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Summary

The project, SENSE, is funded through the ACT program (Accelerating CCS Technologies, Horizon2020 Project No
294766). Its objective is to demonstrate how surface displacements can be used in a monitoring program aimed
at verifying the long-term integrity of a CO; geological storage site. IFPEN participates as WP2 (work package)
leader to coordinate 3D coupled hydromechanical simulation activities to understand the surface displacement
mechanism in response to pressure changes due to CO; injection. This report addresses the Task 2.3: Numerical
simulation of ground movement in response to reservoir pressure change for the candidate sites.

We address the specificities encountered at the considered real site, In Salah: development of an effective dual-
medium hydromechanical coupling and conceptual CO, leakage scenario with a surface displacement footprint
comparable to the one from In Salah. In addition, we also produce a preliminary study of the possible thermal
effect(s) of cold CO; injection on subsurface mechanical behavior.

The coupled hydromechanical simulations for the In Salah model calibration, based on InSAR data and relevant
information related to this CO, storage site are presented in deliverable 3.2.
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1 Introduction

The In Salah context was the main motivation to produce the work described in this report. Carbon dioxide has
been injected in the Krechba field in Algeria between August 2004 and June 2011. Surface storage site has been
monitored through InSAR technology during and after injection. An unexpected behavior has been encountered
while injecting CO, with a CO, migration through a legacy well (KB-5) and a specific surface displacement footprint
at one injection well (KB-502) described as a double-lobe deformation. This could be explained by a damaged zone
that would allow a vertical migration of fluid through the caprock. According to White et al., 2013, this damaged
zone could be a hydro-fractured zone triggered by the injection or a preexisting fractures zone (permeable or
reactivated by the injection). In addition, In Salah storage formation has a low-permeable matrix but fractured
medium. Based on previous studies (Deflandre et al., 2011), the modelling of a dual porous medium is required to
be able to reproduce the storage behavior. For all these reasons, the In Salah site is a good candidate to study the
effects of CO; injection on surface displacement and the potential of INSAR surface monitoring.

The purpose of this report is to describe the implementation of tools to reproduce the behavior observed on the In
Salah site and a conceptual analysis of the physical phenomena that may have occurred on the storage site. The
first development corresponds to the addition of functionality on the existing coupling tool to consider the "dual-
medium" description of the injection site and its validation on a toy case. In a second step, a preliminary evaluation
of the thermal effects induced by the injection of cold CO; in a warmer storage area has been performed. Finally, a
conceptual approach has been implemented to reproduce a CO; leakage and the atypical surface behavior via a
synthetic model with the opening of a fracture zone above the injection interval (without considering a dual-
medium).

Nomenclature

Bulk Modulus [Pa]
Shear Modulus [Pa]
Young Modulus [Pa]

Poisson Coefficient [-]
Deformation (volumic) [-]
Stress [Pa]

Pressure [Pa]
Temperature [°K]
Porosity [-]
Permeability [mD]
Thermal dilation coefficient [1/°C]
Elastic Tensor (4 order)

Biot coefficient [-]
Pore Compressibility [Pa]
Biot modulus [Pa]
Fluid density [kg.m>3]

D IXRDS IO [X0 [N |» < =[x X
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2 From single medium to dual-medium hydromechanical coupling

2.1 Review of single medium hydromechanical coupling scheme

The bases hypotheses are the following:
e The modelis based on the framework of infinitesimal elastic strains

e The porous material is isotropic and fully saturated by a single fluid
e The porous medium is considered as the geometric superposition of two continuous media:
a skeleton particle and a fluid particle (Figure 1)
Occluded Connected

porosity porosity  Solid Fluid
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Skeleton particle Fluid ;M:rr.'c'.ff Infinitesimal volume

af porous medium

Figure 1 : Geometric description of the single-porosity porous medium (Coussy, 2004)

In this context, with the mechanical simulation, the variation of the stress field is calculated via equation 1, and
variation in porosity as described in equation 2!
Ao = C:As — bAP1 — 3K aSATS1 (1a)

A = btrAe + -~ — 3aAT* (22)

The elastic tensor C, the Biot coefficient b, the Biot modulus M and the thermal expansion coefficient of the porous

medium a? are defined as follows:

hom
C=2ptomy+ (Khom -2 2)1@1 3)
ghom
b=1-—; (4)
1 __ b-o
oo O

a?=a’(b-¢) (6

With K"™and u"°™ the bulk and shear elastic moduli of the homogenized medium, KSand u® the bulk and shear
elastic moduli of the solid matrix, a® the thermal expansion coefficient of the solid matrix and ¢ the porosity.

! Superscripts, s and hom, stand respectively for skeleton and homogenized

5/45
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The homogenization between skeleton particle and fluid particle properties is obtained from Mori-Tanaka
formulation:

4KSuS(1—¢)
K"™(p) = W (4)

hom _ u¥(1-p)(9K°+8u®)
H (¢) = KS(9+6¢)+us(8+12¢)

(5)

In our previous coupled simulations, we made the following assumptions for the coupling scheme:
- Incompressible matrix: KS >0 = b=1, M=o,a? =0

- Isothermal evolution: ATS =0

Thus (1.) and (2.) become respectively Ag = C: A — Ap1 (1) and Ap = trAe (2p)

A simple example in paragraph 2.3.2 illustrates the impact of considering or not the solid matrix compressibility by
comparing Biot vs. Terzaghi approaches for the stress variation calculation.

The coupling between hydro and mechanical calculation is performed for each time period of the fluid flow
simulation, either iteratively (with retroaction between both simulators) or one-way (pressure results from fluid
flow simulation is given to the mechanical simulator without any other interaction), see Deliverable D2.2 for details
on the different coupling schemes.
The relationship between both simulators is defined through:

e aconstant pore compressibility ¢, defined in the fluid flow simulator as:

S
1/ b2 1 K* - o 1
Cp = E(Khom +M) : v = (pKhom

e AV, linearly applied to the fluid flow simulator from the mechanical calculation throughout each
simulation period (iterative coupling case)

2.2 Dual-medium hydromechanical coupling scheme

2.2.1 Mechanical description of the dual porous medium

The dual (porosity) medium is considered as the geometric superposition of three continuous media: a skeleton
particle, a porous fluid particle and a fracture fluid particle (Figures 2 and 3).
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Representative block

p'=p"=p,

Naturally fractured rock

| |

el
P

Primary porosity medium  Secondary porosity medium

Figure 2 : Representation of the dual porosity medium for fractured rock (Abousleiman and Nguyen, 2005)

Fractured
Skeleton Porous fluid Fracture fluid
ticl + ticl + ticl = porous
article article article
p P P medium

|4 V
_'r _'f
=y LA

Figure 3 : Schematic description of the superposition of three continuous media (skeleton, porous and fracture)

With this description of the fractured medium, the variations of the stress field and porosity are calculated via
equations 1c 2., and 2.+ Thus, the contribution from pressure variations become the weighted sum of pressure
variations from both media and porosity variations are decomposed between fracture and porous/matrix media

porosity variations.
Ao = C:Ag — byAp,1 — beApsl — 3K ™aSATS1 (1))

— App , Apy @
Agp = bytrAe + M—p + == 3a, AT® (2c,)

v I‘A”pf
= APp 4 BPf g PATS
Apr = bftrAg + ", + ", 3af AT (2c4)

The elastic tensor C is still given by equation 3, while Biot coefficients, Biot moduli, and thermal expansion

coefficients are defi;ed for both porous media:

Khom Khom Khom .
bP:K{}W_ g and bf:l_K{}W Wlthbp+bf=b
—_— = —(b —Q (———)and—=
Mpp K* (by = o) K Ko™ Mpp o Ko™

1 1 1 1 1
i = Or =00 (e g o =

af = (b, — 9,) and af = a*(by — 9y)
With Kom, Kzﬁ“’m, K5 respectively the bulk elastic moduli of the homogenized fractured medium, the
homogenized unfractured medium and the solid matrix.

