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 Executive summary 
 

Flow simulations were conducted to evaluate the storage capacity and integrity of the 

PilotSTRATEGY’s pilot sites, which include the Paris Basin in France, the Lusitanian Basin in Portugal, 

the Upper Silesia area in Poland, and the Ebro Basin in Spain. The primary goal was to determine the 

optimal injection well locations and analyze the pressure response and CO2 plume migration during 

and shortly after injection. 

In terms of optimization, the focus was on maximizing CO2 mass injection while mitigating associated 

risks. These risks are site-dependent and include ensuring that the CO2 plume does not reach legacy 

wells or faults. Scenarios that failed to meet these conditions were disqualified. Sensitivity analysis 

was used to identify critical parameters impacting injection performance, aiding in informed decision-

making. Static properties were found to be the main factor influencing injectivity, with some scenarios 

showing low-quality rock and poor connectivity. Additionally, in some cases, reservoir overpressure 

limited the injectivity, reducing storage capacity. 

These findings highlight the importance of integrated reservoir modeling and simulation in Carbon 

Capture and Storage (CCS) projects. Future work will involve flow simulations coupled with 

geomechanical simulations to assess the safety and integrity of the storage complex, including fault 

behavior and caprock integrity. Long-term geochemical simulations will also be performed to enhance 

storage security and capacity assessment. These efforts will contribute to the development of best 

practices for CCS deployment in Europe. 

The flow simulations are based on previous work from the PilotStrategy project, particularly task 3.1, 

and data from WorkPackage 2. A 3D geological model was created, covering the targeted area for the 

pilot location. These studies form the basis for CO2 injection assessment and risk analysis. 
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 Paris Basin Region (France) 
 
This study focuses on the comprehensive dynamic assessment of a pilot-scale CO2 injection in the 
Oolithe Blanche formation (Dogger, deep saline aquifer), Grandpuits area, Paris basin, France. The 
objective is to define the well injection location and characterize the pressure response and CO2 plume 
migration during the injection period. The flow simulations focused on the injection period and short-
term period post-injection, and flow responses to the CO2 injection. 
Longer-term analyses and coupling with geomechanical and geochemical processes are going to be 
studied in the next tasks of the WorkPackage 3 of PilotStrategy project.   
Flow simulation models are based on results from previous work from PilotStrategy project, in 
particular task 3.1 and collected data on dynamic parameters from WorkPackage 2 “WP2, Geo-
characterization”. A 3D geological model was built in task 3.1, covering all the targeted area (defined 
in Deliverable D2.7, Bordenave and Issautier, 2023) for the choice of the pilot location. The domain 
contains the storage complex zone (here the Dogger aquifer including Dalle Nacrée, Comblanchien, 
Oolithe Blanche and Lower Bathonian formations and caprock: Callovo-Oxfordian formation, including 
Massingy marls), and the underburden and overburden. The Jurassic Oolithe Blanche Formation is the 
primary storage formation for the pilot CO2 injection. This formation consists of a Jurassic oolithic 
carbonate ramp with an average porosity of around 10%, locally reaching up to 30% porosity. The 
Oolithe Blanche formation is capped by the Dalle Nacrée and the Comblanchien formations with less 
favourable porosities. The storage complex is capped by a continuous 120m thick marly seal, the 
Marnes 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 must be considered when injecting CO2. These previous 
studies are the basis for the CO2 injection assessment and related risk analysis. 

The fluid flow simulations are carried out using CooresFlowTM (Gassara et al., 2021), a thermal-hydro-
mechanical-chemical simulator developed by IFP Energies nouvelles. This code is based on a fully 
implicit multiphase flow model coupled in an iterative way to chemical and mechanical models. It is 
based on mass conservation equations for fluid species and Darcy laws for flow modelling coupled 
with thermodynamic equilibrium equations. These equations are discretized in space with a finite 
volume scheme and linearized with a Newton-type iterative method.  

3.1 Dynamic model definition 

3.1.1 Cases and grid definition from the static modelling task (Task 3.1) 
The grid was built based on seismic and well marker information (see PilotSTRATEGY Deliverable D3.2, 

Christ and Mattioni, 2024). No fault was found in the sector. Based on an exhaustive interpretation of 

well data (logs and cores), the lithology, facies and porosity distributions of the target reservoir rocks 

were characterized. Uncertainty analysis was performed on Net Porous Volume to estimate the 

available pore volume space for CO2 storage. 
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Fig. 3-1: Stratigraphic model from task 3.1 (PilotSTRATEGY Deliverable D3.2, Christ and Mattioni, 2024). 

This previous static modelling task resulted in three static models. They all shared the same geometry, 

the same petrophysical properties but for the Oolithe Blanche Formation, the target storage 

formation, with different porosity and permeability fields resulting from the uncertainty studies on 

porous volume. These three models are referred to as P10, P50, and P90, representing the pessimistic, 

base case, and optimistic scenarios, respectively, in terms of pore volume in the target formation. We 

will thus refer to P10_PSC, P50_BC, P90_OPT models.  

Fluid flow simulations and well location research are to be performed on these three models to take 

into account the geological uncertainties in the storage performance. Additional uncertainties will be 

considered later in this study (Section 3.3). 

Fluid flow simulations are gas-water flow models without heat transfer. They are characterized by the 

petrophysical (section 1) and thermodynamical (section 2) models, initial and boundary conditions 

and the CO2 injection well (section 3) and its initialization (section 4).  

The grid geometry is directly inherited from task 3.1 with a 20 km x 20 km x 2.5 km mesh (Fig. 3-2) and 

two embedding Local Grid Refinement (LGRs). This grid geometry was defined for flow simulation 

uses. The 8 km x 8 km mesh area is the most refined area with a horizontal cell size of 62.5 m and a 

minimum vertical cell size of 5 m. It corresponds to the research area for the CO2 injection well 

location. This research area was defined based on the seismic survey area (10x10 km), knowing that a 

requirement for a potential CO2 injection project would be to ensure that the CO2 plume remains in 

this seismic survey area. We estimated at 1 km the most pessimistic CO2 plume migration from the 

well based on simple analytical calculations. Thus, 1km from each border of the seismic survey area 

was removed from the research area, ended up with the 8x8 km research area.    

In total, the grid contains 617,376 active cells which include layers from the sealing formation (Callovo-

Oxfordian, including Massingy marls), the Dogger aquifer (including Dalle Nacrée, Comblanchien, 

Oolithe Blanche and Lower Bathonian formations) and Under- and Overburden formations, required 

for the geomechanical calculations. 
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Fig. 3-2: Mesh of the static model (D3.1) refined by two successive centred local grid refinements (10 km x 10 km LGR1 
(seismic survey area) and 8 km x 8 km LGR2: research area for the well location) 

3.1.2 Petrophysical models 
 
The P10_PSC, P50_BC, P90_OPT petrophysical models are characterized by:  

(1) the porosity and permeability properties estimated for each cell by the P10_PSC, P50_BC 
and P90_OPT static models (PilotSTRATEGY Deliverable D3.2, Christ and Mattioni, 2024),  

(2) one relative permeability model for gas and water and one gas-water capillary pressure 
model for each defined facies and,  

(3) the rock compressibility values calculated for each cell from the facies and porosity fields 
of P10_PSC, P50_BC and P90_OPT  static models. 
 

3.1.2.1 Porosity and permeability properties 

The porosity and permeability values of the P10_PSC, P50_BC and P90_OPT static models are 
summarized in Table 3-1. The high heterogeneity in the targeted Oolithe Blanche, adding up to the 
uncertainty of the static model, contributes to the uncertainty in CO2 injection response and thus on 
the CO2 plume migration, pressure response and injector location. Because of high uncertainty in the 
K-Phi law definition from D3.2, uncertainty in relationship between porosity and permeability in the 
‘High porosity’ facies of the Oolithe Blanche will be considered for the uncertainty analysis in section 
3.3.1. Notice that there is a vertical anisotropy in permeability values related to the upscaling process 
in task 3.1. 
Caprock permeability values (Callovo-Oxfordian (COX)) are in the ‘high range’ for a sealing unit, thus 
they may induce an overpressure propagation in the lower part of the caprock. The modelled values 
of COX’s permeability are consistent with well data (SOU-1, 5. 10-17 m², Deliverable D3.2, Christ and 
Mattioni, 2024) but relatively high compared to measurements from WP2 (Deliverable D2.6, Fleury 
and Rousseau, 2023) with a range from 7. 10-21 m² to 5. 10-18 m² or from ANDRA site measurements, 
with a range between 10-21 and 10-19 m2 (e.g., Jougnot et al., 2009; Boulin et al., 2008). In basin models, 
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Massingy marls permeability values range from 10-17 m² (Goncalvès, 2002), 6.10-18 m² with a vertical 
anisotropy (Kv= 6.10-19 m²) from Gaulier & Burrus (1991) to 2.10-21 m² (ANDRA, 2005, with a vertical 
anisotropy of 0.5). Consequently, uncertainties in permeability values for the caprock will also be 
considered in the uncertainty analysis (Section 3.3). A vertical anisotropy (Kv/Kh) is set at 0.1 for the 
caprock.  
 
Table 3-1: Mean and extreme values of porosity and permeability for each active formation 

Static model Mean Porosity (-) [min ; max] Mean Horizontal Permeability 
(mD, 10-15 m2) [min; max] 

Caprock (COX and Massingy 
marls) 

0.047 0.023  [0.001; 0.049] 

Dalle Nacrée 0.03 1.4   [0.001 ;6.7] 

Comblanchien 0.052 8.34  [0.13; 210] 

Targeted Zone (Oolithe Blanche) High porosity [0.11; 0.22] 
P10_PSC: 0.147 
P50_BC: 0.158 

P90_OPT: 0.196 

[6.8; 1180] 
P10_PSC : 52 
P50_BC : 70 

P90_OPT : 149 

Low porosity [0.03; 0.11] 3.6  [0.007; 24] 

Lower Bathonien 0.045 29.86 

      

3.1.2.2 Relative permeability and Capillary Pressure definition 

 
The fluid relative permeability (Krw and Krg) and gas-water capillary pressure (Pcgw) are modelled with 
the following modified Van Genuchten-Mualem equations (Equation 3-1) for the Dogger aquifer, 
including Oolithe Blanche, Comblanchien, Dalle Nacrée and Lower Bathonian formations.  
Based on experimental data (André et al., 2007) acquired on Lavoux (Dogger) limestone samples, m 
was estimated to 0.6, Sgr to 0.05, Krg,max to 1 and Krw,max to 1 (Fig. 3-3).  
 
Equation 3-1: Modified Van Genuchten equations with Sw the water saturation, Swi the irreducible water saturation, Krg,max 

the maximum relative permeability for gas, Krw,max the maximum relative permeability for water, m the parameter and Pe 
the entry pressure: 

𝐾𝑟𝑤 = 𝐾𝑟𝑤,𝑚𝑎𝑥𝑆𝑤̅̅̅̅
0.5
(1 − (1 − 𝑆𝑤̅̅̅̅

1
𝑚)

𝑚

)

2

 

 

𝐾𝑟𝑔 = 𝐾𝑟𝑔,𝑚𝑎𝑥(1 − 𝑆𝑤̂)
𝑚
(1 − 𝑆𝑤̂

1
𝑚) 

𝑃𝑐𝑔𝑤 = 𝑃𝑒 (𝑆𝑤̅̅̅̅
−1
𝑚 − 1)

1−𝑚

 

𝑆𝑤̅̅̅̅ =
𝑆𝑤 − 𝑆𝑤𝑖
1 − 𝑆𝑤𝑖

 

𝑆𝑤̂ =
𝑆𝑤 − 𝑆𝑤𝑖

1 − 𝑆𝑔𝑟 − 𝑆𝑤𝑖
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Fig. 3-3: Relative permeability curves for water-CO2 flow (Krw Van Genuchten (VG) model (blue) and Krg from modified VG 
model with m=0.6 (green)) for the Oolithe Blanche formation. Notice that Swi is different between model's calculation and 
data from Andre et al., 2007. 

Swi is calculated by a correlation (Equation 3-2) obtained from the Timur et al., 1968 model and 
calibrated with experimental data (Fig. 3-4) acquired on rock samples in the Oolithe Blanche with high 
porosity (>11%) (D2.6 Deliverable, Fleury and Rousseau, 2023). Relative permeability models are thus 
scaled for each Dogger formation with its own irreducible water saturation Swi 

 
Equation 3-2: Timur et al., 1968 model calibrated with experimental data acquired on rock samples in the Oolithe Blanche 
with high porosity and close to the studied zone (D2.6 Deliverable, Fleury and Rousseau, 2023) 

𝑆𝑤𝑖 = √
𝜑0.6

(
𝐾

0.91040841)
1

4.54248842

 

 

 
 

Fig. 3-4: Calibration of the Timur et al., 1968 model for the Oolithe Blanche facies with high porosity: experimental data 
(blue dots) acquired on rock samples close to the studied zone in the PilotSTRATEGY project (D2.6 deliverable, Fleury and 
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Rousseau, 2023) and simulated data with the calibrated Timur model for different porosity and permeability (minimum, 
maximum, mean and median values of the P50 static model) 

 
For the sealing unit, the Callovo-Oxfordian formation, a standard Van-Genuchten-Mualem model was 
used. Table 3-2 summarizes the end-point values for each formation.  
 
Table 3-2: End-point values of each facies for the modified Van Genuchten models.  

Facies Swi (-) Pe (Pa) Van Genuchten m Parameter Sgr (-) 

COX 0.1* 4.20E+06 0.39 0* 

Massingy 0.1* 7.24E+04 0.39 0* 

Dogger - Dalle Nacrée 0.37 7.44E+03 0.60 0.05 

Dogger - Comblanchien 0.43 8.59E+03 0.60 0.05 

Dogger - Oolithe Blanche High 
Porosity > 11% 

0.41 2.52E+03 0.60 0.05 

Dogger - Oolithe Blanche Low 
Porosity < 11% 

0.38 1.44E+04 0.60 0.05 

Lower Bathonian 0.42 1.23E+04 0.60 0.05 

*arbitrary values, no data 
  

The hysteresis phenomenon on relative permeability and capillary pressure is not considered here, 
since this study focuses on the CO2 injection period, which corresponds to a drainage phase. Only 
residual gas saturation Sgr is considered from the imbibition phase, to represent the trapping 
mechanism following the CO2 migration. 
 
For Capillary Pressure models, for all formations, a standard Van-Genuchten-Mualem model is used 
(see Table 3-2  for parameters’ values). The entry pressure Pe is estimated by the function proposed 
by Leverett, 1941 (Equation 3-3). This scales Pe for all Dogger formations based on the experimental 
data acquired on rock samples in the Oolithe Blanche with low porosity (<11%) (Deliverable D2.6, 
Fleury and Rousseau, 2023). 
 
Equation 3-3: Leverett function, “exp” index indicates experimental data 

 

𝑃𝑒 = 𝑃𝑒𝑒𝑥𝑝√
∅𝐾𝑒𝑥𝑝

𝐾∅𝑒𝑥𝑝
 

 
For the Massingy and the COX layers, both entry pressure, porosity and permeability data acquired in 
WP2 (Deliverable D2.6, Fleury and Rousseau, 2023) in the Massingy marls and capillary pressure data 
from literature are exploited. The entry pressure data in the Massingy marls are quite heterogeneous 
([0.05; 4.2] MPa) that well characterizes a transition zone. To have a better insight of the COX 
petrophysical characteristics, we referred to Amri A., 2021. Fig. 3-5 shows that the entry pressure data 
acquired on a sample of the Vulaines 1 well (Fig. 3-5) in PilotSTRATEGY is close to capillary pressure 
measurement data acquired on COX clay samples by different authors and synthetized by Amri A., 
2021. We have accordingly used the same parameter m of the Van Genuchten-Mualem model 
calibrated by Amri A. (m equals to 0.39). For the other parameters, the value is arbitrary chosen: Sgr is 
assumed to be 0, Swi is fixed at 0.1, Krg,max  at 1 and Krw,max at 1. These parameters are also applied to 
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the Massingy layer by default and the entry pressure is estimated with Equation 3-3 based on the WP2 
measured data (D2.6 Deliverable, Fleury and Rousseau, 2023). 
 

 
 
Fig. 3-5: Synthesis of experimental data for retention curves acquired on COX clay samples (Amri A., 2021). The grey star 
shows the experimental data acquired on a sample of the Vulaines 1 well in the PilotSTRATEGY project (D2.6 deliverable, 
Fleury and Rousseau, 2023).    

For the uncertainty analysis part, Sgr and m parameters will be considered as uncertain. They are 
poorly characterized and are expected to influence the flow response to the CO2 injection.  
 

3.1.2.3 Pore compressibility  

To keep consistency with next geomechanical calculations and with rock mechanical properties, pore 
compressibility values are calculated for each cell, function of its corresponding porosity value and of 
elastic properties and Biot coefficient defined per facies. Relationships between these properties are 
described in section 7.1.2.   
Because correlations between porosity and elastic properties (Bulk and Shear moduli) are based on 
empirical measurements and literature data, parameters’ correlations will be part of the uncertainty 
study (Section 3.3). 
 
Table 3-3: Mean value of pore compressibility (Pa-1) per facies in the main grid and the LGR1 and LGR2 local grid 
refinements for the P50 model, base case scenario. 

Facies / Formation Mean rock 
compressibility (Pa-1)  

COX 1.99e-10 

Massingy 3.4e-10 

Dalle Nacrée 1.56e-10 

Comblanchien 1.53e-10 

Oolithe blanche (high porosity) 1.43e-10 

Oolithe blanche (low porosity) 1.52e-10 

Lower Bathonien 1.54e-10 
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3.1.3 Thermodynamical model 

The Grandpuits fertilizer plant is considered as a potential CO2 source with a quasi-pure CO2 (>99% of 
purity). Therefore, pure CO2 is assumed to be injected in the saline aquifer for the WP3.2 task. In that 
context, the modelled system only considers two phases (water and gas) and two components (H2O 
and CO2) with possible transfer of CO2 between the two phases. Water density and viscosity are 
computed from correlation models (Schmidt et al., 1969) based on pressure, temperature, salinity and 
the molar fraction of dissolved CO2. The Peng-Robinson equation of state (Peng-Robinson et al., 1976) 
calculates the gas density and the Lohrenz-Bray-Clark equation (Lohrenz et al., 1964) estimates the 
gas viscosity. Both uses the CO2 thermodynamic properties defined in Table 3-4. 
 

Table 3-4: CO2 thermodynamic properties (Reid et al, 1987) 

Component Molar 
weight 

(kg/mole) 

Critical 
temperature 

(°K) 

Critical 
pressure (Pa) 

Critical 
molar 

volume 
(m3/mole) 

Acentric 
factor (adim) 

Volume 
correction 
(m3/mole) 

CO2 0.04401 304.1 73.8 105 93.9 10-6 0.239 0 

 

CO2 is to be injected into the Oolithe Blanche formation. At the targeted zone depth, i.e. 1,734 m 
depth, temperature is close to 60°C (333.15K) and pressure about 18.4 MPa (PilotSTRATEGY D2.11 
Deliverable, Mathurin, 2023 and internal communication from BRGM). At these temperature and 
pressure conditions, CO2 is a supercritical fluid. Its viscosity (5.88 10-5 Pa.s) is close to the viscosity of 
the gas phase and its density (641 kg/m3) is close to the density of the liquid phase. 
 

CO2 transfer between both phases is modelled by an equilibrium constant with a dependency with 
pressure. The values are estimated at 60°C (333.15K) and 0.019 kg/L of salinity (BRGM, 2001) by the 
model of Soreide & Whitson, 1992 that well fits the experimental data (Bando et al., 2003).  
 

 
Fig. 3-6: Dissolved CO2 molar fraction at 60°C (333,15K) and 0.019 kg/L calculated by the model of Soreide & Whitson, 1992 

(S&W), the Cubic Plus Association EOS for electrolytes (e-CPA) model of MultiFlashTM and Tough. Comparison with 
experimental data (Bando et al., 2003) at 0.02 kg/L of salinity and 60°C (333,15K) 
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3.1.4 Initial state and boundary conditions 
The 20 km x 20 km studied zone is crossed by both natural aquifers, legacy wells and the SEIF1 well of 

the fertilizer plant located in Grandpuits (Fig. 3-7).  It is also surrounded by several petroleum 

concessions operated by Vermilion. The exploited fields located at the North, East and West of the 

studied zone are in the Trias below the targeted Dogger formations but the South oil field, named 

Charmottes, have production/injection wells in one of the Dogger layers, named the Dalle Nacrée, 

above the Oolithe Blanche.     

3.1.4.1 Initial hydrodynamic conditions 

The natural saline aquifer in the Dogger formations is estimated to flow in the lower end of the range 

0.1 – 0.4 m/year in South-East direction (Deliverable D2.11, Mathurin, 2023). By comparison, the CO2 

gas is expected to flow at 63 m/year at the targeted injection rate of 300 kt/year. The first assumption 

is accordingly to ignore the natural saline aquifer flow in this study. The second one concerns the 

Charmottes oil field. The Vermilion operator did not share exploitation data, but its engineers have 

indicated that well impact extension is smaller than 1 km. In that condition, the impact of the field 

exploitation is not modelled in this study. 
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Fig. 3-7: Top: French map and focus on the studied zone (inside the black rectangle) and the petroleum concessions of 
Vermillon (the Charmottes field at the South of the studied zone); Bottom: Map with the seismic survey area (10 km by 10 
km, blue square), legacy wells and SEIF-1 in green, potential CO2 source in blue and additional legacy or exploited wells 
surrounding the area in red. 

A hydrostatic initial state is accordingly assumed for this simulation work with a pressure value at 

about 18.4 MPa at 1,734 m subsea depth (internal communication from BRGM).  

In this study, the heat transfer is not taken into account; only the geothermal gradient is considered. 
This was estimated from temperature values at different depths (Deliverable D2.11, Mathurin, 2023). 
 

3.1.4.2 Injection conditions 

3.1.4.2.1 Well and injection rate 

The CO2 injection well is assumed to be vertical with a radius of 0.069 m (from discussion with WP4). 

This one is well adapted to the targeted injection rate of 300 kt/yr (9.5 kg/s), i.e., estimated available 

CO2 flow rate from the capture process in the fertilizer plant (personal communication). In order to 

respect the maximum amount of injected CO2 authorized by the French regulation for a pilot, i.e. 100 

ktonnes, the injection duration will be limited to 4 months at the targeted injection rate. This injection 

rate is considered as the maximum injection rate but will be constrained with respect to the estimated 

fracture pressure (Fig. 3-3-8). The idea is to try to reach the maximum considered injection rate to 

observe and analyze the aquifer behavior at a commercial scale rate for the pilot duration/maximum 

injected amount, as a POC for this commercial injection rate. This will also contribute to limit the 

operational time of the pilot (compared to 100kt over 5 years, here the injection duration could be 

limited to 4 months). 

The considered injection interval is in the upper part of the Oolithe Blanche formation, i.e. between 

the Bt-12 horizon (about 25 m above the top horizon of the Lower Bathonian formation (Bt-10), see 

Deliverable D2.7, Bordenave and Issautier, 2023) and the top horizon of the Oolithe Blanche. This 
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interval is about 60m-thick. We assume a perforation interval between 20 and 60 m-length in this 

previously mentioned interval. This will depend on vertical heterogeneity at the selected well location.    

3.1.4.2.2 Well pressure constraints 

As no fracture gradient pressure data were made available in the studied area, fracture pressure is 

assessed based on an initial geomechanical calculation (see Section 7.1.3.3), to initiate the stress state 

with model’s properties and initial stress ratios in this sector (Vidal-Guibert et al. (2009)). Then, from 

the initial stress state in each cell (storage formation), we obtained a quick estimate of the pressure 

facture with the distance from its stress state to a failure criterion. Here, we used the iso-distance to 

the Drücker-Prager failure criterion (more conservative than oedo-distance, see more details in 

Section 7.1.3). For each model (P10_PSC, P50_BC, P90_OPT), we kept the minimum distance to the 

failure criterion as the maximum sustainable overpressure (Fig. 3-3-8).  

For the sake of comparison, we also calculate ‘standard’ estimates of fracture pressure, related to the 

minimum horizontal stress, and based on initial stress ratios in this region from the literature, between 

0.6 and 0.8 after Vidal-Guibert et al. (2009). The vertical stress is roughly estimated with homogenized 

properties (porosity of 25%, rock density of 2600 kg/m3: homogenized density of 2200 kg/m3
, initial 

pressure of 17.15 MPa @ 1650 m depth). The range obtained from this calculation are less 

conservative than the range of values obtained from the initial geomechanical calculation. 

All these calculations remain simple estimates, a reliable sustainable fracture pressure would require 

a detailed geomechanical study (to be pursued in Task 3.4).  

 

Fig. 3-3-8: Estimated Fracture overpressure (Pa) for P10_PSC, P50_BC and P90_OPT models from initial stress state 
calculation compared to standard estimates based on initial stress ratios. 
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3.2 Well location optimization 

3.2.1 Screening Methodology – GetMore tool for CO2 injection well placement 
To define an efficient injection strategy, reservoir engineers base their analysis on numerous reservoir 

and injection characteristics, like structural, petrophysical and fluid properties, well numbers, 

completion, location, and trajectories, but also on geological uncertainties and economical aspects. 

To help the decision-making process in well positioning, a geoengineering methodology was 

developed by IFPEN, initially for Oil & Gas context (Fornel, 2014), based on statistical and visual 

analysis of key features to recommend sites of well allocation. This approach was designed for 

practical use in reservoir engineering, defining a high potential location rather than an optimal one.  

This methodology does not require flow simulations or heavy computations and thus is fast, easy and 

economical to apply on CO2 storage models. The static and visual analysis is based on features, fast to 

compute, relevant for the studied process. Another advantage of this method is to combine 

subsurface considerations (e.g. available porous volume) with surface constraints (e.g. distance to CO2 

source) to define potential well locations.  

3.2.1.1 Global methodology description  

The main requirement to efficiently adapt the methodology (Fornel, 2014) to CO2 storage context, is 

to adapt the features to consider. Chosen key features to discriminate high-quality areas for CO2 

injection are the following: 

 Advanced static CO2 storage capacity, 

 Flux factor, 

 Geomechanical impact, 

 Geochemical impact, 

 Distance to existing wells and to the CO2 source, 

 Surface exclusion areas. 

Then we perform an unsupervised classification on those features to obtain a 3D grid of K-clusters 

indicators (number of clusters, K, to be defined), differentiating combinations of features. For each 

cluster, a quality index is computed based on normalized values of their centroid. Different weights 

can be applied to features to give more importance to some of them, based on expert judgement. 

Clusters are then ordered according to their quality index: all cells belonging to the best cluster are 

good candidates to become injection point. Since we are searching for an x,y vertical well location, we 

reduce the problem from 3D to 2D by calculating an occurrence map of cells belonging to the best 

cluster along each vertical column of the grid. Columns with the maximum value (or above a 

predefined threshold) will determine the high potential locations for a vertical injection well. 

In our case, we have three models (P10_PSC, P50_BC, P90_OPT) representing uncertainties of the 

geological model. Clustering and prioritization steps are performed independently for each model. 

Ordered clusters are then combined to obtain a unique classification for the three models at the same 

time, on which we can estimate the occurrence map and thus obtain high potential location(s). A 

summary of this methodology is shown in the following Fig. 3-9. 

 



 

@PilotSTRATEGY 

www.pilotstrategy.eu 

Page 19 

The PilotSTRATEGY project has received funding from the 

European Union’s Horizon 2020 research and innovation 

programme under grant agreement No. 101022664 

 

Fig. 3-9 Proposed methodology for well placement. 

