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Abstract 47	

 48	

Various modeling approaches, including fully three-dimensional (3D) models and vertical-49	

equilibrium (VE) models, have been used to study the large-scale storage of carbon dioxide 50	

(CO2) in deep saline aquifers. 3D models solve the governing flow equations in three spatial 51	

dimensions to simulate migration of CO2 and brine in the geological formation. VE models 52	

assume rapid and complete buoyant segregation of the two fluid phases, resulting in vertical 53	

pressure equilibrium and allowing closed-form integration of the governing equations in the 54	

vertical dimension. This reduction in dimensionality makes VE models computationally much 55	

more efficient, but the associated assumptions restrict the applicability of VE models to 56	

geological formations with moderate to high permeability. In the present work, we extend the VE 57	

models to simulate CO2 storage in fractured deep saline aquifers in the context of dual-58	

continuum modeling, where fractures and rock matrix are treated as porous media continua with 59	

different permeability and porosity. The high permeability of fractures makes the VE model 60	

appropriate for the fracture domain, thereby leading to a VE-dual continuum model for the dual 61	

continua. The transfer of fluid mass between fractures and rock matrix is represented by a mass 62	

transfer function connecting the two continua, with a modified transfer function for the VE 63	

model based on vertical integration. Comparison of the new model with a 3D-dual continuum 64	

model shows that the new model provides comparable numerical results while being much more 65	

computationally efficient. 66	

 67	

 68	
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1 Introduction  78	

 79	

Carbon Capture and Storage (CCS) involves capturing carbon dioxide (CO2) from large 80	

stationary sources and injecting the captured CO2 into deep underground rock formations for 81	

long-term storage. It is the only currently-available technology that allows fossil fuel combustion 82	

to continue powering the economy while mitigating anthropogenic carbon emissions [1]. The 83	

International Energy Agency [2] suggests that CCS needs to contribute 16% of annual carbon 84	

emission reductions by 2050 in order to keep the global average temperature increase less than 2 85	

degrees Celsius above pre-industrial levels – the goal stated in the United Nations Paris 86	

Agreement [3].  87	

 88	

In CCS, the captured CO2 can be injected into different types of geological formations including 89	

depleted oil and gas reservoirs and deep saline aquifers. Deep saline aquifers have the largest 90	

identified storage potential [4] and there are a number of projects around the world that involve 91	

injection of CO2 into deep saline aquifers, such as the Sleipner and Snohvit projects in Norway, 92	

the Quest project in Canada, the Illinois Industrial project in the United States, and the Gorgon 93	

project in Australia [1]. The selected deep saline aquifer for CO2 storage could consist of 94	

fractured rocks. For example, the In Salah CO2 storage project in Algeria injected CO2 into 95	

fractured sandstones [5, 6]. The Shenhua CO2 storage project in China artificially induced 96	

fractures in low-permeability and low-porosity deep saline aquifers to enhance permeability of 97	

the aquifer and facilitate CO2 injection [7, 8].  98	

 99	

When CO2 is injected into a deep saline aquifer, a two-phase flow system is created with 100	

supercritical CO2 and brine being the two fluid phases. In a fractured deep saline aquifer, flow 101	

occurs in both the fractures and the rock matrix. Due to the contrast of permeability between 102	

fractures and rock matrix, flow in fractures is much faster than flow in the rock matrix. These 103	

two different characteristic time scales for flow lead to more complex CO2-brine flow dynamics 104	

as compared to an unfractured formation.  105	

 106	

In this study, we use a dual-continuum modeling approach, which conceptualizes fractures and 107	

rock matrix as two overlapping continua with different permeability and porosity coupled by a 108	
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mass transfer function, and develop a numerical modeling framework for CO2 injection and 109	

migration in fractured saline aquifers. These kinds of dual-continuum models have been used 110	

extensively in petroleum reservoir simulations [9-16] and in hydrogeology [17-22], and typically 111	

require well-connected fracture networks that satisfy the continuum hypothesis on appropriate 112	

length scales. Given the large length scales expected to apply to large-scale carbon storage, 113	

continuum models are likely to be reasonable choices, although we also note that a number of 114	

limitations apply including fracture systems where a few discrete fractures with long-range 115	

connectivity dominate the flow. For the remainder of this paper, we assume the dual-continuum 116	

approach is valid.  117	

 118	

Within the dual-continuum framework, we develop models that use a vertical-equilibrium (VE) 119	

assumption in the fracture domain but not in the matrix domain. In the matrix domain, we 120	

consider a range of conceptualizations including two different dual-porosity models and a dual-121	

permeability model. While we present modeling frameworks for each of these matrix options, we 122	

implement one of the dual-porosity models to demonstrate the coupling between a VE model for 123	

the fracture domain and a more standard (dual-porosity) representation in the matrix. The VE-124	

dual continuum models should apply to CO2 storage in fractured sandstones where the fractures 125	

are abundant, extensive and well-connected.  126	

 127	

2 Background  128	

 129	

2.1 Three-dimensional and Vertical-equilibrium Models  130	

 131	

Various modeling approaches have been used to model fluid migration in unfractured geological 132	

formations. These models solve an appropriate set of governing equations, which provides the 133	

spatial and temporal distribution of fluid pressures and fluid saturations in the formation. Here, 134	

we briefly review fully three-dimensional models that solve governing flow equations in three 135	

spatial dimensions, and vertically-integrated models that integrate the governing equations in the 136	

vertical dimension using the so-called vertical equilibrium assumption. For more details on 137	

modeling approaches applied to geologic carbon storage, the reader is referred to [23, 24].  138	

