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Abstract
Various modeling approaches, including fully three-dimensional (3D) models and vertical-equilibrium (VE) models, have
been used to study the large-scale storage of carbon dioxide (CO2) in deep saline aquifers. 3D models solve the governing
flow equations in three spatial dimensions to simulate migration of CO2 and brine in the geological formation. VE models
assume rapid and complete buoyant segregation of the two fluid phases, resulting in vertical pressure equilibrium and
allowing closed-form integration of the governing equations in the vertical dimension. This reduction in dimensionality
makes VE models computationally much more efficient, but the associated assumptions restrict the applicability of VE
models to geological formations with moderate to high permeability. In the present work, we extend the VE models to
simulate CO2 storage in fractured deep saline aquifers in the context of dual-continuum modeling, where fractures and rock
matrix are treated as porous media continua with different permeability and porosity. The high permeability of fractures
makes the VE model appropriate for the fracture domain, thereby leading to a VE dual-continuum model for the dual
continua. The transfer of fluid mass between fractures and rock matrix is represented by a mass transfer function connecting
the two continua, with a modified transfer function for the VE model based on vertical integration. Comparison of the new
model with a 3D dual-continuum model shows that the new model provides comparable numerical results while being much
more computationally efficient.

Keywords Geologic CO2 storage · Fractured rock · Dual-continuum models · Vertically integrated models · Multi-scale
modeling

1 Introduction

Carbon capture and storage (CCS) involves capturing car-
bon dioxide (CO2) from large stationary sources and inject-
ing the captured CO2 into deep underground rock for-
mations for long-term storage. It is the only currently
available technology that allows fossil fuel combustion to
continue powering the economy while mitigating anthro-
pogenic carbon emissions [1]. The International Energy
Agency [2] suggests that CCS needs to contribute 16%
of annual carbon emission reductions by 2050 in order to
keep the global average temperature increase less than 2 ◦C
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above pre-industrial levels—the goal stated in the United
Nations Paris Agreement [3].

In CCS, the captured CO2 can be injected into different
types of geological formations including depleted oil and
gas reservoirs and deep saline aquifers. Deep saline aquifers
have the largest identified storage potential [4], and there
are a number of projects around the world that involve
injection of CO2 into deep saline aquifers, such as the
Sleipner and Snohvit projects in Norway, the Quest project
in Canada, the Illinois Industrial project in the USA, and
the Gorgon project in Australia [1]. The selected deep saline
aquifer for CO2 storage could consist of fractured rocks.
For example, the In Salah CO2 storage project in Algeria
injected CO2 into fractured sandstones [5, 6]. The Shenhua
CO2 storage project in China artificially induced fractures
in low-permeability and low-porosity deep saline aquifers
to enhance permeability of the aquifer and facilitate CO2

injection [7, 8].
When CO2 is injected into a deep saline aquifer, a two-

phase flow system is created with supercritical CO2 and
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brine being the two fluid phases. In a fractured deep saline
aquifer, flow occurs in both the fractures and the rock
matrix. Due to the contrast of permeability between the
fractures and the rock matrix, the flow in the fractures
is much faster than the flow in the rock matrix. These
two different characteristic time scales for flow lead to
more complex CO2-brine flow dynamics as compared to an
unfractured formation.

In this study, we use a dual-continuum modeling
approach, which conceptualizes fractures and the rock
matrix as two overlapping continua with different perme-
ability and porosity coupled by a mass transfer function, and
develop a numerical modeling framework for CO2 injec-
tion and migration in fractured saline aquifers. These kinds
of dual-continuum models have been used extensively in
petroleum reservoir simulations [9–16] and in hydrogeol-
ogy [17–22], and typically require well-connected fracture
networks that satisfy the continuum hypothesis on appropri-
ate length scales. Given the large length scales expected to
apply to large-scale carbon storage, continuum models are
likely to be reasonable choices, although we also note that
a number of limitations apply including fracture systems
where a few discrete fractures with long-range connectiv-
ity dominate the flow. For the remainder of this paper, we
assume the dual-continuum approach is valid.

Within the dual-continuum framework, we develop mod-
els that use a vertical-equilibrium (VE) assumption in the
fracture domain but not in the matrix domain. In the
matrix domain, we consider a range of conceptualizations
including two different dual-porosity models and a dual-
permeability model. While we present modeling frame-
works for each of these matrix options, we implement one
of the dual-porosity models to demonstrate the coupling
between a VE model for the fracture domain and a more
standard (dual-porosity) representation in the matrix. The
VE dual-continuum models should apply to CO2 storage
in fractured sandstones where the fractures are abundant,
extensive, and well connected.