3.2.1.2 Features for the classification 

This paragraph describes in more detail the calculation of the different key features, adapted for CO2 

storage context. 

3.2.1.2.1 CO2 capacity feature 

The general formula to analytically estimate CO2 storage capacity (US DOE, 2007) is based on available 

pore volume, fluid density and a storage efficiency factor 𝐸 given by: 

𝑀𝐶𝑂2 = 𝑃𝑉 ∗ 𝐸 ∗ 𝜌𝐶𝑂2 

Equation 3-4: Analytical estimate of storage capacity 

where: 

 𝑀𝐶𝑂2 corresponding to the mass of storable CO2 (kg), 

 𝑃𝑉 the pore volume (m3), 

 E, storage efficiency factor (adim), accounting for pore volume filled by CO2, 

 𝜌𝐶𝑂2 the CO2 density (kg.m-3). 

Okwen (Okwen et al. 2010) proposed a method to calculate a storage efficiency factor allowing to 

consider the competition between viscosity and gravity forces. It depends on permeability conditions, 

viscosities and fluid densities ratios and injection rate. The importance of CO2 migration due to 

gravitational forces relative to viscosity forces is quantify by a Γ factor introduced by Nordbotten 

(Nordbotten et al. 2005). If Γ is sufficiently low (between 0 and 0.5) then gravity forces can be 

neglected. In that case, plume displacement essentially depends on the mobility ratio between fluids: 

𝐸 =
1 − 𝑆𝑤𝑟
𝜆

 

where: 
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 𝜆 is the mobility ratio between CO2 and brine, 

 𝑆𝑤𝑟 the residual water saturation. 

On the contrary, if Γ is large enough (between 0.5 and 50, limit of validity) then gravity forces cannot 

be neglected and CO2 migration depends on mobility ratio, injection rate and reservoir permeability: 

𝐸 =
2 ∗ (1 − 𝑆𝑤𝑟)

(0.0324 𝜆 − 0.0952)Γ + (0.1778 𝜆 + 5.9682)Γ1/2 + 1.6962 𝜆 − 3.0472
 

where: 

 Γ = 2 𝜋 Δ𝜌 𝐾 𝜆𝑏𝑟𝑖𝑛𝑒 𝐵
2/ 𝑄𝑤𝑒𝑙𝑙 (adim), 

 Δ𝜌 difference between fluids density (kg.m-3), 

 𝐾 permeability (m2), 

 𝐵 reservoir thickness (m), 

 𝑄𝑤𝑒𝑙𝑙 injection rate (m3.s-1). 

This capacity feature is calculated for each cell included in the target formation for CO2 storage for 

each model. Fig. 3-10 illustrates its results for 6 layers (among 12 for the targeted zone) in Oolithe 

Blanche formation for P10_PSC, P50_BC, P90_OPT models. We look for areas with the highest capacity 

values, in reddish colours in Fig. 3-10. 

Notice that this feature is used to discriminate and select cells with the highest potential compared to 

others, not to assess the CO2 storage capacity. A reliable estimation of CO2 storage would require 

performing computational-intensive flow simulations. Flow simulations will be performed in the next 

section.  

 

Fig. 3-10: Advanced static CO2 storage capacity for the three models – horizontal slices for 6 different layers (from the top – 
to the left - to the bottom layer – to the right - of the Oolithe Blanche). 
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3.2.1.2.2 Flux factor feature 

The flux factor feature is directly related to the CO2 ability to move in the porous medium: 

𝐹𝑙𝑢𝑥𝐹𝑎𝑐𝑡𝑜𝑟 =  log(𝑘𝑟𝐶𝑂2 ∗  √𝐾𝑉 ∗ 𝐾𝐻) 

where: 

 𝑘𝑟𝐶𝑂2 is the relative permeability to CO2 (adim), 

 𝐾𝑉 the vertical permeability (m2), 

 𝐾𝐻 the horizontal permeability (m2). 

Illustrations of the calculated flux factor for the three models and several layers in the Oolithe Blanche 

formation are presented in Fig. 3-11. We look for the highest values, corresponding to best mobilities, 

in reddish colours in Fig. 3-11. 

 

Fig. 3-11: Flux factor feature for the three models. 

3.2.1.2.3 Geochemical feature 

The following criterion concerns the geochemical impact of the CO2 injection in the porous medium 

(here carbonates rocks) and is described in detail in 7.1.2. The main idea is to discriminate zones where 

we can gain porous volume because the balance between dissolution and precipitation induced by 

CO2 injection is positive. With respect to results presented in 7.1.2, we obtain: 
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Fig. 3-12: Geochemical feature for the three models. 

Here again, we look for the highest values of this feature, corresponding to the best porous volume 

gains, in reddish colours in Fig. 3-12. 

3.2.1.2.4 Geomechanical features 

The following feature corresponds to a distance to the failure criterion in order to avoid areas of 

geomechanical weakness, both in the storage formation and in the caprock. This leads to consider two 

criteria, one in each formation. In the storage formation, we calculate the distance to the failure 

criterion for each cell, using the oedo-distance (see section 7.1.3.). In most case, deformations in the 

storage formation are expected to take place in oedometric conditions or close to. While for the 

caprock, we expect that other deformations mechanisms will occur (such as flexure) and thus calculate 

the more conservative orthogonal distance to the criterion. Moreover, for the caprock, using the 

ortho-distance, we took the minimum value over the caprock’s thickness as feature. This last feature 

is projected on cells belonging to the storage formation. 

The details of the calculation are described in section 7.1.3. The obtained results are shown on the 

following figures: 
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Fig. 3-13: Geomechanical feature in the reservoir for the three models. 

 

Fig. 3-14: Geomechanical feature for the caprock (same results for the three models). 

Again, these estimates are preliminary integrity risks’ calculations, used to discriminate a priori cells. 

A comprehensive risk assessment study will be performed with hydromechanical simulations in a next 

task of the project (WP3.4). 

For these two features, we look for the highest values (the largest distance to the failure criterion), 

corresponding to areas with the lowest geomechanical weakness, in reddish colours in Fig. 3-13 and 

Fig. 3-14. 

3.2.1.2.5 ‘Distance to’ feature 

An important feature to consider is the distance to existing wells in the region because they are 

potential leakage pathways. Thus, the distance to these wells has to be maximized. We computed 3D 

distances (some wells are deviated) to the 28 closest wells to our study area, as listed in green on the 

Fig. 3-7 (i.e., not only legacy wells in the research area but also wells surrounding the area). The 
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obtained results are presented in Fig. 3-15, for which we want to maximize the distance to wells, i.e. 

to tend to the highest distances in reddish colours. This distance is the same for all layers and models. 

s 

Fig. 3-15: Distance to legacy wells (XY map) – to maximize. 

To limit the economic impact of the CO2 transport, we also want to minimize the distance to the source 

of CO2 (LAT Nitrogen industry, in blue on Fig. 3-7). The calculated distances to the CO2 source are in 

Fig. 3-16 (the same for all layers and models). Here, we want to minimize the distance to the source 

so we would target the lowest values in blueish colours.  

 

Fig. 3-16: Distance to the CO2 source (XY map) – to minimize. 

 

3.2.1.2.6 Surface exclusion areas 

In addition to all the previous criteria, penalized areas are added to the decision-making process in 

order to consider surface exclusion zones for the well location. These surface exclusion zones 

correspond to potential difficulties or impossibilities to drill well regarding land uses and surface 

configurations. This surface analysis was performed and shared by French region WP4 partner 
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(internal communication from Geostock). The analysis leads to consider three zones: zone 1 is 

favourable, zone 2 needs to be investigated but is possible, zone 3 is to be avoided. Fig. 3-17 

represents a map with the location of the defined zones in our study area. For the screening, the zone 

3 areas (in red) will be discarded to the potential well location analysis. This will be applied identically 

for all 3 models.  

 

Fig. 3-17: Surface exclusion criteria map. 

3.2.2 Screening results 
After computing all criteria, as mentioned before, the following step is to perform an unsupervised 

classification for each model, using a K-Means algorithm. We have chosen to use a classical Data 

Science approach: 

 Firstly, features are scaled and translated individually between zero and one. This 

transformation doesn’t reduce the effect of outliers (which could be important in our case) 

but it linearly scales them down into a fixed range. 

 Then we apply the Elbow method which consists in evaluating the inertia of the k-means 

algorithm for different number of clusters, to determine the right number of clusters. This 

analyse leads us to choose five clusters. 

 After that we apply the greedy ‘k-means++’ algorithm which selects initial cluster centroids 

using sampling based on an empirical probability distribution of the points contribution to the 

overall inertia, allowed to choose best centroids among several trials of sampling. 

 The last step is to rank obtained clusters in order of importance. To do so, we defined which 

features we want to prioritize (maximum value for CO2 storage capacity, maximum distance 

from existing wells, minimum distance to the CO2 source, etc.) and we apply weights to each 

feature to give some of them more importance compared to others based on experts 

judgement. In our case, all features have a weight of one, except for the distance to existing 

wells (weight of 2), first to limit the risk of leakage as much as possible, second this data is 

more tangible than uncertain subsurface properties and while subsurface properties appear 

in several features (e.g. capacity and flux factor), legacy wells appear only once thus the 

decision to give more weights to this feature. 
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The obtained results are shown on Fig. 3-18. Note that it is a 3D information. 

 

Fig. 3-18: Clustering results for each model, cluster 1 corresponds to the best one. 

In order to select the best location for all three models P10_PSC, P50_BC and P90_OPT at once, we 

merge the three clustering into an only one as shown on Fig. 3-19: 

 

Fig. 3-19: Merged clustering, cluster 1 corresponds to the best one. 

To determine the best location for a vertical injection well, we now need to compute an occurrence 

map by counting, for each vertical of the mesh, the number of cells in the best cluster (Fig. 3-20).  
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Fig. 3-20: Occurrence map. 

Based on this occurrence map, we select the locations where the calculated density is maximum, i.e. 

where the occurrence of cells with the most favourable combination of features are the highest. We 

ended up with four zones (four groups of neighbouring locations) that would be promising for the pilot 

well considering surface and subsurface knowledge (Fig. 3-21 left, cf. §7.1.4). A final well location is 

suggested, based on values of weighted features (the maximum quality index), as the highest potential 

location (Fig. 3-21, bottom) based on our current knowledge. This location is north-west from the 

source (Fig. 3-22) and according to discussions with WP4, is a good candidate for well drilling (in resp. 

to surface considerations) among all selected locations. North-east selected locations (Fig. 3-21, top) 

could also be good candidates, whereas the southern selected locations (Fig. 3-21, top) should be 

disregarded for surface considerations.  

Based on this suggested well location, a 40m-length perforations are defined in high-permeability 

values layers, above the Bt-12 horizon, but below the top Oolithe Blanche formation, in order to allow 

vertical CO2 migration in this formation, improve the sweep efficiency and favor CO2 dissolution (Fig. 

3-23). While same trends are found in the three models, heterogeneities differ between models, with 

vertical flow barriers at different levels, that would impact the CO2 plume migration. Flow simulation 

results with the injection well at the selected well location are presented in the next section within 

the uncertainty analyses.  
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Fig. 3-21: Suggested well locations – All locations (top); and the highest potential location (bottom). 

 

Fig. 3-22: Final suggested well location and geographical markers (e.g. legacy wells, CO2 source,...) 
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s 

 

Fig. 3-23: From top to bottom: illustration of the well location (red dashed rectangle)  in the 3 models P50_BC (top), 
P10_PSC (middle), P90_OPT (bottom).Permeability field in  XY View (Y normal) with a vertical exaggeration. White dotted 
line: limit between COX and Dogger aquifer. Grey dotted line: limit between Oolithe Blanche and Comblanchien formation. 
40m-length perforation is considered, beginning from the Bt-12 Horizon (bottom perforation) within the Oolithe Blanche 
Formation. Scale: cells’ size is approx. 62.5x62.5x5m. 
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3.3 Uncertainty analysis 

3.3.1 Parameters’ uncertainties definition 
In addition to uncertainty on porosity, already considered in Task 3.1 and came up with P10_PSC, 

P50_BC, P90_OPT models, we consider other uncertainties related to poorly characterized parameters 

such as: 

- Oolithe Blanche (high porosity facies) formation ‘s permeability. As shown in Fig. 3-24, the 

porosity-permeability relationship is poorly constrained, highly dispersed, only based on few 

wells’ core data. This represents an uncertainty of several order of magnitude and is expected 

to have a huge impact on results. Notice that following values in permeability for the Oolithe 

Blanche (high porosity facies) formation, Swi and Pe are to be automatically re-calculated 

(Timur and Leverett laws with permeability modifications, see previous Section 3.1.2.2) 

 

Fig. 3-24: Porosity-Permeability relationships. Grey crosses/dots are for samples data, colored squares are for the 
base case relationship (yellow) and minimimum (yellow) and maximum (red) considered for the uncertainties 
study.   

- Permeability anisotropy in Comblanchien formation. According to Delmas et al., 2010, 

Comblanchien’s permeability anisotropy ranges between 0.3 and 3. The base case scenario 

considers only an isotropic permeability. However, this formation can be vertically fractured, 

enhancing the vertical permeability (anisotropy usually considered by oil & gas companies in 

the sector).  

- Caprock permeability (Callovo-Oxfordian formation). As described in section 3.1.2.1, caprock 

in the base case scenario has a relatively high permeability values for a sealing unit. This is 

relevant with some data, but a large range of values is found in literature. Ranges between 

1e-17 and 5e-20 m² can lead to very different pressure responses and CO2 migrations. This 

has to be considered in the uncertainties study.  

- Relative Permeability curves’ parameters for the Oolithe Blanche, high porosity facies. We 

consider uncertainties in residual gas saturation within a range of 0.05 (data from Andre et 

al., 2007) to 0.3 (review for carbonates from Burnside and Taylor, 2014). We also consider 

uncertainties in m parameter of the modified Van-Genuchten Mualem equations (Equation 

3-1). For fixed end-point values, we came up with a reasonable range of permeability curves 

(Fig. 3-25). 
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Fig. 3-25: Uncertainties in relative permeability curves parameter (m in modified Van-Genuchten Mualem model) for water-
CO2 flow for the Oolithe Blanche formation. Notice that Swi is different between model's calculation and data from Andre et 
al., 2007 and Swi will vary as function of median porosity and permeability values for the Oolithe Blanche, high porosity facies. 

- Pore compressibility values related to rock elastic properties in the Dogger aquifer. 

Uncertainties in pore compressibility are related to the uncertainties in elastic properties 

parameters Kc, Gc described in section 7.1.2. We took the curves ranges to define ranges for 

both parameters (Fig. 7.11). 

Here, we do not consider the following uncertainties, but they are to be studied in the next tasks: 
- Salinity. This will be further studied for geochemical aspects in tasks 3.3 and 3.4. 
- Temperature of injected fluid. This could be studied for both geomechanical and geochemical 

aspects in tasks 3.3 & 3.4. 
- Stress ratio. This will be studied for the integrity assessment in task 3.4 when performing 

hydromechanical coupled simulations. 
 
Uncertain parameters and ranges are summarized in Table 3-5 below.  

Table 3-5: Summary of considered uncertain parameters and related ranges.  

Parameters Min Max Comments 

X1_KPhi [-] 0.25 4 
Applied on Oolithe Blanche formation, high porosity 

(Phi > 11%) with Knew=X1*K_previous (log10 scale) 

X2_AnisoComb [-] 0.3 3 Comblanchien Anisotropy - PICOREF data (log10 scale) 

X3_multiKCOX [-] 0.005 1 Permeability multiplier for COX formation (log10 scale) 

X4_Sgr [-] 0.05 0.3 
Applied on Oolithe Blanche formation, high porosity – 

Ref. Burnside & Taylor, 2014 

X5_LambdaVG [-] 0.4 0.7 Applied on Oolithe Blanche formation, high porosity 
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X6_Kc [Pa] 3.80E+09 7.50E+09 
Bulk Modulus parameter - Applied on Dogger 

formation – Ref. Bemer et al., 2004   

X7_Gc [Pa] 2.90E+09 5.00E+09 
Shear Modulus parameter - Applied on Dogger 

formation – Ref. Bemer et al., 2004   

 

3.3.2 Flow simulation results 
To assess the impact of these uncertainties, we first study in detail flow simulation results from three 

cases, two extreme cases that could be described as the best and worst scenarios (in term of 

overpressure) and one base case scenario. Uncertain parameters’ values for those three cases are 

described in Table 3-6. Those three scenarios are applied to the three porosity/permeability fields 

models (P10_PSC, P50_BC, P90_OPT models).  

 
KPhi [-] AnisoComb [-] multiKCOX [-] Sgr [-] LambdaVG [-] Kc [Pa] Gc [Pa] 

Base Case 1 1. 1. 0.05 0.6 5.08E+09 3.79E+09 

‘Min’ Worst case  0.25 0.3 0.005 0.3 0.4 7.50E+09 5.00E+09 

‘Max’ Best case 4. 3. 1. 0.05 0.7 3.80E+09 2.90E+09 

Table 3-6: Uncertain parameters’ values for the three studied cases.  

3.3.2.1 CO2 plume migration 

CO2 is preferentially injected in the most permeable layers and heterogeneities strongly affect the CO2 

plume migration for the different models (see CO2 plumes vs. permeability fields in Fig. 3-26, Fig. 3-28, 

Fig. 3-30). In all cases, even 8 months post-injection (100 kt injected, at best), the CO2 plume never 

reaches the bottom of the sealing unit (Callovo-Oxfordian formation) and only for one case, the CO2 

plume reaches the top of the Oolithe Blanche formation (bottom of the Comblanchien formation). 

Internal flow barriers limit the vertical extent of the CO2 plume and thus reinforce the containment 

ability of this storage complex. Here, the largest lateral extent is about 700m (Table 3-7, Table 3-8, 

Table 3-9), far away from legacy wells and boundaries of the defined area. Notice that, because of the 

defined heterogeneities and permeability multipliers, the CO2 plume tends to be more compact for 

the ‘Max’ Best Case scenarios (Fig. 3-27, Fig. 3-29, Fig. 3-31) related to the good connectivity around 

the well, while lower permeability cases induce more by-passed areas and thus tend to disperse the 

CO2 plume (for a same amount of injected CO2). While all cases, for the P50_BC model, inject 100 kt 

of CO2 without reaching the maximum bottom-hole pressure (see also next section 3.3.2.2); for the 

P10_PSC and P90_OPT models, the ‘Min’ worst cases reach the maximum bottom-hole pressure and 

thus inject only 10kt1 for P10_PSC models and 32.7kt1 for the P90_OPT model. This explains the low 

CO2 plume spreading for those cases since a limited amount was injected. The other scenarios lead to 

an injection of 100 kt of CO2. While the P10_PSC model is the pessimistic one, it makes sense that it is 

the less favourable for the pilot injection, even though it is an extreme, and considered as a low 

probable, case. On contrary, it was less expected that one of the P90_OPT model’s scenario do not 

allow to inject the pilot quantity. In that case, it is related to an important flow barrier, 

                                                           
1 For 4 months of injection. If necessary, we could envision to inject for a longer period (up to 5 years for a 
pilot project) to reach the targeted 100 kt. But this mean that the targeted zone is not suitable for a 
commercial-scale injection rate.   
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compartmentalizing the injection height in a context of lower permeability values than both other 

cases. For the ‘Min’ worst cases, the median permeability value is 10 mD for P10_PSC model, 12 mD 

for P50_BC model and 20 mD for P90_OPT model in the Oolithe Blanche, high porosity facies.   

Table 3-7: P50_BC model – CO2 plume extent at the end of injection and 8 months post-injection for the three studied cases. 
All cases inject 100kt of CO2.  

P50_BC – CO2 plume Extent X Y Z 

Base Case @end of injection (4 months) 500 623 80 

Base Case @1 year 561 623 80 

‘Min’ Worst case @end of injection (4 months) 624 686 80 

‘Min’ Worst case @1year 624 686 80 

‘Max’ Best case @end of injection (4 months) 561 623 67 

‘Max’ Best case @1 year 561 623 68 

Table 3-8: P10_PSC model – CO2 plume extent at the end of injection and 8 months post-injection for the three studied 

cases. Notice that ‘Min’ Worst case injects only 10 kt of CO2 (100kt for both other cases). 

P10_PSC – CO2 plume Extent X Y Z 

Base Case @end of injection (4 months) 437 499 86 

Base Case @1 year 499 561 86 

‘Min’ Worst case @end of injection (4 months) 187 187 74 

‘Min’ Worst case @1year 187 187 74 

‘Max’ Best case @end of injection (4 months) 561 561 67 

‘Max’ Best case @1 year 561 623 67 

Table 3-9: P90_OPT model – CO2 plume extent at the end of injection and 8 months post-injection for the three studied 

cases. Notice that ‘Min’ Worst case injects only 32. kt of CO2 (100kt for both other cases). 

P90_OPT – CO2 plume Extent X Y Z 

Base Case @end of injection (4 months) 561 499 74 

Base Case @1 year 561 499 74 

‘Min’ Worst case @end of injection (4 months) 561 436 61 

‘Min’ Worst case @1 year 561 436 67 

‘Max’ Best case @end of injection (4 months) 561 499 61 

‘Max’ Best case @1 year 561 499 67 
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Fig. 3-26: P50_BC model - Cross-Section (YZ views – X Normal) close to the injection well of the permeability field (log-scale, 
m²), with, in wireframe setting, the gas saturation for the three cases (“Worst’: left; Base case: Middle; “Best”: Right) at the 
end of injection (4 months) on top and after one simulated year (8 months post-injection) on bottom. Yellow line: horizon 
between COX (seal) and Dalle Nacree formation. Dotted blue line: horizon between Comblanchien and Oolithe Blanche 
formation. Scale: one cell is about 62.5x62.5mx5m in the Oolithe Blanche formation, view with an exaggeration of 10 on the 
vertical scale. 

 

Fig. 3-27: P50_BC model – 3D view close to the injection well of the gas saturation for the three cases (“Worst’: left; Base 
case: Middle; “Best”: Right) at the end of injection (4 months) on top and after one simulated year (8 months post-injection) 
on bottom. 
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Fig. 3-28: P10_PSC model - Cross-Section (YZ views – X Normal) close to the injection well of the permeability field (log-scale, 
m²), with, in wireframe setting, the gas saturation for the three cases (“Worst’: left; Base case: Middle; “Best”: Right) at the 
end of injection (4 months) on top and after one simulated year (8 months post-injection) on bottom. Yellow line: horizon 
between COX (seal) and Dalle Nacree formation. Dotted blue line: horizon between Comblanchien and Oolithe Blanche 
formation. Scale: one cell is about 62.5x62.5mx5m in the Oolithe Blanche formation, view with an exaggeration of 10 on the 
vertical scale. 

 

Fig. 3-29: P10_PSC model – 3D view close to the injection well of the gas saturation for the three cases (“Worst’: left; Base 
case: Middle; “Best”: Right) at the end of injection (4 months) on top and after one simulated year (8 months post-injection) 
on bottom. 
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Fig. 3-30: P90_OPT model - Cross-Section (YZ views – X Normal) close to the injection well of the permeability field (log-scale), 
with, in wireframe setting, the gas saturation for the three cases (“Worst’: left; Base case: Middle; “Best”: Right) at the end 
of injection (4 months) on top and after one simulated year (8 months post-injection) on bottom. Yellow line: horizon between 
COX (seal) and Dalle Nacree formation. Dotted blue line: horizon between Comblanchien and Oolithe Blanche formation. 
Scale: one cell is about 62.5x62.5mx5m in the Oolithe Blanche formation, view with an exaggeration of 10 on the vertical 
scale. 

 

Fig. 3-31: P90_OPT model – 3D view close to the injection well of the gas saturation for the three cases (“Worst’: left; Base 
case: Middle; “Best”: Right) at the end of injection (4 months) on top and after one simulated year (8 months post-injection) 
on bottom. 



 

@PilotSTRATEGY 

www.pilotstrategy.eu 

Page 37 

The PilotSTRATEGY project has received funding from the 

European Union’s Horizon 2020 research and innovation 

programme under grant agreement No. 101022664 

3.3.2.2 Pressure results 

In all models, the maximum overpressure reaches several MPa for the Min ‘Worst’ cases, while less 

than 2 MPa for the Base cases and less than 1 MPa for the Max ‘Best’ cases (Fig. 3-32, Fig. 3-33, Fig. 

3-34). The largest difference in results is related to the difference in uncertain parameters rather than 

the difference in the geological models. This emphasizes the need to refine the characterization in the 

influential uncertain parameters (see sensitivity analysis in the next section 3.3.3) to better assess the 

capacity of the storage complex. As mentioned earlier, Min ‘Worse’ cases for P10_PSC and P90_OPT 

model reach the maximum overpressure (defined in section 3.1.4.2.2, notice that results here are cells 

pressure not well pressure) and thus reduce the amount of injected CO2 to 10 kt1 and 32.4 kt1 

respectively, instead of the targeted 100 kt. These are extreme cases but require to be accounted for 

risk assessment if no more data are made available to improve our knowledge in uncertain 

parameters.   

 

Fig. 3-32: Well cells pressure (average and ranges) vs. time for P50_BC model for the three scenarios. 

 

Fig. 3-33: Well cells pressure (average and ranges) vs. time for P10_PSC model for the three scenarios. 
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Fig. 3-34: Well cells pressure (average and ranges) vs. time for P90 model for the three scenarios. 

At the end of injection (4 months), the lateral extent of 1-bar (0.1 MPa) overpressure ranges between 

2.4 and 6.5 km (disregarding cases which do not reach the 100 kt of injected CO2) and between 6.5 

and 9.1 km for an overpressure of 0.5 bar (Table 3-10). Knowing that the well location is about 3 km-

away, for the shortest distance, to the seismic area survey boundary, the major pressure perturbations 

(above 1 bar) would remain close to this seismic survey area. These perturbations might mainly impact 

the SEIF-1 well in this area. Nevertheless, if CO2 is going to be continuously injected for a longer period 

(larger amount), it seems that boundary conditions for pressure perturbations will be rapidly reached 

for some cases and would require to extend the model / take into consideration surrounding O&G 

concessions for boundaries conditions and/or possible pressure interferences. 

After 8 months post-injection (Table 3-11), the overpressure has rapidly decreased, it mostly dissipates 

with a maximum overpressure below 0.2 MPa and a significant decrease in the lateral extent of the 1-

bar overpressure This low impact in pressure several months after the end of injection could be 

beneficial for the pilot project feasibility (short-term impact).  
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Table 3-10: 2D view (XY view, all field, Z-Normal) from the Top of the overpressure for P50_BC, P10_PSC and P90_OPT 
models for the three scenarios at the end of injection (4 months) 

 

 

 

 Worst Case Base Case Best Case 

P50 

 
Maximum overpressure:  4.53 MPa 
Max. Extent 0.1 MPa: 6.5 km 
Max. Extent 0.05 MPa: 8.2 km 

 
Maximum overpressure: 1.16 MPa 
Max. Extent 0.1 MPa: 5.8 km 
Max. Extent 0.05 MPa: 8.3 km 

 
Maximum overpressure: 0.47 MPa 
Max. Extent 0.1 MPa: 4.7 km 
Max. Extent 0.05 MPa: 8.2 km 

P10 

 
Maximum overpressure: 6.86 MPa 
Max. Extent 0.1 MPa: 374 m 
Max. Extent 0.05 MPa: 1.4 km 
 

 
Maximum overpressure:  1.87 MPa 
Max. Extent 0.1 MPa:  6.2 km 
Max. Extent 0.05 MPa:  8.3 km 
 

 
Maximum overpressure: 0.76 MPa 
Max. Extent 0.1 MPa: 5.5 km 
Max. Extent 0.05 MPa: 9.1 km 
 

P90 

 
Maximum overpressure: 2.5 MPa 
Max. Extent 0.1 MPa: 3.2 km 
Max. Extent 0.05 MPa: 5. km 
 

 
Maximum overpressure:  0.82 MPa 
Max. Extent 0.1 MPa: 5.2 km 
Max. Extent 0.05 MPa: 8.5 km 
 

 
Maximum overpressure: 0.3 MPa 
Max. Extent 0.1 MPa: 2.4 km 
Max. Extent 0.05 MPa: 6.5 km 
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Table 3-11: 2D view (XY view, all field, Z-Normal) from the Top of the overpressure for P50_BC, P10_PSC and P90_OPT 
models for the three scenarios at 8 months post-injection. 

