity changes remain
negligibia in the far field, indicating that even under the higher infection rate scenarin, reservoir-scale
parosity |5 largeky preserved and that the main impacts remaln confined ta the vicinity of the injection
wiglk.
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The temparal response of injectivity highlights the operational implications of increasing the injection
rate from 0.5 Mu/y (base case] to 1 MUYy (higher case). An early-time injectivity adjustment is observed
durlng the initial days to months of injection, as indicated by the star {or half-star) symbatls in Figures
6.2-3 and 6.2-4, These markers rafiect transient behaviour associated with well start-up conditions,
including rapid pressure build-up and near-well saturation redistribution. However, unlike what might
be expected under severs injectivity impalrment, the higher-rate scenario does nat exhibit sustained
rate limitation. Instead, the target injection rate of approximately 2700 t/day s achieved and
maintained throughout the injection period, resulting in a cumulative mjected mass of sbout 3.0x107
tonnes after 30 years, compared to approximately 1 52107 tonnes for the base case [Figure 6,2-3).
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The reservoir pressure response reflects the mposed injection rates. As shown in Figure 6.2-4, the
higher mjection rate scanaric leads to a slightly higher reservoir pressure compared to the base case,
stabilizing around approximately 12650-12700 kPa after 30 years, compared to about 13800-13900
kPa for the base case. Thess pressurés remain well below the imposed bottom-hole pressure
constraint of 16500 kPa and below expected fracture pressure limits, confirming that the reservoir can
accommodate the increased injection rate without exceeding operational pressure thresholds. The
Initiat transtent pressure adjustment observed in both cases corresponds to early-time near-well flow
establishment and saturation equilibration rather than sustained injectivity impairment.

The injectivity index evolution (Figare 6.2-5) canfirms that injectivity remains high and stable in bath
scenarios over the full injection period. The Injectivity index stabifizes at approximately 2050-2100
sm®/day/kPa for the base case and slightly lower valuas of approximately 2030-2060 Sm'/day/kPa for
the higher injection case. This corresponds to @ marginal injectivity reduction of approximately 1-2%
in the higher-rate scenario. The small early-time fluctuations comespond to transient flow and
pressure equilibration rather than parmanent formation damage, Importantly, no progressive decline
in injectivity 1§ observed over time, indicating that near-well effects such as salt precipitation and
Ipcalized porosity reduction da not significantly Impair long-term injection performance,
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Owverall, increasing the injection rate from 0.5 Mt/y to 1 Mty does not result in significant or sustained
Injectivity loss. Any early-time injectivity adjustments are transéent and operationally manageable, and
long-term Injectivity remains essentially stable. The minor injectivity reduction abserved in the higher-
rate scenatio [<2%) confirms that salt precipitation and associated petrophysical changes remain
localized and do not compromise the capacity of the reservaoir to sustain higher injection rates over
the 30-year injection period.

F21.2  IrmpGcls of Teservoir sgiiniy
The impact of reservair salinity on near-wellbore processes and injectivity integrity was evaluated by
comparing the base case salinity of 56 g/L with a lower-salinity scenario of 10 g/L and a higher-salinity

soenario of 130 g/l
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Under low-salinity conditions (10 g/L), halite precipitation is effeclively suppressed, with anly
negligible amounts forming In the near-wellbere region (Figure 6.2-6). This reflects the reduced
avaltability of dissolved NaCl and the lower [ikelihood of reaching halite saturation during COy-induced
brine drylng. In contrast, Increasing reservolr salinity to 130 g/L leads to a marked intensification of
halite precipitation, with substantially higher peak concentrations and a much broader near-wellbore
footprint. In the high-salinity scenario, halite accumulation extends taterally to approximataly 40-50
m from the Injection well and affects a thicker vertical interval compared with both the base and low-
salinity cases. Despite this amplification, salt precipitation remains predominantly localized around
the wellbore, indicating that even under highly saline condftions, halite-related impacts do not
propagate extensively into the far field.

Far the low-salinity tase, porosity reductions are minimal and remain close ta zero throughout most
of the domain, confirming that the suppression of halite precipitation effectively preserves pore space
in tha near-wellbore region, In the base case, porosity losses are modest and localized, with maximum
reductions on the order of approximately 0.008-0.010 within the first 20-30 m from the well (Figure
B.2-7). In contrast, the high-salinity scenario exhibits substantially larger and more spatially extensive
porosity reductions, with localized decreases approaching the upper bound of the colour scale and
extending laterally to approximataly 40-50 m while also affecting a broader vertical interval, These
enhanced porosity losses are a direct consequence of the intensified halite precipitation under high-
salinity conditions, leading to stronger pore clogging and reduced effective fiow capacity near the
wellhore.

Despite differences in reservoir salinity, long-term injection performance remains stabide across all
scenarios. As shown in Figure 6.2-8, the cumulative injected CO; mass increases inearly over the 30-
year injection period in all cases, reaching approximately 1.45x107 tonnes, and the imposed injection
rate is consistently meintained. This confirms that injectivity remains sufficient to sustain the target
injection rate regardless of sallnity conditions, and no sustained Injection interruptions or rate
reductions occur,

Tha FilotSTRATEGY project has received funding from the @ PHoSTRATEGY
Eurcpean Union's Horizon 2020 research and innovation """'"""'-P"““":“ﬂ"'i-::
age

programme under grant agresment No. 101022664



{¢} PilotSTRATEGY

Hae Franpianes goeiefn®

Immctien Wl

—_
-
e
o [ — ]
E f=—
E L=
- =
a =
adid
Disance |m|
b o sl Bistl FIFsen |ferawim|
£
E T
s
s
Buinge |m)

i Wl fimite Frecpinbar prmisio’|
= |
kil
k]
-ila

= wan

E LT

F 4 [1ax]

3 " |

] o

[
Dxtance im|
T fi T | TR 7 ] | f il ar Hhe D [ Tagy, I e
il s Uy Off FEsE vy S or .5 1 i i it i Li-§ 1] g8

Tha PilotSTRATEGY project has received funding from the EPliotSTRATEGY

European Union’s Horigon 2020 research and innovation www.pliotstrategy gu

programme under grant agreement Mo. 101022664 FHR



{¢} PilotSTRATEGY

FuiEePy Chanpal Prarea)

I
£
']
=]
L3
[ Enea (ml
i Wl Furaby Changsas A ad v
3
i
a
&
ntﬂr!-ﬂll
I pmiaa e Forptiny Changes Pracien|
E
s
=
|
o
nrtaner =l
ring 2T, f i } Iribu thie powasify changes for i ur el 1 higtaer
o L THE s T o F i T e]: i LAY I i
The PilotSTRATEGY project has received funding from the @ P STRATEGY
European Union’s Horizon 2020 research and innovation W, pligtstrategy ey

programme under grant agresment No. 101022664 FRpR.IAG



{«} PilotSTRATEGY

IFM I:I'IE

2y 3wt | =

§ e Rl

im '“F

E 2]

- ]
’ | [ ] [ ] iz i m E | Er *I:I.