7 /45
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Homogenized properties for the fractured porous media are calculated assuming randomly oriented cracks with
(Mori-Tanaka):

Kzi}om
16(1_V§'h0m) (4v)
9 (1—2v1’,}°m)

Khom(e) —

1+€

hom

uhom(e) = =+ (5)

)
= ()

With € = crack density parameter

The crack density parameter (€) is calculated based on the following fracture characteristics:
- Cracks are supposed to be oblate spheroids (Figure 4), defined by an aspect ratio X:

o X =§ (aspectratio) - X «< 1

o With:
= ¢ = halfopening
= a = fracture radius
- With N = number of cracks per unit volume, the crack density parameter is calculated following
o €=Na?
- The volume fraction of cracks can then be calculated:

o @5 = %neX

S C——

a ,I

Crack as oblate spheroid
Figure 4 : Schematic illustration of crack for considered fractured porous media

Note: Results would be sensitive to the values of uncertain fracture characteristics such as ¢ (half opening) and
a (fracture radius) parameters.

If crack density parameter € is zero, Ko™ = K;"’m, the simple medium formulation is obtained by simplification
of the dual medium equations.

2.2.2 Example of parameters calculation for a fractured porous medium: fractured sandstone

Assuming the following characteristics for the fractured porous medium:

N=28 e=1
a=05m => X =0.002
c=0.001m o5 = 0.84%
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Fractured sandstone Non fractured sandstone
@, = 25% Y =25%
sor = 0.84% ©r=0%
K"™ = 1.98 GPa K}°™ = 10 GPa
uo™m = 1.94 GPa phom = 4.62 GPa
b, =0.1 bs = 0.8 b, =05
M,, =31.12GPa M;; = 12.60 GPa M, = —25.20 GPa M, = 80 GPa
a) =—0.15x 107° °C™* af =0.79x 107° °C™! a) =0.25x107°°C™?

In case some considers an incompressible matrix K — oo, coefficients become:

hom hom
(4 K}?om Kéwm
Mpp K;]:wm Mgs Mpp Mpr  Mpp K;;mm Mpyp
o _ P _
a, = 0 ap = 0

Now, if we compare coefficients values between compressible and incompressible matrix cases for our previous
example of fractured porous media, it comes:

bp =01 bf =0.8 bp = 0.2 bf =0.8
KS -5

Mpp = 31.12 GPa Mff = 12.60 GPa I:> Mpp = 12.60 GPa

Mpf = —25.20 GPa Mpf =—12.60 GPa

2.2.3 Fluid flow description of the dual porous medium and coupling with mechanical calculation

The dual-medium concept used in the fluid flow simulator is based on an ideal description of fractured reservoir
after Warren and Root, 1963 (Figure 5). Two superimposed mesh (fracture and porous/matrix media) are defined
with different properties (porosity ¢ and permeability k) in each medium:
* A matrix mesh with ¢,, kp
* Afractured mesh with ¢y, ke
*  Fractured network is connected
* Anexchange termis defined between superposed cells fracture <-> matrix (function of blocks sizes)
(Figure 5)
*  Flow is allowed in both media (Figure 6)
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Matrix block ] _." ,"
- " ¢ T\A_fo superposed
—= = . o grids
=
| —— — @ | ..
i R

| 2 -=%k o T

I LA fx Matrix cell

= : )/,I

T Fracture cell
(1 Parallelepipedic
fracture network ;V—’ )
Fracture node [l g... B Matrix node
One cell for ™

VUGS MATRIX FRACTURE MATRIX FRAGTURES N identical matrix blocks

N matrix-fracture
ACTUAL RESERVOIR MODEL RESERVOIR exchange terms

Figure 5 : Left, schematic representation of the dual-medium concept after Warrant and Root (1963). lllustration
of the superposed mesh for representing the dual-medium with the flow simulator, PumaFlow (IFP Energies
Nouvelles, 2018).

- Diffusion

—» Advection

Fracture

4

Dual-Porosity Dual-Permeability
Matrix-Diffusion Matrix-Diffusion
Model Model

Fractured Rock
Matrix

Figure 6 : From Ho (2000), illustration of two alternative conceptual models for matrix diffusion in fractured
rocks: either no flow between matrix blocks (i.e., only matrix-fracture flow) or flow is allowed in both media.

For consistency between both calculations (hydro and mechanical), pore compressibility should be defined

following:
1(b§+1> 1<b}+1>
Cp =— — r=— —
4 @, Khom Mpp o Khom Mff

In the iterative coupling case, AV, and AV are applied in each mesh.

Notice that homogenized properties such as compressibility and mechanical rock properties will strongly depend
on poorly known properties such as shape factor, fracture porosity as shown in Figures 7 and 8. The inversion from
homogenized value such as Young modulus Eh and poisson ratio vh to Ks, Gs is not straightforward without strong
hypotheses on fracture medium properties for example (Figure 7). Results are obtained from an iterative coupling
between flow simulator PumaFlow and mechanical simulator Code_Aster based on the dual medium scheme
described in section 2.2.1.
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Figure 7 : Homogenized Young Modulus and Poisson coefficient for dual-medium, function of skeleton shear and
bulk moduli (top) and function of fracture porosity and shape factor (bottom). Inadmissible values, such as

Poisson coefficient is negative, were nullified.
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Figure 8 : Matrix and Fracture compressibility for dual-medium, function of skeleton shear and bulk moduli (top)
and function of fracture porosity and shape factor (bottom).

2.2.4 Estimation of rock integrity

As in previous work (Deliverable 3.2), the estimation of rock integrity is achieved through a classical criterion
(Drucker-Prager) commonly applied to geomaterials for shear failure mechanisms. To keep the geomechanics
approach simple and to avoid any physical non-linearity, a linear elastic behavior can be adopted, with the failure
estimation being performed based on the plastic yield surfaces as a post-processing procedure.

Moreover, in the following work, the elastic deformation will be calculated by considering the generalized Biot
effective stress o' (equation 1) but the failure criterion will be calculated by considering the Terzaghi effective stress
o (equation 2) since this controls the failure as shown in experiments (Coussy, 2004).