2 Background

2.1 Three-dimensional and vertical-equilibrium
models

Various modeling approaches have been used to model
fluid migration in unfractured geological formations. These
models solve an appropriate set of governing equations,
which provides the spatial and temporal distribution of
fluid pressures and fluid saturations in the formation.
Here, we briefly review fully three-dimensional models
that solve governing flow equations in three spatial
dimensions, and vertically integrated models that integrate

the governing equations in the vertical dimension using the
so-called vertical-equilibrium assumption. For more details
on modeling approaches applied to geologic carbon storage,
the reader is referred to [23, 24].

A three-dimensional (3D) model solves 3D governing
equations of CO2 and brine to obtain CO2 pressure pc,
brine pressure pb, CO2 saturation sc, and brine saturation
sb throughout the domain of interest. These 3D variables
are referred to as fine-scale variables. Let α identify the
fluid phase, with α = c or b to indicate CO2 or brine,
respectively. Assuming the two fluid phases are immiscible,
the mass balance equation for phase α can be written as

∂(ραφsα)

∂t
+ ∇ · (ραuα) = ραψα, (1)

where ρα is the density, φ is the porosity of the geological
formation, sα is the saturation, ψα is the volumetric source
or sink, and uα is the volumetric flux vector that can be
modeled using the two-phase extension of Darcy’s law

uα = −λαk(∇pα − ραg), (2)

where λα(sα) ≡ kr,α(sα)

μα
is the mobility for phase α,

kr,α is the relative permeability for phase α, μα is the
dynamic viscosity, k is the intrinsic permeability tensor of
the formation, pα is the fluid pressure, and g is the gravity
acceleration vector. Pressure difference between the two
fluid phases is defined as the capillary pressure, pcap, and
is assumed to be a function of brine saturation

pc = pb + pcap(sb). (3)

Finally, the two fluid saturations need to sum to unity, so
that

sb + sc = 1. (4)

In the past decade, a range of simplified models have
been developed which involve integration of the governing
equations in the vertical dimension. These simplified
models are referred to as vertically integrated models,
and depending on the specific assumptions, they may
be solved analytically [25–33], semi-analytically [34,
35], or numerically [36–39]. Vertically integrated models
that assume rapid and complete buoyant segregation of
CO2 and brine with vertical pressure equilibrium are
referred to as vertical-equilibrium (VE) models. VE models
are computationally efficient due to the reduction in
dimensionality from integration of the governing flow
equations in the vertical direction (i.e., perpendicular to the
bedding plane of the formation). However, the associated
assumptions restrict the applicability of VE models to
subsurface CO2-brine systems in which the time scales of
the buoyant segregation are small relative to the time scales
of the horizontal transport processes [40–42]. Nordbotten
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and Dahle [43] suggested that the time scale for buoyant
segregation, ts , can be estimated from

ts ∼ φH

kzλ∗
c (�ρ)g cos θ

, (5)

whereH is the thickness of the injection formation, λ∗
c is the

mobility of CO2 evaluated at a “characteristic” saturation s∗
c

[1], kz is the intrinsic permeability in the vertical direction,
�ρ = ρb − ρc is the density difference between brine and
CO2, and θ is the dip angle between the injection formation
and horizontal plane. Equation 5 indicates that the vertical
component of the total permeability (kzλ

∗
c ) controls the time

scale, ts .
The vertically integrated governing equations for VE

models are usually written in terms of reference pressures
(e.g., at the bottom of the formation) and vertically
averaged saturations. These variables are termed coarse-
scale pressure and coarse-scale saturation in the context of
VE models [44], and are denoted using uppercase variables.
Note that we will use the terms “vertically integrated” and
“coarse-scale” interchangeably in this paper. For simplicity
of presentation, we assume a geological formation with
impermeable top and bottom and a zero dip angle with the
horizontal plane. We also assume incompressible fluids with
constant density and viscosity. The vertically integrated
mass balance equation for phase α has the following form:

∂(
Sα)

∂t
+ ∇// · Uα = �α . (6)

The appropriate variables are defined as follows: 
 ≡∫ ξT

ξB
φdz is the vertically integrated porosity (z is positive

upward), where ξT and ξB represent the top and bottom of
the geological formation, respectively; Sα ≡ 1




∫ ξT

ξB
φsαdz

is the vertically averaged saturation; and �α ≡ ∫ ξT

ξB
ψαdz

is the vertically integrated volumetric source or sink. Uα is
the vertically integrated volumetric flux vector and it can be
expressed as

Uα = −
αK(∇//Pα − ραG), (7)

where

K ≡
∫ ξT

ξB

k//dz, (8)


α ≡ K−1
∫ ξT

ξB

k//λα(sα)dz. (9)

Pα is the coarse-scale pressure of phase α. If the reference
elevation of Pα is chosen to be the bottom of the formation,
pα along the z-direction can be calculated from Pα based on
pα(x, y, z, t) = Pα(x, y, t) − ραg(z − ξB). The subscript
“//” stands for vector components in the xy-plane, K is
the vertically integrated permeability tensor and 
α is the
coarse-scale mobility. G is the coarse-scale gravity term
where G = e// · g + (g · ez)∇//ξB , e// = (ex, ey)

T

and e is the unit vector. We assume one of the main

directions of anisotropy for the intrinsic permeability aligns
with the vertical direction, so we decompose the intrinsic
permeability tensor into a horizontal permeability tensor

and a scalar vertical permeability: k =
[
k// 0
0 kz

]

.