T 31}
aes Comidares i (000 Mai - ldee Cone |Raimey 6 gl
amm “m_--_m‘“-w
s Caareimin v (Gaw (O Mawe - Dower G 5 halirivy i pi |
S i (GO Mty Fams - Lrser Cores [ Ralivily 90 LI
- Eaasdaive Clan [COE Maws - righer Tase (Balndy (30 /L)
o k(GO M Rals - bghey Cass | Raanry 150 gL

Figure B2-8 Fechrbpn of the comyictve gt (G0 mosy, avd gos (00 mosa mfe for the boar, Joveer oo highed case
se2narics af reservair smfeiny of 55 @i 10970 and 130 o/, respectively, ofrer 30-pears o) necrian

By EB & 1 # W ¥ M I @»
Tiess it

— Egwruos Prepain - Pie Coe | Sl 58 0
R0 Proasun - Lpsaer Caps [Eailrery QL)
= FpuErvos Pressues - Higher Case [Balinity 130 gt

Fgure .25 Evofbion gf the reservair for the bae, loweer and figher oo seonprios af resenvoir salinity of 55 g/ 10 /0 andd
[0 gft, mspectiely, mier f-pean of njeciion,

Reservolr pressure responses vary systematically with salinity, as shown in Figure 6.2-9. The high-
salinity case (130 g/L) exhibits the highest reservoir pressura, stabilizing around approximately 12750
12780 kPa after 30 years, followed by the base case (56 g/L) at approstimately 12650-12680 kPa, and
the low-salinity casa (10 gfL) at approximately 1260012630 kPa. The pressure differance betwean
the low- and high-salinity scenarios is approximately 120=-150 kPa, corresponding to 2bout 1% of the
absolute pressure level. This behaviour reflects the salinity-dependent reduction in CO; solubliity and
increased halite precipitation potential at higher salinity, which reduces effective pore space and
incteasas flow resistance, resulting in slightty higher reservair pressure, Howaver, reservolr pressure
remains well below operational and fracture pressure limits in all scenarios, indicating safe and
sustainable injection conditions,

The injectivity index evolution [Figure 5.2-10) provides clear evidence of salinity-dependent injectivity
behaviour. The low-salinity and base case scenario show very similar injectivity values, stabiliring

around approximately 2050-2100 Sm'/day/kPa, In contrast, the high-safinity case exhibits &
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consistently lower injectivity index of approximately 1850-1900 Sm'jday/kPa. This represents an
Injectivity reduction of approximately 8-12% relative to the base and [ow-salinity cases. The reduction
occurs primarily during the early injection period and stabilizes thereafter, with no progressive decline
over time. This indicates that salt precipitation and assoclated porosity reduction are localized near
the wellbore and reach a dynamic equiltbrium, after which injectivity remains stable.
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Overall, reservolr salinity has a measurable but moderate Impact on injectivity. Higher salinity
increases the extent of salt precipitation and near-wellbore flow resistance, resulting in & limited
injectivity loss of approximately B-12%. However, this reduction does not impair the ability to sustain
the target injection rate over the long term. Injectivity remains stable after the initiai adjustment
period, and no progressive degradation occurs. These results demonstrate that while resenvaoir salinity
influences the magnitude of near-welibore impairment, its overall impact on long-term injectivity and
starage performance remains imited under the simulated conditions,

F2d.3  Impadds of mpgction lempeniune

The impact of CO; bottom-hole injection temperature on near-wellbore processes and mnjectivity
integrity was evaluated by comparing the base case injection bottom-hole temperature of 26°C with
a lower-temperature scanano of 20°C and a higher-temperature scenario of 40°C. The resuits indicate
that injection temperatura exerts a secondary controf on halite precipitation, porosity reduction, and
gas flow resistance when compared with injection rate and reservoir salinity, primarily affecting the
intensity of near-wellbore processes rather than thelr spatial extent.
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Linder lower injection tamperature conditions [20°C), halite precipitation is slightly intensified relative
to the base case, réfiecting enhanced bring cooling and increased water vaporization potential during
LL); injection. Peak halite concentrations are modestly higher than those of the base case and remain
confined to the near-wellbore reglon, with the affected zone extending [aterally to approxdimately 20

30 m from the injection well [Figure 6.2-11). In contrast, increasing the injection temperature to 40°C
results in a slight reduction in halite predpitation Intensity, with lower peak concentrations and amaore
restricted spatial footprint. In all temperature scenarios, halite precipitation remains strongly localized
around the injection well and rapidly diminishes beyond approximately 30-40 m, indicating that

temperature varistions do not fundameantally alter the spatial confinement of salt-related Impacts.
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In the lower-temperature case, porosity reductions are slightly enhanced relative to the base case,
with localized decreases approaching approximately 0.008-0.010 in the near-weflbore region (Figure
b.2-12), The base case exhibits similar bul mamgnally smaller porpsity losses, while the higher-
temperalure scenario displays the weakest porosity reduction, generally below approkimately 0.006-
0.008. In all cases, porosity changes remain confined to the first 20-30 m from the well and are
negligible in the far field, confirming that injection temperature primarily modulates the magnitude

of near-wellbore pore-space degradation without Inducing broader reservalr-scale Impacts.

Despite variations in injection temperature, long-term injection performance remains stable across all

scenanios (Figure 6,.2-13], In all three cases (207°C, 267C, and 40°C), the cumulative infected COy mass
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increases linearly over the 30-year injection periad, reaching approximately 1.45x10° tonnes, and the
Imposed injection rate of approsimately 12001300 t/day is consistently maintalned. This confirms
that injection temperature does not impose aperational limitations on the ability to sustain the target
injectian rate, and no sustained Injectivity decline i observed.
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Reservolr pressure evolution shows only minor differences between temperature scenarios (Flgure
6.2-14), All cases stabilize within @ narrow range of approximately 12600-12670 kPa after 30 years,
The lower temperature case (20°C) exhibits slightly higher reservolr pressure, while the higher
temperature case (40°C) shows marginally lower pressure compared to the base case [26°C). The
maximum difference between scenarios is approximately 30-50 kPa, corresponding to less than 0.5%
of the absolute pressure level. These small differences reflect temperature-dependent fluid properties

and salt precipitation behaviour but remain operationally Insignificant, with reservoir pressures well
below fracture and operational limdts.
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The injectivity index evolution (Figure 6.2-15) shows a clear but moderate lemperature dependence

The higher temperature case (40°C) exhibits the highest Injectlvity, stabllizing at appraximately 2150-
2180 Sm*/day/kPa, followed by the base case (26°C| at approximately 2070-2100 Sm"/day/kPa, and
the lower temperature tase (20°C), which shows the lowest injectivity at approximately 1980-2000
Sm*/day/kPa. This corresponds to an Injectivity reduction of approximately 3-5% in the lower
temperature case relative to the base case, and an improvement of approximately 3-4% in the higher
temperature case. The early-time fluctuations correspond to transient flow and thermal equilibration
effects, after which injectivity stabilires with no progressive dedine over time,
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Owerall, these results demanstrate that injection temperature has a measurable but limited impact an
injactivity, Lower Injection temperatures slightly reduce injectivity due to Increase near-well flow
resistance and enhanced salt precipitation potential, while higher temperatures imprave injectivity.
However, the magnitude of injectivity loss remains small (less than approximately 5%), and no
progressive Injectivity degradation occurs over the injection period. These findings confirm that
Injection temperature is a secondary control on injectivity performance compared to parameters such
as reservoir salinity and injection rate, and does not compromise long-term injection feasibility under
the simulated canditions.