Acg'*® = C: A = Ac + bApl + 3K"°™MaSATS1

Equation 1 : Generalized Biot effective stress, for elastic deformation calculation
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Ag' = Ag + Apl = C: Ae + (1 — b)Apl — 3K aSATS1

Equation 2 : Terzaghi effective stress, for failure criterion calculation

-, 8.0
dpp k" failure
Drucker—Prager i
m:ir;.r u{q:aul Mohr—Coulomb 6.0 Stl‘iESS state
Drucker—Prager ;_C_U- * current
(inner edges) = 4.0 1
= stress state
o H
2.0
M
-0, ”‘f/ -0, 0.0
&/ ’
& 1.0 P, 1.0 3.0 5.0
b -p' (MPa)
Drucker-Prager yield surface Drucker-Prager yield surface
in the principal stresses space in the (-p’; q) space

Figure 9 : Drucker-Prager yield surfaces in the deviatoric plane and projection in (-p’,q) space with p' = mean
effective stress and q = deviatoric stress.

2.3 lllustrations - modifications of the hydromechanical coupling

2.3.1 Toy model description

Main model characteristics (Figure 10):

* 10x10x 2.15 km (symmetrical planes at x=0 and y=0)

* 20x20x 14 cells (5600 cells)

*  From top to bottom:
* 1.4 km of overburden (« flow- inactive »)
* 380 m of seal rocks (10 m at the reservoir interface are dual-medium for the dual-medium case)
* 40 m of reservoir
e 250 m of underburden (200 m are « flow-inactive »)

*  2-phases flow

* Total injection period: 1 year

*  Maximum increase in BHP: 100 bars

¢ Maximum CO; injection rate: 1.5 10¢ sm3/d

* Isothermal calculations

*  Numerical flow resolution uses 9-pts scheme

*  Only the one-way coupling scheme has been used for this study

* Initial conditions:
e o,/0v=04/0,=0.8
* P=20MPa @ 2000m
* Boundary conditions:
* Oedometric conditions
* Bottom, top, and lateral surfaces are impermeable
* A large porous volume is defined for lateral boundary cells to mimic open lateral boundary
conditions
*  Post-process failure evaluation: Friction angle = 25° and ¢ = 1.E+06 Pa
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Kx Matrix

Figure 10 : lllustration of the toy model with the injection point at the left corner (equivalent to a quarter five-
spot, with only one injection well).

Table 1 : Rock properties for the single medium case

Layer from Thickness “Medium bo[-] kx, [mD] kz, [mD] Es[GPa] vs[-]
top to type”, if
bottom relevant

1 1400 Inactive 0 0 0 13.54 0.26

2 380 Simple 0.05 0.3 0.03 13.54 0.26
Medium

3 40 Simple 0.05 0.3 0.03 13.54 0.26
Medium

4 20 Simple 0.05 0.3 0.03 13.54 0.26
Medium

5 10 Simple 0.05 0.3 0.03 13.54 0.26
Medium

6 10 Dual Medium | 0.05 0.3 0.03 13.54 0.26

7 10 Dual Medium | 0.18 30 3 13.54 0.26

8 10 Dual Medium | 0.18 30 3 13.54 0.26

9 10 Dual Medium | 0.18 30 3 13.54 0.26

10 10 Dual Medium | 0.18 30 3 13.54 0.26

11 10 Simple 0.01 1.00E-04 1.00E-05 13.54 0.26
Medium

12 40 Simple 0.01 1.00E-04 1.00E-05 13.54 0.26
Medium

13 100 Inactive 0 0 0 13.54 0.26

14 100 Inactive 0 0 0 13.54 0.26

Specific characteristics of the dual-medium cases:
- Only some model layers are considered as “dual medium”, see table 1
- Only capillary and gravity effects are considered for Fracture-Matrix Exchange (valid if the viscous effects
are negligible comp. w. capillary & gravity effects, i.e. when fracture conductivity is high enough)
- Blocks sizes: 10x10x1m
- Several rock properties scenarios for fractured media are considered:
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o Several scenarios with different fracture permeability (see table 2)

Table 2 : Parameters values for the different simple-medium and dual-medium cases?

One pseudo simple medium to control the coupling results with low fracture porosity and
permeability (0.001% and 1.E-10 mD, resp.)

Simple Medium | Dual Medium 1 Dual Medium 2 | Dual Medium 3a | Dual Medium 3b

©_p [] 18% 18% 18% 18% 18%

@_f[-] 0% 0.001% 1% 1% 1%

Kk p [md] 30.0 30.0 30.0 30.0 30.0

k_f [md] 0.0 1.00E-10 1.00E-10 3.00E+01 3.00E+02
E~hom [GPa] | 9.4 9.36 1.81 1.81 1.81

v~hom [-] 0.25 0.25 0.07 0.07 0.07

b_p [-] 0.34 0.33 0.04 0.04 0.04

b_f [-] 0 0.01 0.88 0.88 0.88

2.3.2 Biot theory — Simple medium

The simple medium case is used to confront the Biot vs. Terzaghi theories of elasticity, i.e., what are the
consequences of neglecting the solid matrix compressibility when calculating the surface uplift and risk of failure
for CCS project.

The Biot approach leads to less deformation and consequently to a reduce uplift (Figure 11). For the studied case,
the Terzaghi approach tends to underestimate the failure risk (Figure 12). We also observe a significant difference
in dynamic behaviors between both approaches.

To summarize, adopting the Biot formulation provided less deformation (uplift) and more rock failure risk. This
approach is more conservative and would be recommended in a risk analysis point of view.

.0175
L0150
.0125
.0100Z
L0075
.0050
.0025
.0000

Figure 11 : Cumulative surface displacement when considering Terzaghi formulation (red) or Biot formulation
(green) for the simple medium case after one year of injection.

e ZFractured media properties have been calculated using fracture aspect ratio X = 0.001
- This value highly impacts the elastic coefficients even for low fracture porosities ~1%
- It could have been interesting to use X = 0.01 depending on the studied case

15/45
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Figure 12 : Evolution of the stress state from the initial state (left) to after one year of injection (right) in (delta
p, q) representation, for the Biot and Terzaghi approaches. Each point represents an element. If one of them
cross the black line on the right (delta = 0), the failure criterion is reached.

2.3.3 Dual medium results

Several cases are considered:
1. Validation of the coupling: Simple medium vs. equivalent dual medium (low porosity and permeability

fractures — Dual Medium 1 in table 2)
No significant differences are obtained from both cases (Figures 13 and 14) as expected from a valid coupling for

both schemes with these cases definition.

.0025
.0020
00155
.0010
.0005
.0000

Figure 13 : Cumulative surface displacement for the simple medium (red) or dual medium 1 (green) after one
year of injection.
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Figure 14 : Evolution of the stress state from the initial state (left) to after one year of injection (right) in (delta
p, q) representation, for the simple medium (SM) and dual medium (DM) cases. Each point represents an
element. If one of them cross the black line on the right (delta = 0), the failure criterion is reached.

