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Abstract1

Numerical modeling of CO2 injection in the deep saline aquifer is computationally expensive due to

the large spatial and temporal scales. To address the computational challenge, reduced-dimensional

models (e.g., vertical equilibrium (VE) and dynamic reconstruction (DR) models) based on vertical

integration of the full-dimensional governing equations have been developed. VE models assume

rapid segregation of the injected and the resident fluids due to strong buoyancy. Conversely, DR

models employ a multiscale framework that relaxes the VE assumption and captures the vertical

dynamics of CO2 and brine by solving the vertical two-phase flow dynamics as one-dimensional

fine-scale problems. Although DR models relax the VE assumption while maintaining much of the

computational efficiency of VE models, they are thus far limited to homogeneous and layered het-

erogeneous formations. We present a novel hybrid framework that couples a multilayer dynamic

reconstruction model and a full-dimensional model. The new hybrid framework allows simulation

of CO2 injection in geological formations with local heterogeneities. It employs a full-dimensional

model in local heterogeneous regions (where the full-dimensional model should be used for accu-

racy), while applying the dynamic reconstruction model in the rest of the domain. Numerical sim-

ulations of CO2 injection in three heterogeneous reservoirs show that the hybrid model maintains

the accuracy of the conventional full-dimensional models with significantly reduced computational

cost.
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Nomenclature

λα Mobility of phase α [Pa-1 s-1
]

µα Viscosity of phase α [Pa s]

φ Porosity [-]

ψα Source or sink term of phase α [m3/s]

̺α Density of phase α [kg m-3]

grad Spatial gradient operator

div Spatial divergence operator

g Gravitational vector [ms-2]

k Intrinsic permeability [m2]

u Darcy flux [m s-1]

cα Compressibility of the fluid phases [Pa-1]

kr,α Relative permeability of phase α [-]

pα Pressure of phase α [Pa]

pcap Capillary pressure [Pa]

sα Saturation of phase α [-]

t Time [s]

Computational efficiency

2

3

1. Introduction11

CO2 capture and storage (CCS) has been considered as one of the most attractive and promis-12

ing technologies for reducing anthropogenic CO2 emissions (Celia et al., 2015). Deep geological13

formations are the major storage sites for large-scale and long-term storage of CO2. Among the14

various types of geological formations, deep saline aquifers have been estimated to hold the largest15

storage potential (on the order of 10,000 Gt), (Bruant et al., 2002; Bachu and Adams, 2003; Celia16

et al., 2015; Bachu, 2015).17
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CO2 injection in a deep saline aquifer leads a two-phase flow problem, where the injected18

CO2 (often in its supercritical state) may be considered as the nonwetting phase and the resident19

brine may be considered as the wetting phase. To ensure safe and long-term storage, numerical20

flow simulations are frequently employed to address engineering questions during planning and21

operation, such as evaluating potential storage sites based on limited geological data and identifying22

CO2 plume evolution under different system configurations and engineering operations. Due to the23

multiscale nature of the saline aquifers, highly nonlinear multiphase flow dynamics, and large24

spatial and temporal scales, computational complexity imposes a strong limitation. Furthermore,25

the significant uncertainties involved in geological parameters often require numerical simulations26

of many realizations (e.g., Ren et al., 2016; Chen et al., 2020; Zhou et al., 2020), which poses even27

stronger computational demands.28

To address the computational challenge, a family of simplified models based on reduction of29

spatial dimensions have been developed for geological CO2 storage over the past decade. The di-30

mension reduction is achieved by vertically integrating the full-dimensional governing equations.31

One type of vertically-integrated models, referred to as vertical equilibrium model (VE) and ini-32

tially developed for oil and gas flow in reservoirs (Coats et al., 1971; Yortsos, 1995), were intro-33

duced and developed to study the CO2-brine system by assuming a rapid segregation of the injected34

CO2 and the resident brine due to strong buoyancy (Nordbotten et al., 2005a; Nordbotten and Celia,35