7214  Impacts of foint increase of ingection flow rate and reservalr safinity

The combined impact of Increasing both the €O, injection flow rate and reservoir salinity was
evaluated by comparing the base case scenario (0.5 Mt/y and 56 g/L} with a compounded waorst-case
scenario {1 Mtfy and 130 g/L). This joint perturbation represents the most unfavourable operational
and geochemical conditions considered In the uncertainty analysis and provides an upper-bound
astimate of near-wellbore injoctivity foss.

The compounded worst-case scenaria exhibits a pronounced intensification of halite precipitation
relative to the base case, reflecting the effect of higher CO; flux and elevated dissolved salt content.
Peak halite concentrations are substantiafly higher and extend over 8 much broader near-wellbore
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footprint, with salt accumulation laterally propagating to approximately 40-50 m fram the injection
well and affecting a thicker vertical Interval [Figure B.2-18). In contrast, the base case remains
characterized by moderate halite precipitation confined to the first approximately 20-30 m. Despite
the strong amplification in the worst-case scenario, halite precipitation remains spatially localized
around the injection well, Indicating that even under the most adverse conditions considered, sait-
related impacts do not propagate into the far-field reservoir
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In the base case, porosity reductions are modest and |ocalized, with madmum decreases on the arder
of appraximately 0,008-0,010 within the near-wellbore region (Figure 6.2-17}. In the worst-case
scenario, porosity losses are significantly intensiflied and more spatially extensive, with localized
reductions approaching approximately 0.03-0.04 and extending aterally to approximately 40-50 m
These enhanced porosity Iosses reflect the combined effect of intensified halite predipitation and
increased brine drying associated with the higher injection rate and salinlty. Nevertheless, ponosity
changes remain negligible in the far field, confirming that even under compounded sdverse
condittons, pore-space degradation remains confined to the vicinity of the Injection well.
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Despite the compounded near-wellbore effects associated with higher injection rate and elevated
salinity, long-term injection performance remains stable in both scenarios. As shown in Figure 6.2-18,
the warst-case scenario (1 Mtfy + 130 g/L) achleves and maintains the target injection rate of
approximately 2700 t/day throughout the injection period, resulting in a cumulative injected mass of
approximatety 3.0x10° tonnes after 30 years, compared to approximately 1.45x107 tonnes for the base
case (0.5 Mtfy + 56 g/L). The green arrows indicate 2arly-time transient behaviour during the first days
to manths of injection, comesponding to initial pressure bulld-up and near-well flow adjustment.

However, no sustained rate limitation or prolenged well shut-in is observed, and the injection rate
remains stable thereafter,

The reservoir pressure response reflects the increased Injection rate and saiinity in the worst-case
scenario (Figure 6.2-19). Reservair pressure stabilizes at approxdmately 13900-14100 kPa in the worst-
case scenario, compared to approximately 12600-12700 kPa in the base case. This represents an
increase of approximataly 1200-1400 kPa (about 9=11%), which remains well below the imposad
battom-hole pressure constraint of 16,500 kPa and below expected fracture pressure limits. The
higher pressure in the worst-case scenarlo i consistent with Increased flow resistance associated with
intensified salt precipitation, higher salinity, and the elevated injection rate, but does not compromisa
operational safety or injection continuity.
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The Injectivity index evolution [Figure 6.2-20) confirms a2 measurable but stable injectivity reduction
under worst-case conditions. The base case exhibits a stabbe injectivity index of approximately 2050-
2100 Sm'/day/kPa, whereas the worst-case scenario stabllizes at approximately 1800-1850
Sm*/day/kPa. This corresponds to an injectivity reduction of approximately 10-15% relative to the
base case. The reduction octurs early during the injection period and stabilizes thereafter, with no
progressive decline over time. The early translent fuctustions Indicated by the green arrows
correspand to near-well saturation redistribution and initial salt predpitation effects, after which a
dynamic equilibrium is established.

Owverall, the worst-case scenario represents the upper bound of mjectivity impairment under the
combined influence of elevated injection rate and reservair salinity. While Injectivity is reduced by
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approximately 10-15%, the system remains fully capable of sustaining the target injection rate over
the full 30-year period. Impartantly, no progressive or runaway injectivity loss occurs, indicating that
salt precipitation and assaclated porosity reductlon remain spatially localized near the wellbare. Thase
results confirm that even under adverse conditions, Injectivity lost in the Q4-TV1 reservoir remains
moderate, stable, and operationally manageable, and does not represent a reservoir-scale limitation
to long-term CO; storage.
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1.2 Caproeck integrity — Geomechanical aspects {Uncertainty Analysis)

F2.2.1  Bwoiutian of wirico sissiacoment

The storage system is characterised by a predominantly decreasing response over the full simulation
period, following a very short Initlal phase of minor uplift during the first few years of injection (Figure
6-38). The recorded vertical displacements remain on the millimetra scale, ranging from a peak uplift
of approximately 1 mm to cumulative subsidence of about 67 mm by the end of the simulation,
measured relative to the initial geomechanical state.
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Figre 4-35; Vertico! daplocement over fime I representotive mode! ceéifs ot tne af the seobmg formmbions [Cocdm
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T00 yemex)

During the early injection phase, both the Cacém Formation and the overlylng Aveiro Group exhibit a
small, transtent uplt, which correlates with rapid reservolr pressurisation and the Initial poroelastic
expansion of the reservoir—caprock system. This upward movement is short-lived and quickly
transitions to downward displacement as the mechanical response becomes increasingly controtled
by stress redistribution within the storage complex: As injection continues toward 30 yaars, a
progressive and nearly linear increase in subsidence is observed in both sealing units, The Cacém
Farmation shows siightly larger downward displacement than the Aveiro Group, Indicating that
deformation is mare pranounced naar the resarvoir-caprock Interface, where stress changes are
strongest and influenced by the imposed boundary conditions at the base of the modal. During the
past-infection {shut-in] phase (30-100 years), subsidence continues in both formations but at a
gradually decreasing rate. This behaviour reflects the siow dissipation of pore pressure, progressive
stress redistribution, and poroelastic relaxation of the rock matrix. The absence of full recovery
towards zero displacement is consistent with the fact that the system does not return to its initial
stress state within the simulated timeframe, as well as the inflence of mechanical boundary
conditions, particularly the vertical constraint at the base of the model, Overall, the limited magnitude
of vertical displacements indicates that deformation remains within the elastic-poroelastic regime,
with no evidence of mechanical instability or compromise of caprock integrity.