2. Dual medium with low fracture permeability: fracture effects on geomechanics only (fracture porosity —
Dual Medium 2 in table 2)

No significant changes are observed in flow behavior between dual medium 1 and dual medium 2 cases (only
change in fracture porosity, fracture permeability is still very low: 1e-10 mD). Thus, the observed differences in
surface displacement (Figure 15) are mainly due to the change in rock mechanical properties while changing
fracture porosity: in particular, homogenized Young modulus reduces over almost one order of magnitude, this
means a softener rock resulting in higher deformation and consequently a higher surface displacement, despite a
weaker Biot coefficient in matrix. The same remarks apply for the stress evolution (Figure 16), while the flow
constraint remain the same (i.e., increase in pressure, injected volume), rock properties reduce drastically with the
increase in fracture porosity (shear and bulk moduli, matrix biot coefficient) leading to more scattered results,
further away from the failure criterion.

These results underline the high sensitivity of mechanical behavior to the dual medium rock properties definition.

Figure 15 : Cumulative surface displacement for the dual medium 1 (@_f=1e-5, red) or dual medium 2 (¢_f=1e-
2, green) after one year of injection.
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Figure 16 : Evolution of the stress state from the initial state (left) to after one year of injection (right) in (delta
p, q) representation, for the dual medium 1 (@_f=1e-5) and 2 (@_f=1e-2) cases. Each point represents an
element. If one of them cross the black line on the right (delta = 0), the failure criterion is reached.

3. Dual medium with high fracture permeability: combined fracture effects (Dual Medium 3a and 3b in table
2)

For both cases, Dual medium 3a and 3b, the rock mechanical properties remain the same as for the Dual
medium 2 case. The differences, this time, are not due to rock mechanical properties but rather due to flow
properties and consequent flow behavior. From 2 to 3a cases, because of the increase in fracture permeability,
a higher amount of CO; is injected for a lower increase in pressure (Figure 20). This leads to a lower increase in
surface displacement close to the well but slightly higher further away to the well (Figure 17). Moreover,
because of the lower overpressure, the risk of failure decreases (Figure 18).

From case 3a to 3b, the fracture permeability is again increased but this time does not result in an increase in
the amount of injected CO, because of the maximum injection rate limitation. The quantity is the same, but the
pressure build-up is lower for the 3b case with the highest permeability (Figure 20). Therefore, the uplift for
the case with the highest permeability is even lower than previously (Figure 17) and, again, the risk of failure
decreases because of the lower overpressurization (Figure 19).

Figure 17 : Differences in surface displacement between (Left) the dual medium 2 and dual medium 3a (k_f=30
md,) and (Right) the dual medium 3a and dual medium 3b (k_f=300 md) after one year of injection.
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Figure 18 : Evolution of the stress state from the initial state (left) to after one year of injection (right) in (delta
p, q) representation, for the dual medium 2 (k_f=1e-10 mD) and 3a (k_f=30mD) cases. Each point represents
an element. If one of them cross the black line on the right (delta = 0), the failure criterion is reached.
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Figure 19 : Evolution of the stress state from the initial state (left) to after one year of injection (right) in (delta
p, q) representation, for the dual medium 3a (k_f=30 mD) and 3b (k_f=300mD) cases. Each point represents
an element. If one of them cross the black line on the right (delta = 0), the failure criterion is reached.
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Figure 20 : BHP and cumulative gas injection at surface conditions function of time for the different studied Dual-
medium cases.
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3 Preliminary investigation on thermal effects on geomechanical
behavior in CCS context

The objective is to investigate the thermal effects when performing geomechanical analysis of CO, underground
storage. More specifically, we study the effect on surface displacement and subsurface storage integrity while
injecting a cooler fluid than in-place temperature.

A synthetic model is used to simulate the thermo-hydromechanical evolution of a reservoir and the above seal
rocks during one year of CO; injection at constant rate. Some parameters may seem exaggerated regarding real
case applications (geometry, injection rate, overpressure generation, temperature decrease): the set of parameters
has been chosen to illustrate the physics provided by the new formulation (as described in the first section of this
report). Simulations were performed by an internal tool developed by Andre Bruch.

3.1 Model assumptions and limitations

- Infinitesimal elastic strains
- Isotropic material
- Simple / Single porosity medium
- Fully saturated by a single compressible fluid (water)
o Pressure induced by the CO; injection is modelled by means of a water source term
- Fluid and skeleton are in thermal equilibrium
o Cooling induced by the CO; injection is modelled by means of a heat sink term
- Plasticyield surface is used to evaluate seal rock integrity
o Matrix plastic incompressibility: failure is controlled by Terzaghi effective stress (see paragraph

2.2.4)
- Recall of the constitutive equations for these thermo-hydro-mechanical calculations:
@ Constitutive equations of the skeleton: @ Classical poroelasticity coefficients:
2“ Kham
Ag = C:Ae — bApl — 3K"oMgSATS1 g:2u1+(K—?)l®l b=1- X
Ap 1 b—o
Agp :btrAngﬁfBa‘”ATs TG a® = a’(b— )
@ Constitutive equation of the fluid: @ Conversion formulae:
Ap E E
f=of L 3afATT K=———1 - -
P = Poexp (Kf 3alAT ) 301 _2v) F=2a+w

3.2 Synthetic model description

Model is defined as (Figure 21):

- 10x10x 2.5 km (symmetry planes at x=0 and y=0)
From top to bottom:

o 2km of overburden

o 100m of seal rocks

o 200m of reservoir

o 200m of underburden
- Total time: 1 year
- Time-step: 1 week
- Fluid mass source: 2.5 Mton/year
- Heatsink: -3 W/m3
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Figure 21 : lllustration of the synthetic model with the injection point at the left corner (equivalent to a quarter
five-spot, with only one injection well) and with two facies: sandstone for the injection zone and the shallower
aquifer/overburden (up-to the surface) and shale for the caprock and underburden.

- Post-process failure evaluation: Friction angle =30°and c=0
- Initial conditions (Figure 22):
o Geostatic equilibrium
» g,/0v=04/0,=0.66
o Hydrostatic pressure

= p=plgz
o Geothermal equilibrium
= T*=20°C

=  9T/dz=40°C/km
- Boundary conditions:
o Oedometric conditions
o p=0
o Bottom and lateral surfaces are
impermeable
o TP =20°C; g*°™ = 80 mW/m?
o Lateral surfaces are insulated

Figure 22 : Initial conditions. From top to bottom: Total stress [MPa],
Pressure [MPa] and Temperature [°C].

Porous material properties are summarized in table 3. Fluid properties are summarized in table 4.
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Table 3 : Porous material properties

Parameter Symbol Sandstone Shale
Porosity (0) 0.25 0.15
Density (kg/m3) o 2200 2360
Young modulus (MPa) E 12000 25000
Poisson's ratio v 0.3 0.25
Biot coefficient b 0.50 0.29
Biot modulus (MPa) M 80000 168120
Thermal dilation coef. of solid phase (1/°C) of 1.00E-05 1.00E-05
Thermal dilation coef. of pores (1/°C) a® 0.25E-05 0.14E-05
Permeability (m2) kf 1E-13 5E-18
Specific heat (J/kg°C) c 1500 1500
Thermal conductivity coefficient (W/m°C) k* 2 2
Volume heat generation (W/m3) r 0 0

Table 4 : Fluid properties

Parameter Symbol Value
Density of fluid (kg/m3) p'o 1000
Bulk modulus (MPa) K 2200
Thermal dilation coefficient(1/°C) af 7.00E-05
Specific heat (J/kg°C) cf 4200
Thermal conductivity (W/m°C) kbf 0.6

3.3 Results - synthetic model

The major cooling effect occurs in the injection zone (figure 23) but is also observed in the first seal elements (figure
24) with a decrease of temperature about 30°C in 1 year.