 139	
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A three-dimensional (3D) model solves three-dimensional governing equations of CO2 and brine 140	

to obtain CO2 pressure	𝑝#, brine pressure 𝑝$, CO2 saturation 𝑠#, and brine saturation 𝑠$ 141	

throughout the domain of interest. These 3D variables are referred to as fine-scale variables. Let 142	

𝛼 identify the fluid phase, with 𝛼 = 𝑐 or 𝑏 to indicate CO2 or brine, respectively. Assuming the 143	

two fluid phases are immiscible, the mass balance equation for phase 𝛼 can be written as  144	

 145	

 *(,-./-)
*1

+ ∇ ⋅ (𝜌6𝐮6) = 𝜌6𝜓6, (1) 

 146	

where 𝜌6 is the density, 𝜙 is the porosity of the geological formation, 𝑠6 is the saturation, 𝜓6 is 147	

the volumetric source or sink, and 𝐮6 is the volumetric flux vector that can be modeled using the 148	

two-phase extension of Darcy’s law 149	

 150	

 𝐮6 = −𝜆6𝐤(∇𝑝6 − 𝜌6𝐠), (2) 

 151	

where 𝜆6(𝑠6) ≡
?@,-(/-)
B-

 is the mobility for phase 𝛼, 𝑘D,6 is the relative permeability for phase 𝛼, 152	

𝜇6 is the dynamic viscosity, 𝐤 is the intrinsic permeability tensor of the formation, 𝑝6 is the fluid 153	

pressure, and 𝐠 is the gravity acceleration vector. Pressure difference between the two fluid 154	

phases is defined as the capillary pressure, 𝑝#FG, and is assumed to be a function of brine 155	

saturation 156	

 157	

 𝑝# = 𝑝$ + 𝑝#FG(𝑠$). (3) 

 158	

Finally, the two fluid saturations need to sum to unity, so that  159	

 160	

 𝑠$ + 𝑠# = 1. (4) 

 161	

In the past decade, a range of simplified models have been developed which involve integration 162	

of the governing equations in the vertical dimension. These simplified models are referred to as 163	

vertically-integrated models, and depending on the specific assumptions, they may be solved 164	

analytically [25-33], semi-analytically [34, 35], or numerically [36-39]. Vertically-integrated 165	
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models that assume rapid and complete buoyant segregation of CO2 and brine with vertical 166	

pressure equilibrium are referred to as vertical equilibrium (VE) models. VE models are 167	

computationally efficient due to the reduction in dimensionality from integration of the 168	

governing flow equations in the vertical direction (i.e., perpendicular to the bedding plane of the 169	

formation). However, the associated assumptions restrict the applicability of VE models to 170	

subsurface CO2-brine systems in which the time scales of the buoyant segregation are small 171	

relative to the time scales of the horizontal transport processes [40-42]. Nordbotten and Dahle 172	

[43] suggested that the time scale for buoyant segregation, 𝑡/, can be estimated from  173	

 174	

 𝑡/	~	
.K

?LMN∗(∆,)Q RSTU
, (5) 

 175	

where 𝐻 is the thickness of the injection formation, 𝜆#∗  is the mobility of CO2 evaluated at a 176	

“characteristic” saturation 𝑠#∗ [1], 𝑘W is the intrinsic permeability in the vertical direction, ∆𝜌 =177	

𝜌$ − 𝜌# is the density difference between brine and CO2, and 𝜃 is the dip angle between the 178	

injection formation and horizontal plane. Equation (5) indicates that the vertical component of 179	

the total permeability (𝑘W𝜆#∗) controls the time scale, 𝑡/.  180	

 181	

The vertically-integrated governing equations for VE models are usually written in terms of 182	

reference pressures (e.g., at the bottom of the formation) and vertically averaged saturations. 183	

These variables are termed coarse-scale pressure and coarse-scale saturation in the context of VE 184	

models [44], and are denoted using uppercase variables. Note that we will use the terms 185	

“vertically-integrated” and “coarse-scale” interchangeably in this paper. For simplicity of 186	

presentation, we assume a geological formation with impermeable top and bottom and a zero dip 187	

angle with the horizontal plane. We also assume incompressible fluids with constant density and 188	

viscosity. The vertically-integrated mass balance equation for phase 𝛼 has the following form  189	

 190	

 *(YZ-)
*1

+ ∇∕∕ ⋅ 𝐔6 = Ψ6. (6) 

 191	

The appropriate variables are defined as follows: Φ ≡ 𝜙𝑑𝑧ab
ac

 is the vertically-integrated 192	

porosity (𝑧 is positive upward), where 𝜉e and 𝜉f represent the top and bottom of the geological 193	
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formation, respectively; 𝑆6 ≡
h
Y

𝜙𝑠6𝑑𝑧
ab
ac

 is the vertically-averaged saturation; and Ψ6 ≡194	

𝜓6𝑑𝑧
ab
ac

 is the vertically-integrated volumetric source or sink. 𝐔6 is the vertically-integrated 195	

volumetric flux vector and it can be expressed as  196	

 197	

 𝐔6 = −Λ6𝐊(∇∕∕𝑃6 − 𝜌6𝐆), (7) 

where 198	

 𝐊 ≡ 𝐤∕∕𝑑𝑧
ab
ac

, (8) 

 199	

 Λ6 ≡ 𝐊mh 𝐤∕∕𝜆6(𝑠6)𝑑𝑧
ab
ac

. (9) 