FIIZ  lmpodsof infection flow rate

Increasing the injection rate from 0.5 to 1 Mt/y leads to a clear amplification of pore pressure bulld-
up within the Cacém Formation. Under the higher injection scenano, pore pressure rises more rapidly
and reaches a peak close to 9700 kPa arourd 30 years, compared with a peak of approximately 9450
kPa in the base case (Figure 6.2-21), This corresponds to an additional pressurisation of roughly AF =
250 kPa at the end of the injection period. Although this represents 3 noticeable increase, the resulting
pressufes remain well below levels associated with caprock fracturing or mechanical failure, indicating
that the integrity of tha sealing unit s preterved,
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Figwre G-Il Temporal evolition of pore pressure ot the bose of the Corém Formcolor (Pumprye Coprookl for different
inpectien scemarok Boge Cose” (U5 M8 rote) ofed the Hiph fnjection Cove' 1) MLy tde]

During the post-injection (shut-in) phase, both scenanios exhibit very similar pressure relaxation
patterns, with nearly parallel decline trends over time. This suggests that the higher injection rate
does not alter the intrinsic hydraulic behaviour of the system, such as permeability or diffusivity, and
that the stress response remains within the elastic-poroelastic regime, Consequently, the primary
difference batwean the two cases |les in the magnitude of the pressure perturbation at shut-in rather
than in the rate or character of pressure dissipation.

The higher injection raté produces a moré pronounced dilative respanse in the Cacém Formation
throughout the njection period, From the onset of injection, both scenarios show a slight Increase in
true porosity (gesmechanics-derived), but the magnitude of compaction is consistently greater under
the 1 Mtfy case. Durlng the first 10~15 years, porosity decreases more rapidly In the higher-rate
scenanio, reflecting stronger effective-stress perturbations associated with faster pressure bulld-up.
Retween approxtmately 15 and 30 years, porasity continues ta increase n both cases, with the 1 Mt/y
scenaria reaching a deeper porasity minimum of argund -1.0 = 10°* at the end of injection, compared
with roughly -8 = 10°® in the base case (Figure 6.2-22). This difference is consistent with the larger
pore-pressura gradients and stress redistributhon induced by the elevated injection rate.
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During the post-injection (shut-in) phase, a slow partial porosity recovery is observed in both scenarios
as pore pressure dissipates and effective streésses relax. In this context, recovery corresponds to a
slight decrease in porosity towards initial values, which is more limited and slower for the 1 Mtfy case,
reflecting the greater stress perturbation experienced during injection.

Volumetric strain responses highlight & distinctly more dilative behaviour under the higher injection
rate (Figure 6.2-23}, In both scenarios, the Cacém Farmation experiences negative volumetric strain
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[net dilation) fram the onset of injection, but the magnitude of compaction is consistently greater for
the 1 Mty case. During the early Injection perlod, strain becomes maore negative more rapldly In the
higher-rate scenario, reflecting stronger effective-stress perturbations associated with faster pressure
bulld-up. By the end of Infection at 30 years, the 1 Mt/y case reaches a deeper compaction minkmum
of approximately -7 = 107, compared with about -4 » 107" in the base case. This contrast is consistent

with the larger stress changes induced by the efevated injection rate.

During the post-injection phase, both scenarios show a gradual recovery toward less negative strain
a5 pore pressure dissipates and effective stresses relax. Recovery Is more pranounced in the base case,
whereas the 1 Mty scenario retains a larger residual compaction over the long term, reflacting its
greater cumiutative deformation during injection.

Figure §.2+23. Temnporal ewoiaton of sclumetrc strom of the hase of the Cocem Farmmbion [Brimorg Cagrock] for differant
Injection seenaroy: 'Boie Cose” [0S My mte) and the "High fajection Cave' |1 MLy robe)
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The early hydromechanical response In terms of vertical displacement is similarly amplified. During
the first 2-3 years, uplift effects (Figure 6.2-24) reach approximately 1.3 mm for the base case (0.5
Mt/y) and about 3 mm far the high-injection scenario (1 Mt/y}. This uplift reflects the poroelastic
expansion of the reservoir-caprock system in response to pressurisation, Over longer timescales, the
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regime driven by pore-pressure dissipation and stress redistribution wilhin the storage complax, The
long-term displacement behaviour is also Influenced by the imposed mechanical boundary conditions
[notably the fixed base), which limit full recovery and contribute to the residual subsidence observed.
Counterintuitively, final subsidence is shghtly mitigated and delayed under the higher Injection rate.
This behaviour 15 attributed to the sustainad residual overpressure in the reservolr, which provides
prolonged hydrostatic support, retarding the increase in vertical effective stress and reducing rock-
matrix compaction relative to the base case, where pressure dissipation occurs-mone rapldly.

The higher injection rate amplifies the early vertical displacement response of the Cacem Formation
[Figure 6.2-24). During the Tirst few years of injection, both scenaries exhibit transient uplift, reaching
abaut 1 mm for the 0.5 Mt/y case and approximately 2 mm for the 1 Mt/y case, reflecting poroelastic
expansion assoclated with rapid pressurisation. As injection continues, uplift reverses to progressive
subsidence in both scenarios. By the end of Injection, downward displacement becomes similar for
both cases, followed by continued but gradually decelerating settlement during the post-injection
phase as pore pressure dissipates and elfective stresses are restorad, Overall, doubling the Injection
rate Increases the magnitude of early elastic uplift but does not significantly alter the long-term
subsidence trend. Absolute displacements remain within the millimetre scale, indicating that
deformation stays within the elastic—poroelastic regime and does not threaten caprock Integrity.
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The temporal evolution of the Safety Factor (Figure §.2-25) indicates 2 small but systematic reduction
during the injection phase, particularly under the higher injection rate. In both scenarlos, the Safety
Factor decreases most rapidly during the early years of injection as pore pressure bullds up and
effective stresses are reduced. This decline & more pronounced for the 1 Mty case, reftecting the
faster pressurisation of the Cacém Formation. By the end of injection (around 30 years), the Safety
Factor reaches a minimum in both cases, with the higher-rate scenario displaying the lowest vafue.
Immediately after shut-in, a partial recovery occurs as pore pressure dissipatas and effective stresses
are progressively restored. Thereafter, the Safety Factor increases slowly and stabilises over the long
term. Despite these variations, the Safety Factor remains consistently high and weil within the stable
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domain throughout the simulation lor both injection rates,

The Mohr-Coulomb stress states for the 0.5 and 1 Mt/y scenarlos lie very close to each ather and
remain far from the fallure envelope |Figure 6.2-26). The slight shift associated with the higher
injection rate ks minor compared with the magnitude of the in-situ effective stresses {=10-11 MPa),
This Indicates that doubling the injection rate has little influence on the overall stress state and does
not reduce the mechanical safety margin of the Cacém Formation.
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F223  impoacts of perforotion (atervals
To assess the Influence of well design on pressure transmission to the caprock, a dual-perforation
configuration was compared with the reference single-parforation case, while malntalning the same

total injection rate of 1 Mt/fy.

