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Abstract

At In Salah, CO2 is removed from the production stream of several natural gas fields and re-injected into a deep and relatively thin 
saline formation, in three different locations. The observed deformation on the surface above the injection sites have partly been 
contributed to expansion and compaction of the storage aquifer, but analysis of field data and measurements from monitoring has 
verified that substantial activation of fractures and faults occur. History-matching observed data in numerical models involve 
several model iterations at a high computation cost. To address this, a simplified model that captures the key hydro-mechanical 
effects, while retaining a reasonable accuracy when applied to realistic field data from In Salah, has been derived and compared to 
a fully resolved model. Results from the case study presented here show a significant saving in computational cost (36%) and a
computational speed-up factor of 2.7.
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Nomenclature

b Biot's coefficient, b = 1 – K/Ks, [-]
, fitting parameters in capillary pressure function: pd = + , [Pa]

c compressibility of fluid phase , [1/Pa]
v volumetric strain, [-]

f volumetric body load vector, [N/m3]
porosity, [-]

g gravity vector, [m/s2]
I identity matrix, [-]
k permeability, [m2]
kr relative permeability of phase , [-]. Here: krn = sn

p and krw = (1–sn)q

K bulk modulus of (drained) porous media, [Pa]
Ks bulk modulus of solid grain, [Pa]

viscosity of phase , [Pa s]
p pressure of phase , [Pa]
pp pore pressure, [Pa]
pc capillary pressure, phase pressure difference; pc = pn – pw, [Pa]
pd entry pressure, pressure required for non-wetting phase to intrude wetting phase, [Pa]
p, q fitting parameters (exponent) for the power-law relative permeability functions kr , [-]
q Darcy flux of phase , [m/s]

density of phase , [kg/m3]
s saturation of phase , [-]

total stress tensor, [Pa]
' effective stress, [Pa]

t time, [s]
v velocity of fluid phase , [m/s]
vs velocity of solid phase, [m/s]

1. Introduction

At In Salah, CO2 is removed from the production stream of several natural gas fields and re-injected into a deep 
and relatively thin saline formation, approximately 20 meters thick, at about 1800 meters below surface. CO2 is 
injected into three locations; wells KB-501, -502 and -503, and the injection has been actively monitored. Of particular 
interest are the InSAR-surveys, that monitors the surface deformation, and tracers in the injected CO2, that allows 
detection of the injected CO2 in monitoring wells. The InSAR-data has revealed a surface heave rate of up to 5 mm/year 
on all the three injection wells, and a corresponding subsidence at the gas-producing wells of about 2 mm/year [11].

Due to the relatively poor hydraulic properties of the aquifer, 1-1.5 km long horizontal injection wells are used to 
ensure adequate injection rates and approximately 0.6 Mton CO2 is sequestered per year all together [5]. The surface 
heave/subsidence is caused primarily due to expansion/compaction of the aquifer/reservoir caused by the CO2

injection/gas production [8]. However, at injection well KB-502 there are two distinctive lobes in the heave pattern at 
the surface that have caught a lot of attention as to how this can be explained. It was suggested early that this was due 
to a long structural discontinuity; a non-sealing fault/fracture system, that is activated by tensile strains [13,15,17] due 
to its orientation in line with the direction of the maximum horizontal stress (a strike-slip stress regime [6,8]). Tracers 
in the injected CO2 at KB-502 also showed up in a monitoring well (KB-5) about three times faster than what would 
have occurred with an homogeneous cylindrical plume [14], again, indicating a highly permeable pathway in line with 
the strike-slip stress regime. And, indeed such a fault/fracture system (labelled F12) was later confirmed by updated 
seismic surveys and further supported by numerical modeling studies [13,15,17]. F12 cuts through the aquifer, but 
how far it extends in the vertical direction is not well constrained. Modeling has suggested that it may be confined 
within the aquifer [13] or that it may extend into the lowermost part of the overburden [9,15].
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In all the injection wells the formation bottom hole pressure (FBHP) may exceed the fracture pressure of the aquifer 
[3]. Analysis of the injectivity index (volumetric injection rate of CO2 versus FBHP) indicates that fractures are 
activated/deactivated during injection, depending on increasing/decreasing injection rate, respectively, and this is 
particularly the case for KB-501 and -502 [3]. Several authors, eg. [3,13,17], have history-matched the bottom hole 
pressure with numerical models and have obtained very good fits with measured surface heave. However, as observed 
from the injectivity index analysis, for wells KB-501 and -502 it is necessary to mimic the activation of fractures by 
introducing a transient permeability, to the aquifer, and transmissibility of the fault system F12. This dynamic behavior 
is consistent with stress analysis (related to fracture pressure) and field observations [17]. Also, the subsurface at In 
Salah has a layered structure, but how many distinctive layers that is used in the literature varies, along with the 
hydraulic and mechanical properties of the aquifer, F12, caprock and over- and underburden.