3 Temperatus

I 108.92
97.809
86.693
75.578

+ 64.462
53.347

42.231
31.116

*J—O x

Figure 23 : Temperature evolution [°C] at 0.5 year (left) and one year (right).
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Figure 24 : First seal rock element temperature evolution with time.

This temperature variation induces an increase in the horizontal effective stress and a slight change in overpressure
while no significant changes affect the vertical effective stress when comparing isothermal and thermo-
hydromechanical (THM) coupling results (Figure 25). In the considered initial stress state (extensional), this thermal
effect on the horizontal effective stress will increase the deviatoric stress g and may cause to reach the failure
criterion as in Figure 25, thus increase the risk of rock failure. In other words, in this context, neglecting the thermal

effect when injecting cold CO, may underestimate the risk for caprock integrity.
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Figure 25: Comparison between isothermal and THM simulations results for the first seal rock element
overpressure (top left), vertical effective stress (top right) and horizontal (bottom right) evolution with time.
Bottom left: stress state projection in (-p’,q) for isothermal and THM simulations for the first seal rock element.

The injection of cold CO, will lead to a contraction of subsurface rock due to its cooling effect and then will tend to
decrease the observed surface displacement compared to the isothermal case (Figures 26 and 27).
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Figure 26 : Vertical displacement [m] after one year of injection for the isothermal case (left) and THM case (right)
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Figure 27 : Comparison between isothermal and THM simulations results for the surface displacement (on top
of the injection point).

The THM simulation must be analyzed with caution (high injection rate, exaggerated temperature decrease,
monophasic fluid...), nonetheless, the following behavior may be expected when injecting cold CO, in subsurface:
- Contracting deformation tendency due to rock cooling
- Horizontal effective stresses increase and potential risk of rock failure depending on the considered initial
stress state
The study has been performed for a single set of parameters. It may provide some insights about the reservoir
physics, but additional sets of parameters could be investigated.
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4 Ground surface response analysis to CO, leakage through a
fractured zone above the injection interval

In this section, we analyze the ground surface response to the opening of a fracture zone located above a CO;
injection interval. More precisely, our objective is to identify what parameters and how they control the ground
surface response to this fracture opening, by analyzing numerical simulations of CO; injection experiments in a
synthetic model.

We first describe the design of the reference model in which the ground surface response shows a displacement
pattern controlled by the fracture zone, according to the displacement pattern observed above injection well KB-
502 of the In Salah injection experiment in Algeria (Rinaldi and Rutqvist, 2013). Then, results of a sensitivity analysis
to the different model’s parameters are examined.

4.1 Synthetic Model

The structural model chosen for this study was derived from the “Sandstone 1” model developed in WP 2.1 (see
Deliverables 2.1 and 2.2, Bouquet et al. 2021). Its design is inspired from the In Salah project where a fracture zone
opening (or re-opening) was observed during a CO; injection experiment.

Properties of this synthetic test case are reported in Deliverable D2.1. The dimension of the model is 60 km X 60
km with a total thickness of 2200 m. It is made of four structural layers, from bottom to top: the underburden, the
reservoir, the overburden and the caprock. The latter is supposed to be impervious and is considered as a no-flow
zone in the fluid flow simulations (Figure 28).

a.
Zoom B
2 Sub-seismic fault E/V
“overburden
b.

Teservoir

% underburden
/LOO((\ caprock

\QQQ((\
overburden

<
e —e_ )

o :
R reservoir

g% ]

underburden

Figure 28 : Presentation of the reference synthetic model
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The model structure includes a 45 m high anticline, two seismic faults and one sub-seismic fault with a 10 m
maximum throw. The sub-seismic fault is located on the flank of the anticline, as shown on Figure 29. In this study,
the seismic faults were not considered as hydrodynamic discontinuities and the rock properties values in the
damage zone and the core of these faults are identical to that of the reservoir.

LT
I

om ||

Figure 30 : Geometric properties of the sub-seismic fault
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The sub-seismic fault is located at the center of the model (Figure 30). It is 8000 m length, 60 m thick and 1200 m
high. It dips to the west, trends to the north-east and extends vertically from the reservoir base to the top of the
overburden. It is split in a reservoir region and an overburden region, as shown on Figure 30.

The underburden is discretized with 10 layers, the reservoir is discretized with 40 thin layers, the overburden is
discretized with 14 layers. Horizontal cell sizes vary from 20 m to 3500 m, with local grid refinement to precisely
model faults.

4.2 Coupled hydro-mechanical simulator

Hydrodynamical and geo-mechanical response to CO; injection is simulated with a coupled flow-geomechanics
simulator described in Deliverable D2.2, section 2.1.

The coupled hydro-mechanical simulator shows several limitations which need to be noted here:

- Since all simulations are run here in one-way coupling, no direct retroaction of mechanical calculation on
flow properties are applied (i.e., no change in porosity or permeability from mechanical simulation).

- Only one episode of permeability change can be prescribed during a flow simulation. The date of the
permeability change must be prescribed by the user, as well as the amplitude of the permeability change
which can be defined cell by cell.

- Only a relationship between permeability and absolute pressure can be defined (it is not possible to
prescribe a permeability-vs-AP relationship where AP is the overpressure developed since the beginning of
the injection).

- Rock compressibility is a static data (constant value per zone) in the reservoir simulator.

- Elastic parameters of the rock are isotropic in the mechanical simulator.

A consequence of these limitations is that we can only simulate an instantaneous fracture opening episode, which
must be pre-defined in terms of permeability change and fracture zone. In other words, slow propagation of
fracture opening under the effect of pressure increase cannot be modeled.

All simulations presented below are run in one-way coupling.

4.3 The reference scenario

4.3.1 Model parameters:

The reference scenario was designed with the constraint that a double-lobe displacement pattern as close as
possible to the displacement pattern observed in the In Salah experiment can be observed, while keeping as much
as possible the parameters of the synthetic “Sandstone |I” model from WP 2.1.

The injection well was placed horizontally in the model, so that the sub-seismic fault hits the injection segment in
its center. It was placed 100 m below the reservoir-overburden interface. Its length was set to 900 m. The injection
rate was set to 1.5.10° m3/day at surface conditions, to obtain a pressure increase in the injection well which fits
approximatively to the pressure increase observed in the In-Salah experiment. This injection flowrate was kept
constant throughout the simulations.

All parameters of the sub-seismic fault were prescribed to be uniform within each region. Fracture opening was
supposed to occur 275 days after the injection start, and the calculation simulated 475 more days so that a little

more than a two-years experiment is simulated.