The pore-pressure evolution shows very similar trends for both configurations, indicating that averall
storage stability is preserved (Figure 6.2-27). Howewver, peak pressures at the end of injection are
slightly higher for the two-perforatbon case. This modest increase is attributled to the vertical position
of the additional perforation, which is closer to the Cacém Formation and thus shortens the pressure
transmission patinway to the caprock, This effect slightly outweighs any pressure-relial benefit from
distributing the injection flow,
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Porosity in the Cacém Formatlon increases steadily throughout the Injection perlod for both
perforation configurations, indicating a predominantly dilative response [Figure 6.2-28), The dual
perforation case shows a slightly greater porosity inerease, consistent with the marginally higher pore
pressures tramsmitted to the caprock. During the past-injection phase, both cases exhibit a sow partial
porosity recovery as pore pressure dissipates, with porosity graduzlly decreasing towards Enitial
walues, though recovery remains somewhat more limited for the dual-perforation scenarie,
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The volumetric strain response indicates a predominantly dilative behaviour for both perfaration
conflgurations (Figure 6.2-29]. From the onset of injection, the Cacém Formation exhibits negative
volumetric strain {net dilation]), which becomes more pronounced until the end of the injection period
at around 30 years. Immediately after shut-in, both cases show & transient change in deformation
rate, followed by a gradual recovery toward less negative straln as pore pressure dissipates and
effective stresses relax, Over the post-injection period, the dual-perfaration case retains slightly more
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negative strain than the single-perforation case, indicating marginally greater cumulatve dilative
delormation.
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The vertical displacement response shows a short-lived uplift phase during the early years of injection
for both configurations, reaching about 2 mm in the dual-perforation case and slightly l2ss In the
single-perforation case (Figure 6.2-30). This transient uplift refiects the initial poroelastic expansion of
the resenvoir-caprock System in response to rapid pressurisation. As injection proceeds, wplift
reverses to progressive subsidence In both scenarios. By the end of Injection {30 years|, downward
displacement becomes more pronounced, followed by continued settlement during the post-injection
phase a5 pore pressure dissipates and effective stresses are redistributed.
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The Safety Factor decreases gradually during injection for both perforation configurations, reaching a
minimum at around 30 years, with a slightly lower value for the dual-perforation case (Figure 6.2-31).
After shul-n, the Safety Factor partlally recovers and then stabilises over the long term as pore
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pressure dissipates. Throughout the simulation, the Safety Factor remains comfortably within the
stable domain for both cases, Indicating that Introducing 3 second perforation Interval does not

compromise caprock integrity.
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The Mohr—Loulomb stress states for the single- and dual-perforation configurations are nearly
identical and remain well within the elastic domain, far from the failure envelope {Figure £.2-32). This
Indicates that adding a second perforation Interval does not materially affect the stress state of the
Cacém Formation and does not introduce any additional geomechanical risk to caprock integrity.
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F224  irmpocts of mechanmi propeiiles

Geological formations are naturally heterogeneous, with variability in petrophysical and
geomechanical properties that can influence storage performance. To assess this, additional
simulations were conducted by systematically varying key geomechanical parameters following the
previously established methodology. Where only one curve appears In the plots, the tested scenarios
produced identical results and therefore overlap completely, indicating that the system response s
governed by elastic-poroelastic processes and is insansitive to the parametar variation within tha
investigated range.

1235 Cohsshn

The uncertaimty analysis indicates that variations in caprock cohesion (c) have no discernible effect on
pore-pressure evaiution (Figure 6.2-33). The complete overiap of the pressure curves for all tested
cohesion values (0.1, 1, and 5 MPa)} demanstrates that changes in cohesive strength do nat influence
hydraulic diffusivity or pressure transmission under elastic conditions. In all cases, pore pressure
remains well below lithostatic fimits, confirming that caprock Integrity is preserved across the range
of cohesion values considered,
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Porosity evalution is identical {overiap) for all cohesion values (Figure 6,2-34). The Cacém Formation
shows steady increase In true porosity (from geomechanics) during injection, reaching a minimum at
about 30 years, followed by a slow partial recovery during shut-in as pore pressure dissipates,

Tha PilotSTRATEGY project has received funding from the @ PISTRATEGY
European Union's Horizon 2020 research and innovation ww.nllmv:tm;;;
age

programme under grant agreement No. 101022664



{«} PilotSTRATEGY
_-________...--"

e —T

] e Y £ i B i i i & i
Tirwe jyy
—++ e Injection Cass |1 MLy] - Sacer Fermskion Prirary Caproci - | Parderttions - Gobasion 1 NPe
—— bagr Injuslin Cosc |1 ML) - Gacdr FermoEan ooty Caorem - F Perenit o - Gobooin § MPa
wees HIQET INSCTRA ﬂﬂllﬂﬁ-“ﬁl“fﬂm“ﬂﬂl-?Mﬂ--mhﬂ.im

Figure 6.2-34, Tempored eveluhon af poranty oamges of the base of te Cocem Formertion. (Primary Coprock) for difjferemt
cefieiiovy, and F pedoration iplervoly wiltlh oo inpechion reie of 1805 5 PR (aee coxey, T WP dower cose 2) mnd 01 MPa
[lower cise 2|

Volumetric strain evolution is identical (owverlap] for all cobesion values [Figure 6.2-35). The
magnitudes remain on the order of 107 The Cacém Formation shows progressive dilative
deformation during injection, reaching @ maximum at about 30 years, followed by slow partial
recovery during shut-in as pore pressure dissipates. This is reflected by negative volumetric strain (net
dilation) becoming less negative over time,
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Vertical displacement histories are identical for all cobesion values [Figure 6,2-36). All scenarios show
a brief sarty uplift |approximately 2.5-3 mm) during injection, followed by progressive subsidance that
continues into the post-injection phase as pore pressure dissipates and effective stresses are
redistributed. The complete overlap of the curves indicates that cohesion does not influence the
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overall deformation response of the caprock.