2006, 2011; Zheng et al., 2015; Guo et al., 2016c). The VE models have been extended to analyze36

a wide range of processes relevant to geological CO2 storage (Celia et al., 2015; Guo et al., 2016b;37

Bandilla et al., 2019), including convective mixing (Riaz et al., 2006; Gasda et al., 2011), capillary38

trapping (e.g., Hesse et al., 2008; MacMinn et al., 2011), hysteresis (Doster et al., 2012; Nilsen39

et al., 2016), slow drainage (Becker et al., 2017), leakage through old abandoned wells (e.g., Nord-40

botten et al., 2005b, 2009; Gasda et al., 2009; Celia et al., 2011), background groundwater flow41

(e.g., Juanes et al., 2010; MacMinn et al., 2010), solubility trapping (Gasda et al., 2011; MacMinn42

et al., 2011), fluid compressibility (Andersen et al., 2015), geomechanics (Bjørnarå et al., 2016),43

caprock topography (Gasda et al., 2012; Nilsen et al., 2012), thermal effects (Andersen and Nilsen,44

2018), and the presence of fractures (Tao et al., 2019). While VE models have been widely used to45

answer many important science and engineering questions related to geological CO2 storage, they46
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are limited by the vertical equilibrium assumption that may not be valid under certain conditions47

when the time scale of the buoyant segregation is large relative to the time scale of interest (Court48

et al., 2012).49

Guo et al. (2014) developed a new vertically-integrated model in a multiscale framework that50

relaxes the vertical equilibrium assumption. Similar to the VE model, the pressure equation is inte-51

grated along the vertical direction leading to a vertically-integrated coarse-scale pressure equation.52

In contrast to the VE model, the new vertically-integrated model accounts for the vertical dynamics53

of CO2 and brine by solving one-dimensional two-phase flow along the vertical dimension as a set54

of fine-scale problems. This new vertically integrated model, referred to as dynamic reconstruc-55

tion (DR) model, maintains much of the computational efficiency of the VE model and extends56

the applicability of vertically-integrated models to problems that involve strong vertical dynamics.57

Later on, Guo et al. (2016a) extended the DR model to multiple vertically-integrated layers that can58

simulate CO2 injection in layered heterogeneous geological formations. This extended DR model59

is referred to as multilayer dynamic reconstruction (MLDR) model. Though vertically-integrated60

models have grown significantly in sophistication, they are still limited to geological formations61

with homogeneous or layered heterogeneous properties. For problems that involve complex local62

heterogeneity within a layer, the full-dimensional models are to date the only available option.63

Figure 1: Injection of captured CO2 into deep saline aquifer with local heterogeneity embedded in formation.

However, heterogeneity is ubiquitous in geological formations. Local heterogeneous regions64

may significantly impact the migration of CO2, reducing or enhancing the storage capacity of a65
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geological formation because of the relative low or high permeability and other complex fluid dy-66

namic processes (e.g., Li and Benson, 2015; Ren, 2018; Xu et al., 2019; Bakhshian et al., 2020;67

Moreno and Rabinovich, 2021). Some recent attempts are made to couple vertical equilibrium and68

full-dimensional models (VE-3D) (Becker et al., 2018; Møyner and Nilsen, 2019; Møyner et al.,69

2020). These hybrid VE-3D modeling approaches prove to maintain much of the computational70

efficiency of vertical equilibrium models, while being able to capture complex heterogeneities.71

Though promising, the VE-3D models are to date limited to special types of aquifers that either72

have a single layer with relative high permeability (Becker et al. (2018)) or multiple layers sepa-73

rated by aquitards that are only permeable for brine and do not allow for CO2 penetration (Møyner74

and Nilsen (2019); Møyner et al. (2020)). To fill the gap between standard reduced-dimensional and75

full-dimensional models, more general coupling between vertically-integrated and full-dimensional76

models need to be developed to model aquifers with local heterogeneities.77

In the present work, we develop a new hybrid model that monolithically couples the multilayer78

dynamic reconstruction (MLDR) model and the full-dimensional model. We decompose the spa-79

tial domain into heterogeneous and homogeneous subdomains. In a heterogeneous subdomain, we80

solve full-dimensional governing equations. While, in a homogeneous subdomain, we employ the81

