Issue 1,Volume 1, 2007 21

Simulating Long Term Reactive Transport of
CO2 in Saline Aquifers with Improved code
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Abstract—The geological storage of CO2 in saline aquifers is
believed to be one of the most promising ways to reduce the
concentration of the greenhouse gas in the atmosphere. Injection of
CO2 will, however, lead to dissolution of minerals in regions of
lowered pH and precipitation of minerals from transported ions in
regions of higher pH. The geomechanical implications of these
changes on the stability of the reservoir are of crucial importance in
the evaluation of potential injection reservoirs. The possible injection
rate for given over-pressures of the injected CO2 depends on the
porosity and permeability of the rock matrix in the vicinity of the
injection well. Local fracturing in this region can be a tool for
increasing the injection flow rate but a geomechanical analysis will
be needed in order to make sure that this fracturing will not affect the
geomechanical stability outside this limited region to a significant
degree. This paper presents a new application of improved code RCB
(RetrasoCodeBright) to simulate CO2 storage in saline aquifer.
According to specification of carbon dioxide under injecting, gas
density and gas solubility have been corrected in code RCB. Newton-
Raphson method used to solve the flow and mechanics in RCB has
been improved so as to make the solutions always converge even
under high gas injecting pressures. A 2D hydro-chemical-mechanical
problem is respectively solved by the original and the improved RCB
code. The results are presented and compared.

Keywords—CO02 storage, saline aquifer, RCB

(RetrasoCodeBright), Geomechanics, Geochemistry.

I. INTRODUCTION

HE geological storage of greenhouse gas in deep saline

aquifers can be one of the most promising options to
reduce the concentration of CO2, the major greenhouse effect
contributor in the atmosphere [1]. Saline aquifers are water
bearing porous layers of sandstone or limestone in the
subsurface and by far they are the volumetrically largest, and
widespread, proposition for large-scale CO2 storage. Several
CO2 storage projects are at present active, i.e. the SACS
project (Saline Aquifer CO2 Storage) initiated 1998 in North
Sea Utsira Formation reservoirs [2]; the CO,SINK project
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started in April 2004 at Ketzin in Germany have demonstrated
the big potential of saline aquifers for long term CO2 deposits
[3]. More geologically CO2 sequestration projects are planned
to start in the near future.

To study the migration, transformation and to predict the
ultimate long term fate of CO, injected, reliable reactive flow
modeling tools are needed. These reservoir models need to be
capable of realistic modeling of the reaction rates for mineral
dissolution as well as mineral precipitation. While several
different codes are able to handle the flow of CO, in aquifers
the number of codes for reactive flow simulators for this
purpose is more limited. TOUGHREACT [4 -7] is one of the
few examples. The ATHENA/ACCRETE simulator [8] is
another example. Reservoir simulator ATHENA is built on the
SOM (secondary oil migration) platform and developed into a
platform for analyses of CO2 migration over long time scales
and long distances.

While the sandstone in Utsira is geochemically simple in
the sense that there is very limited amount of rapidly
dissolving minerals, roughly 3% calcite, which dissolves on
time scales of days at low pH. The rest of the Utsira lithology
are minerals that dissolve at very long time scales. The geo-
mechanical implication of mineral dissolution and
precipitation in the Utsira formation is thus limited. Reservoirs
with higher content of rapidly dissolving carbonates are
among the worldwide interesting sites. Release of carbonate
ions through dissolution in low pH zones will buffer the
aqueous solution and contribute in keeping the pH on a higher
level and thus slow down the further dissolution and
corresponding mineral erosion. The question which remains is
then for how long this buffering effect will last for realistic
flow situation and the corresponding geo-mechanical
implications of the erosion. Furthermore; transported ions may
precipitate as minerals in regions of higher pH and thus
change flow patterns and alter the local pressures. An
additional effect is also the way the minerals are distributed
and whether the dissolution of some minerals will lead to
extensive release of remaining minerals as smaller particles
which will be transported with the flow and may cause local
reductions in permeability.

For some reservoirs it might also be desirable to locally
fracture the reservoir in order to reduce the necessary inlet
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pressure for the CO2 injection. For this purpose it is also
necessary to evaluate the geo-mechanical implications of the
fracturing so as to evaluate that the formation as whole will
still be geo-mechanically stable for the given injection
scenario.

The geo-mechanical properties are implicitly coupled to
the reservoir flow and it remains unverified whether or not
explicit couplings between flow and geo-mechanics can
mimic realistic CO2 storage scenarios.