This overfapping behaviour ebserved in Figure 6.2-34, Figure 5.2-35 and Figure 6.2-36 for the three
scenarios i physically consistent, as cohesion only contrals the onset of plastic yielding in the Mohr-
Coulomb model. Since no yielding is activated under the simulated stress conditions, the response
remains purely edastic-poroelastic, and therefore independent of cohasion varying values.
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Safety Factor values remain nearly constant over time for all cohesion scenarios (Figure 6.2-37). As
eipected, lower cohesion yields lower Safety Factors, but even in the worst case (¢ = 0.1 MPa) values
stay comfortably above the failure threshald, confirming that caprock stability i maintained
throughout the simulation.
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The Mohr-Coulomb analysis shows that reducing cohesion shifts the failure envelope downward, as
expected, but the stress states remain well inside the elastic domain and far from fallure for all cases
(Figure 6.2-38).
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Cwerall, atthough cohesion controls the theoretical fallure boundary, It has little influence on pressure,
deformation, or strain responses within the investigated stress range. The system remains within the
glastic-poroelastic regime, with no plastic yielding activated, and caprock integrity is maintained even
under low-cohesion assumptions.

r.23 6. Friction ongle

Variatlons in internal friction angle (10°, 20°, and 30°) do not affect pore-pressure evolution In the
Cacém Formation [Figure 6.2-33). The complete overlap of the pressure curves shows that shear-
strength parameters are dacoupled from hydraulic behaviour under the tested conditions, Even for

the intensive Injection case (1 Mtfy with two perforations), pressures remain within the design
envelope and within the elastic regime.
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Parosity evolution is [dentical for all friction angle scenarios (Figure 6.2-40). The Caceém Farmation
shows a steady increase In true porosity {from geomechanics) during injection, reaching a minimum
at about 30 years, followed by & slow partial recovery during shut-in as pore pressure dissipates,
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Yolumetric strain behaviour s identical (overlag) for all friction angle scenarios [Figure 6.2-41). The
Cacém Formation shows progressive dilative deformation during Injection, reaching a maximum at
about 30 years, followed by slow partial recovery during shut-in as pore pressure dissipates. This is
reflected by negative volumetric strain {net dilation) becoming less pegative over tima,
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The vertical displacement response |s essentially identical for all friction angle scenarias {Figure 6.2-
42}, Each case exhibits 2 brief early uplift during the initiad years of injection, followed by a clear
transition to progressive subsidence that continues through the post-injection period as pore pressure
dissipates and effective stresses are redistributed. The complete overlap of the displacement curves
demonstrates that varfations in Internal friction angle do not Influence the global deformation
behavior of the caprock, confirming that the observed displacements are governed primarily by
poroelastic procetees rather than shear-strength parametars,
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This behavior Is physically consistent, as the friction angle onby affects shear failure conditions in the
Mohr—Coulomb model. Since no plastic yielding is activated under the simulated stress conditions, the
response ramains purely elastic-poroeiastic and therefore independent of friction angle.
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The influence of friction angle is clearly reflected in the Safety Factor Bvolution (Figure 5.2-43). The
Safety Factor curves remain nearly constant over time but are systematically separated according to
the assigned friction-angle value, consistent with the direct role of ¢ in controlling shear strength.
Higher friction angles carrespond to higher Safety Factor values and a larger safety margin, whereas
loweer friction angles yield slightly reduced values.

Neverthaless, for all tested friction angles, the Safety Factor remains comfortably above the failure
threshold throughout both injection and post-injection periods. The magnitude of variation is
therefore not sufficient to affect the overall risk profile, and the system maintairs a robust and stable
mechanical performance across the full range of friction angles considered.
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Variations in frictlon angle change the siope of the Mohr-Coulomb failure envelope, but the stress
states remaln well Inside the elactic domaln for all cases (Figure 6.2-44}.
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¢ PilotSTRATEGY
Althotgh friction angle controls the theoretical failure boundary and Satety Factor magnitude, it does
not affect pressure, porosity, strain, or displacement under the tested conditions. The system remains
safely within the elastic-poroelastic regime, with no plastic yielding activated, and caprock integrity is
preserved across all friction-angle scenarios,

Fd2 7 Eigstic mogulus

Pore-pressure evolution is essentially insensitive to varations in Young's modulus (Figure 6.2-45). All
tested slastic stiffness values (33, 55, and 60 GPa) produce almost identical pressure trajectories
during both the Injection and post-njection phases, with fully overlapping peak pressures at the end
of Injection and very similar pressure decay trends thereafter. This indicates that changes in elastic
stiffness do not materially affect pressure bulld-up or dissipation within the Cacém Formation under
the tested conditions. In all cases, pore pressures remain well within safe operational limits,
confirming that uncertainties in elastic modulus do not compromise caprock integrity or storage
performance.

o

000 - .

-l

=a -
ol

e
=7

i
E B0

|
mim

—- — e

B " i 1 a0 t 80 m B w0 1
Tivwen vl

- Hijgher injection Cwss {1 MY - Cacem Formadon [®rivary Saproch| - § Perforations - Blestic Medwlss 30 Gife
=i Mighe myeclion Case{) MY - Cacdem Formalon (Primey Caorock] - 2 Perforafons - Eleallc Modtes F 5P
o Higher injection Coss |1 BEY) - Caserm Formefian (Srivary Capeock| - 3 Parfrrations - Elastc Modulem 80 GFa

Flgrire 6.2-45 Temposal svlutien of pore pretsure of the bode of [he Cocdn Fovemation (Primoey Cogrock) for differsnt
Fwmg s modulies, ong 2 perfonotion inforeals with on injection rate of TME Y 33 GF0 (base cose), 55 G [highar cose) ang
GPg [hraeer core

i

]

i

Tine Pocoally - Geumechsnacs
(=]

Time (1]

— Higner injestion Caas 1 My - Cacen Fomibon [Frimmy Ceprock) - § Perforsions - Eiasiic Modu ke 13 GHs
— Highai ingsctisn Exms 11 MUY - Coein Farmaben [Primary Copoci] -1 Perlerailons - Gasbie Moduus § 0Ps
— Highet Injection Cass |1 My - Cocam Formeten |Primary Caprock) - § Pariosst ons - Elslic Modubes 60 GPa

Tha PilotSTRATEGY project has received funding from the BP0t STRATEGY

European Union's Horiton 20020 research and innovation wiww, pllomstrategy eu

programme under grant agreement No. 101022664 Page 472
— =gt _—



PilotSTRATEGY

Figrg 6545 Temporal evoitiren of porosity dsamges of the baso of the Cocem #ar n (Pnmery Coprock) for different
Young v modulve, ood & perforatos irtervaly wiEh on njesian reneof TV 33 6P (Beir oase], 60 GPa [higher coee) and 5
GPY il o),

