THERMO-HYDRO-CHEMICAL PERFORMANCE ASSESSMENT OF CO2 STORAGE IN
SALINE AQUIFER
Yann Le Gallo, Laurent Trenty, Anthony Michel
Institut Français du Pétrole (IFP), 1&4 avenue de Bois-Préau 92 852 Rueil-Malmaison, France
e-mail: Yann.Le-Gallo@ifp.fr
Abstract
Research and development methodologies for the storage of CO2 in geological formation are in developing over
the last 10 years. In this context, numerical simulators are the practical tools to understand the physical processes
involved by acid gas injection and evaluate the long term stability of the storage.
CO2 storage models can be seen as a mix between two types of models: a reservoir model coupling multiphase
flow in porous media with local phase equilibrium and a hydrogeochemical model coupling transport in aqueous
phase with local chemical equilibrium and kinetic reaction laws.
A 3D-multiphase model, COORES, was built to assess the influence of different driving forces both
hydrodynamic and geomechanics as well as geochemical on the CO2 plume behavior during injection and
storage (1000 years). Different coupling strategies were used to model these phenomena:
 pressure, temperature and diffusion are solved implicitly for better numerical stability;
 geochemical reactions involve heterogeneous kinetically-controlled reactions between the host rock and the
CO2-rich aqueous phase which imply an implicit coupling with fluid flow;
From the assumed initial mineral composition (6 minerals), aqueous species (10 chemical elements and 37
aqueous species), the geochemical alteration of the host rocks (sand and shale) is directly linked with the CO2
plume evolution.
A performance assessment using an experimental design approach is used to quantify the different driving forces
and parameter influences. In the case of CO2 injection in a saline quartz rich aquifer used to illustrate the model
capabilities, the geochemical changes of the host rock have a small influence on the CO2 distribution at the end
of storage life (here 1000 years) compared to the other hydrodynamic mechanisms: free CO2 (gas or
supercritical), or trapped (capillary and in-solution).
INTRODUCTION
Research and development methodologies for the storage of CO2 in geological formation are in developing over
the last 10 years. In this context, numerical simulators are the practical tools to understand the physical processes
involved by acid gas injection and evaluate the long term stability of the storage.
CO2 storage models can be seen as a mix between two types of models: a reservoir model coupling multiphase
flow in porous media with local phase equilibrium and a hydrogeochemical model coupling transport in aqueous
phase with local chemical equilibrium and kinetic reaction laws.
The usual way to solve coupled reaction-transport problems is the well known sequential solution approach (see
for example Yeh and Tripahti [1989 and 1991], Steefel [1996], Le Gallo et al. [1998]) where the flow equations
and the chemical-equilibrium equations are solved separately and sequentially. Some numerical errors are
induced by this splitting strategy (Carrayrou et al. [2004]) but they can be reduced by using iterations between
the two systems until convergence is achieved. One can also improve the results by using symetrisation
techniques like the Strang-splitting scheme (Botchev et al. [2004] and Verwer et al. [2003]). This class of
methods is widely used for hydro-geological problems where reactions are slowly coupled to the fluid flow and
is naturally well adapted to parallel computer platforms.
On the other hand, CO2 storage processes have many similarities with tertiary oil recovery processes which are a
classical study case in reservoir modeling. This is a multiphase flow problem with miscible and compressible
fluids and the flow is strongly coupled to local equilibrium constraints. The usual way to solve these problems is
the fully coupled method which means solving all the equations in an implicit way and in one stage. For large
scale simulations, the efficiency of this method strongly depends on the technique used to select and eliminate
the secondary PVT unknowns (Cao [2002]). A recent paper by Nghiem et al. [2004] indicates that this technique
can be extended to general thermo-chemical problems even for large scale simulations.
This paper present a sequential approach denoted (Rs-Tr) (Trenty et al. [2006]), for multiphase flow in porous
media problems with reaction terms. This approach is based on the coupling between two reaction-transport submodels (Rs and Tr) with a prediction-correction scheme. As any other splitting strategy, it can induce some

numerical errors relevant for the physical coherence of the model. In order to avoid iterations between the two
sub-models we propose to use a penalization term which allows us to achieve convergence but with a time delay.
In the following we present the mathematical model and the numerical scheme. This methodology has been
implemented in the research code COORES from IFP. Then, we present some numerical results of a CO2
injection process in a 3D shale-layered aquifer where we can observe the effects of CO2 dissolution in water and
water-rock interactions.
MATHEMATICAL MODEL FOR REACTIVE FLUID FLOW
The continuous problem
The mathematical model for multiphase reactive flow in porous media is a coupled system of conservation
equations involving fluid-rock interactions and transport of aqueous, non-aqueous and gaseous species.
In partially saturated porous medium, conservation equations for the
expressed as:

(

i th species in fluid phase π can be

)