The difference between the two coarse-scale phase
pressures is called “pseudo capillary pressure,” which is
defined as the difference of the coarse-scale phase pressures
at the bottom of the formation and can be written as a
function of the coarse-scale brine saturation

Pc = Pb + P cap(Sb). (10)

The coarse-scale saturations must sum to unity,

Sb + Sc = 1. (11)

In the VE model, fine-scale pressure and saturation are
reconstructed from the coarse-scale pressure and saturation
using simple arithmetic expressions based on the assumed
hydrostatic vertical pressure profiles (more details in
Section 3). In the end, both 3D and VE models provide
solutions of fine-scale pressure and saturation (pc, pb, sc,
and sb) throughout the domain of interest.

2.2 Three-dimensional dual-continuummodels

In the context of this paper, a fractured geological formation
is a formation with natural and/or induced fractures,
which are assumed to be extensive, abundant, and highly
connected. As a result, the fractures themselves can be
treated as a continuous geological formation with relatively
large permeability and low porosity and, thereby, modeled
as a continuum. The portion of the formation that is not
fractured (i.e., the rock matrix, or simply “matrix”) is
modeled as a second (overlapping) continuum with smaller
permeability and larger porosity. In other words, a fractured
geological formation can be modeled as an overlap of
two continua, one representing the fractures and the other
representing the rock matrix. Modeling approaches that treat
both fractures and rock matrix as continua are therefore
called dual-continuum approaches [10, 11, 45].

In dual-continuum approaches, the two most common
ways to conceptualize the rock matrix are the dual-porosity
approach and the dual-permeability approach. A simple
version of the dual-porosity approach is the so-called
dual-porosity sugar cube model, originally developed by
Warren and Root [46] and later extended for multiphase
flow by Kazemi et al. [9], among others. This approach
conceptualizes the rock matrix as identical rectangular
parallelepipeds with homogeneous and isotropic rock
properties. Those matrix blocks, which are often referred to
as “sugar cubes,” are not connected to each other and they
only exchange fluids (brine and CO2) with fractures. As a
result, there is no large-scale flow within the rock matrix
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domain and, therefore, the rock matrix effectively serves as
a source or sink of fluids that flow in the fractures. We note
that this sugar cube conceptualization allows for simpler
analysis of the system and associated derivation of a mass
transfer function, but is not meant to be a literal description
of the actual system geometry.

Gilman and Kazemi [47] extended the dual-porosity
sugar cube model and developed the so-called dual-
porosity matchstick model, in which the rock matrix is
conceptualized as a collection of vertical columns separated
by vertical fractures through the entire thickness of the
geological formation. The dual-porosity matchstick model
allows vertical flow in the matrix domain, but no flow from
“matchstick” to matchstick (so it is similar to the sugar cube
approach but only in the xy-plane). This model essentially
allows vertical stacks of sugar cubes to be in hydraulic
contact with neighbors in the vertical direction but not in the
horizontal.

The full dual-permeability model was developed by
Barenblatt et al. [48]. In this approach, the rock matrix is
modeled as a three-dimensional continuum with permeabil-
ity and porosity different from fractures. Flow can occur
within the rock matrix at the continuum scale in all three
directions, with fluid flows in the matrix governed by sim-
ilar mass balance equations as the ones in the fractures.
The two overlapping domains are coupled through mass
transfer terms. The conceptualizations of rock matrix in the
above-mentioned three models are shown schematically in
Fig. 1.

Three-dimensional dual-continuum models apply 3D
equations in the fracture domain and treat the rock matrix
domain differently based on different conceptualizations.
The mass transfer terms are added to the governing
equations for the fracture and rock matrix domains and take
the form of source/sink fluxes. If we use superscripts f and
m to denote variables that are defined in the fracture and
matrix continua, respectively, the governing equations in the
fracture domain are the same as the ones in an unfractured
formation, modified with the specific mass transfer term on
the right side,

∂(ραφf s
f
α )

∂t
+ ∇ · (ραuf

α ) = ραψf
α − ραqf −m

α , (12)

where

uf
α = −λf

αk
f (∇pf

α − ραg), (13)

p
f
c = p

f
b + pcap,f (s

f
b ), (14)

s
f
b + s

f
c = 1. (15)

In Eq. 12, qf −m
α represents the transfer of phase α between

the fracture and matrix domains. Dual-continuum models
can have different sets of governing equations in the matrix
domain depending on their conceptualizations of the rock
matrix.