In this work we describe an ongoing work in which we
extend RetrasoCodeBright [9] into a high pressure simulator
suitable for studies of CO2 storage scenarios. The original
CodeBright [10 -13] contains an implicit algorithm for
solution of the flow, heat-flow and geo-mechanical model
equations. The Retraso extension of this code involves an
explicit algorithm for updating the geochemistry, as
schematically illustrated in fig. 1. Another advantage of this
code, in addition to the implicit coupling between flow and
geo-mechanics, is the large variety of advanced geo-
mechanical models which can be applied in the analyses. This
makes the code also suitable for studies of potential
embrittlement of clay and shale due to reactions during long
term contact with CO2.

If iteration(g) succeeds,
go to next tifhe step

Newton Raphson iteration(2)

Fig 1 RCB solves the integrated equations sequentially in one time
step.

The mathematical equations for the system are highly non-
linear and are solved numerically [9]. The numerical approach
can be viewed as divided into two parts: spatial and temporal
discretization. Finite element method is used for the spatial
discretization while finite differences are used for the
temporal discretization. The discretization in time is linear and
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k+e

the implicit scheme uses two intermediate points, t"" and

between the initial t*and final t“** times. The Newton-
Raphson method is adopted to find an iterative scheme [10,
11].

tk+0

RCB is a very advanced module for flow, heat,
geomechanics and geochemistry calculation [12, 13].
Moreover, it has offered possibilities of just computing the
chosen unknowns according to user if there are just a part of
these unknowns are interested. For instance: hydro-
mechanical, thermo-mechanical, hydro-thermal, hydro-
chemical-mechanical, hydro-thermal-chemical-mechanical
problems can be solved if the physical situation requires one
of these approaches. Geometrically, RCB can handle problems
in different dimensions, i.e. 1D, 2D and 3D [9 - 13].

The main limitations of the original RCB code, which
limited its value for CO2 storage studies, are the assumption
of ideal gas and divergence in the solution at pressures around
55 bars.

In this paper, RCB code is improved by doing three
main corrections in implementation. The first two are the
corrections for fugacity coefficients and Poynting corrections
in the gas (CO2)/liquid equilibrium respectively in
CodeBright part and Retraso part. These corrections are
essentially straightforward to implement. The third correction
is the density correction in the gas flow equations. These
corrections also essentially straightforward give that the
compressibility factors are known. Any equation of state can
be used for this purpose provided that it adequately represents
the fluids in consideration. The purpose of this paper is to
describe the general features of the code and for this purpose
we have used the SRK equation of state [14]. Other more
accurate equations of state like for instance Span & Wagner
[15] can be easily implemented since we use an interpolation
scheme from a computed table in temperature, pressure,
compressibility factor and fugacity. The extension to multi-
component gas is also fairly straightforward.

The other optimization is done by modifying the
conventional Newton-Raphson method, which introduces a
relaxation factor ¢ to make the iterative process converge
faster. Nakata & Fujiwara [16] discuss various methods of
searching for the relaxation factors. We develop the algorithm
to get the proper relaxation factor in RCB code by combining
the general tendency method [16] and time step reduction
method. This method manages to make the iterative process
converge regardless of the magnitude of the injection
pressure.

In order to illustrate the impact of the non-ideal gas
description we examine a simple constructed example in 2D.
The results of some important hydraulic, mechanical and
chemical features are put together in graphic window GiD
[17].
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II. MODIFICATIONS INRCB CODE
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A. Gas density correction

The gas phase in the original RCB is assumed to be at quite
low pressures and behaves as ideal gas which obeys the ideal
gas equation:
PV =nRT 1)

This approximation will be failed in reality. We rewrite the
gas equation as:

PV =ZnRT 2

where Z is the compressibility factor for the gas.
Compressibility factor Z for CO2 is calculated using the
SRK EOS tabulated as function of temperature T and
pressure P and estimated by bilinear interpolation [8]. We
can write the concentration of CO2 in gas phase (C,,),

expressed in mole per unit of volume, as:

Coo2 = P @)
©2  ZRT
And we can get the gas density of CO2 as:
PI“'COZ
= 4
P2 =7RT @

where P is pressures in bar, My, is molar weight of CO2
(44.019/mol), Ris the

(8.3143J -K™'-mol ") and T is temperature in Kelvin.
Partial derivative of CO2 density with pressure at constant
temperature is expressed as:

() e f(3)) o
oP ). Z-RT oP ).

where (a_zj :Z(TX’PZ)_Z(TX’RI.) ,
P s PZ_Pl

gas constant

1 or 2 is the

subscripts address the table position in the Z (T, P) table.