 

 

3.3.3 Sensitivity & Uncertainty analyses (P50_BC model) 
 A sensitivity and uncertainty analyses are conducted on the P50_BC model to gain further insights in 

the impact of the uncertain parameters. 130 realisations are sampled based on uniform distribution 

of the uncertain parameters within the ranges defined in section 3.3.1, using a Latin Hypercube 

Sampling design (McKay et al., 1979). Flow simulations of pilot-scale CO2 injection are run on those 

 Worst Case Base Case Best Case 

P50 

 
Maximum overpressure: 0.16 MPa 
Max. Extent 0.1 MPa: 2.5 km 
Max. Extent 0.05 MPa: 6.6 km 
 

 
Maximum overpressure: 0.11 MPa 
Max. Extent 0.1 MPa: 623 m 
Max. Extent 0.05 MPa: 4.7 km 
 

 
Maximum overpressure: 0.06 MPa 
Max. Extent 0.1 MPa: N/A 
Max. Extent 0.05 MPa: 374 m 
 

P10 

 
Maximum overpressure: 0.22 MPa 
Max. Extent 0.1 MPa: 62.5 m 
Max. Extent 0.05 MPa: 62.5 m 
 

 
Maximum overpressure: 0.12 MPa 
Max. Extent 0.1 MPa: 1.9 km 
Max. Extent 0.05 MPa: 5.3 km 
 

 
Maximum overpressure: 0.06 MPa 
Max. Extent 0.1 MPa: N/A 
Max. Extent 0.05 MPa: 2.5 km 
 

P90 

 
Maximum overpressure: 0.07 MPa 
Max. Extent 0.1 MPa:  N/A 
Max. Extent 0.05 MPa: 62.5m 
 

 
Maximum overpressure: 0.06 MPa 
Max. Extent 0.1 MPa: N/A 
Max. Extent 0.05 MPa: 2.3 km 
 

 
Maximum overpressure: 0.03 MPa 
Max. Extent 0.1 MPa: N/A 
Max. Extent 0.05 MPa: N/A 
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130 samples. Amount of dissolved CO2 and overpressure are computed for all simulations (see also 

appendix 7.1.6). Metamodels are computed for those responses (gaussian processes, using 

DiceKriging R package, Roustant et al., 2012) based on the sampling results as training data (see also 

appendix 7.1.7). These metamodels are then used to replace flow simulations for sensitivity and 

uncertainty analyses requiring a large sampling of parameters combination (too costly in 

computational time otherwise).   

Flow simulations results for the 130 samples are presented in Fig. 3-35. All overpressure results at the 

well range in results from Min ’Worse’ and Max ’Best’ cases from the previous analysis. On the 

contrary, dissolution results from the sampling are more dispersed than previous studied cases. At the 

end of injection, more than 20% of injected CO2 is dissolved for all simulations and up to 40% for the 

maximum of dissolution. The dissolution velocity decreases after the end of injection, but clearly with 

different dynamic function of the simulation/parameters. 

 

Fig. 3-35: Well cells overpressure (mean, minimum and maximum of the perforated cells) and amount of dissolved CO2 vs. 
time from the 130 flow simulations (grey lines), plus the three previously studied scenarios (dashed lines, cyan: Min. ‘Worst’ 
case; black: ‘Base’ case; dark red: Max. ‘Best’ case). The vertical dashed line represents the end of injection.   

3.3.3.1 CO2 dissolution analyses 

Based on Sobol indices calculations (calculating the variability of the response versus parameters 

variability), dissolution results are mainly sensitive to relative permeability parameters (Sgr and m 

exponent) and field permeability (Fig. 3-36 and Fig. 3-37). The residual gas saturation is the most 

influential one, explained by its control on gas mobility and a large range of a priori uncertainty. The 
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field permeability’s influence occurs mainly during the injection process, interacting with the mobility 

parameters while post-injection, the influence of the residual gas saturation becomes more and more 

predominant.  

 

Fig. 3-36: Results from sensitivity analysis: Sobol’s indices (Total effects) calculations for the amount of dissolved CO2 for each 
parameter, function of time.  

 

Fig. 3-37: Results from sensitivity analysis, Sobol’s indices calculations for the amount of dissolved CO2 at the beginning of 
injection (20 days of injection, top) and post-injection (355 days, bottom). Each bar represents the contribution of the 
parameter variability to the response variability. In red, the main effects (without parameters’ interactions), the sum of blue 
and red bars represents the total effects (including interactions with other parameters).  

 



 

@PilotSTRATEGY 

www.pilotstrategy.eu 

Page 43 

The PilotSTRATEGY project has received funding from the 

European Union’s Horizon 2020 research and innovation 

programme under grant agreement No. 101022664 

 

Fig. 3-38: Statistical results for the amount of dissolved CO2 function of time (solid lines: mean, standard deviation, median, 
quantiles 5% and 95%) related to the uncertainties on subsurface properties and calculated from a Monte-Carlo sampling on 
metamodels built from the training sample. 

According to statistical results (Fig. 3-38), we would expect that, in 90% cases, the amount of dissolved 

CO2 will lie between 25% and 40% of the injected amount, at the end of injection. The efficiency of 

dissolution trapping will be further studied in task 3.3.  

 

3.3.3.2 Maximum overpressure analyses 

According to the sensitivity analysis for the maximum overpressure, the main influential parameters 

is the field permeability for this output (Fig. 3-39 and Fig. 3-40). Mobility factor (Sgr and m, 

parameters for the relative permeability) influence the pressure response to a lesser extent. In 

comparison, the other parameters do not significantly impact the maximum overpressure results.   

 

Fig. 3-39: Results from sensitivity analysis: Sobol’s indices (Total effects) calculations for the maximum overpressure for each 
parameter, function of time. 
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Fig. 3-40: Results from sensitivity analysis, Sobol’s indices calculations for the maximum overpressure at the beginning of 
injection (20 days of injection, top) and at the end of injection (122 days of injection, bottom). Each bar represents the 
contribution of the parameter variability to the response variability. In red, the main effects (without parameters’ 
interactions), the sum of blue and red bars represents the total effects (including interactions with other parameters).  

A promising perspective, coming from those sensitivity analyses, is that new data are being measured 

and processed for relative permeability properties in the scope of work of WP2. Those new data, once 

available, should reduce the uncertainty on parameters driving the CO2 mobility (such as Sgr) in the 

Oolithe Blanche formation and thus reduce the uncertainty in pressure and dissolution behaviours for 

our studied case.  

3.4 Summary and conclusion 

The objective of this study was to define the well injection location and characterize the pressure 
response and CO2 plume migration for a pilot-scale CO2 injection in the Oolithe Blanche formation 
(Dogger, deep saline aquifer) in Paris basin, France. 
Fluid flow simulations and well location research were performed on models resulting from previous 

work from PilotStrategy project (task 3.1 and WorkPackage 2 “WP2, Geo-characterization”). Three 

geological models (porosity/permeability uncertainties) and additional uncertainties related to 

dynamic parameters or residual uncertainties from the geological setting were considered. 

To define well location, we based our analysis on a geoengineering methodology developed by IFPEN, 

called GetMore, initially for Oil & Gas context (Fornel, 2014), and here, adapted to CO2 geological 

storage. This screening tool is based on statistical and visual analysis of key features to recommend 

sites of well allocation. This approach was designed for practical use in reservoir engineering, defining 
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a high potential location rather than an optimal one.  It does not require flow simulations or heavy 

computations and thus is fast, easy and economical to apply on CO2 storage models. The static and 

visual analysis is based on features, fast to compute, relevant for the studied process. Another 

advantage of this method is to combine subsurface considerations (e.g. available porous volume) with 

surface constraints (e.g. distance to CO2 source) to define potential well locations. Regarding 

subsurface uncertainties, surface practical constraints have an important role for the well allocation. 

Using the following features for the screening – GetMore methodology: advanced static CO2 storage 

capacity, flux factor, geomechanical impact, geochemical impact, distance to existing wells and to the 

CO2 source and surface exclusion areas, applied to the three geological model, we came up with a 

recommended well location in the north-west of the research sector. This result was shared with 

French region partners, in particular WP4 partners to validate the feasibility of this well location. 

From this result, flow simulations were conducted for a pilot-scale CO2 injection, focusing on the 

injection period and short-term period post-injection. These flow simulations were performed 

considering uncertainties in the geological model (P10_PCS, pessimistic model; P50_BC base case 

model; P90 optimistic model), in the porosity-permeability relationship, in sealing units permeability, 

in relative permeability parameters and in rock elastic properties. Except for extreme cases (but to be 

further investigated), the injection rate of 300kt/yr was sustainable to inject the 100kt in 4 months, 

considering the fracture pressure estimates. The largest lateral simulated extent of CO2 plume reaches 

around 700m, and the CO2 plume never reaches the bottom of the sealing unit. The maximum 

simulated overpressure is around 7 MPa and the maximum lateral extent of 0.1 MPa is around 7 km. 

Pressure perturbation dissipates rapidly in all cases. Most of the dissolution results ranges between 

25 and 40% of the injected amount. 

Major uncertainties in results arise from the uncertainties in porosity-permeability relationship and 

CO2 mobility properties (residual gas saturation and relative permeability curves exponent). This 

would recommend focusing on characterizations’ efforts for those properties. That makes even more 

appropriate the current study on relative permeability curves conducted by WP2. Results should be 

made available for the next numerical simulation tasks. Moreover, side-work is on-going on additional 

samples from the storage formation that should give new hints on the porosity-permeability 

relationship for the studied sector. 

Comprehensive geochemical and geomechanical study are the next steps with longer-term analyses 

and coupling with geomechanical and geochemical processes to be studied in the next tasks of the 

WorkPackage 3 of PilotStrategy project.   
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 Upper Silesia (Poland) 

4.1 Introduction 

Based on the initial screening of multiple storage sites completed in H2020 STRATEGY CCUS project 

from an initial portfolio of eight European regions in seven countries, three regions were selected for 

full characterization of the storage complex, and two (including Upper Silesia region in Poland) for 

enhancement of knowledge on the existing storage capacity.   

Building on those results, PilotSTRATEGY aims at increasing the maturity and readiness assessment of 

storage resources in the Upper Silesia region. The concrete objective of PilotSTRATEGY project for 

Poland is to increase the maturity and confidence level of storage resources to start planning as 

Contingent resources, based on new available data, reprocessing of old data and new dynamic 

simulation studies. 

Geological models with the results of modelling of petrophysical properties (PilotSTRATEGY 

Deliverable D3.2, Bouquet 2024) were adapted to the simulation objectives in next tasks of WP3. 

In this report it is described the results of Task 3.2, including a description of the procedure used to 

provide a CO2 storage capacity assessment by simulation based on well location and flow rate 

optimization which should maximize the potential capacity by taking into account the uncertainties in 

properties of reservoir model. The primary objective of task 3.2 is to define the location for a pilot-

scale injection well. 

4.2 Location and storage potential of the Upper Silesia region  

Two possible storage places have been identified in the region in deep saline aquifers (DSA): 

 • Skoczów DSA - Upper Silesian Coal Basin, 

 • Ładzice DSA - Jurassic Czestochowa District. 

Based on data availability and parameters values of reservoir layers, the area named “Pągów-Milianów 

in Ładzice DSA - Jurassic Czestochowa District (Fig. 4-1), with an area of approximately 190 km2, was 

selected for the following work. Indeed, this area is the most promising in terms of storage properties, 

while being more characterized than other areas (see Bouquet, 2024). 3D static geological model was 

developed for this area (Task 3.1). Geological model was adapted to the simulation objectives in task 

3.2. This work, including dynamic simulations, was done under task 3.2 and it will be continued as a 

part of task 3.3 dedicated to the study of the long-term behavior of CO2. 
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Fig. 4-1: Location of the main potential storage units in Upper Silesia (Carneiro and Mesquita, 2020) 
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4.3 Dynamic model 

4.3.1 Grid size - upscaling of static model to dynamic model 
 

The final step of task 3.1 was the process of upscaling the grid to fit to the computational limitation of 

dynamic simulations of the CO2 injection. The initial model was constructed on the basis of a regular 

grid with surface dimensions of 50 × 50 m (1,026,520 cells with defined values). The horizontal grid 

resolution was modified. This resulted in a model with surface dimensions of 200 × 200 m (173,200 

cells with defined values). Then, vertical and horizontal properties upscaling was performed to transfer 

the properties from the fine grid to the coarse grid (Fig. 4-2, Fig. 4-3). The vertical grid resolution is 

unchanged – number of layers: 50 (about 13 m/layer). 

 

Fig. 4-2: Stochastic realization of permeability closest to optimal scenario (PSC) of model of pore volume - upscaled model 

with surface dimensions of 200 × 200 m (173,200 cells) 

 

Fig. 4-3: Stochastic realization of porosity closest to P50 optimal scenario (PSC) of model of pore volume - upscaled model 

with surface dimensions of 200 × 200 m (173,200 cells) 
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4.3.2 Inputs parameters 

4.3.2.1 Making fluid model and rock physics functions 

Numerical simulations were carried out using the Petrel Reservoir Engineering software with 

Geoscience Core and Reservoir Engineering Core (Petrel, 2011) cooperating with the ECLIPSE reservoir 

simulator (Eclipse, 2011).  

A compositional version of the ECLIPSE simulator (E300) was used to simulate the process of the 

injection of CO2 into saline aquifers.  

In the dynamic models, the CO2SOL option was applied which takes into account the phenomenon of 

CO2 solubility in the aqueous phase in the sequestration process.  

The Peng-Robinson equation of state (Peng and Robinson, 1976) was used with a slight modification 

concerning the molar volume (Robinson and Peng, 1978), thanks to which the thermodynamic 

parameters of carbon dioxide are determined in a manner more similar to real conditions (Eclipse User 

Manual, 2011).  

Carbon dioxide viscosity was estimated using the Lorentz-Bray-Clark correlation (Lorentz et al., 1964). 

Parameters for CO2 solubility in brine were determined from the Chang-Coats-Nolen correlation 

(Chang et al., 1996).  

The flow of CO2 in layers saturated with brine is controlled by the curves of relative permeability. Due 

to the fact that the authors did not have the results of the tests on the borehole cores, in this study 

the general liquid permeability and capillary pressure characteristics of van Genuchten (Van 

Genuchten, 1980) were used; relative gas permeability curves were generated based on Corey’s 

correlation (Corey, 1954; Doughty and Pruess, 2004), see the table 4-1. The formation compressibility 

for consolidated sandstones of 14.23 × 10−6 Psi-1 was estimated from Newman correlation (Newman, 

1973). 

In the initial phase of the simulation, the model is saturated with brine with salinity of 12.9 g/l  

and density of 1009.3 kg/m3. It was assumed that the initial reservoir pressure at a depth of 1000 m 

is 108 bar. The average temperature of 38° C at the depth of 1000 m was assumed. Fluids at the above-

mentioned pressure and reservoir temperature were in hydrostatic equilibrium conditions. 

Characteristics of reservoir properties and initial conditions of the simulation models are presented in 

Tab. 4-1. 

The next step of preparing simulation is making development strategy – it covers definitions of well 

status, well gas injection control and periods of injection stage and observation after the end of CO2 

injection process. 

The last step of preparation phase of the numerical simulation related to definition parameters of 

simulation case including all previously defined functions.  
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Tab. 4-1: Characteristics of reservoir properties and initial conditions of the simulation models 

 Parameter Value 

P
ro

p
er

ti
e

s 
 

o
f 

re
se

rv
o

ir
 w

at
e

r Density dw, kg/m3 1009.3 

Viscosity µw, cP 0.9957 

Compressibility cw, 1/Pa 3.215 x 10-10 

Volumetric coefficient Bw, rm3/sm3 1.0330 

In
it

ia
l  

co
n

d
it

io
n

s 

Average temperature, °C 38.0 

Initial reservoir pressure, bar 108.0 

Reference depth, m 1000 

Formation compressibility, 1/Psi 14.23 × 10−6 

R
e

la
ti

ve
 p

er
m

e
ab

ili
ty

  

p
ar

am
e

te
rs

 

Critical gas saturation, Sgcr 0.05 

Corey gas exponent, Cg 6.0 

Minimum water saturation, Swmin 0.2 

Relative permeability of gas at Swmin 

value, Krg@Swmin 
0.9 

Critical water saturation, Swcr 0.22 

Corey water exponent, Cw 4.0 

Relative permeability of water at the 

residual oil saturation value, Krw@Sorw 
0.8 

Relative permeability of water  

at a saturation value of unity, Krw@S=1 
1.0 
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4.3.2. Setting and running the dynamic model 
 
The next step of work was setting and running the dynamic model with preliminary location 

of injection wells selected manually based on properties of geological model and expert knowledge 

(Fig. 4.4). Properties of the reservoir layer in geological model at the locations of CO2 injection wells 

are presented in Table 4.2. 

 

Tab. 4-2: Properties of the reservoir layer in geological model at the locations of CO2 injection wells  

Well name Avg. porosity [%] Avg. permeability [mD] 

IN-1 14.90 – 19.29 153.8 – 955.9 

IN-2 12.31 – 17.31 915.5 – 1005.7 

IN-3 12.52 – 18.00 824.6 – 1140.2 

IN-4 16.25 - 19.97  899.8 – 1157.8 

 

 

Fig. 4-4: Initial location of four injection wells 

Initially, the model was tested for four injections well locations with different gas flow rates assuming 

the following basic assumptions of the simulation procedure: 

 duration of the injection phase, tinj = 10 years; 

 hydrostatic pressure distribution.  

Model responses for different injection scenarios were considered. The changes of reservoir 

parameters were analyzed, among others: CO2 plume migration, pressure in the reservoir layers and 

pressure buildup. Moreover, horizontal and vertical continuity of sealing layers were analyzed in 

geological model.  
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In the developed CO2 injection simulations, the maximum permissible increase in the initial reservoir 

pressure (maximal overpressure) in the top layers of the aquifer was assumed to be 20% above the 

hydrostatic pressure. It was assumed that such an increase in pressure indicates the risk of rock 

fracturing and the risk of CO2 leakage. 

Based on the results of analysis, the optimal values of CO2 injection rate for selected wells were 

estimated within the range from 55,000 to 145,000 sm3/day (Tab. 4-3). 

 

Tab. 4-3: Characteristics of assumptions for testing the model with preliminary location of injection wells 

Well 
Flow rate 

[sm3/day] 

Injection time 

[years] 

Gas injection volume  

[*106 sm3] 

Max. BHP  

[bar] 

IN-1 115,000 10 419.9 145 

IN-2 55,000 10 200.9 145 

IN-3 100,000 10 365.2 145 

IN-4 145,000 10 529.5 145 

 

 

Additionally, the results with the changes of the distribution of free CO2 saturation in the structure 

and the distribution of CO2 dissolved in reservoir water were analyzed and presented in Fig. 4-5 – 4-6 

and in figures in Appendix 7.2. 
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a)   b)  

c)    d)  

Fig. 4-5: Initial location of injection wells in the model of porosity (a) and permeability (b). Distribution of free CO2 

saturation in the structure (c) and distribution of CO2 dissolved in res. water (RSWCO2-molar fraction) (d). 

 

 

Fig. 4-6: Pressure changes in the reservoir for initial location of four injection wells 
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4.4 Well location optimization 

4.4.1 Methodology 
This step of the work covers storage capacity assessment by simulation, based on well locations and 

flow rate optimization. The optimization should maximize the potential capacity by taking into account 

the uncertainties in properties of geological model.  

This task consists also in proposing a realistic admissible set of flow rate into the injection well. These 

parameters (called the design variables) are used to optimize a cost function designed to maximize 

the storage capacity. 

The preliminary location of injection wells was selected manually based on properties of geological 

model, flow properties, pressure perturbation and operational constraints. Based on preliminary 

visual and statistical analysis, the following injection wells: IN-1A, IN-5A, IN-6 can be assumed as the 

pilot-scale injection wells with injection rate ~300 kt/year (Tab. 4-4, Fig. 4-7). 

There were observed an increase in average pressure in the injection zone to acceptable values for 

injection wells with a CO2 injection rate approximately 300 kt/year, so that value was used in the 

maximum potential CO2 storage capacity assessment of the structure. 

Tab. 4-4: Characteristics of assumptions for well location optimization 

Well 
Flow rate 

[sm3/day] 

Flow rate 

[kt/year] 

Injection time   

[years] 

Gas injection 

volume [Mt] 

Max. BHP  

[bar] 

IN-1A 439 761 300 10 3 165 

IN-5A 439 761 300 10 3 165 

IN-6 439 761 300 10 3 165 

 

Within the framework of assessment of the storage capacity using numerical simulations, the focus 

was on the analysis of the injection period and the flow response to the CO2 injection (plume migration 

and pressure perturbation). 

Optimization of well location, which is performed through the analysis of the results of fluid flow 

simulations during the injection period, included: 

 maximizing the CO2 injection rate considering the maximum increase in pressure; 

 analysis of the potential storage capacity taking into account the uncertainties in geological 

model properties (sensitivity analysis, optimization and uncertainty analysis of the storage 

capacity). 
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Fig. 4-7: Three selected locations for a pilot-scale injection well in the model 

 

4.4.2 Results 
Preliminary location of three injection wells were selected based on properties of geological model 

and the results of preliminary numerical simulations. An increase in average pressure in the injection 

zone to acceptable values was observed. It was stated that based on preliminary analysis, three 

analyzed injection wells with a CO2 injection rate approximately 300 kt/year for 10 years can be 

considered as the pilot-scale injection wells.  

Moreover, in the next stage of work, the CO2 injection period was extended to 25 years, which is a 

period of time more similar to a commercial-scale CO2 storage project. 

4.4.2.1 Results of simulations for CO2 injection period of 10 years 

The simulation results with pressure changes in the reservoir, the distribution of free CO2 saturation 

in the structure and the distribution of CO2 dissolved in reservoir water are presented  in Fig. 4-8 – 

Fig. 4-10 and in figures in Appendix 7.2. 
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a)   

b)  

Fig. 4-8: Well IN-5A: reservoir pressure before the injection (a), reservoir pressure after the injection (b) 
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a)  

b)  

Fig. 4-9: Well IN-5A: distribution of free CO2 saturation (a) and distribution of CO2 dissolved in reservoir water (RSWCO2-

molar fraction) (b) 
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Fig. 4-10: Increase of average pressure in the injection zone: IN-1A ~12.4%, IN-5A ~19.6%, IN-6 ~34.2% 

 

4.4.2.2 Results of simulations for CO2 injection period of 25 years 

 

In this stage of work, the CO2 injection period was extended to 25 years, which is a period of time 

more similar to the commercial scale CO2 storage project (e.g. Polaris project, 2023). 

Optimization of well location was done based on the maximization of the CO2 injection rate taking into 

account the maximum increase of overpressure in the top of reservoir layer assumed as 20%. 

In order to estimate the maximum CO2 injection rate, taking into account the maximum pressure 

increase of 20%, a series of simulations were performed for various values of CO2 injection rate. The 

value ranges of the analyzed CO2 injection rates in individual injection wells are presented in Tab. 4-5. 

The maximum values of flow rate for pessimistic (PSC), optimal (OPL) and optimistic (OPC) scenarios 

of the model for different locations of injection well, taking into account the maximum increase of 

overpressure, are presented in Tab. 4-6. 

Tab. 4-5: Characteristics of assumptions for well location optimization for CO2 injection period of 25 years 

Well name Flow rate [Mt/yr ] Injection time [years] 

IN-1A 1.15 – 2.00 25 

IN-5A 0.08 – 1.00 25 

IN-6 0.08 – 1.00 25 
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The estimated maximum value of flow rate for well name “IN-1A” amounts to 1.25 Mt/yr which gives 

the maximum potential capacity for well IN-1 about 31.25 Mt within 25 years in optimal scenario of 

the geological model. In the case of the IN-5 and IN-6 wells, much lower values of injection rates and, 

consequently, low values of maximum potential storage capacity were observed. Moreover, in the 

area of the IN-5 and IN-6 wells, small leakages of CO2 into the overburden layers were observed  

(Tab. 4-5). 

Tab. 4-6: The estimated maximum values of flow rates for injection wells for different scenarios of the model 

Well name/ 

Model 

Max.  

flow rate 

[Mt/yr] 

Max. potential 

capacity [Mt] 

(injection time  

= 25 years) 

Scenario Remarks 

IN-1A 

1.16 29.00 pessimistic (PSC) 
Max. overpressure 

in the top of 

reservoir layer = 

20% 

1.25 31.25 optimal (OPL) 

1.34 33.50 optimistic (OPC) 

IN-5A 

0.08 2.00 pessimistic (PSC) 

CO2 leakage/ 

CO2 plume 

migration 

0.10 2.50 optimal (OPL) 

0.25 6.25 optimistic (OPC) 

IN-6 

0.08 2.00 pessimistic (PSC) 

CO2 leakage/ 

CO2 plume 

migration 

0.10 2.50 optimal (OPL) 

0.60 15.00 optimistic (OPC) 

 

The simulation results of the IN-1A injection well with changes in reservoir pressure are shown in  

Fig. 4-11 – Fig. 4-12 and in figures in Appendix 7.2 for IN-5 and IN-6 injection wells. 

The simulation results with pressure changes in the reservoir, the distribution of free CO2 saturation 
in the structure and the distribution of CO2 dissolved in reservoir water are presented in figures in 
Appendix 7.2. 
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Fig. 4-11: The simulation results of the IN-1A injection well with changes in reservoir pressure for different scenarios  

of the model 

 

 

Fig. 4-12: Reservoir injection cumulative volume for the IN-1A injection well for different scenarios of the model  
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4.5 Uncertainty analysis 

4.5.1 Methodology 
 

Based on the fluid flow simulations, the output value of the CO2 amount possible to be injected  

was estimated. In the next stage, following the Uncertainty Analysis procedure in Petrel, analysis  

of eight parameters affecting volumetric values was carried out using the Latin-hypercube sampling 

method. 

Latin hypercube is a sampling method that requires fewer model runs to approximate the desired 

variable distribution than a completely random sampling. It achieves this by dividing the probability 

distribution of an uncertain variable into areas of equal probability. The algorithm divides the range 

of the chosen variable into N equiprobable bins where N is the specified number of samples. When 

running the ‘Uncertainty and optimization’ loops, one sample is created for each bin. This ensures that 

the samples follow the prescribed distribution, while avoiding clustering of samples located closely 

together by chance.  