The reference scenario was obtained by a manual trial and error process, by adjusting permeability and
compressibility of the two regions of the sub-seismic fault after fractured opening. In the reference model finally
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selected, only the overburden region of the sub-seismic fault was supposed to experiment fracture opening (or re-
opening), and the reservoir region was modelled with the same properties as the reservoir itself.

The rock parameters of the reference scenario are summarized in table 5.

Table 5 : Rock properties values for the reference scenario
Porosity [[] = Pemeability [mnD] = Compressibility®> | Poisson ratio [-] = Young's modulus [Pa]

[bar?]

Overburden 5% 0.001 mD 0.0000443 0.25 6.77E+10
Reservoir 10% 2mD 0.0000265 0.25 5.66E+10
Underburden 10% 0.001 mD 0.0000443 0.25 3.39E+10
Caprock 0 0 0.25 1.00E+10
Sub-seismic fault, 5% 0.001 mD, 0.001 0.25 6.00E+08
overburden region 0.3mD

Sub-seismic fault, 10% 2mD 0.001 0.25 6.00E+08

reservoir region

4.3.2 Reference scenario results

The experiment is split in two phases, before and after fault opening. Simulation results of the reference scenario
are presented in Figures 31 to 42.

Phase |

During the first phase of the experiment, before fracture opening, the injection is responsible of a maximum ground
uplift of 8 mm. A map of the calculated uplift and an EW profile of the ground surface vertical displacement at the
end of this first phase are presented in Figure 31 and Figure 32.

26,000 28,000 30,000 32,000 34,000
1 1 L 1 1

A Fault trace at |
.~injection depth

26,000
L

EW section|
g sell
g
R 2o
-0.008 0.008
).008 -0.004 l (I) 0604 0.00¢

Figure 31 : Ground vertical displacement [m], at time t=275 days (i.e., phase 1, just before fracture opening) in
the reference experiment. The green dashed line is a reference circle with a radius of 3200m.

s Cp = %(3(1:1/))

IFP Energies nouvelles — 1 et 4 avenue de Bois-Préau — 92852 Rueil-Malmaison Cedex — France — www.ifpenergiesnouvelles.fr 28 / 45


http://www.ifpenergiesnouvelles.fr/

@E%’ REPORT

Earth Sciences and Environmental Technologies Division

Ground displacement since injection start
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Figure 32 : EW section of the vertical component of the ground surface displacement in meters, before fracture
opening, in the reference experiment

The ground uplift is centered on the middle of the injection well and fault trace at reservoir depth (not centered on
the fault trace projected at surface due to the fault dip). We also check that the fault does not disturb the
displacement pattern before fracture opening, as expected.

Phase Il

Phase Il of the experiment starts with the opening of the sub-seismic fault at time = 275 days. Fracture opening is
simulated by increasing the permeability of the overburden region of the sub-seismic fault by a factor 100.
Evolution with time of the well pressure is represented on Figure 33. Fracture opening creates a 5 MPa pressure
decrease in the well, which is higher than the approximate 2 MPa pressure decrease observed in the In Salah
experiment but remains in the same order of magnitude.

Pressure evolution in the injection well

4.00E+02
3.50E+02
3.00E+02
2.50E+02
2.00E+02
1.50E+02
1.00E+02
0.00E+00 2.00E+02 4.00E+02 6.00E+02 8.00E+02

Time in days

Pressure in bars

Figure 33 : Evolution of well pressure at the middle of the injection well, during the reference experiment

Pressure evolution through time inside and across the sub-seismic fault plane are represented in Figures 33, 34 and
35. The overpressure is strictly limited vertically to the reservoir top and bottom before fracture opening. After
fracture opening, maximum pressure decreases in the reservoir, but the overpressure plume starts to extend slowly
upwards, in the overburden region of the fault.
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Figure 34 : Pressure evolution through time inside the sub-seismic fault surface, in the reference experiment
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Figure 35 : Pressure evolution through time across the sub-seismic fault surface, in the reference experiment.
The vertical and horizontal planes used for the visualization intersect each other along the injection well.

Total vertical displacements of the ground surface during all the injection period (all the simulation) and during
phase Il are presented in Figures 36 to Figure 40.
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Figure 36 : Map of the total vertical displacement [m] of the ground surface. Left: during all the injection period.
Right: during phase Il. The green dashed line is the reference circle from Figure 31.
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Figure 37 : EW cross-sections of the vertical ground surface displacement in the reference experiment. Left:
during all the injection period. Right: during phase II.

Three months after fracture opening, at time t=365 days, a 0.6 mm subsidence can be observed above the fault
trace (Figure 37), and 2 areas of uplift appear on both sides of the fault trace, with a maximum uplift located about
1.5 km from the fault (Figure 36). The uplift lobes are not symmetrical as the uplift amplitude to the west of the
fault is 0.8 mm while it is 0.4 mm to the east. The difference observed between the two lobes is mostly due to the
fault dip (see Figure 39 and comments).

Twelve months after fracture opening, all the area perturbed by the injection is uplifted even above the fault trace,
but uplift velocity above the fault trace is lower than the uplift velocity of the uplifted area to the west (Figure 38).
The maximum uplift velocity is observed on the lobe to the west at time t=455 days, i.e., 6 months after fracture
re-opening. Then, the uplift velocity to the west of the fault starts to decrease.
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Figure 38 : Ground surface displacement velocity along the EW profile at different times, in the reference
experiment.

At the end of the simulation, i.e. 15 months after fracture opening, the total vertical displacement pattern is visibly
modified by the fault opening (Figure 37, left), but the relatively low uplift above the fault trace is not yet sufficient
to reproduce two distinct uplift lobes, as those observed In Salah. However, Figure 37 (right) which represents the
cumulated displacement after the opening clearly shows a two-lobes structure controlled by the sub-seismic fault.
Results obtained from this synthetic model are qualitatively comparable to those obtained from InSAR
measurements at In Salah site, see for example Figure 50 reproduced from Rinaldi and Rutqvist, 2013.

During all the experiment, the uplift velocity above the fault trace is much lower than the uplift velocity of the lobe
to the west and lower or equivalent to the uplift velocity of the lobe to the east, meaning that the relative uplifting
of the lobe to the west is still ongoing at the end of the experiment.

Figure 39 shows the spatial distribution of the displacement in X and Z directions along the vertical EW cross-section
including the injection well. The largest displacements are observed in the overburden, against the western wall of
the sub-seismic fault. The displacement in the overburden is mitigated by the stiff caprock, leading to maximum
vertical displacement of the ground surface of about 8 mm, while it reaches 38 mm in the overburden. The analysis
of the displacements in the EW direction shows a cumulated opening of the sub-seismic fault reaching 7 cm, with
the largest opening located in the center of the fault.