 200	

𝑃6 is the coarse-scale pressure of phase 𝛼. If the reference elevation of 𝑃6 is chosen to be the 201	

bottom of the formation, 𝑝6 along the 𝑧-direction can be calculated from 𝑃6 based on 202	

𝑝6(𝑥, 𝑦, 𝑧, 𝑡) = 𝑃6(𝑥, 𝑦, 𝑡) − 𝜌6𝑔(𝑧 − 𝜉f). The subscript “∕∕” stands for vector components in 203	

the (𝑥, 𝑦) plane, 𝐊 is the vertically-integrated permeability tensor, and Λ6 is the coarse-scale 204	

mobility. 𝐆 is the coarse-scale gravity term where 𝐆 = 𝐞∕∕ ⋅ 𝐠 + (𝐠 ⋅ 𝐞W)∇∕∕𝜉f, 𝐞∕∕ = (𝐞r, 𝐞s)e, 205	

and 𝐞 is the unit vector. We assume one of the main directions of anisotropy for the intrinsic 206	

permeability aligns with the vertical direction, so we decompose the intrinsic permeability tensor 207	

into a horizontal permeability tensor and a scalar vertical permeability: 𝐤 =
𝐤∕∕ 𝟎
𝟎 𝑘W

.  208	

 209	

The difference between the two coarse-scale phase pressures is called “pseudo capillary 210	

pressure,” which is defined as the difference of the coarse-scale phase pressures at the bottom of 211	

the formation and can be written as a function of the coarse-scale brine saturation 212	

 213	

 𝑃# = 𝑃$ + 𝑃#FG(𝑆$). (10) 

 214	

The coarse-scale saturations must sum to unity, 215	

 216	

 𝑆$ + 𝑆# = 1. (11) 
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 217	

In the VE model, fine-scale pressure and saturation are reconstructed from the coarse-scale 218	

pressure and saturation using simple arithmetic expressions based on the assumed hydrostatic 219	

vertical pressure profiles (more details in Section 3). In the end, both 3D and VE models provide 220	

solutions of fine-scale pressure and saturation (𝑝#, 𝑝$, 𝑠#, and 𝑠$) throughout the domain of 221	

interest.  222	

 223	

2.2 Three-dimensional Dual-continuum Models  224	

 225	

In the context of this paper, a fractured geological formation is a formation with natural and/or 226	

induced fractures, which are assumed to be extensive, abundant, and highly connected. As a 227	

result, the fractures themselves can be treated as a continuous geological formation with 228	

relatively large permeability and low porosity and, thereby, modeled as a continuum. The portion 229	

of the formation that is not fractured (i.e., the rock matrix, or simply “matrix”) is modeled as a 230	

second (overlapping) continuum with smaller permeability and larger porosity. In other words, a 231	

fractured geological formation can be modeled as an overlap of two continua, one representing 232	

the fractures and the other representing the rock matrix. Modeling approaches that treat both 233	

fractures and rock matrix as continua are therefore called dual-continuum approaches [10, 11, 234	

45].   235	

 236	

In dual-continuum approaches the two most common ways to conceptualize the rock matrix are 237	

the dual-porosity approach and the dual-permeability approach. A simple version of the dual-238	

porosity approach is the so-called dual-porosity sugar cube model, originally developed by 239	

Warren and Root [46] and later extended for multiphase flow by Kazemi et al. [9], among others. 240	

This approach conceptualizes the rock matrix as identical rectangular parallelepipeds with 241	

homogeneous and isotropic rock properties. Those matrix blocks, which are often referred to as 242	

“sugar cubes,” are not connected to each other and they only exchange fluids (brine and CO2) 243	

with fractures. As a result, there is no large-scale flow within the rock matrix domain and, 244	

therefore, the rock matrix effectively serves as a source or sink of fluids that flow in the 245	

fractures. We note that this sugar cube conceptualization allows for simpler analysis of the 246	
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system and associated derivation of a mass transfer function, but is not meant to be a literal 247	

description of the actual system geometry.  248	

 249	

Gilman and Kazemi [47] extended the dual-porosity sugar cube model and developed the so-250	

called dual-porosity matchstick model, in which the rock matrix is conceptualized as a collection 251	

of vertical columns separated by vertical fractures through the entire thickness of the geological 252	

formation. The dual-porosity matchstick model allows vertical flow in the matrix domain, but no 253	

flow from “matchstick” to matchstick (so it is similar to the sugar cube approach but only in the 254	

𝑥-𝑦 plane). This model essentially allows vertical stacks of sugar cubes to be in hydraulic contact 255	

with neighbors in the vertical direction but not in the horizontal. 256	

 257	

The full dual-permeability model was developed by Barenblatt et al. [48]. In this approach, the 258	

rock matrix is modeled as a three-dimensional continuum with permeability and porosity 259	

different from fractures. Flow can occur within the rock matrix at the continuum scale in all three 260	

directions, with fluid flows in the matrix governed by similar mass balance equations as the ones 261	

in the fractures. The two overlapping domains are coupled through mass transfer terms. The 262	

conceptualizations of rock matrix in the above-mentioned three models are shown schematically 263	

in Fig. 1.  264	

 265	

 266	
Fig. 1 Schematic graphs showing the rock matrix conceptualizations of the three models: Dual-267	

porosity sugar cube model (left), dual-porosity matchstick model (middle), and dual-permeability 268	

model (right).   269	

 270	

Three-dimensional dual-continuum models apply 3D equations in the fracture domain and treat 271	

the rock matrix domain differently based on different conceptualizations. The mass transfer 272	

terms are added to the governing equations for the fracture and rock matrix domains and take the 273	
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form of source/sink fluxes. If we use superscripts 𝑓 and 𝑚 to denote variables that are defined in 274	

the fracture and matrix continua, respectively, the governing equations in the fracture domain are 275	

the same as the ones in an unfractured formation, modified with the specific mass transfer term 276	

on the right side, 277	

 278	

 *(,-.w/-
w)