The Latin-hypercube sampling option ensures that the sampled values for each parameter are 

distributed over the entire range of that parameter. The Latin-hypercube sampling  was used in this 

case in order to avoid clustering of samples in each variable's range. For each realization, gas volume 

in reservoir conditions was computed. 

The results were presented in the form of a tornado charts. In this way, it was determined to what 

degree the individual uncertainty elements affect the CO2 amount possible to be injected. 

The procedure used in this study to determine the uncertainty in dynamic reservoir simulation results, 

caused by the lack or limitation of precise input data (parameters) in the reservoir model, is presented 

in Fig. 4-13. 
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Fig. 4-13: Scheme of processing procedure in case of sensitivity analysis 

4.5.2 Results 
The analysis of the sensitivity of the numerical model to individual reservoir parameters was 

developed in the Petrel software using the 'Uncertainty and optimization' module, 'Sensitivity by 

variable' option (Fig. 4-14).  

 

Fig. 4-14: Characteristics of assumptions for the task of uncertainty analysis and optimization 

Construction of Base Case models

Uncertainty assessment of geological
and reservoir factors contributing

to static and dynamic volumes

Selection 8 elements affecting
volumetric values

Determination of the distribution
type and variability range of 

individual uncertainty components

Latin-hypercube sampling 

Volume calculation in reservoir
conditions

Sensitivity analysis using histograms
and tornado charts
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A simulation experiment was designed, including 104 simulations with 13 samples (simulations) for 

each of 8 analyzed model parameters (Fig. 4-15, Tab. 4-6). 

Fig. 4-15: Range of variations and most probable values of reservoir model parameters 

 

Tab. 4-6: Considered variables in sensitivity analysis of the simulation model 

Parameters Units Base case Min Max 

Res. water salinity SAL, ppm 12,900 2,000 20,000 

Res. water temperature TEMP, °C 45 35 48 

Ratio of vertical to horizontal 
permeability 

PERMZ, - 0.10 0.05 0.25 

Reference pressure PRES, bar 135.5 110 160 

Residual gas saturation SGR, - 0.82 0.60 0.90 

Critical gas saturation SGCR, - 0.05 0.01 0.10 

Critical water saturation SWCR, - 0.22 0.21 0.30 

Minimum value of water saturation SWMIN, - 0.18 0.15 0.21 

 

Uncertainty analysis was prepared for pessimistic (PSC), optimal (OPL) and optimistic (OPC) scenarios 

of the model with the estimated maximum values of flow rates in injection well IN-1A (Tab. 4-7). 

Tab. 4-7: The estimated maximum values of flow rates for injection wells for different scenarios of the model 

Well name/ 

Model 

Max.  

flow rate 

[Mt/yr] 

Scenario Remarks 

IN-1A 

1.16 pessimistic (PSC) 

Max. overpressure in the top 

of reservoir layer = 20% 1.25 optimal (OPL) 

1.34 optimistic (OPC) 
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The results of uncertainty analysis prepared for different scenarios of simulation model with IN-1A 

well, including estimated maximum values and ranges of values of potential capacity, tornado charts 

showing the effects of individual uncertainty parameters on CO2 volume, are shown in Tab. 4-8  

and in figures in Appendix 7.2. Moreover, the results of uncertainty analysis prepared for different 

scenarios of simulation model with IN-1A well, regarding changes in the formation pressure and 

bottom hole pressure, are presented in Fig.7-27 – Fig.7-28 in Appendix. 

Tab. 4-8: The results of uncertainty analysis for the optimal scenario of simulation model with IN-1A well 

Max.  

flow 

rate, 

Mt/yr 

Tornado chart  

showing the effects of 

individual uncertainty  

parameters on CO2 volume 

Cumulative tornado chart  

showing the effects of individual 

uncertainty parameters on CO2 

volume 

Simulation 

results: 

max. potential 

capacity, Mt 

Uncertainty 

analysis: 

range of 

potential 

capacity, Mt 

1.16 

 

 

29.02 28.84 - 29.27 

1.25 

 

 

31.27 31.18 - 31.49 

1.34 

 

 

33.52 33.30 - 34.09 

 

In the next stage, following the Uncertainty Analysis procedure in Petrel, analysis of eight parameters 

affecting volumetric values was carried out. For each realization, gas volume in reservoir conditions 

was computed. The results were presented in the form of a tornado charts. In this way, it was 

determined to what degree the individual uncertainty elements affect the CO2 amount possible to be 

injected. Uncertainty analysis was prepared for pessimistic (PSC), optimal (OPL) and optimistic (OPC) 

scenarios of the model with the estimated cumulative reservoir injection volume for injection well  

IN-1A (Fig. 4-18). 

There are numerous parameters that affect CO2 migration and storage capacity in deep saline aquifers. 

Some of these parameters include brine salinity, aquifer dip angle, aquifer depth, compressibility, 

capillary pressure, reservoir temperature, porosity, average permeability, the ratio of vertical to 

horizontal permeability, thickness, depth, residual gas saturation, cap rock properties, the reservoir 

heterogeneity, etc. (De Silva&Ranjith, 2012; Ofori&Engler, 2011). Among these parameters, the work 

to identify the most influential parameters is very important. Parametric sensitivity studies have been 

conducted to identify the most important parameters that affect CO2 sequestration in deep saline 

aquifers.  
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Based on the results of uncertainty analysis prepared for different scenarios of simulation model with 

IN-1A well, eight factors, such as reservoir water salinity, reservoir water temperature, ratio of vertical 

to horizontal permeability, reference pressure, residual gas saturation, critical gas saturation, critical 

water saturation and minimum value of water saturation were selected.  

Petrophysical parameters such as porosity and permeability are among the most important 

parameters responsible for the CO2 storage capacity, but these parameters were analyzed in the 

previous task 3.1 within the framework of the comprehensive uncertainty analysis. The uncertainty 

workflow for facies and petrophysical properties was performed to determine the pore volumes, 

included hundreds simulations of model with facies, porosity and permeability realizations. 

Meanwhile, the current analysis of the sensitivity of the numerical model to individual reservoir 

parameters indicates 2 out of 8 analyzed parameters as the most important for determining the results 

of reservoir simulations (Fig.4-16). In all simulation scenarios (pessimistic, optimal, optimistic) it was 

observed that the most important parameters are, firstly, the ratio of vertical to horizontal 

permeability and, secondly, the reservoir water salinity. Although the other factors also affect the CO2 

storage efficiency in saline aquifers, according to the results of this analysis, their impact is smaller 

than the impact of these two indicated parameters. 

 

Fig. 4-16: Optimal scenario of the model: tornado chart showing the effects of individual uncertainty parameters on CO2 

volume  

The value of the ratio of vertical to horizontal permeability in the base case was defined as 0.1.  

An increase in permeability causes movement CO2, contributing to upward migration, and finally, CO2 

migration along the top layer. Injected CO2 moves towards the reservoir top layers and further 

towards the local top of the structure under the influence the prevailing buoyancy forces. During the 

process of the gravitational migration of CO2 towards the top of the structure, the phenomenon of 

the dissolution of carbon dioxide in brine takes place. The longer the gas migration time, the greater 

is the possibility that CO2 will dissolve and remain in the pore spaces of reservoir rocks. 
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It is well established that brine salinity can be different in prospective CO2 storage reservoirs. However, 

the impact of salinity on containment security has received only little attention in the literature.  

The results of the conducted research (e.g. Al-Khdheeawi et al., 2018) clearly indicate that salinity has 

a significant influence on CO2 migration and the relative amount of mobile, residual and dissolved CO2. 

Higher brine salinity leads to an increase in CO2 mobility and CO2 migration distance, but reduces 

significantly the residual and solubility trapping of CO2. 

4.6 Summary and conclusion 

This report describes the results of numerical simulations used to evaluate CO2 storage capacity based 

on well location and flow rate optimization. Optimization was performed to maximize the potential 

capacity while taking into account uncertainty in the reservoir model properties.  

The primary objective of task 3.2 was to determine the location of the pilot-scale injection well.  

A screening method of potential locations was used to define the well location area investigation. The 

manual screening was based on flow properties, pressure perturbation and properties and operational 

constraints: visual and statistical analysis of key characteristics regarding storage capacity and 

integrity. 

Based on the fluid flow simulations, the output value of the CO2 amount possible to be injected was 

estimated. The maximum value of flow rate for injection well IN-1A amounts to 1.25 Mt/year which 

give the maximum potential CO2 storage capacity about 31.25 Mt  within 25 years in optimal scenario 

of the geological model. In the case of the IN-5 and IN-6 wells, much lower values of injection rates 

and, consequently, low values of maximum potential storage capacity were observed. 

In the next stage, following the Uncertainty Analysis procedure in Petrel, analysis of eight parameters 

affecting volumetric values was carried out. For each realization, gas volume in reservoir conditions 

was computed. The results were presented in the form of a tornado charts. In this way, it was 

determined to what degree the individual uncertainty elements affect the CO2 amount possible to be 

injected. Uncertainty analysis was prepared for pessimistic (PSC), optimal (OPL) and optimistic (OPC) 

scenarios of the model with the estimated cumulative reservoir injection volume for injection well  

IN-1A (Fig. 4-17). 
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Fig. 4-17: Cumulative reservoir injection volume with detailed results of sensitivity analysis for optimal model 

 

Cumulative reservoir injection volume (GIP) for optimal model (OPL) is shown in Fig. 4-18, along with 

an indication of what part of this capacity is free CO2 (FGIP) and carbon dioxide dissolved in the 

formation water (Gas In Place in aqueous phase). 

 

 

Fig. 4-18: Cumulative reservoir injection volume for optimal model (OPL): Gas in place (GIP), Free gas in place (FGIP)  

and Gas in place (aqueous phase) 
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 Lusitanian Basin-Offshore (Portugal) 

5.1 Introduction 

Under the PilotSTRATEGY Project, a detailed conceptual static model was developed to facilitate the 

optimization of total mass injection (wmassit) for CO2 storage within the Q4-TV1 prospect, located in 

the offshore Northern sector of the Lusitanian Basin, Figueira da Foz, Portugal. The static model is 

structured with 117 cells in the i-direction and 138 cells in the j-direction, with horizontal dimensions 

of 250 meters (The selected 250-meter value was chosen based on numerous flow dynamics 

simulations. This size optimally balances computational efficiency with extensive area coverage of the 

prospect, effectively reducing computational time while still providing a thorough analysis of relevant 

flow dynamics), and 40 cells in the k-direction, with vertical dimensions of 10 meters. This high-

resolution model allows for precise simulations of CO2 plume behaviour and its interactions with the 

underlying geological structures. 

 
Fig. 5-1:Map showing the area of interest for CO2 storage within the Q4-TV1 prospect, located in the offshore Northern 
sector of the Lusitanian Basin. The figure highlights the legacy well Dourada (Do-1C), key faults (F2 and F5). 

The subsurface geo-characterization, conducted under WP2 (Marques da Silva et al., 2023), utilized 

legacy well data and 2D/3D seismic reflection data to construct a comprehensive geological model. 

The study area of the static model spans over approximately 1925 km², and the reservoir model, 

covering only the Q4-TV1 prospect, spans over approximately 570 km² (Fig.5-2). 

The geological framework of the area is characterized by the Lower Cretaceous siliciclastic deposits of 

the Torres Vedras Group, which serves as the reservoir. This reservoir is capped by the Upper 

Cretaceous limestones of the Cacém Formation, acting as the seal. Above this, the Upper Cretaceous 

siliciclastic deposits of the Aveiro Group, which may function as a potential seal, with additional 

overburden layers composed of Paleocene and Eocene-Miocene dolomites and siliciclastic deposits, 
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respectively. The reservoir underburden comprises Upper Jurassic siliciclastic deposits and 

carbonates, as well as carbonates of Middle Jurassic. 

To enhance the precision of CO2 total mass injection (wmassit), a comprehensive reservoir fluid flow 

model was developed, incorporating geological, petrophysical, and structural data from previous tasks 

in WP2 and WP3 (Marques da Silva et al., 2023; Pereira et al., 2024). This integrated model provides 

an accurate representation of the subsurface environment, enabling robust analysis and optimization 

while addressing associated risks. 

 

Fig.5-2: Map of the top of the Torres Vedras Group reservoir structure illustrating the outlines of the study area of the 3D 
static model's boundary (red rectangle) and the reservoir model boundary covering the area of the Q4-TV1 prospect (yellow 
rectangle). The cross-section through the Q4-TV1 prospect illustrates the reservoir effective porosity of the static model 
(median) and at the location of the legacy well Do-1C, and the existing faults. 

5.1.1 Key components of the reservoir model 
The reservoir model (Fig.5-3) enables comprehensive flow dynamic simulations and optimization 

processes, aimed at maximizing CO2 total mass injection, while addressing the potential risks 

associated with CO2 injection. Key components of this model include: 

1. Geological and Petrophysical Data: Integration of effective porosity and permeability pairs 

generated from the static model, capturing the uncertainty within the petrophysical 

properties. 

2. Faults and Structural Features: Detailed mapping of six faults (F1, F2, F3, F4, F5, and F6) within 

the static model, which are crucial for understanding the potential pathways and barriers for 

CO2 migration, see Fig.5-3. 

3. Dynamic Simulation Parameters: Temperature and pressure gradients, CO2 solubility, PVT 

data, relative permeability and rock compressibility to simulate the behaviour of CO2 once 

injected into the reservoir. 

In this specific task, the identified associated risks include potential CO2 leakage through the 

abandoned well Dourada-1C (WPRD_Well_Do-1C) and existing faults laterally surrounding the Q4-TV1 

prospect, as well as strategies to manage pressure build-up within the reservoir. 
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Fig.5-3: 3D View of Reservoir Model at the Q4-TV1 Prospect, shows six identified faults (F1-F6) along with the location of 
the abandoned legacy well Dourada-1C (WPRD_Well_Do-1C). Notice that the cell dimensions in the i- and j- directions are 
on a 250-meter scale, while the vertical resolution (k-direction) is set at a 10-meter scale. The coordinates on the X, Y, and 
Z axes represent the spatial extent of the reservoir, with the scale in meters. 

5.2 Dynamic Modelling Workflow 

The Dynamic Modelling Workflow for the Q4-TV1 prospect is structured to ensure the efficient and 
safe storage of CO2, see (Fig.5-4). It begins with defining the Modelling Domain, where the static model 
is integrated into dynamic simulation software to accurately reflect the geological conditions. This is 
followed by Selective Fault Inclusion, focusing on critical faults like F5 and F2 to streamline simulations 
and prevent CO2 plume migration into undesired areas. A crucial component of the workflow is the 
Pressure Management Strategy, which involves careful calculation of fracture gradients and pressure 
limits to maintain reservoir integrity.  

Additionally, the workflow includes Optimized Perforation Depth, which ensures that the well 
perforation is aligned with the most favourable reservoir zones, enhancing both the efficiency and 
safety of the CO2 injection process. This comprehensive approach provides a foundation for further 
optimization and sensitivity analysis in the project. 
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Fig.5-4: General workflow of the dynamic modelling. 

5.2.1 Dynamic Model Setup 

5.2.1.1 Defining the Modelling Domain  

The static model developed using Aspen SKUA software has been integrated into Aspen Tempest 

MORE and subsequently into Aspen Tempest ENABLE software. This integration is critical for 

conducting fluid flow and optimization simulations, enabling the project to simulate and optimize the 

CO2 injection process. For the dynamic modelling, the Black Oil model is employed, as the project 

remains in the appraisal phase and currently lacks sufficient field data. 

Several dynamic simulations were conducted with the injection well placed in various locations within 

the static model to gather relevant data on dynamic responses, including computational time and CO2 

plume movement. The modelling domain for this specific task was constrained exclusively to the 

reservoir, with the cap rock (seal) treated as impermeable. Consequently, the cap rock was excluded 

from the flow dynamic simulations. This focus on the reservoir allows the simulation to concentrate 

on optimizing total mass injection of CO2, ensuring that the modelling efforts are targeted and relevant 

to the primary objective of maximizing well mass gas injection total within the reservoir. 

The original area of interest was redefined within the static model to focus on a smaller region, 

reducing the number of cells from 645,840 to 323,077. This step ensured that the simulation process 

became more manageable and quicker without compromising the accuracy of the results see (Fig.5-5). 

In the modelling domain only two faults, F5 and F2, were included to focus on preventing the CO2 

plume from reaching these critical structures. The exclusion of other faults from the area of interest 

was intended to streamline the model and concentrate on the most relevant zones of the prospect. It 

is important to note that if the CO2 plume interacts with faults F5 and F2, the other faults become 

irrelevant, as they do not contact the plume in the initial stages. 
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•Bayesian Optimization 
for CO2 Storage
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Fig.5-5: Final 3D area of the modelling domain for CO2 injection into the reservoir. The red volume represents the active cells, 
with the model focused solely on the reservoir. The cap rock (seal) assumed to be impermeable. F1 to F6 represents the 
interpreted faults at the prospect volume. Only two critical faults, F5 and F2, are included in the flow dynamic model, while 
the surrounding gray area, which includes other faults, is excluded to streamline simulations and concentrate on key 
structures. The X, Y, and Z axes show coordinates with a scale in meters. 

5.2.1.2 Dynamic model inputs 

5.2.1.2.1 Reservoir boundary conditions 

The dynamic simulation models employ initially fully open boundary conditions on all sides – north, 

south, east, and west – to emulate an unrestricted flow environment. However, further studies are 

required to accurately determine the reservoir boundary conditions i.e., the role of the faults effect 

of the flow dynamic simulations. This open boundary scenario was conducted by applying pore volume 

multipliers (PVBM) at the boundaries, as illustrated in (Fig.5-6). 
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Fig.5-6: Reference pressure pore volume map showing boundary conditions for the modelling domain. Green cells indicate 
regions with values multiplied by a factor of one million to ensure open boundaries. 

Given the presence of the two faults F5 and F2, that may act as impermeable boundaries, located in 

the eastern and westernmost model boundaries, respectively, the faults' behaviour under uncertainty 

was treated during the optimization phase. The faults were considered to range from non-

transmissible (i.e., acting as flow barriers and treated as inactive cells) to fully transmissible (i.e., 

allowing the brine and CO2 plume to move freely and treated as active cells). This approach addresses 

the uncertainty in the geological feature's behaviour. Thus, the model has in all scenarios open 

boundaries in north and south directions, but east and west boundaries can be closed boundaries 

when the faults are impermeable. 

5.2.1.2.2 Relative permeability curves 

Relative permeability is a critical parameter in the dynamic flow simulation of CO2 injection projects, 

as it significantly influences the behaviour of CO2 and brine within the reservoir. In our case study of 

a siliciclastic saline aquifer, we utilize an ensemble of petrophysical models derived from previous 

work (Task 3.1). These models incorporate different distributions of effective porosity and 

permeability, representing a range of geological scenarios. However, instead of selecting a specific 

model, such as P10, P50, or P90 from the net-porous volumes of the pairs of effective porosity and 

permeability, our optimization process adopts a more comprehensive methodology based on an 

ensemble of realizations (Fig.5-7). By varying these values in conjunction with other geological 
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uncertainties, we ensure the optimization process captures the full spectrum of potential outcomes.

 

Fig.5-7: View of the top reservoir showing a realization pair of interlinked effective porosity and permeability (in logarithmic 
scale) derived from the static model. During optimization under geological uncertainty, the values of interlinked effective 
porosity and permeability will be varied to achieve the objective function of maximizing CO2 total mass injection. 

In this work, we deploy the Corey components (𝑚 and 𝑛), to generate the relative permeability curves 

for brine and gas. By utilizing  𝑘𝑟𝑎𝑜and 𝑘𝑟𝑔𝑜 the endpoint relative permeabilities for brine and gas, the 

Corey components' approach allows for the modelling of relative permeability. The formulas for the 

Corey components are represented by Equations 1 and 2. In this case, the CO2 in the reservoir is under 

supercritical conditions. 

𝑘𝑟𝑤 = 𝑘𝑟𝑤𝑜 (
1−𝑆𝑔−𝑆𝑤𝑟

1−𝑆𝑔𝑐−𝑆𝑤𝑟
)
𝑚

                  (Equation 1) 

 𝑘𝑟𝑔 = 𝑘𝑟𝑔𝑜 (
𝑆𝑔−𝑆𝑔𝑐

1−𝑆𝑔𝑐−𝑆𝑤𝑟
)
𝑛

                  (Equation 2) 

Where: 

𝑘𝑟𝑤 and 𝑘𝑟𝑔are the relative permeabilities of brine and gas, respectively. 

𝑘𝑟𝑤𝑜 and 𝑘𝑟𝑔𝑜 are the endpoint relative permeabilities for brine and gas. 

𝑆𝑔is the gas saturation. 

𝑆𝑤𝑟 is the residual brine saturation. 
𝑆𝑔𝑐 is the critical gas saturation. 

𝑚 and 𝑛 are empirical constants. 

The different relative permeability curves obtained from the five selected cases are shown in Fig.5-8. 

By averaging these curves, we derived final relative permeability curves that attempt mimics the 

behaviour expected in our case study. These resulting curves are depicted in Fig.5-9. However, for the 

upcoming tasks of WP3, we expect to receive new laboratory data from relative permeability 

measurements of our reservoir samples, provided by WP2. This data will help to better constrain those 

properties. 
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The approach relied on data from the paper "On Relative Permeability Data Uncertainty and CO2 

Injectivity Estimation for Brine Aquifers" by Mathias et al. (2013), which provides a comprehensive 

analysis of relative permeability data for various sandstone. This paper's approach to defining relative 

permeabilities involved using core samples from different sandstone lithologies that have similar 

porosity and permeability characteristics to our case. 

Table 5-1: Summary of the key information about each case study used to define the relative permeability curves for our 
dynamic flow simulations. 

 Case Study                     Reference                        Relative Permeability Curve Details  

 Otway Sandstone                Perrin and Benson (2010)         Similar porosity and permeability    

 Berea #2 Sandstone             Krevor et al. (2012)             Similar geological characteristics   

 Tuscaloosa Sandstone           Krevor et al. (2012)             Used Corey components                

 Cardium #2 Sandstone           Bennion and Bachu (2008)         Incorporated into final average      

 Viking #2 Sandstone            Bennion and Bachu (2008)         Final average curve derived          

 

 

Fig.5-8: Relative permeability curves using Corey components for five different sandstone cases. The dashed lines represent 
the relative permeability of water (Krw) on the right side for each case, while the continuous lines represent the relative 
permeability of gas (Krg) for the same cases. In this particular scenario, the gas is CO2 under supercritical conditions. 

 

Fig.5-9: Average relative permeability curves derived from five different sandstone cases. These curves, representing the 
relative permeability of water (Krw) and gas (Krg), are utilized as dynamic input parameters in our flow simulation to 
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accurately mimic the real relative permeability in our case study. In this scenario, the gas considered is CO2 under supercritical 
conditions. 

5.2.1.2.3 Pressure Build-Up and Fracture Gradient 

The fracture gradient calculation provides a detailed breakdown of the pressure limits across different 

geological layers. Key aspects of this analysis include: 

1. Lithologies: 

 The main geological sedimentary packages considered include the entire lithostratigraphic 

column of the offshore Lusitanian Basin from the Eocene-Miocene unconsolidated siliciclastic 

deposits towards the Lower Cretaceous siliciclastic reservoir. 

 Each lithology has distinct mechanical properties, influencing the fracture pressure and 

overburden gradient. 

2. Pressure Limits: 

Key parameters for the reservoir threshold pressure include: 

 Fracture Pressure: This is the pressure at which the rock formation will fracture. It is critical to 

keep the bottom hole pressure (BHP) below this limit to avoid creating new fractures. 

 Safe Formation Pressure Limit: This is the maximum pressure that the formation can 

withstand without mechanical failure. 

The BHP of 16500 kPa is set according to these correlations, ensuring that the pressure does not 

exceed the fracture gradient at any depth within the reservoir, as illustrated in Fig.5-10. 

 

Fig.5-10: Methodology for determining the maximum Bottom Hole Pressure (BHP) in relation to the gradient fracture rock 
pressure. The various pressure limits, including hydrostatic pressure, overburden pressure, fracture pressure by layer, and 
fracture safety limit, are depicted to highlight the safe operational thresholds. The pressure of 16500 kPa (165 bars) was 
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identified as the threshold for safe injection, which is used as an input in the flow dynamic simulation to ensure the integrity 
and safety of the CO2 storage operation. 

The detailed fracture gradient calculation is critical for ensuring safe CO2 injection practices. By 

maintaining the BHP below the identified threshold of 16500 kPa, we can mitigate the risk of fracturing 

the reservoir rock and ensure the structural integrity of the storage site. The initial reservoir pressure 

used it is illustrated in (Fig.5-11). 

 

Fig.5-11: Cross-sectional view illustrating the initial variation in reservoir pressure, ranging from 75 to 175 bars, mapping 
the pressure distribution throughout the reservoir's spatial dimensions 

 

 

5.2.1.2.4 Initial Condition - Reservoir Temperature 

The variation in reservoir temperature plays a critical role in the flow dynamics of CO2 injection and 

storage. In our dynamic simulations, a non-isothermal model was considered (Fig.5-12). The initial 

reservoir temperature was based on the temperature data derived from Task WP2. The temperature 

variation assumes a constant geothermal gradient of about 30°C/km and a reference temperature of 

about 39°C at the reservoir top.  

In the context of CO2 flow dynamics, temperature influences several key factors, including the CO2 

density, viscosity and dissolution. These properties are critical for predicting the movement and 

distribution of the CO2 plume within the reservoir. 
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Fig.5-12: Cross-sectional view depicting the initial condition variation of reservoir temperatures, illustrated with a gradient 
colour scale. Ranging from 35°C to 55°C. 

5.2.1.2.5 Solubility of CO2 in brine 

The solubility of CO2 in brine also depends on temperature, which impacts the long-term maximizing 

well mass gas injection total (wmassit) and security of the CO2 storage site. According to Henry's Law, 

the solubility of a gas in a liquid is inversely proportional to temperature, meaning that as temperature 

increases, the solubility of CO2 decreases. This can be represented by the Equation 4: 

𝑆 = 𝑘𝐻 . 𝑃                                   (Equation 4) 

Where 𝑆 is the solubility, 𝑘𝐻 is Henry's constant, and 𝑃 is the partial pressure of CO2. 

The data for CO2 solubility have been taken from the default data in Aspen Tempest MORE, due to the 

lack of laboratory measurements for this case study. Additionally, the purity of CO2 in this case is 

assumed to be 100%. Table 3 presents the solubility values integrated in this dynamic modelling study. 

Table 5-2: The solubility values of CO2 in brine used for the dynamic flow modelling in Aspen Tempest MORE.  

 P (bar)   Solubility (ksm³/sm³)  

0.965 0 

3.44 0 

10.34 0.00178 

34.47 0.00353 

68.95 0.00529 

103.42 0.00691 

206.84 0.01176 

5.2.1.2.6 Rock compressibility 

Rock compressibility is another crucial parameter for dynamic modelling of CO2 storage. It represents 

the change in pore volume with pressure and is essential for accurately simulating reservoir behaviour 

under varying pressure conditions. For this case study, the rock compressibility value is set to 4.35e-
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10 1/Pa. This value is representative of typical compressibility values for CO2 storage in saline aquifers 

(siliciclastic deposits). 

5.2.1.3 Initial well placement 

Before conducting the optimization, an initial guess for selecting the CO2 well location within the area 

of interest of the reservoir model has been carefully analysed, to avoid the associated risks of CO2 

leakage. This first step was conducted recurring to the geological information from WP2 (Marques da 

Silva et al., 2023), WP3 (Pereira et al., 2024), and data of the World Stress Map (World Stress Map 

2024), to provide preliminary insights as a starting point for the injection process.  