This variation in model realizations encountered in the literature shows that there are many possible explanations 
to the observed measurements. However, it often requires many model iterations to find a good fit between modelled 
and measured data, which can be computationally very expensive and time consuming. To address this, we have in 
this study applied the assumption that the thickness of the storage aquifer is much smaller than both the lateral extent 
of the aquifer and the length-scale of interest, to derive a simplified model that captures the key hydro-mechanical 
effects. The goal is to derive a computationally efficient, yet accurate, model that can be used in analysis where large 
numbers of simulations are required. The simplified model is compared with a fully resolved synthetic CO2 injection 
model, based on conditions in In Salah, to see how well it performs in terms of accuracy and computational cost and 
time.

2. Modeling approaches

The geomechanical effects related to CO2 injection at In Salah are analyzed through fully coupled modeling 
approaches to simulate simultaneously CO2 migration in the aquifer and the poroelastic stress changes during 
injection.

In the first approach, a fully resolved model where the complete geometry is discretized and the governing 
equations for two-phase immiscible fluid flow in porous media (with capillary pressure) and poroelasticity (using 
Biot's linear theory of poroelasticity) are solved using the finite element method. The critical area, in terms of 
numerical resolution, is the aquifer where the CO2 is injected and a dense numerical discretization is required to 
capture its migration and distribution to a sufficient accuracy.

In the second approach, a simplified description of the physical processes in the aquifer is derived using the method 
of reduction of dimensionality. It involves integrating the governing equations over the thickness of the aquifer, 
transforming relevant variables and equations into integrated and averaged quantities and equations that are only 
functions of spatial variables on a plane. This reduces the computational cost by reducing the number of degrees of 
freedom (DOF) needed to be solved.

For two-phase flow, reduction of dimensionality involves integrating the fluid mass conservation equations to 
obtain the Vertical Equilibrium (VE) equations, see eg. Nordbotten and Dahle [10]. The assumption for VE is that the 
vertical flow can be ignored (is zero), implying that the vertical pressure gradient is static (in vertical equilibrium) and 
proportional to the specific gravity of the pore fluid. For the poroelasticity, it involves integrating the momentum 
balance equation to obtain the poroelastic Linear Vertical Deflection (PLVD) equation. The assumptions for PLVD is 
that (i) the vertical momentum is zero, (ii) the in-plane displacement components are constant across the thickness of 
the aquifer and (iii) the out-of-plane displacement component varies linearly. The PLVD equation is similar to the 
ones obtained by Bear and Corapcioglu [1], however, here we treat the aquifer as an embedded region in a fully three 
dimensional environment, accounting for the full stress tensor in the over- and underlying layers, and extend the pore 
fluid to also include two phases [4].

In this study, the performance of the two approaches are compared, and the applicability of the simplified model is 
demonstrated on realistic field data from In Salah. Wells KB-501 and -503 behaves more predictable compared to
KB-502, as they do not show a similar critical feature like fault 12 at KB-502. However, KB-501 also show fracture 
activation [3], so the focus will be on well KB-503.
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3. Governing equations

The physics related to CO2 injection into subsurface can be described by the momentum balance equation under 
quasi-static conditions (neglecting inertial terms) and the mass conservation equations of two-phase fluid (brine and 
CO2) which are given in the following form:

0f (1)

0)()( vs
t
s

(2)

The Darcy flux vector q in a deforming medium is defined as:

gkvvq pks rs (3)

The effective stress ' is defined as the part of the total stress that governs the deformation, and using the concept 
of Terzaghi effective stress, Biot [2] modified the normal elastic stress terms in the momentum balance equation so 
the total stress term in Eq. (1) can be written as:

Ipbp' (4)

By inserting Eq. (3) into Eq. (2) and rearranging (following the procedure of Pinder [12], considering the relations 
for change in porosity and change in volumetric strain [18, chapter 1 and 4] and using the mass conservation equation 
for the solid phase) a familiar equation can be obtained for the mass conservation equation for phase :
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It can be seen that Eq. (5) is the same flow equation obtained by Biot [2] for a single-phase fluid by inserting that 
s = 1 and using that, in the context of multiphase flow, the pore pressure pp in Eqs. (4) and (5) is defined as the 
saturation-weighted average of the phase pressure; pp = swpw + snpn.

In Eq. (5) there are four dependent variables; sw, pw, sn and pn, but only two conservation equations, so two of the 
variables can be eliminated by applying the constraint for a fully saturated rock: sw + sn = 1, and by introducing the 
capillary pressure pc defined as the difference between the phase pressures; pc = pn – pw. Here pc is a Brooks and 
Corey-type function of the non-wetting saturation sn:

2/11)( nnc ssp (6)

Eqs. (1) and (5) are the governing equations that are solved with appropriate boundary conditions described in the 
next section. Since the aquifer is considered essentially horizontal, the equivalent governing equations for the 
dimensionally reduced model, using the VE and PLVD assumptions, are the same equations integrated in the vertical 
direction from the bottom to the top of the aquifer, see Bjørnarå et al. [4] for details.
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4. Case study: CO2 injection at KB-503 in In Salah, Algeria

Here we simulate numerically a simplified version of the CO2 injection at KB-503 in In Salah, Algeria as our case 
study to compare the fully resolved solution with the dimensionally reduced model. The case model is inspired by 
Rutqvist et al. [16], but instead of solving it in three dimensions a plane strain (2D) model is solved where a symmetry 
plane is defined perpendicular to the horizontal injection line, see Figure 1 (left) for geometry.

Fig. 1. Left: Geometry sketch of KB-503 injection site in In Salah, Algeria. The colored lines (red, green and blue) indicate the surfaces where the 
vertical displacement is plotted in Figure 2. Right: Finite element mesh in the aquifer used in the fully resolved model (black dots) and the 

dimensionally reduced model (red circles).

The model is 3.6 km deep and 5 km wide, which corresponds to 10 km due to the symmetry plane. The CO2 is
injected into a 20 m thick aquifer between a stiff and low permeable mudstone underburden and a carboniferous 
caprock. The overburden is a low permeable layer consisting of softer cretaceous sandstone and mudstone. The 
boundaries to the right have a constant pressure value corresponding to initial hydrostatic pressure and no horizontal 
displacement. The bottom boundary has no-flow conditions and no vertical displacement, and the top boundary has a 
constant fluid pressure and zero traction. Symmetry boundary conditions are applied to the left boundaries.

The first seven years of injection is simulated with a constant injection rate of 729 ton CO2 /day. For a 1.5 km long 
horizontal injection line, this corresponds to 5.62 10-3 kg/m/s (kg/s CO2 per meter length of the well). It should be 
noted that in the fully resolved model the CO2 is injected along the whole height of the reservoir. In the real application 
is it injected along a horizontal pipeline, perpendicular to the model plane and should, more appropriately, be modelled 
as a point source in this plane symmetric model. However, here the length scale of interest is much larger than the 
near well-bore scale and the aim is to compare the performance of the two approaches. Further, we assume isothermal 
conditions, no hysteresis in the capillary pressure function and no residual saturation of any of the phases.

Some key material properties are given in Tables 1 and 2. The density of the solid material and Biot's coefficient b
is 2200 kg/m3 and 0.7 in all layers, respectively, and the entry pressure pd for the aquifer is 0.9 105 Pa.

Table 1. Mechanical properties used in the case study of KB-503.