∂ φ S π ρ π X iπ
+ ∇ ⋅ J i ,π + Ri = 0
∂t

(1)

where φ is the porosity, S π denotes the saturation of the fluid phase π which is defined as the pore volume
fraction occupied by the phase π , ρ π its molar density, X i ,π the mole fraction of the species i in the phase

π , J i ,π and R i are respectively the flux and chemical reactions terms for the species i .
Chemical reactions involved in geochemical system may be classified into fast and slow reactions. The term
"fast" refers to the locally thermodynamic equilibrium hypothesis and "slow" refers to kinetic rate law (Lichtner
[1996]). The term R i is the sum of the rates of all the possible reactions.
The flux term J i , π takes into account advection and diffusion/dispersion of species
given by:

i in the phase π and is

J i ,π = u π ρπ X iπ − φ τ Sπ Di ,π ρπ ∇X i ,π

(2)

where u π is the Darcy's velocity of the phase π , Di ,π denotes the diffusion dispersion coefficient of the

species i in the phase π and
equation can be expressed as:

τ

the tortuosity of the porous medium. For the mineral, the mass balance

∂ (ρ m φ m )
+ Rm = 0
∂t

(3)

where R m represents the source-sink term resulting from chemical reactions between the species present in the
fluid phases and the mineral

m , ρ m the mineral molar density and φ m its volume fraction.

The energy conservation can be expressed in term of internal energy of species

(

)

i in the phase π , U iπ , as:

Th
∂ φ S π ρ π U iπ
+ ∇ ⋅ J i ,π + RiTh = 0
∂t

(4)

Th

where J i ,π is the heat flux term and R iTh the contribution of chemical reactions for the species
flux takes into account advection and heat conduction:

ρ
Th
J i ,π = u π ρ π H iπ − λ*i ,π ⋅ ∇T

In Equation (5),

λ*i ,π

i . The heat
(5)

is the equivalent thermal conductivity of the rock which could be expressed as a function

of temperature using the Somerton law as

(

λ*i ,π = λiref,π − α ⋅ (T − Tref ) ⋅ λiref
,π − 1.42

)

Change in temperature will induce change of the fluid properties, density and viscosity mainly. However, given
the slow kinetics of the dominant reactions involved during CO2 geological storage and the limited heat
exchanges between mineral and solution, the contribution of chemical reaction to the energy balance, R iTh , is
neglected.

The (Rs –Tr) sequential approach
The construction of the two-stage time integration scheme is the following: we evaluate the water and gas flows
using an estimation of the kinetic reaction term in the first stage (Rs) and then, we solve a reactive transport
problem with a constant flux flow during the second stage (Tr). For the stage (Rs), we choose to compute
implicitly the local equilibrium equations. It can be justified by the important effect of gas dissolution on Darcy's
velocity of the aqueous phase (see Trenty et al [2006]).
The first stage, denoted by (Rs) is a multiphase flow with local phase equilibrium computation with chemical
source-sink term and a penalization. The second stage, denoted by (Tr) is a reaction-transport computation with
given velocity and with local phase equilibrium source-sink term.
Stage Rs - Reservoir simulation

 N in,π+1, Rs − N in,π, Rs
K

∆t



 + ∑ J in,π+1,σ, Rs

σ

+ ∑ Riα →π ,n +1, Rs

(6)

α

+ Riπ →π ,n,Tr + Rim→π , n,Tr
+ Pλ
where

(

Pλ is a penalization term given by: Pλ = λ ⋅ N in,π, Rs − N in,π,Tr

=0

)

Stage Tr- Reactive Transport simulation

 N in,π+1,Tr − N in,π,Tr
K

∆t



 + ∑ J in,π+1,σ, Rs

σ

+ ∑ Riα →π ,n +1, Rs

(7)

α

+ Riπ →π ,n +1,Tr + Rim→π ,n +1,Tr
 φ n+1,Tr ρ m − φ mn,Tr ρ m
K m

∆t

where


π →m,n +1,Tr
 +
Rm

π


∑

= 0,

=0

(8)

N i ,π is the number of moles of species i in the control volume K and α denotes any fluid phase

except π .
We assume that there is no direct local phase equilibrium between water and the oil phases. Then from the
aqueous phase point of view, all the fluid phase transfers are gas-water exchanges and Equations (7 and 8)
become respectively:

 N n+1, Rs − N n, Rs
i ,w
 i ,w
K
∆t





J in,w+1,σ, Rs
 +
σ

g → w,n +1, Rs
+ Ri
+ Riw→ w,n,Tr + Rim→w,n,Tr

∑

+ Pλ
 N n+1,Tr − N n,Tr
i ,w
 i ,w
K
∆
t



(9)

=0



J in, w+1,σ, Rs
 +
σ

g →w,n +1, Rs
+ Ri
+ Riw→w,n +1,Tr + Rim→ w,n +1,Tr

∑

(10)