The response of porosity changes axhibits a clearer sensitivity to Young's modulus. Softer rock (E equal
to 5 GPa) shows a farger transient porosity increase during early pressurization, followed by a mare
pronounced reduction towards Initial values after shut-in. In contrast, stiffer lithologhes (33—80 GPa)
display attenuated porosity variations-and a more gradual recovery trend. Despite these contrasts in
amplitude, the overall evolution pattern is consistent across all cases (Figure §.2-46), Indicating that
stiffness mainly controls the magnitude of elastic pore volume changes without inducing any
irreversible porosity loss

Volumaetric strain shows a clear dependence on Young's modulus (Figure 6.2-47). The stiffest case (60
GPa) develops the largest dilative response during Injection, reaching the most negative strain [net-
dilation) at about 30 years, whereas lower stiffness cases show much smaller strain ampiitudes. During
shut-im, all scenarios display a slow partial recovery toward less negative strain as pore pressure
dissipates, with the stiffest case retaining the greatest residual deformation.
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Figore 6.2 <48 Tempora! evoletion of vertical dispfocement ot the bose of the Cocem Forniaticn [frnmovy Copvock for different
Vg v oo, oo 2 perforertios intervaly with on Rgiectian reneaff TMEL e 19 0P (e casel, 60 GPa fhigher cooe) and 5§
GPA (lawer case),

Vertical displacamant shows the same ganeral pattern for all elastic moduli: brief early uplift during
injection followed by progressive long-term subsidence (Figure 6 2-48). Differences between stiffness
scenarios are minimal and remain within the millimetre range, indicating that variations In Young's
modulus do not significantly affect the global deformation response or caprock integrity.

The Safety Factor decreases gradually during injection for all stiffness scenarios, with tha largest drop
occurring in the stiffest case (60 GPa), reaching & minimum around 30 years (Figure 6.2-49). After shut-
in, thie Safety Factor partially recovers and then stabilises over the long term. Despite these variations,
Safety Factor values remain consistently high and well within the stable domain for all efastic moduli,
indicating that changas in Young's madulus do not compromise caprock integrity.
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The Mohr=Coulomb analysis shows that the stress states for all stiffness scenarios are nearly identical
and remain far from the fallure envelope (Figure 6.2-50),
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Figere §.2-500 Mihr ciogrom for toprock stmbility amolysls onder Yoehg's moowluy valimtions. The plot demico the Mo -
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Orwerall, variations In Young's modulus mainly affect deformation amplitudes but do not alter the
stress state or threaten caprock integrity, The system remains within the elastic-poroelastic domain,
with deformation controlled by reversible poroelastic processes, confirming robust long-term
stahility,

F22 8 Posson'smlio

The uncertainty analysis for Polsson's ratio (v} indicates that variations in |ateral deformability have
little influence an pore-pressure evolution within the Cacém Formation. Pressure trajectories for v =
0.20, 0.29, and 0.40 are almost fully superimposed during both the Injection and past-injection phases
[Figure £.2-51), demaonstrating that changes in Polsson's ratlo do not materlally affect pressure build-
up or trapsmission. Only marginal differences are discernible in the late post-injection period, whemn
the highest Poisson’s ratio (v = 0.40} exhibits a slightly higher residual pressure compared with the
lowier values. However, this effect is minimal and does not aiter the overall behaviour of the system.
Inali cases, pore pressures remain comfortably within operational imits, confirming that uncertainties
in Poisson’s ratio do not compromise hydraulic or gromechanical safety.
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Porosity increases during injectian for all Poisson's ratio values, reaching @ minimum at about 30 years
[Figure 6.2-52]. Higher Poisson's ratio (v = 0.40) results in sfightly lower porosity increase (smaller
dilative respanse), while lower values produce larger porosity increases, During shut-in, all cases show
a slow partial recovery as pare pressdre dissipates, with porosity decreasing towards Initial values,
indicating that Polssan’s ratio has a secondary control on porosity evalution.

Volumietric strain shows net dilative behaviour during injection for all Poisson’s ratio values, reaching
# maximum (most negative values, Le., dilation) around 30 years (Figure 6.2-53). Higher Poisson's ratio
[v = 0,40} results in less dilation (strain closer to rero), whereas lower values produce mare negative
strain (greater dilation). During shut-in, all cases exhibit 3 slow partial recovery as pore pressure
dissipates. Overall, differences are minor, indicating that Poisson's ratio has only a secondary influence
on the deformational response of the caprock.
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The Safety Factor decreases gradually during injection for all Poisson's ratio values, reaching a
minimum araund 30 years, then partially recovers and stabllises during shut-in (Figure 6.2-55), Highet
Polsson's ratlo (v = 0.40) yields slightly higher Safety Factor values than lower ratios, but differences
are small. In all cases, the Safety Factor remains comfortably within the stable domain, indicating that
uncertainty in Poisson's ratio does not compromise caprock integrity.
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Figrire 6.2-55. Temparo! svolution of safely foctor af the bade of the Cacem Formation {Primaty Cnprock) for diffessnt
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The Mohr—Coulomb analysis shows that variations in Poisson’s ratio have a negligible effect on the
striss state relative to the fallure criterion. The Mohr circles corresponding to 2l scenarios are almost
perfectly superimposad and remain far from the Mohr-Covlomb envelope [Figure B6.2-56),
demanstrating that changes in lateral deformability do not bring the system closer to shear fallure
under the tested operational conditions.
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Overall, the uncertainty analysis confirms that Podsson’s ratio has little influsnce on pore pressure
evolution, porasity changes, volumetric strain, vertical displacement, or structural stability. The
system cansistently remalns within the slastic—poroelastic regime, with deformation dominated by
reversible poroelastic processes, and robust safety margins preserved across the full range of
Polsson’s ratio values considered. Conseguently, uncertainty |n lateral deformation behaviour does
not compromise the mechanical integrity of the Cacém Formation or the long-term safety of €D,
storage operations,

7.3 Appendix - Ebro region (Spain)

.31 Well Integrity - Software Validation

Accuralely representing this drying-out process s essential for predicting salt precipitation pear the
wellbore. The conversion fram Intersect to Eclipse 300 (CO2STORE) was validated, with the Edlipse
300 mode! correctly reproducing water vaporization in the near-wellbore region during CO, Injection
[Figure 7-3). A slight decrease in injectivity |s nevertheless observed In the Eclipse 300 (C025TORE]
results (Figura 7-4), This difference leads to 2 modest 1.1% variation in total storage capacity between
the two simulators, /e 7.50 Mt for Intersect versus 7.58 Mt for Eclipse 300 (CO23TORE) for the
single-injectar CCS-1 scenario under the P50 case. This small discrepancy s attributed to the different
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soluhility models |mplemented in each simulator: Intersect uses tabulated solubiity data, whereas
Eclipse 300 [CO2 5TORE| emplovs the Spycher and Pruess correlations

i=f sectbon ot k= 59 atend of injecthon
intersect E30Q cT12ET

Water saturation, £

OOy saturation, 5

Figure 7-3) Compasor af woter sotumetion (5w woper row) amd OO satwnation (5, sower row) inbhe neoe-welihore regéan
betwern e Imterarcl and Frligse 300 (OD25TOREF wmafatioms. Water voporiodfan and the momanled ory-out effect an
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J.4.2  Mechanical rock properties tor Ebrp basin