In the dual-porosity sugar cube model, the governing
equations in the matrix domain are

∂(ραφmsm
α )

∂t
= ραψm

α + ραqf −m
α , (16)

pm
c = pm

b + pcap,m(sm
b ), (17)

sm
b + sm

c = 1. (18)

In the sugar cube approach, fluid flow inside the matrix
block is neglected, as shown in Eq. 16. Also, the signs
in front of the mass transfer terms, q

f −m
α , are opposite in

Eqs. 12 and 16 because the mass transfer terms are defined
as positive for mass fluxes from fractures to the rock matrix.

The dual-porosity matchstick model has a similar set
of governing equations in the matrix domain, except that
Eq. 16 is replaced by Eq. 19, which includes vertical flow in
the matrix

∂(ραφmsm
α )

∂t
+ ∂(ραum

α,z)

∂z
= ραψm

α + ραqf −m
α , (19)

where um
α,z represents flux of phase α in the vertical

direction in the rock matrix. um
α,z can be written using the

fractional flow formulation with no explicit presence of the
phase pressures.

In the dual-permeability model, fluid flows in the matrix
are governed by similar mass balance equations as the
ones in the fractures because full three-dimensional flow is
allowed to occur in the matrix,

∂(ραφmsm
α )

∂t
+ ∇ · (ραum

α ) = ραψm
α + ραqf −m

α , (20)

Fig. 1 Schematic graphs
showing the rock matrix
conceptualizations of the three
models: dual-porosity sugar
cube model (left), dual-porosity
matchstick model (middle), and
dual-permeability model (right)
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where

um
α = −λm

α k
m(∇pm

α − ραg). (21)

The transfer of fluid mass between the rock matrix and
fractures is a key process in dual-continuum models. This
transfer of mass needs to be represented by a mass transfer
function, which typically depends on variables from both
the fracture and matrix domains, and accounts for physical
mechanisms such as viscous forces, capillary pressure, and
gravity drainage. Recent reviews of various versions of the
mass transfer functions can be found in [49, 50].

As the rock matrix conceptualization becomes increas-
ingly general from a dual-porosity sugar cube model to a
dual-porosity matchstick model and to a dual-permeability
model, it is more and more challenging to develop an appro-
priate mass transfer function. In this paper, we consider
example problems only using the dual-porosity sugar cube
approach because these models are well developed with
widely used mass transfer functions, and the formulation
allows us to focus on the development of the coupled VE
dual-continuum model. There remain a number of ques-
tions about appropriate mass transfer functions for the more
complex matrix models, and deriving appropriate mass
transfer functions for the dual-porosity matchstick model is
an ongoing effort [51].

For the dual-porosity sugar cube model, we use mass
transfer functions adopted from Ramirez et al. [49].

q
f −m
c = σkm λ

f
c λm

b

λ
f
c + λm

b

[
pcap,f − pcap,m

+ σz

σ
�ρg

(
s
f
c − s

res,f
c

1 − s
res,f
c

− sm
c − s

res,m
c

1 − s
res,m
c

)

lz

]

, (22)

where σ = 4

(
1
l2x

+ 1
l2y

+ 1
l2z

)

is the shape factor for the

rock matrix blocks and lx , ly , and lz are the dimensions
of a matrix block [9], σz = 4

l2z
is the component of σ

considering only the vertical direction, and s
res,f
c and s

res,m
c

are residual saturation of CO2 in the fracture domain and in
the rock matrix domain, respectively. In the implementation
presented here, we assume the fluids are incompressible;
therefore, the transfer fluxes of CO2 and brine must sum to
zero

q
f −m
b = −q

f −m
c . (23)

Equations 22 and 23 consider two physical driving forces:
the capillary force, represented by the difference of the
capillary pressure in the two domains, and the gravitational
force, represented by the difference in local fluid saturation
in the two domains. In the following sections, “dual-
porosity model” means “dual-porosity sugar cube model”
unless otherwise stated.

3 Vertically integrated dual-porosity model

Because of the large permeability associated with the
fracture systems, we are motivated to apply the VE concept
to the fracture domain to develop a VE dual-porosity model
for CO2 injection in fractured aquifers. We use the VE
formulation in the highly permeable fractures and the sugar
cube conceptualization in the less permeable rock matrix.
The fracture and rock matrix domains are connected by
fine-scale and coarse-scale mass transfer functions.