MLDR model (Guo et al., 2014). The new hybrid model maintains much of the computational effi-82

ciency of vertically integrated models, while is capable of solving CO2extending the ge migration83

in geological layers with both in-layer and layered local heterogeneity. To demonstrate the applica-84

bility of our hybrid model, we simulate three scenarios of CO2 injection into (a) a high-permeability85

layer with an embedded relatively low-permeability subdomain , (b) a low-permeability layer with86

an embedded relatively high-permeability subdomain, and (c) a two-layer geological formation87

with multiple heterogeneous zones. We present comparisons of simulated CO2 plumes as well as88

the computational efficiency of the new hybrid model and a standard full-dimensional model.89

The present paper is organized as follows. We first give a brief review of the governing equa-90

tions of the full-dimensional model and vertically integrated models including the VE model and91

the DR model, which are closely related to our hybrid framework. We then present the detailed92

coupling scheme of our hybrid model. Next, we compare the new hybrid model with a standard93

full-dimensional model under different geological conditions. We then discuss the key ingredi-94
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ents and computational efficiency of the new hybrid modeling framework. Finally, we close with95

concluding remarks.96

2. Governing equations and modeling approaches97

In this section, we briefly review the governing equations for the full-dimensional model and98

vertically integrated models (i.e., VE and DR models). The definitions of variables and measures99

can be found in Nomenclature.100

2.1 Full-dimensional model101

To simplify the presentation, we assume that the CO2 and brine phases are immiscible and102

incompressible, and the solid matrix is rigid. In addition, brine and CO2 are considered as the103

wetting and nonwetting phases, respectively. The mass balance equation for each fluid phase can104

be written as105

∂(φsα)

∂t
+∇ · (uα) = ψα, α = b, c, (1)

where φ is the porosity, sα is the saturation of phase α (‘b’ and ‘c’ denote the brine and CO2 phases,106

respectively), uα is the Darcy flux and ψα is the source/sink term of phase α. The Darcy flux (uα)107

of phase α can be computed by the two-phase extended Darcy’s law108

uα = −kλα(∇pα − ̺αg), (2)

where k is the intrinsic permeability tensor, λα = kr,α/µα is the mobility of phase α, kr,α is the109

relative permeability that is often parameterized as a function of the phase saturation, µα is the110

fluid viscosity, ̺α is the density of phase α and g is the gravitational vector. The two fluid phases111

are assumed to occupy the entire pore space, so their saturations sum to unity112

sb + sc = 1. (3)

pc represents the pressure of CO2, pb represents the pressure of brine and the capillary pressure pcap113

is defined as the difference between the pressure of CO2 and that of brine and is parameterized as114
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a function of phase saturation115

pc = pb + pcap(sα). (4)

Eqs. (1-4) represent a closed mathematical description of the CO2-brine flow in deep saline116

aquifers. The above full-dimensional variables and equations are referred to as fine-scale vari-117

ables and equations. The vertically integrated variables and equations presented in the following118

are referred to as coarse-scale variables and equations.119

2.2 Vertically integrated models120

2.2.1 Vertical equilibrium (VE) model121

The VE model assumes that the two fluid phases (CO2 and brine) have fully segregated due to122

buoyancy, and the pressure of each phase has reached equilibrium (Nordbotten and Celia, 2011).123

This so-called vertical equilibrium assumption allows one to integrate the governing equations124

along the vertical direction to obtain a set of two-dimensional equation (see Fig. 2). The governing125

equations (Eq. 1 and Eq. 2) integrated over the vertical direction are presented in Eq. (5) and Eq.126

(6)127

Figure 2: Schematic description of the vertical equilibrium (VE) model. The three-dimensional model is integrated over

the vertical (z) direction (via the VE assumption) to obtain a two-dimensional coarse-scale model in the lateral (x-y)

plane.