*1
+ ∇ ⋅ (𝜌6𝐮6

x) = 𝜌6𝜓6
x − 𝜌6𝑞6

xmz, (12) 

where 279	

 𝐮6
x = −𝜆6

x𝐤x(∇𝑝6
x − 𝜌6𝐠), (13) 

 280	

 𝑝#
x = 𝑝$

x + 𝑝#FG,x(𝑠$
x), (14) 

 281	

 𝑠$
x + 𝑠#

x = 1. (15) 

 282	

In equation (12), 𝑞6
xmz represents the transfer of phase 𝛼 between the fracture and matrix 283	

domains. Dual-continuum models can have different sets of governing equations in the matrix 284	

domain depending on their conceptualizations of the rock matrix.  285	

 286	

In the dual-porosity sugar cube model, the governing equations in the matrix domain are   287	

 288	

 *(,-.{/-{)
*1

= 𝜌6𝜓6z + 𝜌6𝑞6
xmz, (16) 

 289	

 𝑝#z = 𝑝$z + 𝑝#FG,z(𝑠$z), (17) 

 290	

 𝑠$z + 𝑠#z = 1. (18) 

 291	

In the sugar cube approach, fluid flow inside the matrix block is neglected, as shown in Equation 292	

(16). Also, the signs in front of the mass transfer terms, 𝑞6
xmz, are opposite in Equations (12) and 293	

(16) because the mass transfer terms are defined as positive for mass fluxes from fractures to 294	

rock matrix.  295	
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 296	

The dual-porosity matchstick model has a similar set of governing equations in the matrix 297	

domain, except that Equation (16) is replaced by Equation (19), which includes vertical flow in 298	

the matrix 299	

  300	

 *(,-.{/-{)
*1

+ *(,-|-,L{ )
*W

= 𝜌6𝜓6z + 𝜌6𝑞6
xmz, (19) 

 301	

where 𝑢6,Wz  represents flux of phase 𝛼 in the vertical direction in the rock matrix. 𝑢6,Wz  can be 302	

written using the fractional flow formulation with no explicit presentence of the phase pressures.  303	

 304	

In the dual-permeability model, fluid flows in the matrix are governed by similar mass balance 305	

equations as the ones in the fractures because full three-dimensional flow is allowed to occur in 306	

the matrix,  307	

 308	

 *(,-.{/-{)
*1

+ ∇ ⋅ (𝜌6𝐮6z) = 𝜌6𝜓6z + 𝜌6𝑞6
xmz, (20) 

where 309	

 𝐮6z = −𝜆6z𝐤z(∇𝑝6z − 𝜌6𝐠). (21) 

 310	

The transfer of fluid mass between rock matrix and fractures is a key process in dual-continuum 311	

models. This transfer of mass needs to be represented by a mass transfer function, which 312	

typically depends on variables from both the fracture and matrix domains, and accounts for 313	

physical mechanisms such as viscous forces, capillary pressure, and gravity drainage. Recent 314	

reviews of various versions of the mass transfer functions can be found in [49, 50].  315	

 316	

As the rock matrix conceptualization becomes increasingly general from dual-porosity sugar 317	

cube model to dual-porosity matchstick model and to dual-permeability model, it is more and 318	

more challenging to develop an appropriate mass transfer function. In this paper, we consider 319	

example problems only using the dual-porosity sugar cube approach because these models are 320	

well developed with widely-used mass transfer functions, and the formulation allows us to focus 321	

on the development of the coupled VE-dual continuum model. There remain a number of 322	
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questions about appropriate mass transfer functions for the more complex matrix models, and 323	

deriving appropriate mass transfer functions for the dual-porosity matchstick model is an 324	

ongoing effort [49, 51]. 325	

 326	

For the dual-porosity sugar cube model, we use mass transfer functions adopted from Ramirez et 327	

al. [49]. 328	

 329	

 𝑞#
xmz = 𝜎𝑘z MN

wM�
{

MN
w�M�

{ 𝑝#FG,x − 𝑝#FG,z + �L
�
Δ𝜌𝑔 /N

wm/N
@��,w

hm/N
@��,w −

/N{m/N
@��,{

hm/N
@��,{ 𝑙W , (22) 

 330	

where 𝜎 = 4 h
���
+ h

���
+ h

�L�
 is the shape-factor for the rock matrix blocks and 𝑙r, 𝑙s, and 𝑙W are 331	

the dimensions of a matrix block [9], 𝜎W =
�
�L�

 is the component of 𝜎 considering only the vertical 332	

direction, and 𝑠#
D�/,x and 𝑠#

D�/,z are residual saturation of CO2 in the fracture domain and in the 333	

rock matrix domain, respectively. In the implementation presented here, we assume the fluids are 334	

incompressible, therefore the transfer fluxes of CO2 and brine must sum to zero  335	

 336	

 𝑞$
xmz = −𝑞#

xmz. (23) 

 337	

Equations (22) and (23) consider two physical driving forces: the capillary force, represented by 338	

the difference of the capillary pressure in the two domains, and the gravitational force, 339	

represented by the difference in local fluid saturation in the two domains. In the following 340	

sections, “dual-porosity model” means “dual-porosity sugar cube model” unless otherwise stated. 341	