Fractures usually have high permeability, so the CO2 in
the fractures is expected to segregate relatively quickly in
the vertical direction due to the large density difference
between CO2 and brine. As a result, a VE model,
which assumes rapid and complete buoyant segregation
of the two fluid phases and resulting vertical-equilibrium
pressure distribution, is applied to the fracture domain. The
governing equations for the fracture domain are the same as
Eqs. 6–11, except we add vertically integrated mass transfer
terms to the right side of Eq. 6. The coarse-scale mass
balance equation for the fracture domain is

∂(
f S
f
α )

∂t
+ ∇// · Uf

α = �f
α − Qf −m

α , (24)

where Uf
α is expressed following Eqs. 7, 8 and 9 and

using variables defined in the fracture domain. Qf −m
α is the

vertically integrated mass transfer term, and it is calculated
by vertically integrating the fine-scale mass transfer term
from the bottom to the top of the formation,

Q
f −m
c =

∫ ξT

ξB

q
f −m
c dz, (25)

where q
f −m
c is the fine-scale mass transfer function from

Eq. 22. We assume incompressibility of the fluids, so the
vertically integrated mass transfer terms of the two fluids
must sum to zero. As a result,

Q
f −m
b = −Q

f −m
c (26)

Capillary pressure is usually negligible in the fractures due
to the large pore sizes. This leads to a negligible capillary
transition zone that can be approximated as a macroscopic
sharp interface. As a result, the coarse-scale mobility in
Eq. 9 can be simplified as



f
b =

(

1 − S
f
c

1 − S
res,f
b

)
1

μb

, (27)



f
c = S

f
c

1 − S
res,f
b

(k∗
r,c)

f

μc

, (28)

where k∗
r,c is the values of kr,c when sb = sres

b and S
res,f
b

is the coarse-scale residual saturation of brine in the
fracture domain. Also from the sharp-interface assumption,
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Fig. 2 Schematic graph showing VE sharp-interface model in the fracture domain. CO2 is injected at the left boundary and migrates to the right.
The red curve indicates the macroscopic sharp interface between CO2 and brine

the pseudo capillary pressure, P cap, can be expressed as
P cap = P

cap
entry + S

f
b H(ρc − ρb).

Reconstruction of the fine-scale pressure and saturation
from coarse-scale pressure and saturation is an important
part of the VE model. Here we demonstrate the reconstruc-
tion process using a schematic of the VE sharp-interface
model in the fracture domain (see Fig. 2).

The VE model solves vertically integrated governing
equations of CO2 and brine to obtain coarse-scale brine
pressure P

f
b , which is the brine pressure at a reference

elevation, and coarse-scale CO2 saturation S
f
c , which is

the vertically averaged CO2 saturation. Once P
f
b is known,

the fine-scale brine pressure profile from the bottom of the
formation to the CO2-brine interface is calculated using the
equation p

f
b = P

f
b − ρbg(z − ξB). The fine-scale CO2

pressure from the CO2-brine interface to the top of the
formation is calculated using p

f
c = P

f
b − ρbg(H − h) −

ρcg[(z − ξB) − (H − h)], where h indicates the thickness
of the CO2 plume and can be computed as h = S

f
c · H . As

a result, the fine-scale pressure throughout the thickness of
the geological formation can be obtained. Fine-scale CO2
saturation is one above the CO2-brine interface and is zero
below the CO2-brine interface. Note that we assume zero
residual saturations in fractures.

The rock matrix domain of the VE dual-porosity model
is treated in the same way as in the rock matrix domain
of the three-dimensional dual-porosity model. Since fluid
pressure is not defined in the matrix in the sugar cube
approach, we solve for fine-scale saturation of CO2 and
brine throughout the rock matrix domain. The governing
equations of each fluid phase for the rock matrix domain in
the VE dual-porosity model are Eqs. 16, 17 and 18.

4 Numerical algorithm

In this section, we present the numerical algorithm for
the vertically integrated dual-porosity model. To solve the
CO2-brine dual-continuum system, we sum the vertically

integrated mass balance equations for CO2 and brine in
the fracture domain and refer to the resulting equation
as the “VE pressure equation.” We refer to the vertically
integrated mass balance equation for CO2 in the fracture
domain as the “VE transport equation.” The mass balance
equation for CO2 in the matrix domain is referred to as
the “transport equation.” The equations are solved with
an IMPES-type (Implicit Pressure Explicit Saturation) time
stepping algorithm applied to a cell-centered finite volume
spatial discretization.

In the vertically integrated dual-porosity model, we
first solve the VE pressure equation for coarse-scale brine
pressure in the fracture domain, P

f
b , at the new time

level. The VE pressure equation is linearized by evaluating
the coefficients using coarse-scale saturation values from
the previous time step. Coarse-scale CO2 pressure in the
fracture domain, P f

c , at the new time level is then computed
by adding the pseudo capillary pressure, P cap,f , from the
previous time step to the computed P

f
b .