∂(ΦSα)

∂t
+ cαΦSα

∂Pα

∂t
+∇ ·Uα = Ψα, (5)

Uα = −KΛα · (∇‖Pα − ̺αG), (6)

where subscript "‖" stands for the x-y plane, cα represents the compressibility coefficient of the128

fluid phase and the uppercase letters denote the vertically integrated (i.e., coarse-scale) variables129

and parameters, and are defined as130
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Φ(x, y) =

∫ ξT

ξB

φ(x, y, z)dz, (7)

Sα(x, y, t) =
1

Φ

∫ ξT

ξB

φ(x, y, z)sα(x, y, z, t)dz, (8)

Uα =

∫ ξT

ξB

uα,‖dz, (9)

Ψα =

∫ ξT

ξB

ψαdz, (10)

K =

∫ ξT

ξB

k‖dz, (11)

Λα = K−1

∫ ξT

ξB

k‖λαdz. (12)

Where ξB and ξT represent the elevation of bottom and top boundary of the formation. Summing131

Eq. (5) for the two fluid phases yields the coarse-scale pressure equation132

ΦccSc
∂Pc

∂t
+ΦcbSb

∂Pb

∂t
+∇‖ · (Uc +Ub) = Ψc +Ψb. (13)

The mass balance equation for one of the fluid phases (Eq. 5) is then used as the coarse-scale133

saturation equation. The difference between the two coarse-scale phase pressures is referred to as134

the "pseudo capillary pressure", which is a function of the coarse-scale saturation135

Pc = Pb + Pcap(Sc). (14)

Eqs. (5-15) represent a closed mathematical description for the VE model. Once the coarse-scale136

pressure and saturation are solved, the fine-scale pressure and saturation in the vertical direction137

can be reconstructed algebraically based on the VE assumption. Readers can refer to Nordbotten138

and Celia (2011) for more details of the VE model.139

2.2.2 Single-layer dynamic reconstruction (DR) model140

Guo et al. (2014) presented a more general vertically integrated model—referred to as dynamic141

reconstruction (DR) model—that is not limited by the VE assumption. The DR model also in-142

tegrates the fine-scale equations over the vertical direction to derive a set of vertically integrated143

coarse-scale equations. However, instead of employing the VE assumption, it solves the vertical144
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Figure 3: Schematic description of the dynamic reconstruction (DR) model (reproduced afterGuo et al. (2014)). A full-

dimensional problem is converted to a vertically integrated two-dimensional coarse-scale problem coupled with a series

of one-dimensional fine-scale problems. The arrows in the one-dimensional columns indicate the flow of CO2 and brine.

dynamics of CO2 and brine as an additional set of fine-scale problems along the vertical direction145

(see Fig. 3). The coarse-scale pressure equation is similar to the vertically integrated equation of146

the VE model (see Eq. (13)). Once the coarse-scale pressure Pα is solved from the coarse-scale147

pressure equation, the fine-scale pressure can be reconstructed as148

pα(x, y, z, t) = Pα(x, y, t) + πα(x, y, z, t). (15)

where πα = −
∫ ξT
ξB

[

(sc̺c + sb̺b)g + sc
∂pcap(sb)

∂z

]

dz refers to the deviation of the fine-scale pres-149

sure from the coarse-scale pressure, which is assumed to follow a saturation-weighted hydrostatic150

profile. The reconstructed fine-scale pressure profiles are used to compute the fine-scale horizontal151

fluxes. Then, the fine-scale saturation can be reconstructed based on the fractional flow formula-152

tion in the vertical dimension. Summing the fine-scale mass balance equations for the two phases153

yields,154

(cφ+φcb)sb
∂pb
∂t

+(cφ+φcc)sc
∂pc
∂t

+
∂ub,z
∂z

+
∂uc,z
∂z

= ψb+ψc−∇‖ ·ub,‖−∇‖ ·uc,‖. (16)