=0

Figure 1 represents the algorithm governing the resolution for scheme. The introduction of the penalization term,
Pλ , avoids iterative process between two stages (Rs) and (Tr) as demonstrated by Trenty et al. [2006]. The (Rs)
sub-model gets the value of water-rock exchanges and porosity changes as a source term from the (Tr) sub-

model (see Le Gallo et al. [1998]). Without this penalization term, an iteration loop would have been necessary
to ensure the internal consistency of the model. Trenty et al. [2006] studied the influence of the penalization term
on the solution and which concluded that there is a numerical error between the reference solution (fully implicit
method) and the solution obtained with the (Rs-Tr) approach, depending on the boundary conditions. However,
this error is limited and decreases after a short time delay thereby validating the proposed (Rs-Tr) approach.
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Figure 1 Algorithm of two-stage time integration scheme.

CO2 INJECTION IN A SALINE AQUIFER
To illustrate the model capabilities, a 3-D saline aquifer is modeled (3000 x 6000 x 200 m) with about 50 000
grid blocks. The different sand bodies, with a permeability of 2500 mD and porosity of 35%, are separated by
shaly layers with permeability of about 10 mD and porosity of 10%. The mineralogy is derived from literature
(Nghiem et al. [2004]). The mineral volume fractions are different in the shale, kaolinite and k-feldspar rich, and
sand, quartz rich (see Table 1). The aquifer water is initially at equilibrium with the rocks. CO2 is injected at a
rate of 1Mt/y for 40 years. The lateral boundaries of the model are at hydrostatic conditions and the top and base
boundaries are assumed to be no-flow.
Table 1 Assumed mineral composition for the aquifer
Mineral
anorthite
calcite
dolomite
illite
k-feldspar
kaolinite
quartz

Sand
composition (%)
0
1
1
3
2
2
90

Shale
composition (%)
10
10
10
10
25
25
10

From the assumed initial mineral composition (7 minerals), aqueous species (8 chemical elements and 16
aqueous species), Figure 5 illustrates the geochemical alteration of the host rocks (sand and shale) link with the
CO2 plume evolution (Figure 2). The influence of geochemistry is quite minor as well since there is no
significant porosity and consequently permeability variation (see Figure 3) computed over the whole storage life
(1000 years). As illustrated by the pH variations (Figure 4), most of the geochemical changes occur within the
CO2-rich water region. There is no noticeable change in temperature (Figure 4). This altered zone extends long
after the CO2 injection is finished (beyond 40 years) since the CO2-rich water migrates downward due to
buoyancy. Figure 2 also illustrates the open lateral boundary condition (hydrostatic pressure) of the model as the
CO2-rich water spread over the top of the aquifer. Due to the parallel kinetic reactions with different reaction
rates, calcite mainly dissolves fairly rapidly in the reservoir (Figure 5) while illite mostly precipitates over long
storage time (Figure 5). This behavior is consistent with literature (Nghiem et al. [2004]).
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Figure 2 Supercritical CO2 saturation and dissolved CO2 fraction at the end of injection (40 years) and at
the end of storage (1000 years). The purple dot indicates the injection point.
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Figure 3 Porosity and horizontal permeability changes at the end of injection (40 years) and at the end of
storage (1000 years). The purple dot indicates the injection point.
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Figure 4 pH and temperature changes at the end of injection (40 years) and at the end of storage (1000
years). The purple dot indicates the injection point.
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Figure 5 Mineral volume fraction changes with respect to initial at the end of injection (40 years)

above and at the end of storage (1000 years) below. The purple dot indicates the injection point.

CONCLUSIONS
In this article, we present a sequential approach for multiphase flow in porous media problems with reaction
terms. This approach is based on a two-stages splitting strategy but the introduction of a penalization term
prevent iteration process between the two-stages. The splitting is based on two mains assumptions:
1. the multiphase flow is strongly coupled to local equilibrium constraints
2. the flow is not modified by the dissolution/precipitation phenomenon during a stage.
The sequential implicit algorithm of COORES induces a CPU time overhead of about 65% for the reactive
transport modeling (7 minerals, 16 aqueous species and 8 chemical elements) with respect to the two-phase flow
modeling (50000 grid blocks). The saline aquifer exhibits a limited geochemical alteration which does not
induced any significant petrophysical (porosity, permeability) changes. However, given the heterogeneous
mineral distribution between sand and shale bodies within the aquifer, and the different characteristic times
between carbonate (calcite and dolomite) and alumino-silicates minerals (illite, kaolinite, k-feldspar), several
competing reaction fronts occur in the different rock-types of the model (sand and shale). Calcite precipitation is
limited by available calcium ion, Ca2+, in the solution since anorthite is fairly stable in these conditions.
Dolomite precipitation is limited by the availability of magnesium ion, Mg2+, in the solution since illite the only
other magnesium provider mineral is precipitating due to kaolinite and k-feldspar dissolution.
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