OYNAMIC PROPERTIES
Dynamic Poisson’s Dynamic shear | Bulk modulus,
Dynamic Young's modulus, Es, Yem ‘ modulus, G K
S S i = A S I I =
3V; — 4V Vi — 205 &4
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STATIC PROPERTIES
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Stathc Young's modulus, Eas ‘ v i || s
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STRENGTH PROPERTIES
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Rock mechanics property Average value Units
Unconfined compressive strength, UCS 83.16 MPa
Tensile strength, o, r.a2 MPa
Static Young's modulus, By 19.41 GPa
Static PFoisson's ratio, i 0.33 -
Ultrasonic P-wave propagation velodty, V. 254 kmes?
Ultrasonic S-wave propagation velocity, Vi 1.22 kmst
Wy, Vs 1.99 =
Spatial wave attenuation, o, 7.08 dBem™
Dynamic Young's modulus, £, 9.26 GPa
Static Poisson's ratio, v 0.33 -

Fmhie -3 Rock mechemicg! properties aifoined from irbmmomry megmurmmens of eircren samples fram the Toyre de ios
Arcac otion. Vimoes reported o mers soies for coch povameter. Sowrce; Baroni-ec el (2083, delverable 28

7.3.3  Fault Stability Assessment Based on Critlcal Pore Pressure Change (CPPC) — Results for
a friction angle of 25°

7331 COG-lipcaton coses

The Figure 7-& shows the fault stability analysis assuming a friction angle of 257, with the P10 scenario

and Injector CC5-1. The sequence Includes the initial CPPC, the pore pressure increase (AP), and the
resulting change in CPPC after injection.

In this case, a greater number of faults exhibit points with CPPC values below zero, indicating potential
Instability. Specificaily, faults Falla®08, Falla009, and FallaD05—the ones closest to the Injector—show
severa! points exceeding the failure threshold, These critical areas are also visible In the histogram,
where a larger portion of values fall into the negative range. The minimum CPPC value reaches -2.17
MPa, confirming a3 more widespread reduction in fault stability compared to the case with a 30°
friction angle, and highlighting the Importance of mechanical parameter selectlion In fault reactivation
asspLsments.
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CPPC after injection (dP P10): Case 1 CC5-1 ((p: 25°)

CPRC P10 CCS-1 wall {irilfal) - dPPIOCCE-Twall == CPPC P10 CCS-1 il {aftar injeciion)
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Fgure -8 CPPC after i tan (P18 for aoie 101 and friction angle of 25°

For the P50 scenario, with 2 friction angle of 257, a great number of points: fall below the fallure
threshold, with CPPC values reaching <1.74. Falla008, Falla009, and FallaQ05—the faults closest to the
injector—display several ortical points, clearly wisible in both the spatial maps and the histogram
[Figura 7-T),

CPPC after injection (dP P30): Case 1 CCS-1 (. 25)

CPPC PS50 CCS-1 wall (Inal) - {F 0 LS il = CPPC P50 CCS-1 wall [ifbor ingicfion )
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Figure 2§ CPRC gfter ingection (PR for cose TCCS-1) ond frction angie af 25°

Far the P90 scenario, with friction angle of 25°, the system shows some sensitivity, with CPPC values
dropping o =1.25. A few points approach the faflure threshald, mainly affecting faults Falla0os,
FallaD09, and Falla00s, but the extent of instability remains imited (Figure 7-8).
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CPPC after injection (dP P90): Case 1 CCS-1 (I 25%)

CPPC PO CCE-1 wiell (inltal] e SPPOOCCS 1 wall T CPPC PO0CCS-1 wall (sfter injection)
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Figure 7-8 CPPC after infection (P90) for cose 1/0CS-1) aad frction angie of 25"

7332 LOCe] |peotion codes

With the injection location at LOCD-1, for the P10 scenario, with a friction angle of 25", the system
becomes significantly sensitive. The minimum CPPC value drops Lo —4.89, Indlcating a broader and
more seviere mechanical response than for an angle of 30°. The same faults Identified at 30"—Falla014,
Falla011, and Falla017—remain affected, but the extent of instability increases notably, with a much
largar number of cells on the fault plane showing negative CPPC values. This expansion of unstable
rones suggests a higher likelihood of fault ship and highlights the critical role of friction angle in
controlling fault behaviour under high-pressure conditions {Figure 7-9).

CPPC after injection (dP P10): Case 2 LOCD-1 (: 25%)
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For the P50 scenario, with a friction angle of 25°, the minimum CPPC réaches =422 The same faults
continue to show instability, but again with fewer affected zones compared to the P10 scenarlo. Thee
histagram shows a broad spread of negative values, though less Intense than in the more critical cases.
Figure 7-10.

CPPC after injection (dP P50): Case 2 LOCD-1 (. 25°)
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Figure #-10 CPPLC aiter infoction (THG) for case HLOC0-3 ) end friction onge af 50

For the P30 scenario, with a friction angle of 25°, the mimmum CPPC reaches -3 91, with the same
faults; as for a friction angle of 30°, showing broader instability,

CPPC after injection (dP P90): Case 2 LOCD-1 (. 257)
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Figure F-11 CPPT after indection (P40 for-coee HUOCD-11 and friction aagle of 25"
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T333 CC5I & LOCD-] locatich cose

CPPC after injection (dP P10): Case 3 CCS-1 & LOCD-1 (@ 25°%)
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figure F.128 CPPC afmor inpecman (P16 for caze 3 (051 &L0CH-1) ang frnion oagle of £5°

CPPC after injection (dP P50). Case 3 CCS-1 & LOCD-1 (- 25%)

CPPC PROCCS-18L0CD1 o dP PSOCCS-18LOCDY = EPPEPM?EE—TG‘.DEEHW"
{uthor irgaction)

el (Imisiad)

- = - = - =

= [ - PR - (1115

[y e, = Cr s — —_— Y

- T - - - -

] - in =1 [ -

LT — T P FuT Y —— £l _ i

- (L] - s - (L]

= = = B =R

Figure #-13 OMEC ofter infection (BRE for tase {0051 SLOC00-1 | and friction pogle of 25°
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CPPC after injection (dP P90): Case 3 CCS-1 & LOCD-1 (. 25°)
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Figrare =14 CPPC after infectian (PR Tor cose 3[0CE-T BLOCD- 1 and frictinn pagle of 75"
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