The initial guess location was strategically chosen (Fig.5-13) considering the western flank of the 

anticline structure of the Q4-TV1 prospect where the CO2 plume is expected to be trapped towards 

the top and far from the legacy well Do-1C. Besides this location is defined by anisotropy of the 

depositional environment of the reservoir facies of about 45º NE-SW (Marques da Silva et al., 2023, 

Pereira et al., 2024), the nearby wells located at the area of interest in the offshore setting of the basin 

also present an azimuth value of about 140º (+/- 25º) for SHmax (World Stress Map 2024). This 

geomechanical information is relevant to support the initial location of the CO2 injection well in the 

SW flank of the anticline, as the open/ dilated fractures are normally parallel to the strike of SHmax. 

This location aims to avoid the faster CO2 plume channelling to the top of the structure and to promote 

the CO2 trapping and areal dispersion in the flank. 

 

Fig.5-13: Geomechanical considerations for the initial placement of the CO2 injection well before the optimization process, 
based on the information of World Stress Map. 

Besides the initial areal location in X- and Y-direction, a preliminary assessment of the perforation 

depth in the reservoir was also conducted based on the reservoir flow zones (RFZ). The RFZ were 

defined considering the petrophysical properties from the P50 net-porous volume model. The initial 

perforation depth interval is illustrated in Fig.5-14, ranging from 1100-1150m with an average 

thickness of 50m, located in the deepest part of the reservoir. In addition, a well diameter of 0.1524 

feet was considered; however, the effect of this parameter is further analysed through sensitivity 

analyses to evaluate its impact on the total mass of CO₂ injection. 
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Fig.5-14: Initial perforation depth for the CO2 injection well based on the reservoir flow zones (RFZ) within the prospect Q4-
TV1. NO-RFZ represents the barriers/ no-flow reservoir zones. 

5.2.1.4 Minimization of associated risks 

Identified risks primarily include the possibility of CO2 migration to the vicinity of the abandoned Do-

1C well, located within the prospect. Additionally, there is a potential risk of CO2 migration in the fault 

areas due to their intersection with the caprock. To minimize these risks, it is crucial to prevent the 

CO2 plume from reaching these fault zones during the injection period. Key risks that should be 

addressed in this study are the following: 

1. Pressure Build-up: Managing pressure build-up within the reservoir is essential to prevent 

fractures. 

2. CO2 Leakage: Ensuring that the CO2 plume does not reach fault zones or the legacy well Do-1C 

to avoid leakage. However, the risk of reactivating faults will be further studied in a more 

detailed geomechanical analyses in the upcoming task 3.4. 

In CO2 storage projects, accurately determining and managing pressure build-up is crucial to ensuring 
the integrity of the reservoir and preventing potential risks associated with CO2 injection. This analysis 
is essential for setting safe injection parameters and avoiding risks such as reservoir fracturing and 
CO2 leakage. As previously mentioned, the pressure threshold of 165 bars has been identified as the 
maximum allowable BHP for CO2 injection in our case study. This value is significant for several 
reasons: 

1. Reservoir Integrity: Maintaining the BHP below 165 bars ensures that the reservoir rock 
remains intact and prevents fracturing. 

2. Pressure Management: Proper pressure management is essential to avoid excessive pressure 
build-up, which can result in mechanical failures and environmental hazards. 

3. Geological Considerations: The pressure threshold is determined based on the depth and 
lithology of the reservoir, ensuring that the injection process aligns with the reservoir's 
mechanical properties. 
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5.2.2 Optimization 

5.2.2.1 Bayesian Optimization Workflow for CO2 Injection Well Location  

The methodology outlined in the Bayesian Optimization Workflow effectively integrates static and 

dynamic uncertainties using a Stochastic Bayes Linear proxy model to maximize CO2 well mass gas 

injection total. This methodology is part of the Aspen Tempest ENABLE software, employing the so-

called Big Loop approach, which simultaneously links static and dynamic domains in the optimization 

process. 

This optimization process starts with an initial set of scoping runs to explore the model parameter 

space, followed by refinement iterations to fine-tune control parameters, specifically the location in 

the X-, Y-, and Z-directions. The perforation depth is specifically optimized within a 50-meter thickness 

(perforation interval), targeting the deepest part of the reservoir. The objective function is to 

maximize the total mass injection.  

The Bayesian Optimization Workflow, applied in this study, utilizes the strengths of Bayesian statistics 

and stochastic modeling to incorporate geological uncertainties. This section provides a detailed 

description of the optimization process, explains the significance of this methodology, and presents 

an analysis of its effectiveness in maximizing CO2 well mass gas injection total (Fig.5-15). This 

methodology, supported by Bayesian optimization principles and detailed in Bordas et al. (2020). 

  

Fig.5-15: Workflow for Bayesian Optimization starting from defining the objective function to maximize wmassit, the process 
involves 148 initial runs plus 800 specific runs (denoted by 𝑛 ∗ 𝑟 where 𝑛 is the number of control groups and 𝑟 is the number 
of runs per group). This approach is based on the Bayesian Optimization, adapted to the case study. For more information 
about the components of 𝑛, 𝑟 refer to Bordas et al., 2020. 

The methodology executed can be summarized as follows (Table 5-3): 

1. Initial Scoping Runs: 

 Objective: To explore the model parameter space and generate initial control parameter 
sets. 

 Procedure: Conduct 148 scoping runs where geological parameters and well locations are 
varied randomly within predefined ranges. These runs provide a broad understanding of 
the potential outcomes and help in identifying promising regions in the model parameter 
space. 

2. Bayesian Optimization: 

 Stochastic Bayes Linear Proxy Model: Utilizes a probabilistic surrogate model to capture 
the uncertainties in geological parameters and simulate fluid flow dynamics. 

 Integration of Uncertainties: Both static (e.g., fault transmissibility, facies properties) and 
dynamic (e.g., fluid flow behavior) uncertainties are incorporated into the model. This 
ensures a comprehensive representation of the geological uncertainties. 

3. Refinement Iterations: 

•Maximize (wmassit)

•Initial Runs: 148

•Set 𝑛=4,  𝑟=200; total 
runs: 𝑛∗𝑟= 800 

•Total 948 

• Integrate uncertainties with 
model parameters.

• Optimize well location in the 
X, Y, and Z (perforation 
depth) directions. 

• Consider 16 geological 
uncertainties.

• Migration of the CO2 plume 
to the legacy well or the 
faults F2 and F5 over 1000 
years.

• Evaluate the results.

• Disregard scenarios where it 
does not fulfill the 
mitigating associated risks.
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 Objective: To optimize control parameters with a focus on well location and perforation 
depth. 

 Procedure: Perform 800 refinement iterations, adjusting well locations in the X-, Y-, and 
Z-directions. Emphasis is placed on optimizing the perforation depth within a 50-meter 
range, targeting the deepest part of the reservoir. 

4. Target Metrics: 

 Mass Injection Target (MHIT): Set to 4,563,083 kg/day over a 30-year injection period, 
aiming to inject 50 million tons of CO2. 

 Objective Function: Maximizing the well mass gas injection total to achieve the highest 
CO2 maximizing well mass gas injection total. 

5. Accounting for Geological Uncertainties: 

 Variations in Geological Parameters: 16 geological uncertainties, including variograms and 
statistical values for different facies, are considered. This generates ensembles of 
petrophysical models (Table 5-4). 

 Fault Transmissibility: Varies from non-transmissible to fully transmissible, impacting CO2 
plume movement. 

6. Risk Mitigation: 

 Scenario Analysis: Exclude scenarios where the CO2 plume reaches the boundaries or 
abandoned wells. 

 Integrity Assurance: Ensure selected locations provide high maximizing well mass gas 
injection total while mitigating risks associated with existing faults and legacy wells. 

Table 5-3: Summary of the steps involved in the optimization process, detailing each phase from initial scoping runs to 
optimization completion, ensuring robust CO2 injection strategies under geological uncertainty. 

Step Objective Procedure Outcome 

Initial Scoping 
Runs 

 Explore the parameter 
space                            

 Conduct 148 scoping runs with varied 
geological parameters and well 
locations                                   

 Broad understanding of potential 
outcomes and identification of promising 
regions                  

Bayesian 
Optimization 

 Integrate uncertainties 
and optimize parameters        

 Utilize a Stochastic Bayes Linear proxy 
model to capture uncertainties and 
simulate fluid flow dynamics         

 Comprehensive representation of 
geological uncertainties                                           

Refinement 
Iterations 

 Fine-tune control 
parameters                          

 Perform 800 iterations adjusting well 
locations in X-, Y-, and Z-directions, 
optimizing perforation depth       

 Precise optimization of well locations and 
perforation depth, targeting deepest part 
of RFZ        

Target Metrics  Maximize CO2 
maximizing well mass gas 
injection total (wmassit)                          

 Set Mass Injection Target (MHIT) to 
4,563,083.33 kg/day over 30 years, 
aiming for 50 million tons of CO2        

 Maximized well mass gas injection total 
(wmassit)                       

Geological 
Uncertainties 

 Account for geological 
variations                    

 Consider 16 uncertainties, including 
variograms and facies properties, 
varying fault transmissibility           

 Robust optimization results by 
encompassing a wide range of geological 
uncertainties               

Risk Mitigation  Ensure safe storage and 
integrity                      

 Exclude scenarios with CO2 plume 
reaching boundaries or abandoned 
wells, ensure high capacity and mitigate 
risks  

 Enhanced maximizing well mass gas 
injection total (wmassit) and reservoir 
safety, avoiding existing faults and legacy 
wells          

 

5.2.2.2 Optimization under geological uncertainties 

In our case, 16 geological uncertainties were introduced to the optimization process (Table 5-4), 

encompassing parameters such as fault transmissibility, porosity of sand and shale lithofacies, 

perforation depth, variogram model parameters of geological features (e.g., azimuth and horizontal 

and vertical ranges). The objective function was set to maximize the well mass gas injection total.  

The optimization methodology employed a comprehensive approach that involved 148 scoping runs 

and 800 refinement iterations, focusing on optimizing the well location in 3D space (X-, Y-, and Z-
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direction) and perforation depth. The initial scoping runs used Latin Hypercube Sampling (LHS) to 

generate control parameter sets, ensuring a broad exploration of the parameter space. These initial 

runs helped in understanding the potential ranges and impacts of various geological parameters. 

Subsequent refinement iterations focused on fine-tuning well locations and perforation depths to 

maximize CO2 well mass gas injection total, leveraging the insights gained from the initial runs. This 

approach ensures that the selected well location not only maximize CO2 well mass gas injection total  

but also addresses potential risks associated with CO2 injection. The iterative process of 948 iterations 

(including both scoping and refinements) allowed for comprehensive exploration and fine-tuning of 

parameters, leading to a robust and reliable optimization outcome. It is important to note that the 

optimization process incorporating uncertainty parameters was conducted by assigning uniform 

distributions. 

Fig.5-16 illustrates the results of the CO2 well mass gas injection total, achieving a maximum of 

49,810,750 tons of CO2 over a 30-year injection period. This graph displays various iterations of the 

injection simulations, with the lines representing different refinement batches. While some batches 

show higher injection capacities, refinement 491 is considered one of the solutions, offering a high 

CO2 well mass gas injection total, with the capability to inject approximately 32,910,700 tons of CO2 

over a 30-year period. This location was chosen based on several criteria. It is important to mention 

that all the generated results (refinements) were cross-checked to ensure that the plume of the CO2 

does not migrate to the legacy well or the existing faults. Accordingly, the generated results that do 

not fulfill these conditions are excluded and considered not optimal over a period of 30 years of 

injection and optimization for the well location. Only those scenarios that achieve high injection while 

mitigating associated risks, such as refinements 491 and 200, were retained for further analysis and 

continued modeling of the CO2 plume over 1000 years to ensure that the plume remains in a safe area 

within the prospect. This location was chosen based on several criteria: 

1. Maximizing well mass gas injection total: Refinement 491 (Fig.5-16) achieved high well mass 

gas injection total over a 30-year period. 

2. The chosen well location for the CO2 plume does not reach the abandoned legacy well or 

intersect with the existing faults (F2 and F5) over the 30-year optimization/injection period. 

Refinement 200, although having a lower capacity of 16,172,900 tons of CO2, also provides significant 

benefits: 

1. Maximizing well mass gas injection total: Refinement 200 (Fig.5-16) achieved a substantial 

well mass gas injection total, even though lower than refinement 491. 

2. Risk Mitigation: This scenario ensures better risk mitigation as the location of the injection 

well is farther from the legacy well and existing faults. The well placement minimizes the risk 

of the CO2 plume reaching these critical geological features, ensuring safer long-term storage. 

3. Geological Suitability: The well location in refinement 200 also aligns with geological features 

and variations, providing a secure interaction with the reservoir characteristics. 
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Fig.5-16: Well mass gas injection total (wmassit) for various refinement batches, achieving a CO2 maximizing well mass gas 
injection total (wmassit) of 32,910,700 tons for refinement 491 (bold gray line) and 16,172,900 tons for refinement 200 (bold 
black line) over a 30-year optimization period. Refinement 491 is considered one of the resulted solutions in terms of 
maximizing well mass gas injection total (wmassit) while simultaneously mitigating risks associated with the CO2 plume 
reaching the legacy well and faults over a 30-year optimization period. On the other hand, refinement 200, although it has a 
lower capacity, ensures better risk mitigation as the location of the injection well is farther from the legacy well and existing 
faults. 

The selected well locations (Fig.5-17 and Fig.5-18) ensure that the CO2 plume remains within the 

prospect-area of interest, avoiding the abandoned legacy well and existing faults over a 30-year 

optimization period. The focus on optimizing well location in 3D space, with particular attention to the 

Z-direction (perforation depth), proved crucial in achieving these outcomes. 

Fig.5-17 presents a scatter plot that illustrates the results of all iterations, encompassing both scoping 

and refinement processes, to determine the optimal well locations in the Q4-TV1 prospect. Each dot 

on the plot represents a specific well location tested during the optimization process, with the X- and 

Y-axes depicting coordinates within the area of interest. This comprehensive analysis integrates 

geological uncertainties and their impact on the well mass gas injection total, aiming to identify the 

most efficient and safe storage strategy. The 200th and 491st refinement iterations, highlighted in 

Fig.5-17, identify optimal well locations for CO2 storage within the Q4-TV1 prospect. The 200th 

iteration marks a significant stage in the refinement process, while the 491st iteration is notable for 

offering high well mass gas injection total. The top view of the reservoir model clearly displays the 

spatial positioning of the injection well (WINJ) and the legacy well, emphasizing the strategic 

placement to mitigate risks associated with CO2 leakage or structural compromise. 

This scatter plot (Fig.5-17) visually demonstrates the distribution of tested well locations, highlighting 

the comprehensive exploration and refinement undertaken throughout the optimization process. The 

chosen locations from refinements 491 and 200 not only show high maximizing well mass gas injection 

total but also ensures safety and mitigates risks associated with CO2 injection over a 30-year 

optimization period. The granted parameters from the optimization process under geological 

uncertainties for the two selected scenarios are presented in Table 5-5. This analysis underscores the 

importance of integrating geological uncertainties and iterative optimization to achieve reliable and 

efficient CO2 storage solutions. By focusing on these aspects, the optimization process not only 

maximizes the maximizing well mass gas injection total but also addresses and mitigates potential 

risks, providing a robust framework for dynamic modeling and optimization in CO2 storage projects. 

This rigorous approach ensures that the final well locations are both effective in terms of maximizing 
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well mass gas injection total and safe, considering the geological complexities and uncertainties of the 

Q4-TV1 prospect. 
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Table 5-4: Geological uncertainties and the variations in parameters are used to optimize CO2 well mass gas injection total (wmassit). These uncertainties include the orientation of 
geological features (Azimuth), fault transmissibility (Fault F2 and F5), maximum and minimum porosities of sand and shale, and horizontal and vertical variogram model ranges of the 
properties. The distribution is chosen as uniform, and the sampling is continuous. The objective function is to maximize the total mass injection. Parameters are optimized in 3D space for 
the well location, with special emphasis on perforation at the deepest part of the reservoir, ensuring effective CO2 storage. It is important to mention that the most likely values are used 
only in the first steps in the optimization process, then uniform distribution is used. 

Name Description Min Max 
Most 
Likely 

Type 

Azimuth The orientation of geological features, affecting flow paths and structural 
stability. 

30 60 45 Geology 

Fault F2 The transmissibility of Fault F2, ranging from fully closed (0) to fully open (1). 0 1 0.5 Geology 

Fault F5 The transmissibility of Fault F5, ranging from fully closed (0) to fully open (1). 0 1 0.5 Geology 

Maximum Sand Maximum porosity of sand layers, critical for fluid storage and movement. 0.3 0.44 0.35 Geology 

Maximum Shale Maximum porosity of shale layers, impacting maximizing well mass gas 
injection total (wmassit). 

0.05 0.1 0.08 Geology 

Mean Sand Average porosity of sand layers, influencing overall maximizing well mass gas 
injection total (wmassit). 

0.13 0.23 0.18 Geology 

Mean Shale Average porosity of shale layers, affecting containment and flow paths. 0.03 0.07 0.05 Geology 

Minimum Sand Minimum porosity of sand layers, important for understanding variability in 
maximizing well mass gas injection total (wmassit). 

0.05 0.1 0.08 Geology 

Minimum Shale Minimum porosity of shale layers, crucial for evaluating maximizing well mass 
gas injection total (wmassit). 

0.001 0.05 0.03 Geology 

Perforation Minimum Variations in the depth of well perforation, fixed interval of 50 meters to target 
the deepest part of the RFZ. 

1180 m 1210 m 1200 m Geology 

R_max (range of the principal horizontal direction) Maximum horizontal range of geological features, impacting lateral flow. 500 6000 1000 Geology 

R_Minimum (range of the minor horizontal direction) Minimum horizontal range, affecting flow anisotropy. 250 3000 500 Geology 

R_Vertical_Facies (range for the vertical direction of 
the facies) 

Vertical range of facies distribution, critical for vertical flow barriers. 0.05 50 35 Geology 

R_Vertical_Permeability (range for the vertical 
direction for the permeability) 

Vertical range of permeability, affecting vertical fluid movement. 5 15 10 Geology 

R_Vertical_porosity (range for the vertical direction 
for the porosity) 

Vertical range of porosity, influencing vertical storage variability. 5 50 20 Geology 

Standard Deviation Sand Variability in sand porosity, affecting heterogeneity. 0.03 0.08 0.05 Geology 

Standard Deviation Shale Variability in shale porosity. 0.001 0.05 0.02 Geology 

Location of the injection Well in X coordinates Varying well location in X direction, influencing access to reservoir zones. 486377 500430 489918 Control 

Location of the injection Well in Y coordinates Varying well location in X direction, influencing access to reservoir zones. 4448220 4470440 4455460 Control 



 

 

 

Fig.5-17: Scatter plot of well locations (X- and Y-coordinates) in the Q4-TV1 prospect, showing results from all scoping and 
refinement iterations. The optimal locations from refinement 491 and refinement 200 (red dots) offer high CO2 maximizing 
well mass gas injection total (wmassit) while avoiding the abandoned legacy well Dourada-1C and existing faults, ensuring 
risk mitigation. 

Table 5-5: Parameters and results for the two scenarios (Refine200 and Refine491) from 948 optimization iterations. These 
scenarios were selected based on their well mass gas injection total (wmassit) capacities and risk mitigation over a 30-year 
optimization period. Refinement 491 provides higher capacity, while Refinement 200 is positioned further from the legacy 
well and faults, ensuring safety. 

Iteration Refine200 Refine491 Description 

Mtons 16.1 32.8 Total well mass gas injection (wmassit) in million tons (Mtons) over 30 years 

Azimuth 36.4 33.2 Orientation of geological features affecting flow paths 

F2_MULT 0.7 0.4 Fault F2 transmissibility multiplier 

F5_MULT 0.2 0 Fault F5 transmissibility multiplier 

maximum_sand 0.3 0.3 Maximum porosity of sand layers 

maximum_shale 0.1 0.1 Maximum porosity of shale layers 

mean_sand 0.2 0.2 Average porosity of sand layers 

mean_shale 0.1 0.1 Average porosity of shale layers 

minimum_sand 0.1 0.1 Minimum porosity of sand layers 

minimum_shale 0 0 Minimum porosity of shale layers 

PERF_MIN 1202.3 1180 Perforation depth (meters) targeting the deepest part of the reservoir 

R_Max 973.1 3316.3 Maximum horizontal range of geological features 

R_Min 2787.6 2964 Minimum horizontal range of geological features 

R_Vertical_facies 41.8 9.3 Vertical range of facies distribution 

R_Vertical_permeability 10.2 11 Vertical range of permeability 

R_porosity 5.3 22 Range of porosity 

standard_deviation_sand 0 0 Standard deviation of sand porosity 

standard_deviation_shale 0 0 Standard deviation of shale porosity 

WINJ_X 494241.3 487125.5 X-coordinate of the injection well 

WINJ_Y 4452993.4 4460077.2 Y-coordinate of the injection well 

The map of Fig.5-18 illustrates 948 iterations of refinements and scope runs for determining the 

optimal location of the CO2 injection well. The gray dots represent well locations with values ranging 

from 2 to 24, indicating overlapping well locations with varied perforation depths in each iteration. 

These iterations are considered optimal scenarios over a 30-year optimization period, but they provide 

lower injection capacities or result in the CO2 plume reaching the legacy well Do-1C or existing faults. 

It is important to mention that all the generated scenarios were evaluated in a context of mitigating 
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associated risks. Scenarios where the CO2 plume reached unwanted areas, such as existing faults or 

the legacy well, were disregarded. To illustration, only two scenarios are presented: refinement 491 

and 200. 

 

Fig.5-18: Map of the area of interest showing 948 iterations of refinements and scope runs for the CO2 injection well location. 
Gray dots represent overlapping optimal scenarios of the well injection locations. Scenarios, Refinement 491 and Refinement 
200, were selected based on injection capacities and risk mitigation over a 30-year optimization period. Refinement 491 
provides a higher capacity of 32,910,700 tons but is closer to the legacy well and faults. Refinement 200, with 16,172,900 
tons capacity, is positioned further, enhancing safety. 

As mentioned previously, two scenarios (refinement runs) were selected from the optimization 

process. A more detailed comparison between these two scenarios is as follows: 

1. Refinement 491:  

 Location: Relatively closer to the legacy well. 

 Injection Capacity: Provides a higher well mass gas injection total (wmassit) of 32,910,700 
tons of CO2 over 30 years. 

 Risk Mitigation: Despite being closer to the legacy well, it mitigates the defined associated 
risks, as the CO2 plume does not reach the legacy well or the existing faults over a 30-year 
optimization period. However, this scenario is further modeled to track the CO2 plume 
movement over a 1000-year period. 

 Distances: The injection well is 3.8 km from fault F5 and 5.5 km from the legacy well. 

 Coordinates: 40°17'21.0"N, 9°09'10.4"W (WGS84 Datum). 

 Injection Depth: 1155-1205 meters (perforation interval of 50m). 

2. Refinement 200: 
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 Location: Southeast of the legacy well. 

 Injection Capacity: Provides a well mass gas injection total of 16,172,900 tons of CO2 over 
30 years, this scenario, as well, is further modeled to track the CO2 plume movement over 
a 1000-year period. 

 Risk Mitigation: Positioned further from both the legacy well and faults, enhancing safety. 

 Distances: The injection well is 11.7 km from the legacy well and 8.7 km from fault F2. 

 Coordinates: 40°13'31.5"N 9°04'08.8"W (WGS84 Datum). 

 Injection Depth: 1177-1227 meters (perforation interval of 50m). 

These scenarios were chosen based on their ability to maximize CO2 well mass gas injection total. 

However, for this task, after the 30-year injection and optimization period, we continued modeling 

the CO2 plume over a 1000-year period to ensure that the CO2 plume migration does not reach the 

existing faults or the legacy well. 

Fig.5-19 and Fig.5-20: highlight the gas phase saturation at the end of the 30-year injection-

optimization period, specifically for the 491st and 200th refinement iterations, followed by a 1000-year 

CO2 plume modeling period. The 491st refinement, initially, shows the CO2 plume reaching the legacy 

well after 200 years. This breach of containment disqualifies the 491st refinement from being 

considered optimal, as it fails to align with the bi-objective function of maximizing CO2 total mass 

injection while minimizing associated risks. 

On the other hand, the 200th refinement showcases effective containment of the CO2 plume, avoiding 

intersections with faults F2 and F5 and maintaining a safe distance from the legacy well. This scenario 

not only ensures the structural integrity and safety of the storage site but also adheres to the injection 

and risk minimization criteria. Given its lower injection rate and successful long-term containment 

over the 1000-year modeling period, the 200th refinement is considered the optimal scenario, 

effectively balancing CO2 injection goals. 

 

Fig.5-19: Gas phase saturation for refinement 491 after a 30-year CO2 injection (optimization) period (left), followed by a 
1000-years of continuous modelling the CO2 plume evolution (right), with a maximizing well mass gas injection total (wmassit) 
of 32,910,700 tons. However, after 200 years, the CO2 plume reaches the legacy well, but not the faults even after 1000 years. 
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Fig.5-20: Gas phase saturation for refinement 200 after a 30-year CO2 injection (optimization) period (left), followed by a 
1000-years of continuous modelling the CO2 plume evolution (right), with a maximizing well mass gas injection total (wmassit) 
of 16,172,900 tons. An effective containment of the CO2 plume is verified as it remains away from the legacy well Do-1C and 
the existing faults.  

5.2.3 Sensitivity Analysis of CO2 Injection Well Parameters 
The optimal well location was determined under 16 varied geological uncertainties (Table 5-4) over 

30 years with the goal of maximizing the well mass gas injection total (wmassit). The sensitivity analysis 

was executed on the refinement 200 optimal scenario, resulted from the optimization process, which 

ensures that the CO2 plume did not reach the abandoned legacy well Do-1C and the laterally existing 

faults of the prospect Q4-TV1 over 1000 years. 

To understand the effects of uncertainty parameters on wmassit, five additional parameters were 

introduced in the sensitivity analysis (Table 5-6); however, in this optimal scenario result (refinement 

200) the X- and Y-coordinates of the well location remain constant. The distribution for these 

uncertain parameters is uniform, with a linear transformation, categorized under geology, and 

sampled continuously. The sensitivity runs were set to 45 to analyse the impact of each parameter, 

with the well location remaining fixed and variations applied only to the other parameters. 

Table 5-6: Parameters varied in the sensitivity analysis for the optimal scenarios 491 and 200, with the well coordinates fixed 
in the X- and Y-directions. The analysis includes five key parameters: Well Diameter, Bottom Hole Pressure (BHP), Perforation 
Thickness, Perforation Depth, and Permeability Anisotropy (kZ). Each parameter's range (minimum, maximum, and most 
likely values), distribution type, transformation, and sample type are detailed, emphasizing their roles in the simulation runs 
aimed at optimizing the CO2 storage performance. 