Eq. (16) allows one to compute the total flux in the vertical direction utot,z = ub,z+uc,z . Given the155

vertical total flux, the phase flux uα,z can be solved using the fractional-flow form of the Darcy’s156

equation157

ub,z = fb ·

(

utot,z − kzλc△̺g + λckz
∂pcap
∂z

)

, (17)
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158

uc,z = fc ·

(

utot,z + kzλb△̺g − λbkz
∂pcap
∂z

)

, (18)

where kz is the permeability in z direction, and fα is the fractional-flow function159

fα =
λα

λb + λc
. (19)

Now, all the vertical and horizontal phase fluxes are known, the fine-scale saturation can be com-160

puted by solving the fine-scale transport equation161

φ
∂sb
∂t

+ (cφ + φcb)sb
∂pb
∂t

+
∂ub,z
∂z

= ψb −∇‖ · ub,‖. (20)

More detailed derivations and the algorithimic steps of the DR model can be found in Guo et al.162

(2014); Guo (2016).163

2.2.3 Multilayer dynamic reconstruction (MLDR) model164

The single-layer DR model was further extended to a multilayer dynamic reconstruction (MLDR)165

model (Guo et al., 2016a) that can simulate CO2 migration in layered heterogeneous formations166

(Fig. 4). The MLDR algorithm formulates a vertically integrated model for each layer and couples167

the integrated layers via the fluxes across the layer interfaces. Without loss of generality, we take168

the flux between layer j and layer j + 1 as an example. ∆Z = zj+1 − zj denotes the distance169

between these two layers. The total flux between the two layers have the following form170

utot,j+1/2 = −Kz,j+1/2Λtot,j+1/2

(

Pb,j+1 − Pb,j

∆Z
+Ω1,j+1/2 +Ω2,j+1/2

)

, (21)
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where

Kz,j+1/2Λtot,j+1/2 =
1

1
∆Z

∫ Zj+1

Zj

1
kz(λb+λc)

dz
, (22a)

Ω1,j+1/2 =
1

∆Z

∫ Zj+1

Zj

λc
λb + λc

∂pcap
∂z

dz, (22b)

Ω2,j+1/2 =
1

∆Z

∫ Zj+1

Zj

(λbρb + λcρc)

λb + λc
g dz. (22c)

Ω1,j+1/2 and Ω2,j+1/2 are the terms associated with the capillary and gravity driving forces. Phase171

fluxes of CO2 and brine can be computed from utot,j+1/2 based on the fractional flow equation for172

the two fine-scale cells at the layer interface. By coupling different vertically integrated layers, Eq.173

(21) extends the single-layer DR model to the MLDR model that allows for geological formations174

with multiple layers.175

2

1

3

2

1

3

Figure 4: Schematic description of the multilayer dynamic reconstruction (MLDR) model (reproduced after Guo et al.

(2016a)). A three-layer formation is used as an example. A full-dimensional problem is converted to a coarse-scale

problem consisting of three layers coupled with a series of fine-scale problems within each layer (the vertically integrated

columns in the second layers are used as an example). The arrows in the columns indicate the fluxes of the flow of CO2

and brine.

The DR models are often solved by an Implicit Pressure Explicit Saturation (IMPES) algorithm.176

The coarse-scale Pα is solved implicitly as a vertically integrated problem for the single-layer DR177

model and as a full-dimensional (the number of vertical grid cells equals to the number of layers)178

problem for the MLDR model. For both the single-layer DR and MLDR models, the fine-scale pα179
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and sα are solved explicitly as many one-dimensional problems that require minor computational180

costs. By design, the DR models maintain much of the computational efficiency of the VE models,181

while being able to provide similar accuracy compared to full-dimensional models (Guo et al.,182

2016a; Guo, 2016).183

3. Development of hybrid framework184

We generalize the concept of the vertically integrated models and develop a hybrid framework185

that couples the multilayer DR models with full-dimensional models in the same computational do-186

main. The new hybrid framework targets layered geological formations with local heterogeneities187