B. Solubility of CO2

The bubblepoint mole fraction of CO2 is calculated
according to:

P v
X(l:)OZ - H—¢exp {ﬁ (1— P)}

co2

(6)

where ¢ is the fugacity coefficient for CO2 estimated from

the SRK equation of state, H is the
Henrys law coefficient for CO2, P is pressure (bar), T is

temperature (K), R is the gas constant, and V* is the partial
molar volume of CO2 at infinite dilution. The fugacity
coefficient is calculated as a function of temperature and
pressure by a polynomial that is interpolated from SRK data.
Similarly is the Henrys law coefficient found from a
polynomial that is interpolated as a function of temperature
and salinity from listed experimental data in [8]. The

exponential term in equation (6) is the Poynting correction to
the Henrys law coefficient.

C. Modifying Newton-Raphson scheme in CodeBright

When nonlinear hydro- mechanics system is analyzed by
using the conventional Newton-Raphson method, the iterative
process often fails to provide convergent solutions [18, 19]. It
is the reason why when boundary CO2 injecting pressure is
higher than 55 bars, iteration in the old RCB code can not
manage to carry on.

The governing equations for non-isothermal multiphase
flow of liquid and gas through porous deformable saline
media have been established by Olivella et al. (1994).
Variables and corresponding equations are tabulated as the

TABLEI
EQUATIONS AND VARIABLES

Equation Variable Name Variable
Equilibrium of stresses Displacements u
Balance of liquid mass Liquid pressure Pl
Balance of gas mass Gas pressure Pg
Balance of internal Temperature T
energy

following:

After the spatial discretization of the partial differential
equations, the residuals that are obtained can be written (for
one finite element) as:

rU dU a‘u bU O
r d a b 0
Pl _ i Pl Pl n Pl _ (7)
Fog | dt| dpg | [ @py | | Py 0
I dT ar br 0

where r are the residuals, dd/dt are the storage or
accumulation terms, a are the conductance terms, and b are
the sink/source terms and boundary conditions. After time
discretization a more compact form can read as:

dk+1_dk
r(xk+l)=T+A(Xk+g)Xk+9+b(xk+9)=0
(8)

where k is the time step index, : X=[(ux,uy,uz,Pl,Pg,T)q),
., (ux,uy,uz,PL,Pg,T)m], is the vector of unknowns (i.e. a
maximum of seven degrees of freedom per node), A
represents the conductance matrix. The Newton-Raphson
scheme of solution for this non-linear system of AE's is:

or(x* )
k+1,1+1 k+1,1 _ k+1,1
X (X<t ot = —R(XHM) (9)
where | indicates iteration. In the present approach, the
standard Galerkin method is used with some variations in

order to facilitate computations.
If the optimum relaxation factor ¢ [16], which

minimizes the total square residual for the Galerkin method, is
introduced at each step of the nonlinear iteration, convergent
solution can be always obtained [16]. However, it takes very
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long time to find to find¢,,, because a large number of

repeating calculations of square residual is required.
Here we define the objective function W [16] which is

the total square residual of the Galerkin method as following:
nu

W kD — Z {Gi(k+1) }2

i=1
where Nu is the number of unknown variables.
The relaxation factor is determined so that the objective

functions WV at the (k+1)-th step of the nonlinear iteration

(10)

is less than W ® at the previous step as follows:

W &y ) (11)
The relaxation factor which satisfies (11) is searched for by
using the following equation:

a®™ =1/2" (n=0,1,...,i) (12)
When (11) is satisfied, the calculation of (12) changing n
is determined atn =1 .

This example illustrates a simple 2D saline aquifer with
CO2 injection case.
} 100 m

A 2D HYDRO-MECHANICAL-CHEMICAL EXAMPLE

CO2
injected
point

Down

,}
.

0

~

1000 m

Fig.2 Geometry of the 2D reservoir and the CO2 injecting point

The geometry of this 2D domain is a 1000 m x 1000 m
square. There are two different kinds of geological structures
in the whole domain as illustrated with two different colors.
The pink zone (Top) and green zone (Down) has the same
geological structure. And the blue zone (Middle) has different
geological structure. Each of “Top” and “Down” zones is a
1000m x 100m rectangular; while the blue zone is a 1000m x
800m rectangular. CO2 is injected into the middle point of
the right boundary.

Initially, there is fine grained sand of pure calcite and its
saturate solution in the “Middle” zone. In “Top” and “Down”
zones, there are fine grained sand of 3% calcite and 97%
quartz. The CO2 injecting pressure is 120 bars. Temperature
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does not change in the whole process. It is kept 25 Celsius in
the whole area from the injection started.

The initial liquid pressure and gas pressure in the 2D
reservoir are respectively 50 bars and 30 bars. Except the
boundary on the left side, neither liquid nor gas can infiltrate
through other boundaries. Except the boundary on the right
side, every boundary has displacements restriction. It is
assumed that there are no initial displacements and no initial
stress in the whole area.