Name Description Min Max Transform Type Sample 

Well Diameter Initial injection well WINJ was 0.1524 feet 0.062 0.1524 Linear Geology Continuous 

Bottom Hole Pressure 
(BHP) 

Bottom Hole Pressure 100 170 Linear Geology Continuous 

Perforation Thickness Initial value was 50 meters 25 60 Linear Geology Continuous 

Perforation Depth Initial value was 1200 meters 1100 1265 Linear Geology Continuous 

Permeability 
Anisotropy (kZ) 

Original value is 10% of permeability in X and Y 
directions (kX and kY) 

5% 50% Linear Geology Continuous 

 

The Tornado plot (Fig.5-21) illustrates the sensitivity of wmassit, measured in kilotons, to various 

parameters that influence pressure buildup within the reservoir. This analysis, aimed primarily at 
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avoiding excessive injection pressures that could compromise reservoir or cap rock integrity. Bottom 

Hole Pressure (BHP) notably has the most significant impact on injection capacities, reflecting its 

pivotal role in managing subsurface pressures. Geomechanical assessments are essential for 

characterizing the capacity of the injection site, and although the current methodology is simplistic, 

further detailed modeling is planned to address the maximum permissible pressure buildup. 

Perforation depth and thickness are critical as they relate to the transmissivity of the reservoir, 

indirectly influencing the pressure behavior around the injection well. These factors are controllable 

within the well design process, which aims to position the screened sections of the well within the 

most permeable and advantageous layers. Furthermore, anisotropy in permeability and its influence 

on pressure propagation significantly affect the injection rate. This sensitivity underscores the 

importance of conducting an appraisal well and hydraulic testing to better understand and manage 

these parameters. The reference value of 7500 kilotons for wmassit serves as a benchmark for gauging 

the impact of these variables under typical operational conditions, helping to ensure that the 

evaluations are consistent and meaningful within the defined scope of the project. This setup 

facilitates a comprehensive understanding of how each parameter could potentially alter the overall 

efficacy and safety of CO2 injection operations. The tornado plot demonstrates the impact of various 

uncertain parameters on wmassit. Values depicted on the left with red bars (lower) have a negative 

effect on wmassit, whereas those on the right with blue bars (upper) have a positive influence. For 

instance, the parameter PERF_MIN, as shown in the image, adversely impacts wmassit, causing the 

corresponding bar to indicate a reverse reaction.  

 

Fig.5-21: The tornado plot illustrates the sensitivity analysis for the well mass gas injection total (wmassit) in optimal scenario 
200. Values on the right (blue bars) positively impact wmassit, while those on the left (red bars) negatively affect it. Bottom 
Hole Pressure (BHP_VAR) and Perforation Minimum Depth (PERF_MIN) exhibit the most significant positive effects. This 
analysis highlights critical parameters for optimizing CO2 injection, ensuring efficient and safe storage while avoiding the 
abandoned legacy well, Do-1C. Note: The x-axis represents wmassit in kilotons of CO2. 

Understanding how each parameter influences wmassit allows for better management of flow 

dynamics. Optimizing parameters such as well diameter and perforation thickness ensures efficient 

gas injection and distribution in the reservoir. 
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5.3 Final Remarks 

The optimization methodology employed in this study effectively addressed geological uncertainties 

and provided a robust framework for determining the optimal well location, fulfilling the bi-objective 

function of maximizing CO2 total mass injection while mitigating the associated risks identified in the 

Q4-TV1 prospect in the offshore setting of the Lusitanian Basin. All the generated results were 

analyzed with the objective of maximizing the total mass injection of CO2 over a 30-year period of 

injection and optimization. This was followed by 1000 years of continued modeling of the CO2 plume 

to ensure that the migration does not reach the legacy well or the existing faults F2 and F5. Scenarios 

that do not fulfill this condition, i.e., the refinement 491, are disqualified from being considered 

optimal. 

The optimization results underscore the importance of comprehensive exploration and refinement in 

CO2 storage projects, ensuring both the maximization of the well mass gas injection total (wmassit) 

and risk mitigation, achieved by refinement 200, which resulted in approximately 16Mt of CO2 well 

mass gas injection total. This detailed analysis and interpretation of the optimization results provide 

valuable insights for future CO2 storage planning and implementation. 

The sensitivity analysis aids in identifying critical parameters that significantly impact injection 

performance, providing information for making informed decisions during the planning and execution 

phases of CO2 storage projects. By focusing on parameters with the highest positive influence, 

operators can enhance the overall performance and efficiency of CO2 storage, ensuring safety and 

effectiveness.  

The recommendations of this work state that further studies are required to accurately determine the 

boundary conditions of the reservoir model, as well as to obtain relative permeability curves from the 

reservoir samples of this case study, which will be provided and included in the upcoming tasks of 3.4. 

In addition, the caprock and the corresponding capillary pressure values should be further studied, as 

they have not been considered in this task. Although the CO2 plume does not reach the existing faults, 

the uncertainty regarding the accurate behavior of the faults requires detailed geomechanical 

analyses to evaluate the potential for fault reactivation. These geomechanical impacts will be further 

studied in detail in task 3.4. 
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 Ebro region (Spain) 
 

6.1 Introduction 

Dynamic assessment in geological carbon storage involves evaluating the behaviour and interactions 

of CO2 within a storage reservoir over time. This process is crucial for understanding and optimizing 

storage capacity, ensuring the safety and efficiency of CO2 sequestration, and mitigating potential 

environmental impacts. 

The current study focuses on the Lopín structure within the Ebro Basin in Spain, where CO2 injection 

targets the Triassic Buntsandstein sandstones. Overlain by several low permeability units, these 

sandstones are part of a geological setting that provides a robust natural barrier for CO2 storage, 

critical for effective sequestration. The comprehensive dynamic assessment encompasses geological 

characterization, simulation of CO2 injection, and evaluation of storage performance, integrating 

various data and modelling techniques to optimize well placement and enhance overall storage 

strategies. 

 

6.2 Geological setting 

The area of interest of the present study is the Lopín structure, located close to the southern margin 

of the Ebro Basin, Spain (Ayala et al. 2023). Fig. 6-1 shows this location on a simplified geological sketch 

of the Iberian Peninsula. The CO2 injection target reservoir lies within the Triassic Buntsandstein 

sandstones. The Buntsandstein is overlain by the low permeability units of the Rané Member, the 

Muschelkalk marlstones, carbonates and anhydrites, and the Keuper evaporites and shales (see 

lithostratigraphic column in the Fig. 6-1 at right); the latter constitute a regionally extensive caprock.  

 

Fig. 6-1. Left: a) Simplified geological sketch of the Iberian Peninsula (from Soto et al., 2009). 
b) Geological sketch of the northeastern part of Iberia showing the study area in the central 
part of the Ebro basin and the Alpine ranges (modified from Soto et al., 2016). Right: 
Simplified lithostratigraphic column of the area (modified from Ayala et al., 2022). 
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6.2.1 Stratigraphy 
 

The target reservoir, located approximately 1850 m below ground level, has been subdivided into 

three zones for the purposes of petrophysical assessment and reservoir modelling, namely B1, B2 and 

B3, bottom upwards, each with distinct properties. The Buntsandstein features extensive NE-trending 

channelized features, more abundant in the B1 zone. The B2 zone displays fewer channels, while B3 

is regarded as the primary seal of the reservoir facies underneath, and roughly corresponds to the 

Rané Member. An uncertainty analysis based on net porous volumes (García et al. 2024), allowed to 

define P10, P50 and P90 static scenarios. 

 

6.2.2 Structural interpretation and modelling 
 

The reservoir is composed of Triassic sandstones and carbonates, which are crosscut by a series of 

NW-SE oriented normal faults that create horst and graben structures. The main sealing formation 

Keuper is not cut by the faults in this area. These faults are discontinuous across the study area, with 

segments ranging from approximately 2000 to 5000 meters in length (Fig. 6-2). The fault displacement 

varies from a few tens of meters to about 500 meters. The spacing between the faults is generally 

around 2 km and does not exceed 2.5 km, trending NE-SW (see PilotSTRATEGY Deliverable D2.7 - 

Wilkinson, 2023).  

 

  

 

 

 

 

 

 

 

 

Fig. 6-2. Left: Map of the study area showing the cross sections derived from the reinterpretation of vintage seismic sections 
(in red) and cross‐sections created specifically to constrain the SE end of the model (in blue). In green, vintage seismic 

sections, not interpreted because they are located outside the area of interest (purple box). Green dots mark the former 
wells locations. (Wilkinson, 2023). Right: Isobaths of the top of the Buntsandstein fm. showing the structure with the 

probable closure for containment, at about 1650m depth (bsl). The red box limits the area of interest proposed initially. The 
smaller structure at the south corresponds to the one explored in the 80’s and drilled with the Lopín-1 well (grey point). Red 

colors are deeper than bluish ones. Modified from (Wilkinson, 2023). 
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6.3 Input data for dynamic modelling. 

6.3.1 From static grid to dynamic grid 
 

The volume of interest was defined to include the wide area covered by the gravimetric survey. The 

structural model was developed using the SKUA Structure and Stratigraphy Workflow, incorporating 

horizon and fault interpretations, guided by the Bouguer anomaly residual map which indicated NW-

SE oriented horsts and grabens. A key issue was to estimate the actual or most likely extent of the 

faults, given the uncertainty of tracing the fault planes between profiles. To control the quality, the 

fault length‐throw relationship was used (Kim et al., 2003).  

The structural model was used to create the geological grid with the Aspen SKUA Grid Workflow, as a 

follow-up of the previous one. The model has a cell size of 200x200x2m in the storage formation and 

one depth cell per formation in the overburden and underburden. The model has 1,467,840 cells with 

a distribution of 132x139x80 cells (70 in vertical for the storage formation and the 10 remaining cells 

of the pillar for the overburden and underburden). A local grid refinement (LGR) was performed on 

the 750096 cell grid dynamic model to enhance the simulation accuracy (Fig. 6-3) considering reservoir 

zone and primary seal only. 

 

Fig. 6-3. Dynamic grid showing boundaries in red (A) and LGR (B) used for the numerical simulations. 

Uncertainty analysis was performed on both the structural model and properties. Structural 

uncertainty was assessed using the Aspen SKUA Uncertainty Workflow, considering a depth variation 

of 100m for the Buntsandstein horizons and a possible variation of 75m for faults, resulting in a volume 

variation between 41,990 Mm³ and 45,410 Mm³ compared to the base case of 44,130 Mm³ (-4.71% 

to 2.90%). For properties uncertainty, 1000 realizations with random channel geometries and porosity 

distributions were generated using the Aspen SKUA Reservoir Properties Workflow. Three scenarios 

(P10, P50, P90) were selected based on pore volumes of the members B1 and B2, each populated the 

corresponding correlation of permeability and shale volume dependent on porosity extracted from 

cores and outcrop samples. Fault-seal analysis involved creating gridded faults and calculating 

juxtaposition and shale gouge ratio (SGR) to evaluate fault sealing potential, resulting in 

transmissibility multipliers for the dynamic model. 



 

@PilotSTRATEGY 

www.pilotstrategy.eu 

Page 101 

The PilotSTRATEGY project has received funding from the 

European Union’s Horizon 2020 research and innovation 

programme under grant agreement No. 101022664 

6.3.2 Rock-Fluid Model 
 

6.3.2.1. Rock Types 

Rock types were generated based on flow zone indicator values using cutoffs derived from the global 

hydraulic elements (GHE) methodology of Corbett et al. (2003) for each P10, P50, and P90 static 

scenario (Fig. 6-4). The trend of the rock type proportions for each static scenario are similar, as shown 

in Figure 5.D. However, the figures A, B and C show very different distributions of rock quality. 

 

 

Fig. 6-4. Rock types using the GHE method for the P10 (A), P50 (B) and P90 (C) static scenarios. Distributions of rock type 
proportions for the three scenarios are shown in (D). 
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6.3.2.2. Relative Permeabilities and Capillary Pressures 

When this study was done, there were no SCAL analysis from cores or outcrop samples. Therefore, 

relative permeability curves for drainage and imbibition, and capillary pressures for drainage (to 

account for capillary threshold pressures in seal integrity), were acquired for each GHE using a 

machine learning-based model trained on a database built internally at Repsol’s TechLab from 200 

samples from the literature. This model used as input the following parameters: reservoir pressure, 

reservoir temperature, porosity and permeability. Fig. 6-6 shows a principal component analysis (PCA) 

for each rock type, which indicates that there is enough data to model up to 8 rock types. On the other 

hand, the model does not perform well for imbibition curves due to lack of hysteresis curves in the 

database. 

 

6.3.2.3. Fluid Model 

A compositional simulation based on the Peng-Robinson equation of state (Peng and Robinson 1976) 

was used with two components: CO2 and water. CO2 solubility tables accounting for various salinities 

were utilized based on Spycher and Pruess (2005) and Spycher and Pruess (2009) where mutual 

solubilities of CO2 and H2O were matched with experimental data at typical conditions 12-250ºC and 

up to 600 bars. The Ezrokhi model (Zaytsev and Aseyev 1992) was applied to adjust component 

solubility in water corrected by salt. Fig. 6-5 shows the properties of CO2 for these correlations. 

 

Fig. 6-5. Fluid Model used in numerical simulations. Solubility tables coming from Spycher et al. (2009). Then Ezrokhi’s 
method calculates water density and viscosity with the effect of salt and CO2 
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6.3.2.4. Rock Compressibilities 

Fig. 6-7 shows the three different correlations used for modelling rock compressibility: Van der Knaap 

(1959), Hall (1953) and Newman (1973). Van der Knaap (1959) focuses on the non-linear behavior of 

elastic porous media, highlighting the non-linear relationship between pressure and deformation in 

porous materials. Newman (1973) examines pore-volume compressibility under hydrostatic loading 

for consolidated, friable, and unconsolidated reservoir rocks, providing detailed empirical data and 

Fig. 6-6. Principal Component Analysis plots (PCA) for each GHE rock type in the model 
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correlations for different rock types. Hall (1953) investigates the compressibility of reservoir rocks in 

general, offering empirical measurements that can be directly applied in reservoir engineering models. 

While Van der Knaap presents a theoretical model emphasizing non-linearity, Newman and Hall 

provide empirical correlations based on laboratory measurements, with Newman differentiating 

between various rock types and Hall providing general values for reservoir rock compressibility. It is 

always important to validate these correlations with laboratory data to ensure their accuracy and 

applicability. At the moment of this report, there were no laboratory experiments available, so, this 

feature was included in the sensitivity assessment. 

 

Fig. 6-7. Pore Volume Multiplier versus Pressure for three different correlations. Orange square indicates initial reservoir 
pressure range 

6.3.2.5. Fracture Pressure Gradients 

The fracture gradients, which are critical for defining the threshold pressures to constrain the reservoir 

simulations, were calculated using a combination of established methodologies and empirical data. 

The overall process involved the following steps: 

Data Collection: Comprehensive logging suites were utilized from four wells Ebro 1, Ebro 2, Mayals 

and Lopin (Fig. 6-8), providing data suitable for 1D geomechanical assessment and a reasonable areal 

coverage. Rock properties, including Uniaxial Compressive Strength (UCS) and Poisson's Ratio, were 

obtained from empirical formula for most common lithologies and tied to lab results (outcrop samples 

of the Buntstanstein formation). Analysis was performed using internal software in Repsol developed 

by TechLab research center (GeoSmart 1D).  
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Fig. 6-8. Suitable wells for 1D geomechanical assessment 

Pore Pressure Interpretation: Pore pressure was interpreted in the 4 wells using Normal Compaction 

Trend (NCT) analysis based on Resistivity, Sonic, and Density logs. Provided that no reliable drilling 

events were present to tie the interpretation, Pore Pressure was fixed to mudweight. Additional 

methodologies, like Bowers & Millers were applied for reality check (Zoback, 2007). Pore pressure 

derived from mudweight is correct, as long as no drilling events (losses/kicks) were registered at 

reservoir level with current mudweight (Zhang et al, 2011).  

Stress Calculations: Vertical stress was calculated using log density curves. Pseudo density derived 

from Sonic log (Vp, using the Gardner-Belloti formula), was applied where logged density seems 

unreliable (Zoback, 2007). Horizontal stresses were estimated with Effective Stress Ratio (ESR) 

methodology, assessing values compatible with the current regional stress regime (normal to strike 

slip). No FIT – LOT data is available for constrain Shmin, while Shmax was calibrated with a breakout 

registered at Buntsandstein level (low confidence data). With the applied Effective Stress Ratio values, 

the model is consistent.  

Fracture Gradient Estimation: Multiple methods were applied to calculate fracture gradients (Eaton, 

Hubbert-Willies, Mathews&Kelly, Effective Stress Ratio), (Zoback, 2007). All methods resulted similar 

values. Provided that the model seems consistent with the ESR methodology, values derived from this 

methodology were applied.  Fracture gradient values ranged between 0.74 and 0.85 psi/ft, derived 

from Mathews & Kelly, Eaton, and Shmin ratio methodologies.  
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Tectonic and Geological Considerations: The maximum horizontal stress (Smax) azimuth was inferred 

from the World Stress Map, aligning with the tectonic configuration of the deeper section 

(https://www.world-stress-map.org). 

Breakouts greater than 90º were consistently located in problematic caliper sections, particularly in 

shales and anhydrites, correlating with high-density breakout areas. 

The calculated fracture gradients provided a robust framework for defining the threshold pressures 

used to constrain subsequent reservoir simulations. At a given datum (top perforations of the pilot 

injection well) the 90% of the fracture pressure are 265 bar for the min, 287 bar for the mean value 

and 305 bar for the maximum value. 

Verification and Calibration: Breakout width prognosis & collapse pressure were calculated for every 

well and compared with drilling events & caliper log for validating the 1D Geomechanical model 

results. Drilling events (mainly Struck Pipe – Tight Hole in Ebro 2 & Mayals) were registered in 

predicted sections, so the model is considered solid.  

 

6.3.3 Initial conditions 
 

Available well data, derived from exploratory drilling from 1958 to 1981 in the area (Fig. 6-2 right), has 

been used to constrain the reservoir conditions at the Lopín structure. The average geothermal 

gradient is 30.68 ºC/km, with a temperature of 69 ºC at 1760 mTVDSS and 15 ºC at the surface. The 

initial reservoir pressure was interpreted from drilling events to be between 212 and 219 bar at 1760 

mTVDSS (hydrostatic pressure of 172 bar). Formation water salinities are variable; it was used a 

minimum case of 100 kppm, a base case of 160 kppm, and a maximum of 250 kppm. The area of 

interest has no production or injection data because the drilled wells were for exploration only. 

Additionally, boundary conditions were established by attaching analytical aquifers to the edge of the 

grid (Fig. 6-1), using average properties of the reservoir.  

Then, a quality check simulation was performed to validate equilibrium conditions during 50 years of 

injection zero. Fig. 6-9 shows injection rate zero at left and reservoir pressure at right. Also, it was 

compared final with initial pressure to validate no pressure changes.   
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Fig. 6-9. Quality check simulation: no injection for 50 years 

 

6.4 Methodology 

The storage capacity optimization was performed in four stages (Fig. 6-10). The base case scenario 

was defined based on the pilot target injection of 100 ktonne of pure CO2, injected in the B1 zone with 

sensitivities evaluated on this premise. The target well location optimization aimed to maximize 

potential capacity while considering main uncertainties. Injection rate optimization followed a bi-

objective criterion: maximizing the injected volume and minimizing risks to preserve both caprock and 

wellbore integrities. Both vertical and horizontal well designs were evaluated. 

Dynamic simulations were built using provided static model and former defined dynamic input data 

as relative permeabilities and capillary pressure curves, fluid model, rock compressibility and initial 

conditions. These simulations considered the following trapping mechanisms for the CO2: structural 

trapping, solubility trapping and hysteresis trapping. The simulations assumed isothermal conditions, 

meaning that the temperature of the reservoir and the injected CO2 remained constant in time, but 

varied along depth according to the geothermal gradient. Geomechanical coupling simulation was not 

included in this study, but it will be performed in Task 3.4. 

Numerical simulations were run through the high-resolution reservoir numerical simulator INTERSECT 

by SLB (formerly Schlumberger). INTERSECT is a fully implicit, fully compositional simulator that is 

widely used for reservoir simulation studies. With capabilities for parallel processing and high-

performance computing, INTERSECT manages large-scale geological models with millions of cells. (SLB, 

2023).  

Fig. 6-10. Schematic flow diagram showing the method for storage capacity optimization. 
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6.5 Results 

6.5.1 Sensitivity assessment 
 

The sensitivity assessment included a range of parameters that were identified as sources of 

uncertainty in the previous sections. Each parameter was varied based on their corresponding 

uncertain range to evaluate its impact on the injection performance and pressure response. These 

parameters are:  

 Static models P10-P50-P90 sets. Each set includes porosity, horizontal permeability and the 

calculated SATNUM from GHE approach.  

 Rock Compressibility’s correlations. It was changed the rock compressibility table for the P50 

static scenario. 

 Boundary conditions. Assuming closed or open aquifer for the P50 static scenario. 

 Formation water salinity: 160kppm to 250kppm 

 Relative permeabilities endpoints for drainage and imbibition sets (as initial water 

saturation, residual oil saturation, residual water saturation). Extreme ranges were evaluated 

to identify the risk of this feature, however, it will be used curves obtained with machine 

learning for each rock type, so in this way the uncertainty will be given by the SATNUM 

property linked to static properties. 

 Fault transmissibility multiplier. It was evaluated the generated fault transmissibility 

multipliers from previous fault analysis considering different burial depths and completely 

sealing faults. 

The tornado plot presented in Fig. 6-11 ranks model sensitivities of input parameters on the final 

bottom-hole pressure (BHP). The most impactful variables are the saturation endpoints in the relative 

permeability curves and the formation water salinity, followed by static properties and fault 

transmissibility multipliers. However, none of these cases affected the injection target (Fig. 6-12).  

 

Fig. 6-11. Tornado plot for BHP at end of injection period for different model sensitivities. 
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Fig. 6-12. Summary of results for different parameters’ sensitivity 
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Fig. 6-13 illustrates the significant differences in CO2 saturations and pressure build-up plumes at the 

end of the injection period due to static uncertainties, despite the maximum final BHP difference being 

only ~4 bar. For the P10 case, lateral connectivity is low and hence pressurization is higher compared 

to the other cases. P90 shows more connectivity both, lateral and vertical so saturation plume is more 

homogenous vertically and pressurization is the lowest of the three cases. 

 

Fig. 6-13. 3D simulation results for the static scenarios P10-P50-P90 compared with initial rock properties as horizontal 
permeability (C) and Rock Types (D) 
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6.5.2 Well location optimization 
 

A script-based calculation was implemented to determine well locations within a 1000×1000 m square 

across the entire grid. A total of 304 cases were simulated for each static scenario, as this was the 

feature that most influenced the outcomes. Simulations targeted a rate of 20 ktonne CO2/yr for 5 

years with no a priori BHP constraint. Fig. 6-14 presents a series of maps of the resulting BHP values, 

referenced to a common datum; areas where the BHP is lower than the threshold pressure (<90% 

fracture pressure) are coloured in green. The initially proposed well location (CCS-1) lies within the 

secure area for all static scenarios and is also outside the environmentally protected areas (blue-

coloured regions in Fig. 6-14). 

 

Fig. 6-14. Colour-coded maps resulting from the optimization of injector locations. 

 

6.5.3 Rate optimization 
 

250 runs with injection rates between 5 ktonne/yr to 150 ktonne/yr were simulated over a period of 

up to 30 years for each static scenario (Fig. 6-15). These results were displayed on a Petrel plot called 

“Scatter by Time” with X-axes as the BHP and Y-axes as the gas mass injection cumulative, then, each 

simulation run (for different injection rates) is plotted by points corresponding to timesteps. So, 

optimal injections rates for different BHP constraints (calculated on the 90% of the fracture gradients) 

can be identified depending on the gas injection rate as target.  

Fig. 6-16 shows the previously explained plots for each static model set highlighting the limits when 

the pilot target of 100ktonne of CO2 is injected at the different threshold pressures. Then, Table 6-1 

shows the identified values from these plots. From here, pilot injection target can be reached between 

9 to 20 months with an injection rate between 132 ktonne/yr and 64 ktonne/yr respectively. 

The following step involved identifying the maximum amount of CO2 injected for each static model set 

before reaching the threshold pressures. For this purpose, the results of the simulation runs were 

exported and processed using a Python script. The outcome of this process is displayed in Fig. 6-16. 

Additionally, tables summarizing the results were delivered to the team for the upcoming Task 4 (see 

Table 2, Table 7-2 and Appendix). From Fig. 6-17 (see detailed tables in the Appendix section), it can 

be observed that the maximum amount of CO2 injection is achieved over longer periods with lower 

injection rates.  
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Fig. 6-15. Sensitivities for different injection rates over 30 years of injection for all static model sets 

 

 

Fig. 6-16. "Scattered by time" Plot for the static models P10-P50-P90 
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Table 6-1. Injection rates and time since start of injection for each static model set and threshold pressure ranges to get the 
pilot target injection of 100ktonne of CO2 in a vertical well 

 

 

 

 

Fig. 6-17. Maximal amount of injected CO2 versus months since start of injection for different threshold pressures in a 
vertical well. Points are coloured by injection rate  
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Table 6-2. Maximum storage of CO2 safely injected over a period of 30 years at optimal injection rates for a vertical well 
design and P10-P50-P90 static scenarios 

 

 

6.5.4 Rate optimization for a horizontal well.  
 

A horizontal well with length of 1500m was designed which orientation was guided by former results 

of well location (Fig. 6-18). Similarly to approach applied in vertical well design, sensitivities on rates 

were simulated for each scenario and through scatter plots by time it was obtained the shortest time 

to get the pilot target (Table 6-3). 

 

Fig. 6-18. Horizontal well located in the same position as vertical well CCS-1 but oriented according to green areas obtained 
in well optimization maps 

 

Table 6-3. Injection rates and time since start of injection for each static model set and threshold pressure ranges to get the 
pilot target injection of 100ktonne of CO2 in a horizontal well  

 

 

Then, the maximum amount of injected CO2 is achieved over longer periods with lower injection rates 

(Table 7-3 and Fig. 6-19). Maximum amounts for the three static models are as follows: 1.1 MMT- 1.7 

MMT, 1.5 MMT - 2.5 MMT, and 1.9 MMT – 3.1 MMT over a period of 360 months (30 years) 
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Fig. 6-19. Maximal amount of injected CO2 versus months since start of injection for different threshold pressures in a 
horizontal well. Points are coloured by injection rate 

 

Table 6-4. Maximum storage of CO2 safely injected over a period of 30 years at optimal injection rates for a horizontal well 
design and P10-P50-P90 static scenarios 
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6.5.5 3D Results: Plume behaviour  
 

One of the key aspects of CO2 storage performance is the extent of the CO2 migration within the 

reservoir and the potential interaction with existing wells or faults. Fig. 6-20, Fig. 6-21 and Fig. 6-22 

show the extent of gas saturation plume and overpressure plume for the three static models in the 

pilot target scenarios described in Table 6-1 considering the optimistic threshold pressure of 305 bar 

at top of perforations, all of them for vertical well design. CO2 plume extensions go from 270m in the 

P90 case up to 510 m in the P10 case.  

For the cases of maximum capacity in the vertical well design, Fig. 6-23, Fig. 6-24 and Fig. 6-25 show 

the plume extension for the three cases P10-P50-P90, also considering the optimistic threshold 

pressure and considering the injection rates obtained in at which maximum CO2 injected is reached. 

CO2 plume extensions go from 1175 m in the P90 case up to 1635 m in the P10 case. 