 342	

3 Vertically-integrated Dual-porosity Model  343	

 344	

Because of the large permeability associated with the fracture systems, we are motivated to apply 345	

the VE concept to the fracture domain to develop a VE-dual porosity model for CO2 injection in 346	

fractured aquifers. We use the VE formulation in the highly permeable fractures and the sugar 347	

cube conceptualization in the less permeable rock matrix. The fracture and rock matrix domains 348	

are connected by fine-scale and coarse-scale mass transfer functions.  349	
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 350	

Fractures usually have high permeability so the CO2 in the fractures is expected to segregate 351	

relatively quickly in the vertical direction due to the large density difference between CO2 and 352	

brine. As a result, a VE model, which assumes rapid and complete buoyant segregation of the 353	

two fluid phases and resulting vertical equilibrium pressure distribution, is applied to the fracture 354	

domain. The governing equations for the fracture domain are the same as Equations (6)-(11), 355	

except we add vertically-integrated mass transfer terms to the right side of Equation (6). The 356	

coarse-scale mass balance equation for the fracture domain is  357	

 358	

 *(YwZ-
w)

*1
+ ∇∕∕ ⋅ 𝐔6

x = Ψ6
x − 𝑄6

xmz, (24) 

 359	

where 𝐔6
x is expressed following Equations (7)-(9) and using variables defined in the fracture 360	

domain. 𝑄6
xmz is the vertically-integrated mass transfer term and it is calculated by vertically 361	

integrating the fine-scale mass transfer term from the bottom to the top of the formation,  362	

 363	

 𝑄#
xmz = 𝑞#

xmz𝑑𝑧ab
ac

, (25) 

 364	

where 𝑞#
xmz is the fine-scale mass transfer function from Equation (22). We assume 365	

incompressibility of the fluids, so the vertically-integrated mass transfer terms of the two fluids 366	

must sum to zero. As a result,  367	

 368	

 𝑄$
xmz = −𝑄#

xmz. (26) 

 369	

Capillary pressure is usually negligible in the fractures due to the large pore sizes. This leads to a 370	

negligible capillary transition zone that can be approximated as a macroscopic sharp interface. 371	

As a result, the coarse-scale mobility in Equation (9) can be simplified as  372	

 373	

 Λ$
x = 1 − ZN

w

hmZ�
@��,w

h
B�

, (27) 

 374	
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 Λ#
x = ZN

w

hmZ�
@��,w

(?@,N∗ )w

BN
, (28) 

 375	

where 𝑘D,#∗  is the values of 𝑘D,# when 𝑠$ = 𝑠$D�/ and 𝑆$
D�/,x is the coarse-scale residual saturation 376	

of brine in the fracture domain. Also from the sharp interface assumption, the pseudo capillary 377	

pressure, 𝑃#FG, can be expressed as: 𝑃#FG = 𝑃��1Ds
#FG + 𝑆$

x𝐻(𝜌# − 𝜌$).  378	

 379	

Reconstruction of the fine-scale pressure and saturation from coarse-scale pressure and 380	

saturation is an important part of the VE model. Here we demonstrate the reconstruction process 381	

using a schematic of the VE sharp interface model in the fracture domain (see Fig. 2).  382	

 383	

 384	
Fig. 2 Schematic graph showing VE sharp-interface model in the fracture domain. CO2 is 385	

injected at the left boundary and migrates to the right. The red curve indicates the macroscopic 386	

sharp interface between CO2 and brine.  387	

 388	

The VE model solves vertically-integrated governing equations of CO2 and brine to obtain 389	

coarse-scale brine pressure 𝑃$
x, which is the brine pressure at a reference elevation, and coarse-390	

scale CO2 saturation 𝑆#
x, which is the vertically averaged CO2 saturation. Once 𝑃$

x is known, the 391	

fine-scale brine pressure profile from the bottom of the formation to the CO2-brine interface is 392	

calculated using the equation 𝑝$
x = 𝑃$

x − 𝜌$𝑔(𝑧 − 𝜉f). The fine-scale CO2 pressure from the 393	

CO2-brine interface to the top of the formation is calculated using 𝑝#
x = 𝑃$

x − 𝜌$𝑔(𝐻 − ℎ) −394	

𝜌#𝑔[(𝑧 − 𝜉f) − (𝐻 − ℎ)], where ℎ indicates the thickness of CO2 plume and can be computed as 395	
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ℎ = 𝑆#
x ⋅ 𝐻. As a result, the fine-scale pressure throughout the thickness of the geological 396	

formation can be obtained. Fine-scale CO2 saturation is one above the CO2-brine interface and is 397	

zero below the CO2-brine interface. Note that we assume zero residual saturations in fractures. 398	

 399	

The rock matrix domain of the VE-dual porosity model is treated in the same way as in the rock 400	

matrix domain of the three-dimensional dual-porosity model. Since fluid pressure is not defined 401	

in the matrix in the sugar cube approach, we solve for fine-scale saturation of CO2 and brine 402	

throughout the rock matrix domain. The governing equations of each fluid phase for the rock 403	

matrix domain in the VE-dual porosity model are Equations (16)-(18).  404	

 405	

4 Numerical Algorithm   406	

 407	

In this section, we present the numerical algorithm for the vertically-integrated dual-porosity 408	

model. To solve the CO2-brine dual-continuum system, we sum the vertically-integrated mass 409	

balance equations for CO2 and brine in the fracture domain and refer to the resulting equation as 410	

the “VE pressure equation.” We refer to the vertically-integrated mass balance equation for CO2 411	

in the fracture domain as the “VE transport equation.” The mass balance equation for CO2 in the 412	

matrix domain is referred to as the “transport equation.” The equations are solved with an 413	