Figure 39 shows that the fault plane splits the model in two blocks regarding to X and Z displacements: the upper
fault compartment where high vertical displacements are concentrated against the fault and mitigated by the
caprock, and the lower compartment where much smaller vertical displacements can be observed. We note that
the normal to the fault in the upper compartment intersects a free surface (the ground), while the normal to the
fault in the lower compartment intersects a fixed boundary (the base of the model). This might explain the
differences between the two lobes in terms of vertical displacement: the free surface promotes vertical
displacement in the upper compartment, while the bottom boundary prevents vertical displacements in the lower
compartment.
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Figure 39 : EW vertical cross-section of the total displacement field in meters in the Z direction (Top) and X
direction (Bottom), for all the injection period.

In Figure 40, we compare the uplift profile of the reference simulation to the profile obtained in the same system,

but without fault opening: the maximum observed uplift after 15 months is the same in both simulations, but the
relative subsidence created by the fault is clearly observable in the reference experiment.
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Figure 40 : EW cross-section of the total vertical displacement profiles of the reference experiment (curve with
symbols) and of the same experiment but without fracture opening (curve without symbol) at t=750 days.

Finally, gas saturation along and across the sub-seismic fault are presented in Figure 41 and 42. After fracture
opening, gas migrates slowly upwards inside the overburden region of the fault. 15 months after fracture opening,
gas has leaked up to the top of the overburden region of the sub-seismic fault along a 2.5 km distance, with a CO,

saturation above 20%.
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Figure 41 : Gas saturation inside the opened sub-seismic fault surface, at the end of the reference experiment
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Figure 42 : Gas saturation along 2 planes, horizontal and vertical, across the sub-seismic fault and along the
injection well, at times t=275 days, t=365 days and t=750 days. Image on the right visualize the discretization
and the position of the planes used for the visualization.
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4.3.3 Conclusion on the reference case

Only the displacement pattern of the ground surface after fracture opening (Figure 36) shows a clear two-lobes
pattern. However, the total displacement pattern (Figure 37) is visibly controlled by the fault opening with a lower
uplift above the fault trace, creating a local constriction of the uplifted area.

We will see in the next section that a more pronounced relative subsidence above the fault lineament could have
been obtained with a higher permeability increase or a higher fault compressibility, but this would have increased
the pressure drop observed at fracture opening which is already quite high if we compare it to the pressure drop
observed in In Salah.

In this reference case, the visible modification of the ground displacement profile by the sub-seismic fault opening
is obtained by multiplying the permeability of the overburden region of the fault after opening by a factor 100, and
assuming a compressibility of the fault which is about 20 to 25 times larger than the overburden compressibility.
With these parameter settings, the sub-seismic fault width increases by a maximum of 7 cm after opening, for a
total width of 60 m. This makes the CO, plume propagate inside the fault plane to the top of the overburden region
of the fault. The length of the CO, plume inside the fault plane reaches 2.5 km at the end of the experiment (18
months after the opening).

4.4 Sensitivity Analysis

4.4.1 Sensitivity to fault length

Two alternative scenarii were analyzed, in which the sub-seismic fault is lowered from 8 km to 3.1 km and 2km long
respectively. In both cases, the injection well hits the fault trace in its center.

The vertical ground displacement along the EW section from the reference scenario and from these two alternative
scenarii are presented in Figure 43, at time t=365 days and t=750 days after injection start.

Ground displacement since fracture opening
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Figure 43: EW vertical cross-section of the vertical ground displacement for 3 scenarii with varying fault lengths
L=8km (reference experiment), L=3.3km and L=2km

The largest subsidence is observed with a fault length of 3.3 km, and similar subsidence is observed for 2 km and 8
km fault lengths. Differences between these scenarii can be explained by the competition between the pore volume
made accessible inside the fault and the pressure homogenization along the fault: the longer the fault, the higher
the pore volume made accessible, but the higher pressure and displacement balancing along the horizontal
direction. However, the 3 subsidence profiles remain quite similar. This can be explained with Figures 34 and 35,
where we observe that the length of the overpressure area inside the fault region is very narrow (only 1.5 km)
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compared to the fault length, meaning that the flow perturbation created by fault opening is very limited in space
and located above the injector.

4.4.2 Sensitivity to the vertical position of the injection well

The reference scenario is compared here to a similar scenario where the injection well is 25 m from the top of the
reservoir instead of 100 m, which is more in accordance with the In Salah experiment.

The vertical ground displacement along the EW section for these 2 scenarii is represented in Figure 44. The
displacement patterns are very similar for the two scenarii, meaning that this parameter has very little control on
the displacement pattern.
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Figure 44 : EW cross-section of the vertical ground displacement for two distances between the injector and the
reservoir top, L=100m and L=25m

4.4.3 Sensitivity to sub-seismic fault compressibility

Here, we analyze the sensitivity of the ground displacement pattern to the compressibility of the overburden region
of the sub-seismic fault. The reference experiment is simulated with 3 different values of the fault compressibility
in the overburden: Cp=1e-3 bar?, Cp=1.e-4 bar!and Cp=4.43e-5 bar®. In the case Cp=4.43e-5 bar™, the overburden
region of the fault has the same compressibility as the surrounding rock and the fault is only characterized by a
permeability which differs from that of the overburden. The calculated displacement profiles are presented in
Figure 45.
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Figure 45 : EW cross-section of the vertical ground displacement for 3 compressibility values of the overburden
region of the sub-seismic fault: reference compressibility Cp=1.e-3 bar-1, Cp=1.e-4 bar-1, and Cp=4.43 e-5 bar-1

The reference scenario and both alternative scenarii with lower fault compressibility show very different results.
The reference scenario shows a well visible subsidence above the fault all along the experiment, while the scenario
with a fault compressibility divided by 10 shows a moderate subsidence of the uplift profile 90 days after fracture
opening, and almost no more visible subsidence at the end of the experiment. The scenario with equal
compressibility values in the fault and in the surrounding rock is not perturbed by sub-seismic fault opening.

These results show that the control of the sub-seismic fault opening on the vertical ground uplift increases when
the fault compressibility increases. This can be explained by the fact that the more compressible the fault, the
greater the leakage of the pressurized area of the reservoir into the fault zone, thus making the reservoir depletion
more important.

4.4.4 Sensitivity to time of fracture opening

We analyze here a new scenario in which the fracture is opened as soon as the injection starts. We compare the
result to the reference scenario and to a scenario in which the sub-seismic fault is not re-opened during injection
(Figure 46).

The uplift profile with the sub-seismic fault opened at the beginning of the injection does not show any subsidence
above the fault trace. Compared to the case without fault opening, the constant leak since injection start creates a
small relative subsidence. This subsidence is well distributed along the section instead of being localized above the
fault trace when the fracture is opened after 275 days. In other words, the leakage from the beginning of the
injection would not be easily detectable from the analysis of the displacement pattern. Moreover, the maximum
uplift amplitude is almost the same in all scenarii.
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Figure 46 : EW cross-section of the vertical ground displacement at the end of 3 experiments: the reference
one, an experiment with no sub-seismic fault opening and an experiment with sub-seismic fault opening as
soon as injection starts.