 

 

Fig. 6-20. 3D simulation results for the optimal injection case with the pilot target of 100ktonne for the P10 static case. Top: 
Gas Saturation 2D plane and cross-section. Bottom: Delta pressure at one year of injection 2D plane and cross-section 
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Fig. 6-21. 3D simulation results for the optimal injection case with the pilot target of 100ktonne for the P50 static case. Top: 
Gas Saturation 2D plane and cross-section. Bottom: Delta pressure at one year of injection 2D plane and cross-section 

 

Fig. 6-22. 3D simulation results for the optimal injection case with the pilot target of 100ktonne for the P90 static case. Top: 
Gas Saturation 2D plane and cross-section. Bottom: Delta pressure at one year of injection 2D plane and cross-section 
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Fig. 6-23. 3D simulation results for maximum capacity of injection for the P10 static case. Top: Gas Saturation 2D plane and 
cross-section. Bottom: Delta pressure at 30 years of injection 2D plane and cross-section 

 

 

Fig. 6-24. 3D simulation results for maximum capacity of injection for the P50 static case. Top: Gas Saturation 2D plane and 
cross-section. Bottom: Delta pressure at 30 years of injection 2D plane and cross-section 
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Fig. 6-25. 3D simulation results for maximum capacity of injection for the P90 static case. Top: Gas Saturation 2D plane and 
cross-section. Bottom: Delta pressure at 30 years of injection 2D plane and cross-section 

 

6.6 Conclusions 

Dynamic simulations have been performed to assess the storage capacity and integrity of the 

PilotSTRATEGY’s pilot site of Lopín (Ebro Basin, Spain). Main objective of this study consisted in the 

definition of the CO2 injector location and an optimal injection strategy considering the associated 

potential risks. For this, a sensitivity analyses was performed based on the reservoir characterization 

and identification of the main uncertainties to be quantified using numerical simulation approach, 

where static properties presented the most impacting influence on results. 

An optimal well location for a CO2 injector was identified to be valid for the P10-P50-P90 static models. 

Simulations determined the best injection rates and periods, balancing the goal of storing 100 kt CO2 

while maintaining safe pressure levels estimated from 1D geomechanics, so, the pilot target of 100kt 

of CO2 can be injected between 9 and 20 months with rates between 64kt/yr to 132 kt/yr for a vertical 

well. Also, ranges of maximum injected amount over a period of 30 years were computed, obtaining 

between 1.1 Mt to 2Mt of CO2 injected depending on the static scenario and the threshold pressure 

value. For the cases of drilling a horizontal well of 1.5m length, results improves slightly to a range of 

1.1 to 3.2 Mt of CO2 injected.  

In this study, static properties are the main factor influencing the injectivity. All scenarios show a low 

proportion of high-quality rock and poor connectivity, particularly in the P10 and P50 cases. 

Additionally, the reservoir overpressure, which limits the injection timeframe, reduces the storage 

capacity.  
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These findings highlight the value of integrated reservoir modelling and simulation in CCS projects for 

mitigating risks and optimizing storage strategies, crucial for the safe and effective implementation of 

CCS as a pivotal lever to Europe’s climate commitments. 

Future work will involve flow simulations coupled with geomechanical simulations to assess the 

safety/integrity of the storage complex (including faults behaviour, caprock integrity, reservoir 

integrity) under different injection scenarios. Moreover, long-term geochemical simulations will be 

performed to account for the mineral trapping mechanisms that enhance the storage security and 

capacity. These advanced modelling approaches will provide further insights into the CO2 behaviour 

and the environmental impact of the Lopín site, contributing to the development of best practices for 

CCS deployment in Europe. 
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 Appendix 
 

7.1 Appendix – Paris Basin Region (France) 

7.1.1 Geochemical criterion calculation for GetMore (well location screening tool) 

7.1.1.1 Choice of the criterion and workflow 

The purpose of this subtask is to estimate the geochemical criterion that will constrain GetMore's 

choice of well location. The chosen geochemical criterion is porosity change or mineral volume 

change. The injection of CO2 could lead to chemical reactions that increase or decrease the porosity 

and, for example, affect the injectivity of the well. 

The workflow established to determine this criterion throughout the geological model, i.e. in each cell 

of the mesh, is as follows. First, the initial state (water composition) must be calculated in each cell as 

a function of initial mineralogy, temperature and pressure, assuming that in situ water is at equilibrium 

with the minerals. This first step is achieved by performing an equilibrium calculation using an in-

house water-rock interaction calculation code (ArximCpp). The output of this first calculation is the 

initial composition of the water (Fig. 7-1).  

 

Fig. 7-1: First step inputs and outputs 

The second step is to calculate the porosity variation after simulating the injection of a fluid rich in 

CO2. The inputs required for this kinetic calculation are the initial mineralogy, temperature, pressure, 

initial water composition (given by the equilibrium calculation) and initial porosity. This calculation is 

also carried out using ArximCpp. The main outputs of this calculation are the change in mineral volume 

and the change in porosity (Fig. 7-2). 

 

Fig. 7-2: Workflow of the second step 

These two steps are required for each cell of the geological mesh. A Python code was therefore 

developed to automatically launch all the calculations. The user has to provide input files containing 
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the parameters for each cell and the Python code launchs automatically the equilibrium calculations 

for each cell and then the kinetic calculations for each cells. This code can be run in parallel. 

The databases used for this study are the databases from Thermoddem for thermodynamics (Blanc et 

al., 2012)2 and the database from USGS (Palandri and Kharaka, 2004)3 for kinetics. The activity model 

is Debye-Huckel with Bdot. 

7.1.1.2 Parameters 

7.1.1.2.1 Equilibrium calculations 

As explained previously, the parameters required for the equilibrium calculation are temperature, 

pressure, salinity and initial mineralogy. Temperature and pressure are extracted from the geological 

model for each cell, respectively ranged between 65 to 75°C and 170 to 220 bar. It can also be noted 

that the salinity is assumed to be constant in the system and equal to 19 g/L. 

The initial mineralogy is as well assumed to be homogeneous in the Oolithe Blanche. According to the 

XRD analyses of the well VULAINES 1, the reservoir is mainly composed by calcite (CaCO3) with a small 

amount of Quartz (SiO2), Muscovite (KAl3Si3O10(OH)2) and Kaolinite (Si2Al2O5(OH)4). The Table 7-1 

shows the average mineralogical composition based on the major minerals present in the reservoir. 

The analyses show a fairly homogeneous composition with an amount of Calcite ranging from 

98.3mol% to 99.8mol%. 

Table 7-1 : Mineralogical composition from VULAINES 1 (only the main minerals are selected, and the composition indicated 
is an average of the 10 analyses) 

 Calcite Quartz Muscovite Kaolinite 

 CaCO3 SiO2 KAl3Si3O10(OH)2 Si2Al2O5(OH)4 

mol% 99.32 0.54 0.05 0.08 
 

7.1.1.2.2 Kinetic calculations 

Additionnally, for the kinetic calculations, the initial porosity, cells volumes and the composition and 

flow of the injected fluid are required. The initial porosity (ranged between 4 and 20%) and the cells 

volumes are given by the geological model. In order to mimic the injection of a fluid rich in CO2, the 

composition of the injected fluid is calculated considering an aqueous solution with a salinity of 19 g/L 

and bufferized with CO2(g).  

The value of the injected flow rate is calculated as follows: 

- Calculation of the CO2 fraction dissolved with Soreide and Whitson EOS [molCO2/molH2O] 

- Conversion into [molCO2/kgH2O] dividing by 18.10-3 kgH2O/molH2O 

- Conversion into [gCO2/kgH2O] multiplying by 44 gCO2/molCO2 

- Conversion into [t/m3] dividing by 1000, then into [m3/day] to represent the injection of 105 

tonnes of CO2 for 73 days.  

                                                           
2 Blanc P, Lassin A, Piantone P, Azaroual M, Jacquemet N, Fabbri A, Gaucher EC (2012). Thermoddem : A geochemical 

database focused on low temperature water/rock interactions and waste materials. Applied Geochemistry, vol 27 (10), pp 

2107-2116 

3 Palandri J L, Kharaka Y K (2004) A compilation of rate parameters of water-mineral interaction kinetics for application to 

geochemical modeling, USGS, 64 pp. 
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In order to be able to feed the automatic Python code, we choose to perform a linear regression as a 

function of P and T. In the Fig. 7-3, the fit between the predicted flow rate calculated with the 

regression and the calculated flow rate from EOS as well as the parameters for the linear regression 

can be seen.  

 

Fig. 7-3: Predicted flow rate as a function of calculated flow from EOS 

7.1.1.3 Raw results 

For each scenario from the geological model, you can find below the results for each cell. The four first 

scatter plots represent respectively the initial pressure (in blue), temperature (in red), porosity (in 

green) and cell volume (in light blue) for each cell of the model. The other two scatter plots represent 

the final porosity (in yellow) and volume changes (in lila). Maps of model results are presented in 

section 3.2.1.2.3. 
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Fig. 7-4: Raw results for scenario P10 (x-axis: cell number; y-axis: parameters and results) 

 

Fig. 7-5: Raw results for scenario P50 (x-axis: cell number; y-axis: parameters and results) 
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Fig. 7-6: Raw results for scenario P90 (x-axis: cell number; y-axis: parameters and results) 

7.1.2 Calculation of elastic properties for the geomechanical model and related properties 

(Pore Compressibility) for the flow simulation. 

7.1.2.1 Linear poroelasticity 

The constitutive equations of isotropic linear poroelasticity governing the geomechanical simulations 

are recalled below: 

𝜎𝑖𝑗 − 𝜎𝑖𝑗
0 = (𝐾 −

2

3
𝐺) 𝑡𝑟(𝜺)𝛿𝑖𝑗 + 2𝐺𝜀𝑖𝑗 − 𝑏(𝑃 − 𝑃

0)𝛿𝑖𝑗  

𝜙 − 𝜙0 = 𝑏 𝑡𝑟(𝜀) +
1

𝑁
(𝑃 − 𝑃0) 

with σ, ε, φ and P the respective stresses, strains, porosity and pore pressure; σ0, φ0 and P0 the initial 

stresses, porosity and pore pressure. The mechanical poroelastic properties here are the bulk modulus 

K, the shear modulus G, the Biot’s coefficient b, and the Biot’s modulus N. These last two properties 

are linked by compatibility equations (Coussy, 2004) involving the solid matrix bulk modulus Ks: 

𝑏 = 1 −
𝐾

𝐾𝑠
 ;  
1

𝑁
=
𝑏 − 𝜙0

𝐾𝑠
 

These constitutive equations are evaluated on each cell of the grid so the elastic properties of the 

geomechanical model, K, G, b (and Ks) need to be estimated over the grid. This is done through 

analytical models linking K and G to the porosity field. Ks values are also variable of these models (see 

next sections) and will be defined over the grid as well. 

7.1.2.2 Analytical models per formation 

Poroelastic properties are estimated from the porosity field using analytical models based on the 

effective medium theory. Different models are defined for each rock formation: over/underburden, 
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caprock and reservoir formations. These models provide an estimation of the macroscopic properties 

of composite materials based on their microscopic characteristics. Here, the composite materials 

considered are rocks and they can be defined as a combination of a solid matrix and pore inclusions. 

A model has been defined at IFPEN for limestones with porosities varying between 4 and 45% (Bemer 

et al., 2004) and it has been validated against experimental data. This model is referred to as Bemer’s 

model in the current study and used to estimate the poroelastic properties of the reservoir, comprising 

the Dalle Nacrée, Comblanchien, Oolithe Blanche and Lower Bathonien formations. This model gives 

the macroscopic bulk and shear moduli of the rock as functions of the porosity φ and the solid matrix 

properties Ks and Gs: 

𝐾 =
(1−𝜙)𝐾𝑠

1−𝜙+𝜙
𝐾𝑠
𝐾𝑐

    𝐺 =
(1−𝜙)𝐺𝑠

1−𝜙+𝜙
𝐺𝑠
𝐺𝑐

 

With parameters Kc and Gc that correspond to a pore cementation of the material. 

The Mori-Tanaka scheme, a very popular model in effective medium theory, is used to estimate the 

elastic properties of the caprock and the over/underburden formations. The model considers 

interacting spherical pore inclusions embedded in a homogeneous elastic matrix and is defined by the 

following equations for the bulk and shear moduli of the material: 

𝐾 = 
4𝐾𝑠𝐺𝑠(1−𝜙)

3𝐾𝑠𝜙+4𝐺𝑠
       𝐺 = 

𝐺𝑠(1−𝜙)(9𝐾𝑠+8𝐺𝑠)

𝐾𝑠(9+6𝜙)+𝐺𝑠(8+12𝜙)
 

Once the models are established for K and G, the Biot’s coefficient b and Biot’s modulus N can either 

be defined as constant values per rock formation or determined through the compatibility equations 

previously mentioned. The input parameters of the models are set for each rock formation in the next 

sections and summarized in the table 7-3 of section 7.1.2.3.3. 

7.1.2.3 Estimation of parameters 

7.1.2.3.1 Reservoir 

Ultrasonic velocity measurements were conducted on core samples from the reservoir formation, 

from Charmottes-4 (CHM4) and Vulaines-1 (VUS1) wells, near the area of interest but outside of it, in 

WP2 (Deliverable D2.8, Baroni et al., 2023). No static measurements of the elastic properties have 

been provided in WP2. Unfortunately, ultrasonic measurements correspond to high frequencies and 

cannot be directly used as elastic properties for the models or even compared to the experimental 

data of limestones in Bemer et al. (2004) as the latter correspond to static properties. However, these 

measurements and the log data from these wells can be used to confirm the consistency of the 

experimental data of the project with Bemer’s law for limestones, and to validate its application in the 

framework of the geomechanical model. 

The ultrasonic and density measurements provided bulk and shear moduli estimates of the core 

samples in both saturated (with brine) and dry conditions. Undrained moduli calculated from 

measurements on dry samples using the Biot-Gassmann’s equations with the bulk modulus of brine 

for Kfl (Equation 7-1) are compared to measurements on saturated samples (Fig. 7-7). The results are 

comparable except for samples with the lowest porosities (ranging from 2.6% to 3.4%). These values 

of porosities are relatively low and outside the scope of Bemer’s law so they can be discarded in this 

analysis. The rest of the data shows no dispersion between the calculated undrained moduli and the 

measurements under saturated conditions. This means that for samples with porosity above 4%, there 
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is no fluid effect on the measurements (no squirt-flow phenomenon due to entrapped fluid in 

micropores) and that log data can be directly compared to static data for this rock material. 

 

𝐾𝑢 = 𝐾𝑑

(

 
 
1 +

(1 −
𝐾𝑑
𝐾𝑠
)
2

(1 − 𝜙)
𝐾𝑑
𝐾𝑠
−(
𝐾𝑑
𝐾𝑠
)
2

+ 𝜙
𝐾𝑑
𝐾𝑓𝑙)

 
 
           𝐺𝑢 = 𝐺𝑑 

Equation 7-1: Biot-Gassmann’s equations 

With (Kd, Gd) and (Ks, Gs) the elastic properties of respectively the drained sample and solid matrix of 

the sample, φ the porosity of the rock and Kfl the bulk modulus of the pore saturating fluid. Here, Ks is 

taken equal to the one of calcite (Ks = 76.8 GPa) and Kfl is equal to the brine bulk modulus (Kfl = 2.3 

GPa). 

  
 

Fig. 7-7: Comparison between undrained elastic properties (calculated from drained measurements) and saturated 
measurements on samples from CHM4 and VUS1 (data from WP2) 

The CHM4 logs do not cover the depths that correspond to the geological layers of the simulation 

model, so only the VUS1 logs are used to investigate the consistency of the mechanical properties of 

the reservoir with Bemer’s law. VUS1 logs have only sonic DT measurements, which correspond to the 

inverse of the compressional wave velocity Vp, and no shear wave data. But the sonic and density logs 

from VUS1 alongside the well can be compared with the laboratory measurements in Fig. 7-8 thanks 

to the following equality: 

𝜌𝑉𝑝
2 = 𝐾 +

4𝐺

3
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Fig. 7-8: Laboratory measurements compared to VUS1 log data with depth: sonic and ultrasonic data on the left and 
porosity on the right.  

Only laboratory measurements on samples with porosity above 3% are represented here. The 

difference between the laboratory measurements and log data, and the lower values of the laboratory 

data, can be explained by the unconfined state of the samples during the ultrasonic tests. When 

plotted against static drained elastic properties of limestones (Fig. 7-9), the ultrasonic measurements 

from WP2 have lower values for the same reason but show the same trend of evolution with porosity 

which is why Bemer’s law was chosen for the mechanical properties of the reservoir formations. 

Values of parameters Kc and Gc are taken from Bemer et al. (2004) too, the values of the model are in 

table 7-3. Since the porosity can reach extremely low values over the grid, it has been decided to cap 

the model with an upper limit corresponding to K and G values for a porosity of 4.5%, in order to avoid 

unrealistic high values of elastic properties, so the red curve is the actual model used in the project. 

The minimum and maximum values of the model, represented on the Fig. 7-9, will be used for the 

uncertainty study. 

The Biot’s modulus is evaluated using the compatibility equation and is indirectly bound by a lower 

limit with the capped model. 

 

Fig. 7-9: Ultrasonic measurements on drained limestones from WP2 compared to Static drained elastic properties of 
limestones from Bemer et al. (2004) and Bemer’s models (dashed curves correspond to min and max values of the model). 
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7.1.2.3.2 Caprock and Over/Underburden 

The estimation of Ks and Gs, needed for the Mori-Tanaka model, for the caprock (Callovo-Oxfordian, 

COX) and over/underburden formations is done following the hypotheses and method below. The logs 

from VUS1 have been used as reference to evaluate realistic solid matrix properties of the two 

formations. However, the logs only comprise compressional wave delay time (DT) and no shear wave 

data, so hypotheses were made to estimate an associated shear wave velocity Vs. The couple of 

velocities then led to an average estimation of the elastic properties K and G of the formation (with 

again some hypotheses on constant parameters) and these values were used in an inverse Mori-

Tanaka model to retrieve the corresponding Ks and Gs. 

The approach used is the following for each formation: 

1. The DT log of VUS1 provides values of compressional wave velocity Vp over the geological 

formations, and particularly a mean value of Vp for the formation of interest. 

2. An average Poisson’s ratio of 0.25 is assumed and Vs is calculated via: 

𝑉𝑠 = √𝑉𝑝
2
1 − 2𝜐

2(1 − 𝜐)
 

3. The average bulk density ρb is estimated with an average value of porosity for the formation 

and constant water density ρw of 1000kg/m3 and a solid matrix density ρs of 2700kg/m3:  

𝜌𝑏 = 𝜙𝜌𝑤 + (1 − 𝜙)𝜌𝑠 

4. The isotropic elastic properties K and G of the formation are then inferred: 

𝐺 = 𝜌𝑏𝑉𝑠
2 𝐾 = 𝜌𝑏𝑉𝑝

2 −
4𝐺

3
 

5. The solid matrix elastic properties Ks and Gs are inferred from K, G and the assumed average 

porosity reversing the equations of Mori-Tanaka. 

The results obtained for the caprock and over/underburden formations are summarized in Fig. 7-10 

and table 7-2. Constant values of biot’s coefficients are chosen as no experimental data was provided 

for these rock zones. The values are presented in table 7-3. 

 

Table 7-2: Average estimations of caprock and over/underburden to calculate Ks and Gs properties 

 φ (%) Vp (m/s) Vs (m/s) K (GPa) G (GPa) Ks (GPa) Gs (GPa) 

COX (caprock) 6 3697 2135 35.5 11.8 43.4 13.2 
Ov/underburden 13 3552 2051 31.3 10.4 48.8 13.3 
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Fig. 7-10: Sonic data from VUS1 well with depth and average values of Vp for caprock and over/underburden formations 

7.1.2.3.3 Summary of model properties per rock formation 

The summary of all elastic properties defined for the geomechanical model is in the table below. 

Table 7-3: Summary of elastic properties and models used for the geomechanical simulations per rock formation 

 

Law 
Parameters (GPa) Biot’s coeff. 

b Ks Gs Kc Gc 

Overb./ underb. Mori-Tanaka 48.8 13.3 
  

1.0 

COX (Caprock) Mori-Tanaka 43.4 13.2 
  

0.8 

Dalle nacrée Bemer (cap) 72.6 31.6 5.08 3.79 equation* 

Comblanchien Bemer (cap) 72.6 31.6 5.08 3.79 equation* 

Oolithe blanche Bemer (cap) 72.6 31.6 5.08 3.79 equation* 

Lower bathonien Bemer (cap) 72.6 31.6 5.08 3.79 equation* 

*poroelastic (or compatibility) equation explained in previous sections 

 

7.1.2.4 Pore compressibility calculation 

The pore compressibility moduli Cp are evaluated over the grid using the poroelastic properties of each 

rock formation and the porosity values. The relationship between Cp and the mechanical properties is 

obtained by applying the various equations and conditions defined hereafter: 

 The definition of the pore volume compressibility with φ0 the initial porosity: 

𝐶𝑝 =  
1

𝜙0

𝛥𝜙

𝛥𝑃
  →   ∆𝜙 =  𝜙0𝐶𝑝𝛥𝑃 

 The poroelastic constitutive equations: 
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∆𝜙 = 𝑏 𝑡𝑟(𝜺) +  
𝛥𝑃

𝑁
 

𝛥𝝈 = (𝐾 −  
2

3
𝐺) 𝑡𝑟(𝜺)𝑰 + 2𝐺𝜺 − 𝑏 𝛥𝑃 𝑰

 

 Oedometric conditions of deformation (only vertical deformations): 

𝜀𝑧𝑧 ≠ 0 

The poroelastic equations under the oedometric conditions of deformation lead to: 

𝑏 𝜀𝑧𝑧 =  𝛥𝜙 −  
𝛥𝑃

𝑁
 

∆𝜎𝑧𝑧 =  (𝐾 +
4

3
𝐺) 𝜀𝑧𝑧 − 𝑏∆𝑃 

The latter equations combined and the assumption of a zero-stress variation (the only load is the pore 

pressure) give: 

3𝑏

3𝐾 + 4𝐺
Δ𝑃 = 

Δ𝜙

𝑏
−
Δ𝑃

𝑏𝑁
 

The final expression of the pore compressibility is obtained by replacing the definition of Cp in the 

above equation: 

𝑪𝒑 =  
𝟏

𝝓𝟎𝑵
+  

𝟑𝒃𝟐

𝝓𝟎(𝟑𝑲 + 𝟒𝑮)
 

Recalling the expressions of b and N with Ks, K and φ, the pore compressibility can be evaluated over 

the grid with the mechanical elastic properties and porosity field. However, for porosity values 

approaching zero the Cp values tend towards infinity values so in the model and upper limit of Cp for 

low porosity values is set. This is done for the caprock with the upper limit corresponding to the 

porosity value of 2%, and for the reservoir formations with the upper limit defined by the porosity 

value of 5%. 

7.1.3 Pre-analysis of the storage complex integrity & Geomechanical features calculation 

for GetMore (well location screening tool) 

7.1.3.1 Failure criterion 

A pressure dependent criterion is chosen to determine the failure or plastic yielding of the caprock 

and reservoir formations, but with different plasticity parameters: the Drücker-Prager criterion. This 

criterion is written in terms of stress invariants in the form: 

𝑞 = 𝑀(𝑝′ + 𝑃𝑡) 

Where q and p’ are stress invariants:    𝑞 = √3𝐽2(𝜎′)   ;   𝑝
′ = −

1

3
𝑡𝑟(𝜎′) 

With 𝐽2(𝜎′) =
1

6
((𝜎′𝑥𝑥 − 𝜎′𝑦𝑦)

2
+ (𝜎′𝑦𝑦 − 𝜎′𝑧𝑧)

2
+ (𝜎′𝑥𝑥 − 𝜎′𝑧𝑧)

2 + 6(𝜎′𝑥𝑦
2 + 𝜎′𝑦𝑧

2 + 𝜎′𝑥𝑧
2 )) 

The coefficients of Drücker-Prager criterion can be expressed in terms of the cohesion c’ and friction 

angle ϕ’ parameters of a Mohr-Coulomb criterion as it can be defined as a yield surface inscribed or 

circumscribed to a Mohr-Coulomb surface (Fig. 7-11). The inscribed and circumscribed surfaces are 
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called inner and outer criterion respectively and M and Pt can be expressed in terms of the plasticity 

parameters c’ and ϕ’ for both criteria as follows: 

𝑀𝑖𝑛𝑛𝑒𝑟 =
6 sin𝜑′

3−sin𝜑′
  ;  𝑀𝑜𝑢𝑡𝑒𝑟 =

3√3sin𝜑′

√9+3sin2𝜑′
  ; 𝑃𝑡 =

𝑐′

tan𝜑′
 

 

  
Fig. 7-11: (left) section of inner/outer Drücker-Prager and Mohr-Coulomb criteria in the plane of principal stresses, (right) 
Drücker-Prager criterion representation within the plane of stress invariants q and p’. 

The criterion is evaluated on every cell of the caprock and reservoir formations. To evaluate it, the 

stress state needs to be computed over the grid through geomechanical simulation, and plasticity 

parameters need to be defined over the grid for these rock zones. 

7.1.3.2 Plasticity properties 

In their study, Bemer et al. (2004) also studied the failure criterion of limestones and established 

relationships between the plasticity parameters and the porosity (Fig. 7-12). These empirical functions 

are adopted in the framework of this project to evaluate the plasticity parameters over the grid for 

the rock formations of the reservoir: 

𝑐′(𝜙) = 𝑐1𝑒
−𝑐2𝜙(%) 

𝜑′(𝜙) =  𝑓1𝜙(%) + 𝑓2 

  
Fig. 7-12: empirical correlations between cohesion (left), friction angle(right) and porosity for limestones (from Bemer et al., 
2004). 

To be conservative when assessing the risk of failure for the reservoir formations, the lower bound 

of the correlations are adopted in the model of this study. The parameter c1 is divided by 1.7 and 7° 

are subtracted from f2. The exact values are summarized in table 7-4. 

An equivalent set of functions is considered for the caprock, and parameters are given in table 7-4. 
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Table 7-4: Plasticity parameters defining empirical functions of cohesion and friction angle with porosity 

 f1 f2 c1 c2 

COX (caprock) -0.268 27,3 16.2 0.060 

Dalle nacrée -0.893 42 23.7 0.054 

Comblanchien -0.893 42 23.7 0.054 

Oolithe blanche -0.893 42 23.7 0.054 

Lower bathonien -0.893 42 23.7 0.054 

 

7.1.3.3 Initial stress state 

No in situ test results allowing to estimate the initial stress state (LOT, hydraulic fracturing tests, FIT, 

etc) for the area of interest were provided. The initial stress state is then estimated based on literature 

data and equilibrium calculations. The initial principal stress state is approximated as follows based 

on literature on the Paris basin (Vidal-Gilbert et al., 2009) with the maximum horizontal stress SH 

oriented as in Fig. 7-13:  

𝜎 = (
𝑆𝐻 0 0
0 𝑆ℎ 0
0 0 𝑆𝑣

) ⟹ (

𝜎𝑥𝑥 𝜎𝑥𝑦 0

𝜎𝑥𝑦 𝜎𝑦𝑦 0

0 0 𝑆𝑣 = 𝜎𝑧𝑧

) 

 

Fig. 7-13: Principal stress orientation in Paris Basin (Vidal-Gilbert, 2009). 

A two-step geomechanical computation using the finite element method with Code_aster, an open-

source software (EDF, 1989-2024), is performed to get the approximate initial stress state over the 

grid. First the vertical stress Sv (or σzz) is estimated by solving a 3D mechanical problem with volume 

forces corresponding to the earth gravity ρb g and a pre-stress corresponding to a volume stress load 

equal to the initial hydrostatic pressure over the grid.  