IMPES-type (Implicit Pressure Explicit Saturation) time stepping algorithm applied to a cell-414	

centered finite volume spatial discretization.  415	

 416	

In the vertically-integrated dual-porosity model, we first solve the VE pressure equation for 417	

coarse-scale brine pressure in the fracture domain, 𝑃$
x, at the new time level. The VE pressure 418	

equation is linearized by evaluating the coefficients using coarse-scale saturation values from the 419	

previous time step. Coarse-scale CO2 pressure in the fracture domain, 𝑃#
x, at the new time level is 420	

then computed by adding the pseudo capillary pressure, 𝑃#FG,x, from the previous time step to 421	

the computed 𝑃$
x.  422	

 423	

Next, 𝑃#
x is used in the VE transport equation of the fracture domain to calculate the direction 424	

and magnitude of CO2 fluxes across all grid cell boundaries. The coarse-scale mass transfer term, 425	
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𝑄#
xmz, is computed by integrating the fine-scale mass transfer term, 𝑞#

xmz, from the previous 426	

time step. Then, coarse-scale CO2 saturation in the fracture domain, 𝑆#
x, at the new time level is 427	

solved from the VE transport equation. Finally, fine-scale CO2 saturation in the fracture domain, 428	

𝑠#
x is reconstructed from 𝑆#

x based on the vertical equilibrium and sharp interface assumptions.  429	

 430	

In the matrix domain, fine-scale CO2 saturation, 𝑠#z, at the new time level is solved from the 431	

transport equation, which, unlike the VE transport equation in the fracture domain, only accounts 432	

for CO2 flux between fracture and matrix domains. The fine-scale mass transfer term, 𝑞#
xmz, is 433	

calculated based on fine-scale capillary pressures, saturations, and values of phase mobility from 434	

the previous time step (see Equation (22)). With newly updated values of 𝑆#
x, 𝑠#

x and 𝑠#z, the 435	

nonlinear coefficients in the VE pressure equation, the pseudo capillary pressure, the fine-scale 436	

capillary pressures in the two domains, and the coarse-scale and fine-scale mass transfer terms 437	

are updated and then we proceed to the next time step.  438	

 439	

We note that the three-dimensional dual-porosity (3D-dual porosity) model, which will appear in 440	

the next section as the benchmark for the comparison of simulation results, is solved using a 441	

similar algorithm as the one for the vertically-integrated dual-porosity model, except that the 442	

mass balance equations in the fracture domain are not vertically integrated and there is no 443	

pressure or saturation reconstruction. The multi-dimensional governing equations (Equations 444	

(12)-(18)) are solved directly with the IMPES-type algorithm.  445	

 446	

5 Model Comparisons  447	

 448	

In this section, we present modeling results to demonstrate the applicability of the VE-dual 449	

porosity model. Simulation results from VE-dual porosity and 3D-dual porosity models are 450	

compared to assess the accuracy and computational efficiency of the VE-dual porosity model. 451	

We focus on the shape of CO2 plumes and the mass partitioning of injected CO2 in the fracture 452	

and rock matrix domains.   453	

 454	

 455	
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 456	
Fig. 3 Schematic of the geological formation that is used as the basis for fracture and rock matrix 457	

domains in this section.  458	

 459	

We define a simple test problem using a vertical (𝑥, 𝑧) slice of a geological formation, as shown 460	

in Fig. 3. This could be seen as modeling a slice perpendicular to a vertical stack of horizontal 461	

injection wells, which are located at the left boundary of the domain. The horizontal length of the 462	

domain is 1500m and is evenly divided into 300 numerical grid cells. The height of the domain is 463	

50m and is evenly divided into 100 numerical grid cells. Each grid cell in the domain is 464	

rectangular and connected to its four adjacent cells as well as its counterpart in the other 465	

numerical domain by fluid fluxes.  466	

 467	

Both fracture and rock matrix domains are assumed to be homogeneous. The porosity of the 468	

fracture domain is 0.03 and the porosity of the rock matrix domain is 0.15. Compressibility is 469	

neglected for simplicity. We also do not include capillary pressure in the presented test cases, but 470	

we discuss its impact on CO2-brine partitioning between the fracture and matrix domains towards 471	

the end of this section. In the 3D-dual porosity model, a Brooks-Corey function [52, 53] with 𝜆 = 472	

2 and zero fluid residual saturation is used to calculate the relative permeability in both fracture 473	

and rock matrix domains. In the VE-dual porosity model, a Brooks-Corey function is used in the 474	

rock matrix domain. In the fracture domain, the sharp interface assumption makes the types of 475	

the relative permeability curves unimportant because only the end-point saturations are used. For 476	

fine-scale grid cells that contain the (sharp) interface, a linear relative permeability function is 477	

used. The lengths 𝑙r and 𝑙W in the mass transfer functions represent the length and height of a 478	

matrix block. In the literature, different matrix block sizes have been used, with 𝑙r and 𝑙W both 479	

ranging from 1m to 10m [9, 54-58]. In this paper, 𝑙r and 𝑙W are both set to 1m. The injection rate 480	

is 1.8×10-3 kg CO2 per second per meter in the 𝑦-direction. Density of CO2 and brine are 710 481	
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kg/m3 and 1000 kg/m3, respectively. Viscosity of CO2 and brine are 4.25×10-5 Pa⋅s and 3×10-4 482	