Next, P
f
c is used in the VE transport equation of the

fracture domain to calculate the direction and magnitude
of CO2 fluxes across all grid cell boundaries. The coarse-
scale mass transfer term, Qf −m

c , is computed by integrating
the fine-scale mass transfer term, q

f −m
c , from the previous

time step. Then, coarse-scale CO2 saturation in the fracture
domain, S

f
c , at the new time level is solved from the VE

transport equation. Finally, fine-scale CO2 saturation in the
fracture domain, sf

c , is reconstructed from S
f
c based on the

vertical-equilibrium and sharp-interface assumptions.
In the matrix domain, fine-scale CO2 saturation, sm

c , at
the new time level is solved from the transport equation,
which, unlike the VE transport equation in the fracture
domain, only accounts for CO2 flux between fracture
and matrix domains. The fine-scale mass transfer term,
q

f −m
c , is calculated based on fine-scale capillary pressures,

saturations, and values of phase mobility from the previous
time step (see Eq. 22). With newly updated values of
S

f
c , s

f
c , and sm

c , the nonlinear coefficients in the VE
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x

z

Fig. 3 Schematic of the geological formation that is used as the basis
for fracture and rock matrix domains in this section

pressure equation, the pseudo capillary pressure, the fine-
scale capillary pressures in the two domains, and the
coarse-scale and fine-scale mass transfer terms are updated
and then we proceed to the next time step.

We note that the 3D dual-porosity model, which will
appear in the next section as the benchmark for the
comparison of simulation results, is solved using a similar
algorithm as the one for the vertically integrated dual-
porosity model, except that the mass balance equations
in the fracture domain are not vertically integrated and
there is no pressure or saturation reconstruction. The multi-
dimensional governing equations (Eqs. 12–18) are solved
directly with the IMPES-type algorithm.

5Model comparisons

In this section, we present modeling results to demonstrate
the applicability of the VE dual-porosity model. Simulation

results from VE dual-porosity and 3D dual-porosity models
are compared to assess the accuracy and computational
efficiency of the VE dual-porosity model. We focus on the
shape of CO2 plumes and the mass partitioning of injected
CO2 in the fracture and rock matrix domains.

We define a simple test problem using a vertical (xz-
plane) slice of a geological formation, as shown in Fig. 3.
This could be seen as modeling a slice perpendicular to
a vertical stack of horizontal injection wells, which are
located at the left boundary of the domain. The horizontal
length of the domain is 1500 m and is evenly divided into
300 numerical grid cells. The height of the domain is 50 m
and is evenly divided into 100 numerical grid cells. Each
grid cell in the domain is rectangular and connected to its
four adjacent cells as well as its counterpart in the other
numerical domain by fluid fluxes.

Both fracture and rock matrix domains are assumed to
be homogeneous. The porosity of the fracture domain is
0.03 and the porosity of the rock matrix domain is 0.15.
Compressibility is neglected for simplicity. We also do not
include capillary pressure in the presented test cases, but we
discuss its impact on CO2-brine partitioning between the
fracture and matrix domains towards the end of this section.
In the 3D dual-porosity model, a Brooks-Corey function
[52, 53] with λ = 2 and zero fluid residual saturation is
used to calculate the relative permeability in both fracture
and rock matrix domains. In the VE dual-porosity model, a
Brooks-Corey function is used in the rock matrix domain. In
the fracture domain, the sharp-interface assumption makes
the types of the relative permeability curves unimportant
because only the end-point saturations are used. For fine-
scale grid cells that contain the (sharp) interface, a linear
relative permeability function is used. The lengths lx and
lz in the mass transfer functions represent the length and
height of a matrix block. In the literature, different matrix
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Fig. 4 Comparison of CO2 saturation distribution from 3D dual-
porosity model (top) and VE dual-porosity model (bottom) after 5
years of continuous CO2 injection when fracture permeability is 100
mD and matrix permeability is 10 mD. The color scale represents
the magnitude of CO2 saturation. The fracture domain of the VE

dual-porosity model (the bottom left graph) shows the sharp interface
of CO2 and brine. In that domain, fine-scale CO2 saturation is 1 above
the sharp interface and 0 below the sharp interface, based on the VE
and sharp-interface assumptions
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Fig. 5 Comparison of CO2
saturation distribution from 3D
dual-porosity model (top) and
VE dual-porosity model
(bottom) after 5 years of
continuous CO2 injection when
fracture permeability is 500 mD
and matrix permeability is 10
mD
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block sizes have been used, with lx and lz both ranging from
1 to 10 m [9, 54–58]. In this paper, lx and lz are both set to
1 m. The injection rate is 1.8 × 10−3 kg CO2 per second
per meter in the y-direction. The density of CO2 and brine
are 710 kg/m3 and 1000 kg/m3, respectively. The viscosity
of CO2 and brine are 4.25 × 10−5 Pa·s and 3 × 10−4 Pa·s,
respectively.