The equilibrated vertical stresses σzz resulting from this first step are then used to compute an 

unbalanced effective stress state based on the stress ratios given in table 7-5. A second 3D mechanical 

equilibrium is computed with the same volume forces and pressure loading, but with the unbalanced 

stress calculated as an initial stress state. The equilibrated stress field resulting from this second 

computation is the initial stress state of the geomechanical model. 

Table 7-5: Initial stress ratios of the model 

 
SH/Sv Sh/Sv 
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Overb./ underb. 1.0 0.8 

Caprock 1.0 0.74 

Dalle nacrée 1.0 0.6 

Comblanchien 1.0 0.6 

Oolithe blanche 1.0 0.6 

Lower bathonien 1.0 0.68 

 

7.1.3.4 Distances to criterion 

Once the stress state has been established and the failure parameters (c’, ϕ’) defined, we can estimate 

the distance from the stress state of each cell of the grid to the failure criterion, in the plane of stress 

invariants p’, q. Different distances are defined and used depending on the geological formation 

studied and on the intended application of the model. 

The distances observed in this study are represented in Fig. 7-14: 

 

Fig. 7-14: Distances to the inner and outer Drücker-Prager criteria: (1) ortho, (2) iso, (3) oedo. 

1. the ortho-distance: the minimum distance to the criterion from the given state of stress 

2. the iso-distance: the distance between the stress state and the criterion following an isotropic 

loading, with no deviatoric stress induced (Δq = 0), which can happen when applying a pore 

pressure increment resulting only in a change in the effective volumetric stress p’. 

3. the oedo-distance: the distance to the criterion when following a stress path corresponding 

to a change under oedometric conditions. Oedometric conditions correspond to a one-

dimensional deformation (in the vertical direction here), εxx=εyy= 0 and εzz≠0, and these 

conditions are closer to reality in our case. When applying the isotropic poroelastic laws 

(recalled previously, but with Young’s modulus and Poisson’s ratio) under oedometric 

conditions the effective stresses (that are non-null) are: 

Δ𝜎′𝑥𝑥 = Δ𝜎′𝑦𝑦 =
𝐸𝜈

(1+𝜈)(1−2𝜈)
Δ𝜀𝑧𝑧  and Δ𝜎′𝑧𝑧 =

𝐸(1−𝜈)

(1+𝜈)(1−2𝜈)
Δ𝜀𝑧𝑧   
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Under oedometric conditions, the ratio of horizontal to vertical effective stresses is 𝛼 =
𝜈

(1−𝜈)
 

which leads to the following expression of an effective mean stress increment:  

Δ𝑝′ = −
1

3
(𝛼Δ𝜎′𝑧𝑧 + 𝛼Δ𝜎′𝑧𝑧 + Δ𝜎′𝑧𝑧) 

The direction of the oedometric stress loading path in the (p’,q) plane (shown in Fig. 7-14) can 

be approximated by calculating the ratio Δ𝑞 Δ𝑝′⁄  for a given stress change Δ𝜎′𝑧𝑧 (arbitrary), 

with Δ𝑞 = 𝑞(Δ𝜎′) − 𝑞𝑖 where 𝑞𝑖 is the current stress deviator of the cell (subscript 𝑖 refers to 

the stress state point in figure 7-13), 𝑞(Δ𝜎′) = √3𝐽2(Δ𝜎′) and: 

Δ𝜎′ = 𝜎′𝑖 + (

𝛼Δσ′𝑧𝑧 0 0

0 𝛼Δσ′𝑧𝑧 0

0 0 Δσ′𝑧𝑧

) 

 

7.1.4 Suggested well locations from GetMore approach 
Please find below the coordinates for all suggested well locations where: 

 X is the center of the cell 

 Y is the center of the cell 

 Z is the center of the cell at the top of Oolithe Blanche formation 

 Notec is the quality index of the location: the maximum one gives the best potential location. 

X Y Z notec 

693210 6832103 -1772 93.12 

693272 6832103 -1771 93.23 

693335 6832103 -1771 93.38 

693397 6832103 -1771 92.59 

693210 6832165 -1772 92.71 

693272 6832165 -1772 92.90 

693335 6832165 -1771 92.87 

692960 6832851 -1773 96.42 

693023 6832851 -1773 92.17 

693085 6832851 -1773 88.06 

692960 6832913 -1773 95.83 

693023 6832913 -1773 87.72 

692960 6832976 -1773 87.29 

693023 6832976 -1773 83.05 

699884 6835159 -1785 95.96 

699822 6835221 -1786 96.84 

699884 6835221 -1786 96.57 

699946 6835346 -1787 97.84 

700009 6835346 -1788 97.73 

700071 6835346 -1788 97.71 

700134 6835346 -1788 97.04 
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699759 6835408 -1787 104.62 

699946 6835408 -1787 98.67 

700009 6835408 -1788 98.52 

700071 6835408 -1788 98.44 

700134 6835408 -1788 98.08 

699946 6835471 -1788 99.28 

700009 6835471 -1788 99.14 

700071 6835471 -1788 99.15 

700134 6835471 -1788 98.74 

699946 6835533 -1788 99.74 

700009 6835533 -1788 99.27 

700071 6835533 -1788 99.34 

700134 6835533 -1788 99.08 

695643 6835907 -1767 107.09 

695456 6835970 -1768 105.90 

695518 6835970 -1768 111.05 

695580 6835970 -1768 107.34 

695643 6835970 -1768 111.84 

695456 6836032 -1769 110.89 

695518 6836032 -1769 111.65 

695580 6836032 -1768 112.35 

695643 6836032 -1768 112.67 
 

7.1.5 Features clustering summary 
The following tables summarize results obtained after clustering for the three models (P10, P50 and 

P90) and for the merged clustering. For each cluster, we inform mean values of each feature, 

normalized values (and related weights) and the quality index allowing to rank the clusters. 

Clustering is applied only on cells in areas 1 and 2 from surface exclusion areas study (Section 

3.2.1.2.6), i.e., possible and ‘to investigate’ areas, for 1 and 2 respectively. This clustering is reported 

in cluster 1 to 5. For information purpose, we add values for all cells with cluster 5+ corresponding to 

values obtained when cells in excluded area 3 in cluster 5. 

P10 Clustering 

Features (mean values) Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 5+ 

MCO2A (kg) 2.22E+05 1.51E+05 2.20E+05 1.19E+05 1.28E+05 1.49E+05 

FluxFactor (-) -31.39 -33.42 -31.27 -34.26 -34.09 -33.49 

dist_w (m) 2078.62 2903.39 1160.77 2088.27 1233.13 1367.71 

dist_s (m) 3815.34 4830.34 2108.50 3660.20 1929.43 2504.47 

MECA_RES (-) 3.27E+07 3.29E+07 3.22E+07 3.27E+07 3.24E+07 3.23E+07 

MECA_TOP (-) 1.60E+07 1.52E+07 1.64E+07 1.60E+07 1.64E+07 1.63E+07 

GEOCHIM (m3) 3242.48 3240.98 3229.74 3227.94 3217.32 3220.49 

Features (normalized) [weights] Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 5+ 
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MCO2A [1] 1.00 0.31 0.98 0.00 0.09 0.30 

FluxFactor [1] 0.96 0.28 1.00 0.00 0.06 0.26 

dist_w [2] 0.53 1.00 0.00 0.53 0.04 0.12 

dist_s [1] 0.35 0.00 0.94 0.40 1.00 0.80 

MECA_RES [1] 0.68 1.00 0.00 0.77 0.25 0.22 

MECA_TOP [1] 0.64 0.00 0.98 0.68 1.00 0.90 

GEOCHIM [1] 1.00 0.94 0.50 0.42 0.00 0.13 

Summary Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 5+ 

Quality Index 5.69 4.54 4.39 3.34 2.49 2.84 

 

P50 Clustering 

Features (mean values) Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 

5+ MCO2A (kg) 2.35E+0

5 

1.82E+0

5 

2.39E+0

5 

1.08E+0

5 

137036.72

7 

1.58E+05 

FluxFactor (-) -31.29 -32.73 -30.93 -34.71 -34.04757 -33.41 

dist_w (m) 2127.22 2884.34 1146.38 2049.98 1252.8036

2 

1374.17 

dist_s (m) 3668.08 4856.72 2151.13 3826.42 1917.4856

1 

2472.02 

MECA_RES (-) 3.25E+0

7 

3.28E+0

7 

3.21E+0

7 

3.28E+0

7 

3.24E+07 3.24E+07 

MECA_TOP (-) 1.60E+0

7 

1.52E+0

7 

1.64E+0

7 

1.60E+0

7 

1.64E+07 1.63E+07 

GEOCHIM (m3) 3240.86 3242.16 3229.83 3227.28 3218.8196

4 

3221.40 

Features (normalized) 

[weights] 

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 

5+ MCO2A [1] 0.97 0.57 1.00 0.00 0.22 0.38 

FluxFactor [1] 0.91 0.52 1.00 0.00 0.18 0.34 

dist_w [2] 0.57 1.00 0.00 0.52 0.07 0.13 

dist_s [1] 0.41 0.00 0.93 0.35 1.00 0.81 

MECA_RES [1] 0.65 1.00 0.00 0.97 0.47 0.40 

MECA_TOP [1] 0.68 0.00 0.98 0.64 1.00 0.91 

GEOCHIM [1] 0.94 1.00 0.47 0.36 0.00 0.11 

Summary Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 

5+ Quality Index 5.69 5.09 4.37 3.36 2.99 3.22 

 

P90 Clustering 

Features (mean values) Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 5+ 

MCO2A (kg) 2.81E+05 2.81E+05 1.42E+05 1.82E+05 8.32E+04 1.39E+05 

FluxFactor (-) -30.63 -30.28 -34.00 -32.99 -35.90 -34.33 

dist_w (m) 2316.27 1191.56 2690.02 1408.78 1483.35 1522.12 

dist_s (m) 4085.40 2253.38 4315.23 2616.81 2507.26 2895.07 

MECA_RES (-) 3.23E+07 3.18E+07 3.28E+07 3.24E+07 3.27E+07 3.25E+07 

MECA_TOP (-) 1.58E+07 1.64E+07 1.56E+07 1.63E+07 1.63E+07 1.62E+07 
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GEOCHIM (m3) 3245.61 3232.44 3234.39 3226.07 3219.57 3222.35 

Features (normalized) [weights] Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 5+ 

MCO2A [1] 1.00 1.00 0.30 0.50 0.00 0.28 

FluxFactor [1] 0.94 1.00 0.34 0.52 0.00 0.28 

dist_w [2] 0.75 0.00 1.00 0.15 0.20 0.22 

dist_s [1] 0.11 1.00 0.00 0.82 0.88 0.69 

MECA_RES [1] 0.49 0.00 1.00 0.61 0.88 0.66 

MECA_TOP [1] 0.18 1.00 0.00 0.87 0.87 0.77 

GEOCHIM [1] 1.00 0.49 0.57 0.25 0.00 0.11 

Summary Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 5+ 

Quality Index 5.21 4.49 4.20 3.86 3.02 3.22 

 

Merged Clustering 

Features (mean values) Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 5+ 

MCO2A (kg) 2.86E+05 2.07E+05 2.19E+05 1.59E+05 1.20E+05 1.79E+05 

FluxFactor (-) -30.71 -32.38 -31.99 -33.63 -34.11 -33.21 

dist_w (m) 2076.68 2439.06 1578.13 1496.26 1293.72 1506.31 

dist_s (m) 3822.07 4188.43 2814.11 2612.98 1741.28 2993.06 

MECA_RES (-) 3.25E+07 3.27E+07 3.23E+07 3.23E+07 3.23E+07 3.23E+07 

MECA_TOP (-) 1.60E+07 1.56E+07 1.62E+07 1.63E+07 1.64E+07 1.62E+07 

GEOCHIM (m3) 3249.50 3241.55 3231.48 3221.56 3213.65 3222.83 

Features (normalized) [weights] Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 5+ 

MCO2A [1] 1.00 0.53 0.59 0.23 0.00 0.35 

FluxFactor [1] 1.00 0.51 0.62 0.14 0.00 0.26 

dist_w [2] 0.69 1.00 0.25 0.18 0.00 0.19 

dist_s [1] 0.15 0.00 0.56 0.64 1.00 0.49 

MECA_RES [1] 0.73 1.00 0.03 0.15 0.00 0.03 

MECA_TOP [1] 0.41 0.00 0.74 0.79 1.00 0.69 

GEOCHIM [1] 1.00 0.78 0.50 0.22 0.00 0.26 

Summary Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 5+ 

Quality Index 5.66 4.81 3.54 2.54 2.00 2.46 
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7.1.6 Design of experiments and Sampled flow simulation results 

 

Fig. 7-15: Design of Experiments (LHS, 130 samples with 7 variables) and maximum overpressure results [Pa]  from those 
130 simulations on P50 model.  
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Fig. 7-16: Design of Experiments (LHS, 130 samples with 7 variables) and maximum amount of dissolved CO2 results [kt] 
from those 130 simulations on P50 model. 

7.1.7 Results on metamodels building. 
 



 

@PilotSTRATEGY 

www.pilotstrategy.eu 

Page 142 

The PilotSTRATEGY project has received funding from the 

European Union’s Horizon 2020 research and innovation 

programme under grant agreement No. 101022664 

 

Fig. 7-17: Left: Hyperparameters (covariance coefficients) for each variable, for each metamodel (Gaussian Processes) of the 
dissolved amount of CO2. Right:  Model validation with Q2 calculation based on Leave-One-Out Cross-Validation (LOOCV) 
procedure.  

 

Fig. 7-18: Left: Hyperparameters (covariance coefficients) for each variable, for each metamodel (Gaussian Processes) of the 
maximum overpressure. Right:  Model validation with Q2 calculation based on Leave-One-Out Cross-Validation (LOOCV) 
procedure. 

7.2 Appendix – Upper Silesia (Poland) 

 

7.2.1 Setting and running the dynamic model  
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a)    b)  

c)    d)  

Fig. 7-1: Initial location of injection wells in the model of porosity (a) and permeability (b). Distribution of free CO2 

saturation in the structure (c) and distribution of CO2 dissolved in res. water (RSWCO2-molar fraction) (d). 

 

Fig. 7-2: Bottom hole pressure changes in the reservoir for initial location of four injection wells 
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Fig. 7-3: Gas injection cumulative for initial location of four injection wells 

 

Fig. 7-4: Reservoir volume injection cumulative for initial location of four injection wells 

7.2.2 Well location optimization - results of simulations for CO2 injection period of 10 years 
 

a)  

b)  

Fig. 7-5: Well IN-1A: reservoir pressure before the injection (a), reservoir pressure after the injection (b) 



 

@PilotSTRATEGY 

www.pilotstrategy.eu 

Page 145 

The PilotSTRATEGY project has received funding from the 

European Union’s Horizon 2020 research and innovation 

programme under grant agreement No. 101022664 

a)  

b)  

Fig. 7-6: Well IN-5A: distribution of free CO2 saturation (a) and distribution of CO2 dissolved in reservoir water (RSWCO2-

molar fraction) (b) 

a)  

b)   

Fig. 7-7: Well IN-6: reservoir pressure before the injection (a), reservoir pressure after the injection (b) 
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a)   

b)   

Fig. 7-8: Well IN-6: distribution of free CO2 saturation (a) and distribution of CO2 dissolved in reservoir water (RSWCO2-

molar fraction) (b) 

 

 

Fig. 7-9: Bottom hole pressure (BHP) changes for initial location of four injection wells IN-1A, IN-5A, IN-6:  

up to ~7 % 
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7.2.3 Well location optimization - results of simulations for CO2 injection period of 25 years 
 

 

 

Fig. 7-10: The simulation results of the IN-1A injection well with changes in reservoir pressure for various gas flow rates  

in different scenarios of the model 

 

 

 

Fig. 7-11: Cumulative reservoir injection volume (IN-1A injection well) with detailed results of sensitivity analysis  

for various gas flow rates in different scenarios of the model 
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Fig. 7-12: The simulation results of the IN-5 injection well with changes in reservoir pressure  

for various gas flow rates in different scenarios of the model 

 

 

 

Fig. 7-13: Cumulative reservoir injection volume (IN-5 injection well) with detailed results of sensitivity analysis for various 

gas flow rates in different scenarios of the model 
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Fig. 7-14: The simulation results of the IN-6 injection well with changes in reservoir pressure  

for different scenarios of the model 

 

 

 

Fig. 7-15: Cumulative reservoir injection volume (IN-6 injection well) with detailed results of sensitivity analysis for various 

gas flow rates in different scenarios of the model 
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Fig. 7-16: The simulation results of the IN-6 injection well with changes in reservoir pressure  

for different scenarios of the model 

 

 

 

 

Fig. 7-17: Cumulative reservoir injection volume (IN-6 injection well) for different scenarios of the model 
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Fig. 7-18: The simulation results of the IN-6 injection well with changes in reservoir pressure  

for different scenarios of the model 

 

 

 

 

Fig. 7-19: Cumulative reservoir injection volume (IN-6 injection well) for different scenarios of the model 
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a)  

b)  

c)  

d)  

Fig. 7-20: Well IN-1A (optimal scenario - OPL): reservoir pressure before the injection (a), reservoir pressure after the 

injection (b), distribution of free CO2 saturation (c), distribution of CO2 dissolved in res. water (d) 
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7.2.4 Results of uncertainty analysis 
 
 

 
Fig. 7-21: Pessimistic scenario of the model: tornado chart showing the effects of individual uncertainty parameters on CO2 

volume 

 

 

 
Fig. 7-22: Pessimistic scenario of the model: cumulative tornado chart showing the effects of individual uncertainty 

parameters on CO2 volume 
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Fig. 7-23: Optimal scenario of the model: tornado chart showing the effects of individual uncertainty parameters on CO2 

volume 

 

 

 
Fig. 7-24: Optimal scenario of the model: cumulative tornado chart showing the effects of individual uncertainty parameters 

on CO2 volume 
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Fig. 7-25: Optimistic scenario of the model: tornado chart showing the effects of individual uncertainty parameters on CO2 

volume 

 

 

 
Fig. 7-26: Optimistic scenario of the model: cumulative tornado chart showing the effects of individual uncertainty 

parameters on CO2 volume 

 

 

 

 

 

 

 



 

@PilotSTRATEGY 

www.pilotstrategy.eu 

Page 156 

The PilotSTRATEGY project has received funding from the 

European Union’s Horizon 2020 research and innovation 

programme under grant agreement No. 101022664 

 

a)  

 

b)  

 

 

c)  

 

Fig. 7-27: The simulation results of the IN-1A injection well with changes in reservoir pressure for different 

scenarios of simulation model: optimal (a), pessimistic (b) and optimistic (c) 
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a)  

 

b)  

 

c)  

Fig. 7-28: Changes of bottom hole pressure of the IN-1A injection well for different scenarios of simulation model: optimal 

(a), pessimistic (b) and optimistic (c) 
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a)  

b)  

c)  

Fig. 7-29: The results of uncertainty analysis with changes in reservoir pressure for various gas flow rates  

in different scenarios of the model with IN-1A injection well: optimal (a), pessimistic (b) and optimistic (c) 
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a)  

b)  

c)  

d)  

 

Fig. 7-30: The results of uncertainty analysis with changes in cumulative CO2 volume dissolved in the formation water  

in different scenarios of the model with IN-1A injection well: optimal (a), pessimistic (b), optimistic (c)  

and together for three scenarios (d) 
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a)  

b)  

c)  

d)  

 

Fig. 7-31: Cumulative CO2 volume: injection well IN-1, 104 simulation models, 3 scenarios of the model (a),  

optimistic scenario (b), optimal scenario (c) and pessimistic scenario (d) 
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7.3 Appendix – Lusitanian Basin-Offshore (Portugal)  

 

 

Fig.7-19: This histogram shows the total mass injection (wmassit) after 30 years of optimization. Each class represents one 
optimal result, with the x-axis indicating the range of total mass injection in millions of tons and the y-axis showing the 
frequency of each range achieved through 899 iterations of refinements and scoping processes. The histogram highlights the 
distribution of the optimal mass injection results, with the majority of iterations achieving between 0 and 10.4 million tons of 
CO2 storage. 

 

Fig.7-20: This histogram displays the azimuth variation for all scoping and refinement iterations during the 30-year 
optimization period. Each class represents one set of optimal results. The distribution indicates a significant concentration of 
azimuth values around specific ranges, suggesting that certain orientations are more favourable for achieving the 
optimization objectives.  
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Fig.7-21: This histogram shows the frequency of Fault F2 transmissibility values (from fully closed to fully open) over 30 years 
of optimization. Each class represents an optimal result during the geological uncertainty assessment. The results indicate 
higher frequencies in lower transmissibility ranges, suggesting Fault F2 often acts as a barrier. Moderate frequencies in mid-
ranges show some variability, while fewer scenarios have Fault F2 fully open, reflecting its impact on CO2 flow and storage 
safety. 

 

Fig.7-22: This histogram shows the frequency of Fault F5 transmissibility values (from fully closed to fully open) over 30 years 
of optimization. Each class represents an optimal result during the geological uncertainty assessment. The results indicate 
higher frequencies in lower transmissibility ranges, suggesting Fault F5 often acts as a barrier. Moderate frequencies in mid-
ranges show some variability, while fewer scenarios have Fault F5 fully open, reflecting its impact on CO2 flow and storage 
safety. 
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Fig.7-23: This histogram displays the frequency distribution of maximum sand variation during the 30-year optimization 
process. Each bar represents an interval of maximum sand values, highlighting how often each range occurred across all 
optimization iterations. The chart illustrates a higher frequency in the intervals between 0.31 to 0.46, indicating these values 
were most commonly optimal in the geological model. This suggests that the maximum sand porosity within this range is 
crucial for achieving optimal maximizing well mass gas injection total (wmassit) and efficiency in the CO2 injection process. 
The variations provide insight into the geological uncertainty and help identify the most favorable conditions for CO2 storage. 

 

Fig.7-24: This histogram illustrates the variation of maximum shale values throughout a 30-year optimization period. The 
histogram shows the frequency distribution of maximum shale values, categorized into different classes. The data indicates 
a diverse range of maximum shale values observed during the geological uncertainty assessment. 
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Fig.7-25: This histogram displays the frequency distribution of perforation depths (measured in meters) during a 30-year 
optimization period aimed at maximizing CO2 maximizing well mass gas injection total (wmassit) by targeting the deepest 
part of the reservoir. The histogram highlights how often each perforation depth range was selected as optimal during the 
optimization process. 

 

Fig.7-26: The histogram illustrates the variation of R_max (range of the principal horizontal direction) during a 30-year 
optimization period. Each class on the X-axis represents different ranges of the principal horizontal direction in meters, while 
the Y-axis shows the frequency of these ranges occurring during the optimization process. The histogram indicates a relatively 
even distribution of R_max values, with peaks at specific ranges such as [1641, 2211] and [2781, 3351], reflecting the 
geological variations that were considered to maximize CO2 maximizing well mass gas injection total (wmassit). This analysis 
helps in understanding the impact of principal horizontal direction ranges on the optimization process. 
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Fig.7-27: The histogram illustrates the variation of R_Minimum (range of the minor horizontal direction) over a 30-year 
optimization period. R_Minimum impacts flow anisotropy in the reservoir. The x-axis represents the different ranges of 
R_Minimum, while the y-axis indicates the frequency of each range occurring during the optimization. 

 

Fig.7-28: This histogram illustrates the variation of R_Vertical_Facies (range for the vertical direction of the facies) over a 30-
year optimization period. The vertical range of facies distribution is critical for vertical flow barriers. The histogram shows the 
frequency of different R_Vertical_Facies classes, highlighting the distribution and variability of facies which impact vertical 
flow and containment efficiency within the reservoir. 
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Fig.7-29: This histogram illustrates the variation of R_Vertical_Permeability (range for the vertical direction for the 
permeability) over a 30-year optimization period. The vertical range of permeability, measured in millidarcies (md), 
significantly affects vertical fluid movement within the reservoir. Each class on the x-axis represents a specific range of 
permeability values, while the y-axis shows the frequency of these values during the optimization process. The histogram 
highlights the distribution and prevalence of different permeability ranges, which are critical for understanding and 
optimizing fluid dynamics and CO2 storage within the geological structure. 

 

Fig.7-30: The histogram illustrates the variation of R_Porosity (range for the vertical direction for the porosity) over a 30-year 
optimization period. The vertical range of porosity influences vertical storage variability within the reservoir. Each class on 
the x-axis represents a specific range of porosity values, while the y-axis shows the frequency of these values during the 
optimization process. This analysis is critical for understanding how porosity variations impact CO2 storage efficiency and 
containment within the geological formations. The distribution indicates the most common porosity ranges encountered and 
highlights the variability in vertical porosity throughout the optimization period. 
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Fig.7-31: This histogram illustrates the variation in the standard deviation of sand porosity over a 30-year optimization period. 
Each class on the x-axis represents a specific range of standard deviation values for sand porosity, reflecting the variability in 
the porosity of sand layers within the reservoir. The y-axis shows the frequency of these values observed during the 
optimization process. Variability in sand porosity significantly impacts reservoir heterogeneity, which in turn influences the 
efficiency and effectiveness of CO2 storage. The histogram indicates that most scenarios exhibit a standard deviation in sand 
porosity between 0.05 and 0.08, highlighting the degree of heterogeneity present in the sand layers during the geological 
uncertainty assessment. 

 

Fig.7-32: This histogram represents the variability in shale porosity, measured by the standard deviation, over a 30-year 
optimization period. The x-axis displays the classes of standard deviation ranges, while the y-axis indicates the frequency of 
each class occurring during the optimization process. This analysis highlights the impact of shale porosity variability on 
geological uncertainty and CO2 maximizing well mass gas injection total (wmassit), emphasizing the importance of 
understanding shale characteristics in the optimization process. 
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Fig.7-33: This histogram illustrates the optimization of the X coordinates for the location of the injection well over a 30-year 
period. The optimization process aimed to determine the optimal well locations along the X-axis, ensuring the highest 
efficiency in accessing reservoir zones. Each bar represents the frequency of specific X-coordinate ranges identified as optimal 
scenarios during the geological uncertainty assessment. The X coordinate values are crucial in achieving the objective 
function, as they are linked with the Y and Z (perforation depth) coordinates. Together, these coordinates ensure the well's 
location  Maximized well mass gas injection total (wmassit) while mitigating risks associated with CO2 plume migration and 
interaction with geological features such as faults. This comprehensive optimization of the X, Y, and Z coordinates results in 
effective and safe CO2 injection well placement. 

 

 

Fig.7-34: This histogram illustrates the optimization of Y coordinates for the injection well. Each class represents optimal 
scenarios resulting from the optimization process over 30 years. The frequency of each Y coordinate range is depicted on the 
y-axis, highlighting the most favorable injection locations. The optimization ensures that the well location aligns with the 
objective function of maximizing CO2 maximizing well mass gas injection total (wmassit). This Y-coordinate optimization is 
linked with the X and Z (perforation) coordinates to achieve the overall objective efficiently. 
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7.4 Appendix – Ebro Basin Region (Spain) 

Table 7-2. Maximum amount of CO2 safely injected at different injection rates and varying threshold pressures in a vertical 
well. The first column indicates the months since the start of injection required to reach the maximum gas volume shown in 

the second column. The data is grouped by threshold pressure 
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Table 7-3. Maximum amount of CO2 safely injected in a Horizontal well at different injection rates and varying threshold 
pressures. The first column indicates the months since the start of injection required to reach the maximum gas volume 

shown in the second column. The data is grouped by threshold pressure 

 

 

 

 

 