IV. RESULTS AND DISCUSSIONS

The simulation results for hydraulic, mechanic movements
and chemical transport in the 2D saline aquifer processed by
improved RCB code can be visualized in GiD window [17].
Information about quite a few geomechanical and
geochemical features can be got to know from this visual
window. Here different evolution time points have been
chosen at which some important features describing the
changing in geometry, liquid and gas transport are illustrated
for comparison for that CO2 is treated as ideal gas and a real
fluid with gas density correction and CO2 solubility
correction. They are liquid phase flux, pH value, porosity and
stress.

Simulated results for the liquid flux 420 days after start
of injection is plotted in fig.3. pH values after 13 days, 116
days and 420 days are plotted in figures 4, 5 and 6
respectively. Porosity and stress after 420 days are plotted in
figures 7 and 8 respectively.

A. Liquid phase flux
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Fig.3 Plotted simulated results of liquid phase flux (m/s) at the
time points of 420 days after CO2 injected as ideal gas (Top)
and as real fluid (Bottom).

B. pH value
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Fig.5 Plotted simulated results of pH values at the time points
of 116 days after CO2 injected as ideal gas (Top) and as real
fluid (Bottom).
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Fig.4 Plotted simulated results of pH values at the time points
of 13 days after CO2 injected as ideal gas (Top) and as real
fluid (Bottom).
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Fig.6 Plotted simulated results of pH values at the time points
of 420 days after CO2 injected as ideal gas (Top) and as real
fluid (Bottom).

C. Porosity
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Fig.7 Plotted simulated results of porosity at the time points of
420 days after CO2 injected as ideal gas (Top) and as real
fluid (Bottom).
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D. Stress
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Fig.8 Plotted simulated results of stress at the time points of
420 days after CO2 injected as ideal gas (Top) and as real
fluid (Bottom).

Results have proved that this modification is still effective
when it is used in the complex flow-mechanic equations and
chemical equations. Available injecting pressure limit for
convergence is raised from 55 bars to significantly higher
pressures. So far we have tested the code for the example
system for pressures up to 140 bar. With adjusting the geo-
mechanical and geochemical parameters code RCB can be
implemented with good convergence.

The corrected version of the RCB code has been applied to
a simple test case containing an inner section (80%) of pure
calcite and two equal section of quartz (97%) and calcite.

Keeping in mind that the flow is driven by a constant
difference in the injection pressure and the pressure on the left
side of the model formation there are some properties which
will not be very much affected by the transition from ideal gas
to real gas description. Dissolution of calcite carbonate, the
rapidly dissolving mineral, in the low pH regions leads to a
buffering effect due to released carbonate ions that shifts the
dissolution reactions towards less dissolved CO2. But the ions
are transported with the reservoir fluid flow and the question
is the balance between the buffering and the erosion due to
dissolved carbonates and ion transport away from the vicinity
of the injection region. The most pronounced effects are in the
dissolved gas and corresponding pH, in which the buffering
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effect is very clear. The increased buffering in the real gas
case results in significantly higher pH values for the real gas
case. But for both cases the pH remains above 5 in all regions
and the corresponding effects on erosion is limited for ideal
gas case as well as real gas case. Within the simulated period
the effects on porosity and stress is very limited for this
special example. But the ideal gas case exhibits some regions
of relatively high stress close to the injection.

The contrast of dissolved CO2 gas in liquid between the
situation of CO2 as ideal gas and CO2 as non-ideal fluid
illustrates that ideal gas dissolves more easily due to the
buffering effect.

The corrected version of the RCB code has been applied
to a simple test case containing an inner section (80%) of pure
calcite and two equal section of quartz (97%) and calcite. As
expected the buffering effect is substantial during the
maximum simulation time of 100 years. For this specific
example the erosion and corresponding geomechanical
instability effects are very limited for the actual injection rates.

V. CONCLUSIONS

We have extended a geomechanical reactive transport
simulator RetrasoCodeBright into high pressures relevant for
reservoir storage of CO2. Corrections for non-ideal gas has so
far been based upon the SRK equation of state but can easily
be replaced by similar results from any equation of state since
the necessary data are interpolated from calculated tables of
compressibility factors and fugacities as function of
temperature and pressure. In addition the convergence of the
Newton-Raphson iterative solution has been improved
through implementation of an algorithm that minimizes the
total square residual for the Galerkin method after each
Newton-Raphson step. The corrected version has been applied
to a simple test case with high buffering effect (a dominating
section of pure calcite). For the particular test case the erosion
is very limited and the corresponding geomechanical
implications of the CO2 injection estimated to be
correspondingly small, even for time periods up to 100 years.
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