Iding and Ringrose [5] estimated that the permeability of
fractures in the In Salah CO2 storage site ranges from 100
mD to 1 D and the permeability of the rock matrix to be on
the order of 10 mD. With these values used as a guide, we
set the permeability of the fracture domain to 100 mD, 500
mD, and 1 D in three test cases, with the permeability of the
rock matrix domain fixed at 10 mD in the test cases. The
simulation time is 5 years.

After continuously injecting for 5 years, CO2 saturations
in the fracture and rock matrix domains from the 3D dual-
porosity model and the VE dual-porosity model are shown
in Figs. 4, 5 and 6. Note that only the top 30 m of the
50-m-thick domains is shown. Values of the CO2 mass
partitioning between fracture and rock matrix domains are
shown in Table 1. For the test case whose results are shown
in Fig. 6, the time discretization error is much smaller than
the spatial discretization error, so there is no sensitivity in

model results to time step size. The 3D dual-porosity model
shows linear convergence with �x, and the current solution
with �x = 5 m is within 0.1% of the converged solution in
terms of total CO2 mass in the matrix domain (which was
used as one measure of solution behavior).

Using typical permeability values from the In Salah
CO2 storage site, the CO2 saturation graphs produced
by 3D dual-porosity and VE dual-porosity models are
generally comparable, and the saturations become more and
more similar as fracture permeability increases. Also, both
models predict that around 80% of the CO2 mass is stored in
the rock matrix, while the rest remains in the fractures. The
difference between percentages of CO2 mass in the fracture
domain from the two models decreases from 1.4 to 0.6%
as fracture permeability increases from 100 to 1000 mD.
The VE dual-porosity model consistently predicts a higher
percentage of CO2 mass in the fracture domain as a result of
the functional form of the mass transfer function (Eq. 22).
The more concentrated CO2 plume in the fracture domain
in the VE dual-porosity model leads to lower overall CO2

mass transfer into the matrix domain, as compared to the 3D
dual-porosity model.

When fracture permeability is 100 mD (Fig. 4), the 3D
dual-porosity model predicts a thicker CO2 plume with

Fig. 6 Comparison of CO2
saturation distribution from 3D
dual-porosity model (top) and
VE dual-porosity model
(bottom) after 5 years of
continuous CO2 injection when
fracture permeability is 1000
mD and matrix permeability is
10 mD
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Table 1 Comparison of predicted CO2 mass partitioning from the 3D dual-porosity model and VE dual-porosity model after 5 years of continuous
CO2 injection

Fracture Rock matrix Model Percentage of Percentage of Difference

permeability permeability injected CO2 mass injected CO2 mass

in the fracture in the rock matrix

domain domain

100 mD 10 mD 3D DP 18.7% 81.3% 1.4%

VE DP 20.1% 79.9%

500 mD 10 mD 3D DP 19.3% 80.7% 0.7%

VE DP 20.0% 80.0%

1000 mD 10 mD 3D DP 19.4% 80.6% 0.6%

VE DP 20.0% 80.0%

DP dual-porosity

a shorter leading edge while the VE dual-porosity model
predicts a thinner CO2 plume with a longer leading edge.
In the fracture domain, the 3D dual-porosity model predicts
CO2 saturation in the CO2 plume to be around 0.9, while
the VE dual-porosity model predicts CO2 saturation of 1.0,
based on the VE and sharp-interface assumptions. This
leads to the VE dual-porosity model predicting somewhat
higher CO2 saturation in the CO2 plume as compared to the
3D dual-porosity model. These results are consistent with
the long time scale associated with the drainage of the last
fractions of brine saturation, as discussed in the recent work
of Becker et al. [59].

When fracture permeability increases to 500 mD (Fig. 5),
the 3D dual-porosity model and VE dual-porosity model
produce very similar shapes for the CO2 plumes in both the
fracture and rock matrix domains. However, the VE dual-
porosity model still predicts higher CO2 saturation than the
3D dual-porosity model for the CO2 plume in both domains.

Finally, when fracture permeability is 1000 mD (Fig. 6),
saturation graphs from the two models are almost identical.
Both models predict the thickness of the CO2 plumes at
the injection well to be around 6 m and the leading edges
of the CO2 plumes at the top of the geological formation
to be around 950 m. The VE dual-porosity model still
shows a slightly longer leading edge and thinner plume
than the 3D dual-porosity model due to the sharp-interface
assumption [53, 60]. The CO2 saturation in the CO2 plume
in the fracture domain is around 0.95 for the 3D dual-
porosity model and is 1.0 for the VE dual-porosity model.
CO2 saturations in the matrix domain from the two models
are almost identical with only slight differences close to
the CO2-brine interface, which are caused by the small
discrepancy in plume shapes in the fractures predicted by
the VE and 3D models.