(e.g., low permeability shales or high permeability channels; see Fig. 1 and Fig. 5(a)). We decom-188

pose the entire computational domain into heterogeneous (i.e., containing local heterogeneities)189

and homogeneous subdomains. The heterogenous subdomains are solved by the full-dimensional190

model, while the MLDR is applied to the homogeneous subdomains, which significantly reduces191

the computational cost. In the following, we introduce the coupling scheme and the numerical192

algorithm used in the hybrid framework.193

3D
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Figure 5: Schematic for the hybrid framework. (a) A layered heterogeneous geological formation with local hetero-

geneities. (b) Domain decomposition of the hybrid modeling framework to handle local heterogeneities; the subdomains

in gray are solved by a full-dimensional model, while the rest of the domain is solved by the MLDR model and the red

dashed line denotes the center of the layers that will be vertically integrated. (c) An interface shared by three incomplete

layers; gray dots represent fine-scale cells of the DR columns. (d & e) Interfaces between a full-dimensional subdomain

and a DR subdomain within one layer (denoted by red color), and between two layers (denoted by blue color), respec-

tively.

For a layered geological formation shown in Fig. 5(a), we identify the local heterogeneous194

regions in layers as full-dimensional subdomains (the gray areas in Fig. 5(b)). For illustration195

purposes, here we assume that the geological layers are horizontal. Our hybrid framework and196
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the algorithms are capable of handling general lateral geological formations with topographical197

features.198

The coupling between full-dimensional and MLDR subdomains either occurs within a layer199

(e.g., Fig. 5(d)) or at the interface between two layers (e.g., Fig. 5(e)). For the former, the phase200

fluxes across boundary Γx between a full-dimensional subdomain and a DR subdomain have the201

following forms202

uα,ij∗ |Γx = −kij∗λα,ij∗
pα,j∗ − pα,i

∆x
(23)

where i is the index of fine-scale cells in the vertical column of the full-dimensional domain,203

and j∗ is the index of fine-scale cells in the DR column with ∗ denoting the fine-scale variables204

reconstructed from solving the vertically integrated problems. kij
∗

and λij∗α are permeability and205

mobility at the subdomain interface, respectively. The reconstructed pressure pα,j∗ = Pα,j+πα,j∗ .206

For subdomain interfaces like Γz in Fig. 5(e), we use m to index the fine-scale cell in the full-207

dimensional domain at the interface, and n to index the coarse-scale DR cell (column). The phase208

fluxes across Γz are computed using the following equation209

uα,mn|Γz = −KmnΛα,mn

(

Pα,n − pα,m
1/2(∆z +∆Z)

− ρg

)

(24)

where coefficientsKmn and Λα,mn at the interface between layers have similar forms as Eqs. (22a).210

Pα,n is the coarse-scale pressure, which is defined as the pressure at the center of the DR column.211

pα,m is the pressure of the fine-scale cell in the full-dimensional subdomain. ∆z is the height of212

the full-dimensional fine-scale numerical cell and ∆Z is the depth of the DR column.213

A monolithic scheme is used to couple the full-dimensional model and the MLDR model in the214

different subdomains. An IMPES method is implemented for solving the primary variables. The215

full numerical algorithm involves the following steps:216

1. Assume the solutions for fine-scale phase pressures and saturations are known at all points217

in the domain for discrete time level tN . Here integer N denotes discrete time step.218

2. Compute the coefficients in Eqs. (15)-(24)) and solve the resulting equations for pressures219

at tN+1 implicitly using saturation values from tN . This gives a solution of the coarse-scale220
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pressure in the MLDR domains and fine-scale pressure in the full-dimensional domains.221