4.4.5 Sensitivity to sub-seismic fault permeability increase at fracture reopening

We compare the reference scenario where permeability is multiplied by 100 at fracture opening with a new
scenario where permeability is multiplied by 30. Although the permeability increase at fracture reopening is only
3.3 times smaller in this new scenario, the displacement profile is very different and shows a much smaller
subsidence above the sub-seismic fault trace (Figure 47).
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Figure 47: EW cross-section of the vertical ground displacement since fracture opening, for two experiments
which differ in fault permeability increase at opening

When looking at the total vertical displacement since injection start of the two scenarii (Figure 48), it appears that

the subsidence created by the leak is much more subtle in the case where the permeability is only multiplied by 30,
making the leak almost undetectable from the analysis of the vertical ground displacement.
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Figure 48: Comparison of the vertical displacement pattern on the EW cross-section since the beginning of the
injection for two experiments which differ in fault permeability increase at opening.

4.4.6 Sensibility to overburden stiffness

Here we analyze how the caprock stiffness controls the ground surface response. In this alternative scenario, the
caprock is 10 times softer than in the reference scenario. The comparison with the reference scenario is presented
in Figure 49.
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Figure 49 : EW cross-section of the vertical ground displacement for two experiments which differ in the
caprock stiffness by a factor 10

The caprock stiffness has more control on the uplift lobe to the west of the fault than on the lobe to the east. The
maximum uplift and thus the asymmetrical behavior is more pronounced with the softer caprock. This could be
explained by a mechanical interaction with the anticline, since the caprock is thinned by 48m above the anticline,
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which represents 5% of its total thickness. However, the fault dip could be the most contributing factor, as explained
on Figure 39 and comments.

4.4.7 Conclusion about the sensitivity analysis

The characteristics of the subsidence created by a leakage through a fault of the caprock are very sensitive to several
parameters:

The fault compressibility and the permeability increase at fault opening are the most controlling parameter.
For a permeability increase 3 times lower than in the reference case or for a fault compressibility 10 times
lower, the subsidence above the fault is no more detectable. To make it simple, this can be explained as
follows: fault compressibility controls the volume of fluid which can leak inside the fault (and indirectly the
amplitude of the relative subsidence), and fault permeability controls the velocity of the leaking fluid (and
indirectly the duration of observed relative subsidence). Fitting both amplitude and duration of the
observed relative subsidence, which exceeds 1 year in the case of In Salah, needs to calibrate fault
compressibility and fault permeability at the same time.

Elapsed time between the injection start and the fault opening is also a determining parameter: if the
leakage starts at the same time as the injection, its effect on the displacement profile is smoothed laterally,
thus making the subsidence created by the leakage undetectable

On the contrary, some geometrical parameters of the system, like the fault length and the distance between the
injection well and the interface between reservoir and caprock have only a low control on the vertical displacement
pattern observed above the fault.
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5 Summary and concluding remarks

The hydromechanical coupling detailed in Deliverable D2.2 has been extended to dual medium and Biot theory of
poroelasticity. Several synthetic cases illustrate the impact of these upgrades, and several points are observed:

e The Biot theory of poroelasticity is more conservative as less displacement but more risk of failure are
observed and should be prioritized in a risk assessment.

e The double medium scheme allows to work on a fractured medium. The results obtained are consistent
with the single medium approach when the fracture density is low. The impact of fractures on the elastic
properties is very strong and greatly impact observed surface displacement, but the homogenization
approach used depends on poorly characterized parameters such as shape factor and fracture porosity.

e Thermal effects can significantly impact the near-well behavior and as such, should be considered in a risk
analysis.

However, some functionalities appear to be missing in the dual medium scheme, mainly in the iterative coupling
scheme: the retroaction on permeability values related to the increase in fracture density should be addressed
since it could be crucial for cases like In Salah one as it was underlined in the second part of this report (see below).

In a second part, a synthetic model of CO; injection and caprock leakage has been built to reproduce the
observations made on KB502 well in In Salah, at least qualitatively, in terms of pressure drop and vertical
displacement pattern of the ground. The relative subsidence above the fault lineament has been obtained by
simulating the opening of a sub-seismic fault in the overburden, just above the injection interval. The fault was
modeled by a 60 m wide and 8 km long region of the overburden which is characterized by a compressibility 25
times larger than that of the surrounding overburden rock. Fracture opening was simulated by suddenly increasing
the fault permeability by a factor 100, 275 days after injection start. All hydrodynamic and geomechanical rock
parameters were kept isotropic.

A sensitivity study showed that the vertical displacement pattern of the ground is very sensitive to the leakage
parameters, i.e., fault compressibility and fault permeability increase. Only a very narrow range of these two
parameters can yield to a ground displacement pattern and pressure drop in agreement with those observed in In
Salah. Also, no observable relative subsidence is observed with the calibrated parameters if the fault is opened as
soon as injection starts.

Finally, we could observe that the CO2 plume expands inside the fault and progressively migrates vertically up to
the top of the fault and laterally up to 1.3 km away from the injector, 18 months after fracture opening.

These results were obtained with a simple model where mechanical properties are supposed to be isotropic and
only the overburden region of the fault is supposed to be opened (contrary to the work presented by Rinaldi and
Rutqvist, 2013) and where fault permeability was controlled “manually” instead of being controlled by pressure like
in Bjornara et al, 2018, or Morris et al, 2011. Despite these simplifications, our synthetic model shows a relative
subsidence above the fault which is qualitatively and somehow quantitatively like the observations at KB502 well
at In Salah. However, it should be noted that the fitted fault permeability after opening is 20 times smaller than the
reservoir permeability in our work while it is about 12 times larger in Rinaldi and Rutqvist (2013) despite comparable
structures and material parameters, which should deserve to be further inquired. A possible explanation for the
discrepancy between these two models is the dynamic of permeability changes assigned to the reservoir in Rinaldi
and Rutqvist (2013). This leads us to the last remark below.

Complementary work could aim at improving the physical model, for instance by controlling fault permeability by
pressure. We expect that a more complex but more physical model of interaction between pressure and fracture
permeability could lead to quite different results: for instance, gradual fault opening could smooth the response of
the system, thus decreasing the amplitude of the relative subsidence above the fault and changing the dynamics of
the system, which would require to reconsider our calibrated scenario.
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Annex B - Supplementary figures
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Fig 8. C ison b imulated displacement and InSAR data. (a) Resulting displacemnent in the satellite line of sight. Black segment represents the KB-302 injection
well. White, dashed segment represents the simulated fracture zone direction. Green and blue, dashed lines represent the dlmcuon of two pmﬁlrs for the ccmp.mson with
InSAR data at 500m and 1700 m from the injection well, respectively. (b) InSAR data after 618 days of injection {23 Dy ber 2006). (c) C isan b lation (red

tine} and InSAR data (green, dashed line) along the profile 1 (500m from the injection well). {d) Comparison between simulation (red Ime] and InSAR data (green, dashed
line) along the profile 2 (1700m from the injection well). InSAR data evaluated by MDA (MacDonald, Dettwiler and Associates [1d ) Canada and Pinnacle Technology. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

Figure 50 : From Rinaldi and Rutqvist, 2013. InSAR LOS displacement at In Salah injection site in the KB-502 well
area.
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