Court et al. [53] state that modeling results from the
VE and 3D models for a single domain match well when
permeability is larger than around 100 mD. Results from

Figs. 4, 5 and 6 are generally consistent with those results.
This is also consistent with the more recent generalization of
VEmodels [59], where slow drainage of wetting fluid at low
saturations is factored into the resulting saturation profile.
In a similar way, the CO2 transfer between the fracture and
rock matrix domains can make the segregation timescale
longer because it adds to the effect of slow drainage at low
saturations.

The computational advantage of the VE dual-porosity
model increases as the fracture permeability increases.
When fracture permeability is high, the 3D dual-porosity
model requires small time steps to capture the vertical
migration of CO2, leading to long run times. However, the
time steps of the VE dual-porosity model are less dependent
on the fracture permeability. In addition to allowing larger
time steps, the VE dual-porosity model runs faster in each
step than the 3D dual-porosity model due to the reduction
in dimensionality, which leads to a smaller size of the
computational matrix when solving for the brine pressure.
The combination of these two factors results in significantly
shorter run time. We note that, when there is significant
mass transfer between fractures and matrix, the transfer
can limit the time step size for both VE dual-porosity
and 3D dual-porosity models, which could happen when
matrix permeability is large. On a single processor, the
3D dual-porosity model takes 3.5 h to run the 5-year test
case in which fracture permeability is 1000 mD, while the
VE dual-porosity model only takes 9 min to complete the
same test case, producing a savings of roughly a factor of
20. In addition to the computational advantage, we also
note that the VE sharp-interface solution can be more
accurate than the 3D solution when the VE model is a good
approximation, because the vertical discretization in the 3D
model may lead to numerical diffusion that requires very
fine spatial discretization to resolve.

In addition to the test cases above that neglect capillary
pressure, we have also tested the dual-porosity models using
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Fig. 7 Predicted CO2 mass fractions in the matrix domain from VE
dual-porosity and 3D dual-porosity models as a function of capillary
entry pressure. Results shown are after 5 years of continuous CO2
injection with fracture and matrix permeability being 1000 mD and 10
mD, respectively

non-zero fine-scale capillary pressure in the matrix domain.
The fine-scale capillary pressure is parameterized using the
Brooks-Corey model with λ = 2. Entry pressure values from
1 Pa to 2 × 104 Pa were tested, and the results are shown in
Fig. 7. The three pairs of curves are produced by test runs
that use three different values of lx and lz, which represent
the width and height of a rock matrix block and are included
in the mass transfer function. Within each pair, the two
curves show simulation results from the 3D dual-porosity
and VE dual-porosity models.

As expected, the predicted CO2 mass in the matrix
declines with increasing capillary entry pressure. The
simulation results from VE dual-porosity and 3D dual-
porosity models match well. For a wide range of capillary
entry pressure values, the difference between the predicted
CO2 mass fraction in the matrix domain from the two
models remains less than 1%. As the entry pressure
increases, eventually most or all of the CO2 remains in
the fractures—while the simulations differ by up to a few
percent in these cases, it is unlikely that such formations
would be used for practical CO2 storage. The VE dual-
porosity model continues to be much more computationally
efficient than the 3D dual-porosity model in these test cases
with varying capillary entry pressure.

6 Summary and conclusion

In this study, we develop a vertically integrated dual-
continuum modeling framework for CO2 injection and
migration in fractured saline aquifers. Models in this

framework use the VE approach in the fracture domain with
more traditional multi-dimensional formulations in the rock
matrix domain. In this paper, we presented the development
of both dual-porosity and dual-permeability models, then
focused the presentation on the VE dual-porosity sugar cube
model. We showed that the model is a good approximation
to the full three-dimensional dual-porosity model when
fracture permeability is sufficiently large (i.e., buoyant
segregation time scale is small) that the VE assumption is
appropriate for the fracture domain. Under these conditions,
the VE dual-porosity model provides significant savings in
computational effort as compared to the 3D dual-porosity
model. This implies that the VE models can be an attractive
choice to model CO2 migration in the fracture domain of
dual-continuum models.

Overall, the results presented in this paper show that
the VE dual-porosity model can be effective and efficient
for modeling CO2 migration in fractured saline aquifers
when the properties of the formation allow for the VE
assumption in the fracture domain. The approach should
be generally applicable to a wide range of fracture-matrix
systems, providing an efficient computation approach to
model multiphase flow in fractured rocks.
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