Pa⋅s, respectively.  483	

 484	

Iding and Ringrose [5] estimated that the permeability of fractures in the In Salah CO2 storage 485	

site ranges from 100 mD to 1 D and the permeability of the rock matrix to be on the order of 10 486	

mD. With these values used as a guide, we set the permeability of the fracture domain to 100 487	

mD, 500 mD, and 1 D in three test cases with the permeability of the rock matrix domain fixed at 488	

10 mD in the test cases. The simulation time is 5 years.  489	

 490	

After continuously injecting for 5 years, CO2 saturations in the fracture and rock matrix domains 491	

from the 3D-dual porosity model and the VE-dual porosity model are shown in Figs. 4-6. Note 492	

that only the top 30m of the 50m-thick domains are shown. Values of the CO2 mass partitioning 493	

between fracture and rock matrix domains are shown in Table 1. For the test case whose results 494	

are shown in Fig. 6, the time discretization error is much smaller than the spatial discretization 495	

error, so there is no sensitivity in model results to time step size. The 3D-dual porosity model 496	

shows linear convergence with ∆x, and the current solution with ∆x=5m is within 0.1% of the 497	

converged solution in terms of total CO2 mass in the matrix domain (which was used as one 498	

measure of solution behavior).  499	

 500	

 501	

 502	

 503	

 504	

 505	

 506	

 507	

 508	

 509	

 510	

 511	

 512	
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 513	

 514	
Fig. 4 Comparison of CO2 saturation distribution from 3D-dual porosity model (top) and VE-515	

dual porosity model (bottom) after 5 years of continuous CO2 injection when fracture 516	

permeability is 100 mD and matrix permeability is 10 mD. The color scale represents the 517	

magnitude of CO2 saturation. The fracture domain of the VE-dual porosity model (the bottom 518	

left graph) shows the sharp interface of CO2 and brine. In that domain, fine-scale CO2 saturation 519	

is 1 above the sharp interface and 0 below the sharp interface, based on the VE and sharp 520	

interface assumptions.  521	

 522	
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 533	

 534	
Fig. 5 Comparison of CO2 saturation distribution from 3D-dual porosity model (top) and VE-535	

dual porosity model (bottom) after 5 years of continuous CO2 injection when fracture 536	

permeability is 500 mD and matrix permeability is 10 mD. 537	

 538	
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 553	

554	
Fig. 6 Comparison of CO2 saturation distribution from 3D-dual porosity model (top) and VE-555	

dual porosity model (bottom) after 5 years of continuous CO2 injection when fracture 556	

permeability is 1000 mD and matrix permeability is 10 mD. 557	

 558	

Fracture 

Permeability 

Rock Matrix 

Permeability 
Model 

Percentage of 

Injected CO2 Mass 

in the Fracture 

Domain 

Percentage of 

Injected CO2 Mass 

in the Rock Matrix 

Domain 

Difference 

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% 

Table 1 Comparison of predicted CO2 mass partitioning from 3D-dual porosity model and VE-559	

dual porosity model after 5 years of continuous CO2 injection. “DP” means “dual porosity”.  560	

 561	
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Using typical permeability values from the In Salah CO2 storage site, the CO2 saturation graphs 563	

produced by 3D-dual porosity and VE-dual porosity models are generally comparable, and the 564	

saturations become more and more similar as fracture permeability increases. Also, both models 565	

predict that around 80% of CO2 mass is stored in the rock matrix, while the rest remains in the 566	

fractures. The difference between percentages of CO2 mass in the fracture domain from the two 567	

models decreases from 1.4% to 0.6% as fracture permeability increases from 100 mD to 1000 568	

mD. The VE-dual porosity model consistently predicts a higher percentage of CO2 mass in the 569	

fracture domain as a result of the functional form of the mass transfer function (Equation (22)). 570	

The more concentrated CO2 plume in the fracture domain in the VE-dual porosity model leads to 571	

lower overall CO2 mass transfer into the matrix domain, as compared to the 3D-dual porosity 572	

model.  573	

 574	

When fracture permeability is 100 mD (Fig. 4), the 3D-dual porosity model predicts a thicker 575	

CO2 plume with a shorter leading edge while the VE-dual porosity model predicts a thinner CO2 576	

plume with a longer leading edge. In the fracture domain, the 3D-dual porosity model predicts 577	

CO2 saturation in the CO2 plume to be around 0.9, while the VE-dual porosity model predicts 578	

CO2 saturation of 1.0, based on the VE and sharp-interface assumptions. This leads to the VE-579	

dual porosity model predicting somewhat higher CO2 saturation in the CO2 plume as compared 580	

to the 3D-dual porosity model. These results are consistent with the long time scale associated 581	

with the drainage of the last fractions of brine saturation, as discussed in the recent work of 582	

Becker et al. [59].  583	

 584	

When fracture permeability increases to 500 mD (Fig. 5), the 3D-dual porosity model and VE-585	

dual porosity model produce very similar shapes for the CO2 plumes in both the fracture and 586	

rock matrix domains. However, the VE-dual porosity model still predicts higher CO2 saturation 587	

than the 3D-dual porosity model for the CO2 plume in both domains.  588	

 589	

Finally, when fracture permeability is 1000 mD (Fig. 6), saturation graphs from the two models 590	

are almost identical. Both models predict the thickness of the CO2 plumes at the injection well to 591	

be around 6m and the leading edges of the CO2 plumes at the top of the geological formation to 592	

be around 950m. The VE-dual porosity model still shows a slightly longer leading edge and 593	
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thinner plume than the 3D-dual porosity model due to the sharp interface assumption [53, 60]. 594	