Material property
Overburden

(0-900m)

Caprock

(900-1800m)

Aquifer

(1800-1820m)

Underburden

(below 1820m)

Youngs modulus, E [GPa] 1.5 20 6 20

Poisson's ratio, [-] 0.2 0.15 0.2 0.15

Porosity, [-] 0.1 0.01 0.17 0.01

Permeability, k [m2] 1 10-17 1 10-19 13 10-15 1 10-19

Overburden

Caprock

Aquifer

Underburden

5 km

3.6 km

Symmetry plane

Injection

Aquifer

20 m 
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Table 2. Fluid and fluid flow properties for brine and CO2.

Brine CO2

Density,

w [kg/m3]

Viscosity,

w [Pa s]

Compressibility,

cw [1/Pa]

Density,

n [kg/m3]

Viscosity,

n [Pa s]

Compressibility,

Cn [1/Pa]

997 5.5 10-4 4.19 10-10 784 6.9 10-5 1.56 10-8

Here we apply the dimensional reduction approach to the aquifer, hence it is defined to be semi-confined; water is 
allowed to leave/enter the aquifer whereas the CO2 is confined. Thus, the two-phase flow is limited to the aquifer, and 
in the rest of the model only brine is displacing.

As mention earlier, the motivation to derive an integrated poroelastic two-phase flow formulation is to save degrees 
of freedom and save computational time. In order to compare the performance between the fully resolved model and 
dimensionally reduced model a comparable mesh is used, see Figure 1 (right). In this particular case, the fully resolved 
model has 211 kDOFs while the reduced model has 135 kDOFs, a saving of 36% in computational cost. In 
computational time, the reduced model solves 2.7 times faster compared to the fully resolved model (or 36% of the 
solving time of the fully resolved model). Note that a lower resolution is feasible, in both cases, but for the sake of 
getting a nicely resolved solution, a fairly dense mesh is used.

Fig. 2. Left: CO2 saturation in aquifer after seven years of injection. Solid lines are the corresponding contour lines for the saturation calculated in 
the dimensionally reduced model. Note that the axis are not to scale. Right: Injection pore pressure ratio; reduced/fully resolved.

Fig. 3. Left: Vertical profiles of various normalized stress components (normalized to initial values) measured 100 meters away from the 
symmetry line. Black: vertical stress. Red: horizontal stress. Blue: Pore pressure. Dark gray area indicates the reservoir. Right: Vertical 

displacement along the bottom of the aquifer (red line), top of aquifer (green line) and surface (surface heave, blue line), cf. Figure 1 (left). In 
both figure the thin lines are from the simplified model and thick dashed lines are for the fully resolved model.
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The saturation profile after seven years of injection for the two approaches are compared in Figure 2 (left) where 
the colors represent the CO2 saturation in the fully resolved model and the black lines are the equivalent saturation 
contour lines for the reduced approach. It can be seen that the reduced model is capable of accurately capturing the 
CO2 distribution in the aquifer. In general, the applicability of the reduced approach presented here depends on both 
the length- and time-scale of interest. For conditions close to the injection point/line, or at short times, the accuracy 
deteriorates as the underlying assumptions are violated. The match in saturation depends on how fast the phases 
segregate vertically, and for the dimensionally reduced model; the faster the better. Hence, for very short simulation 
times, in locations close to the injection point, and if the density difference between the two phases is low or the 
permeability in the aquifer becomes too low, the VE assumption may no longer be fully justified. However, in the 
realistic (and challenging) case simulated here, it is well within a very good approximate solution. In Figure 2 (right) 
the ratio of the pore pressure at the injection point at the top and bottom of the aquifer for the two models are shown, 
it is close to 1 for the entire simulation time (7 years). The results for the vertical displacement along the faces of the 
aquifer top and -bottom and the surface in Figure 3 (right) and the Vertical profiles of various normalized stress 
components (normalized to initial values) in Figure 3 (left) are coinciding for the two approaches.

The limit for the applicability of the reduced approach is case dependent and has not been investigated here. 
However, it appears (not shown here) that the critical assumption in the dimensionally reduced approach is the VE-
assumption, as the poroelastic effect is little affected by mismatch in the saturation profile. The applicability of the 
VE assumption has been investigated by others, see eg. Court et al. [7].

In this study the simplified model approach through dimensional reduction has proved promising in providing 
significant savings in computational cost and time (2.7 times faster) when faced with a large number of simulations.
It has also been demonstrated that such models can retain reasonable accuracy when applied to realistic field data,
such as the conditions at In Salah.
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