3. Given the pressure field from step 2, compute phase fluxes using Eqs. (6), (21), and (23).222

Reconstruct fine-scale pressure in the MLDR domain using πα(x, y, z) at tN , and compute223

fine-scale horizontal fluxes between the DR columns.224

4. Given the phase fluxes computed at the subdomain interfaces and the horizontal fluxes be-225

tween the vertical columns in the MLDR subdomains, solve the vertically integrated prob-226

lems for the MLDR subdomains to update the fine-scale saturations explicitly for tN+1.227

4. Results228

We construct three scenarios to demonstrate the applicability and accuracy of the new hybrid229

framework (Figure 6). The first two scenarios consider a single geological layer: (a) injection230

of CO2 into a high-permeability domain with an embedded relatively low-permeability subdo-231

main, and (b) injection of CO2 into a low-permeablity domain with an embedded relatively high-232

permeability subdomain. In the third scenario, we simulate the injection of CO2 into a two-layer233

geological formation with multiple heterogeneous subdomains. A standard full-dimensional model234

is used as a reference to evaluate the accuracy of the simulations performed using the hybrid model.235

For simplicity, we simulate them in a two-dimensional cross-sectional domain so that the problem236

setup only contains one horizontal dimension and one vertical dimension.237

4.1 Scenarios and simulation setup238

The model setups for the single-layer and two-layer scenarios are shown in Fig. 6(a-b) and239

Fig. 6(c), respectively. All of the scenarios involve injection through a vertical, fully penetrating240

well. The simulation times for the three scenarios are all set to 5 years to focus on the early period241

during which dynamic segregation of CO2 and brine plays an important role. For the problem242

setup, the whole domain is considered to be isotropic. The thickness of each layer is 50 m and the243

horizontal extent is 1,500 m. No-flow condition for both fluid phases is assigned at the top and244

bottom boundaries of the domain. CO2 flux is injected at a constant rate. Hydrostatic pressure245

profiles are employed at the right boundary of the domain and the domain is initially saturated246

with brine. For all the test cases, the solutions of hybrid model are compared with those from the247

full-dimensional model.248

14



k1 = 100 mD

k2 = 20 mD

k1 = 5 mD

k2 = 100 mD

Figure 6: Model setup for the three scenarios: (a) A single-layer formation with an embedded low-permeability sub-

domain; (b) A single-layer formation with an embedded high-permeability subdomain; (c) A two-layer formation with

multiple heterogeneous subdomains.

For all the simulated cases, the brine density and CO2 densities are set to be 1000 kg/m3 and249

710 kg/m3, respectively. The brine and CO2 viscosity are 3×10-4 and 4.25×10-5 Pa s, respectively.250

The injection rate of CO2 in each layer is 5×10−6 Mt/year/m2. The porosity is set to 0.25. The251

residual saturation for brine is 0.1. The Brooks-Corey curve is used for calculating the relative252

permeability and capillary pressure with a pore size distribution parameter of 2. For scenario 1, as253

shown in Fig. 6(a), a low-permeability subdomain is located 500 m away from the left boundary.254

The permeabilities of the low-permeability subdomain and the rest of the domain are 5 mD and255

100 mD, respectively. The corresponding entry pressures are 40 kPa and 10 kPa. For scenario 2,256

a high-permeability subdomain of 200 m×5 m is located 200 m from the left boundary and 10 m257

from the top boundary (Fig. 6(b)). The permeability of the high permeable zone is 100 mD and258

the rest of the domain has a permeability of 20 mD. The entry pressures are 0.5 kPa for the high-259

permeability subdomain and 10 kPa for the rest of the domain. For scenario 3, the formation260

is made up of a less permeable layer (κ1=10 mD) with an entry pressure of 32 kPa and a more261

permeable layer (κ2=100 mD) with an entry pressure of 10 kPa. Two low-permeability subdomains262

(κ3=κ4=0.01 mD) with an entry pressure of 1,000 kPa are located at the interface of the two layers263