The CO2 saturation in the CO2 plume in the fracture domain is around 0.95 for 3D-dual porosity 595	

model and is 1.0 for VE-dual porosity model. CO2 saturations in the matrix domain from the two 596	

models are almost identical with only slight differences close to the CO2-brine interface, which 597	

are caused by the small discrepancy in plume shapes in the fractures predicted by the VE and 3D 598	

models. 599	

 600	

Court et al. [53] state that modeling results from the VE and 3D models for a single domain 601	

match well when permeability is larger than around 100 mD. Results from Figs. 4-6 are 602	

generally consistent with those results. This is also consistent with the more recent generalization 603	

of VE models [59], where slow drainage of wetting fluid at low saturations is factored into the 604	

resulting saturation profile. In a similar way, the CO2 transfer between the fracture and rock 605	

matrix domains can make the segregation timescale longer because it adds to the effect of slow 606	

drainage at low saturations.  607	

 608	

The computational advantage of the VE-dual porosity model increases as the fracture 609	

permeability increases. When fracture permeability is high, the 3D-dual porosity model requires 610	

small time steps to capture the vertical migration of CO2, leading to long run times. However, the 611	

time steps of the VE-dual porosity model are less dependent on the fracture permeability. In 612	

addition to allowing larger time steps, the VE-dual porosity model runs faster in each step than 613	

the 3D-dual porosity model due to the reduction in dimensionality, which leads to a smaller size 614	

of the computational matrix when solving for the brine pressure. The combination of these two 615	

factors results in significantly shorter run time. We note that, when there is significant mass 616	

transfer between fractures and matrix, the transfer can limit the time step size for both VE-dual 617	

porosity and 3D-dual porosity models, which could happen when matrix permeability is large. 618	

On a single processor, the 3D-dual porosity model takes 3.5 hours to run the 5-year test case in 619	

which fracture permeability is 1000 mD, while the VE-dual porosity model only takes 9 minutes 620	

to complete the same test case, producing a savings of roughly a factor of 20. In addition to the 621	

computational advantage, we also note that the VE sharp interface solution can be more accurate 622	

than the 3D solution when the VE model is a good approximation, because the vertical 623	
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discretization in the 3D model may lead to numerical diffusion that requires very fine spatial 624	

discretization to resolve.  625	

 626	

 627	
Fig. 7 Predicted CO2 mass fractions in the matrix domain from VE-dual porosity and 3D-dual 628	

porosity models as a function of capillary entry pressure. Results shown are after 5 years of 629	

continuous CO2 injection with fracture and matrix permeability being 1000 mD and 10 mD, 630	

respectively.  631	

 632	

In addition to the test cases above that neglect capillary pressure, we have also tested the dual-633	

porosity models using non-zero fine-scale capillary pressure in the matrix domain. The fine-scale 634	

capillary pressure is parameterized using the Brooks-Corey model with 𝜆 = 2. Entry pressure 635	

values from 1 Pa to 2×104 Pa were tested, and the results are shown in Fig. 7. The three pairs of 636	

curves are produced by test runs that use three different values of 𝑙r and 𝑙W, which represent the 637	

width and height of a rock matrix block and are included in the mass transfer function. Within 638	

each pair, the two curves show simulation results from the 3D-dual porosity and VE-dual 639	

porosity models.  640	

 641	

As expected, the predicted CO2 mass in the matrix declines with increasing capillary entry 642	

pressure. The simulation results from VE-dual porosity and 3D-dual porosity models match well. 643	

For a wide range of capillary entry pressure values, the difference between the predicted CO2 644	
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mass fraction in the matrix domain from the two models remains less than 1%. As the entry 645	

pressure increases, eventually most or all of the CO2 remains in the fractures – while the 646	

simulations differ by up to a few percent in these cases, it is unlikely that such formations would 647	

be used for practical CO2 storage. The VE-dual porosity model continues to be much more 648	

computationally efficient than 3D-dual porosity model in these test cases with varying capillary 649	

entry pressure. 650	

 651	

6 Summary and Conclusion  652	

 653	

In this study, we develop a vertically-integrated dual-continuum modeling framework for CO2 654	

injection and migration in fractured saline aquifers. Models in this framework use the VE 655	

approach in the fracture domain with more traditional multi-dimensional formulations in the rock 656	

matrix domain. In this paper, we presented the development of both dual-porosity and dual-657	

permeability models, then focused the presentation on the VE-dual porosity sugar cube model. 658	

We showed that the model is a good approximation to the full three-dimensional dual-porosity 659	

model when fracture permeability is sufficiently large (i.e., buoyant segregation time scale is 660	

small) that the VE assumption is appropriate for the fracture domain. Under these conditions, the 661	

VE-dual porosity model provides significant savings in computational effort as compared to the 662	

3D-dual porosity model. This implies that the VE models can be an attractive choice to model 663	

CO2 migration in the fracture domain of dual-continuum models.  664	

 665	

Overall, the results presented in this paper show that the VE-dual porosity model can be effective 666	

and efficient for modeling CO2 migration in fractured saline aquifers when the properties of the 667	

formation allow for the VE assumption in the fracture domain. The approach should be generally 668	

applicable to a wide range of fracture-matrix systems, providing an efficient computation 669	

approach to model multiphase flow in fractured rocks.  670	

 671	
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