(Fig. 6(c)).264

For each layer, the domain is discretized into 150 columns in the horizontal dimension for both265

the hybrid and full-dimensional models. 50 grid cells are employed in the vertical dimension in266

each layer for the full-dimensional subdomains of the hybrid model (i.e., where embedded hetero-267

geneous subdomains exist). The DR subdomains of the hybrid model also employ 50 grid cells268

in the vertical dimension, but they are only used for the fine-scale calculations. A buffer zone269
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is employed at the interface between the DR and full-dimensional domains, i.e., several columns270

(up to 10) in the homogeneous domain adjacent to the heterogeneous domain are assigned to the271

full-dimensional model. We found that employing the buffer zone leads to a more robust cou-272

pling between the DR and full-dimensional model. Although employing short time steps after273

injection and increasing them over time would enhance the computational efficiency (Barrash and274

Dougherty, 1997; Samani et al., 2004; Anderson et al., 2015). By applying the IMPES method,275

a relatively small time step is required for the robustness, thus, the numerical time step size (0.25276

day) is employed for all simulations. The initial pressure is 0 Pa at top of the layer and the static277

pressure can be calculated accordingly. The process of salinity transport in the model is ignored278

following (Guo et al., 2014)(Guo et al., 2016a). The model itself is isothermal and the influence of279

temperature on the two phase flow system is explained in (Nordbotten and Celia, 2011).280

4.2 Model comparison: scenario 1281

The CO2 plumes simulated by the hybrid model and a full-dimensional model with and without282

the inclusion of capillary pressure are presented in Fig. 7 and Fig. 8, respectively. In both cases,283

we can see that the CO2 plume has not reached the low-permeability subdomain after 1 year of284

injection. After 5 years of injection, the CO2 plume encounters the low-permeability subdomain.285

The results show only a small amount of CO2 invaded into the low-permeability zone, while the286

majority of CO2 flows through from beneath. When capillary pressure is included, the CO2 has a287

greater spreading in the vertical dimension due to capillary diffusion (i.e., the macroscopic interface288

between CO2 and brine is smeared), which subsequently leads to slower lateral migration of CO2.289

For both test cases after either 1 year or 5 years of CO2 injection, the agreement between the290

simulations from the hybrid model and the full-dimensional model is excellent. We present direct291

comparison between the leading edges of the CO2 plume from the two models in Fig. 7 and Fig.292

8. The leading edge of the plume is defined as the transition from grid cells with CO2 saturation293

greater than 1% to neighbor cells with saturation less than 1% (Guo et al., 2014). The results show294

that simulated leading edges from the two models are almost identical with only slight deviations.295

The differences are within 1 to 3 numerical cells.296
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Figure 7: Simulated CO2 plumes from scenario 1 without accounting for capillary pressure. The left and middle columns

are the results from the hybrid and full-dimensional models, respectively. The right column is the comparison of leading

edge of the simulated CO2 plumes from the two models. The color indicates the magnitude of CO2 saturation.

1 year1 year

5 years

Figure 8: Simulated CO2plumes from scenario 1 accounting for capillary pressure. The left and middle columns are the

results from the hybrid and full dimensional models, respectively. The right column is the comparison of leading edge

of the simulated CO2 plumes from the two models. The color indicates the magnitude of CO2 saturation.

4.3 Model comparison: scenario 2297

The CO2 plumes for the second scenario are presented in Fig. 9 and Fig. 10. It can be seen298

that CO2 reaches and penetrates into the high permeability subdomain after 5 years of injection.299

It is interesting to note that the saturation inside this subdomain is much greater than that of the300

outside. Similar to Scenario 1, more vertical spreading of CO2 and brine is observed when capillary301

pressure is accounted for, which also leads to slower lateral migration of CO2. The CO2 plumes302

simulated by the hybrid model and full dimensional models are very close either with and without303

accounting for capillary pressure. The difference between the leading edges of the CO2 plumes is304

minimal.305
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Figure 9: Simulated CO2 plumes from scenario 2 without accounting for capillary pressure. The left and middle columns

are the results from the hybrid and full dimensional models, respectively. The right column is the comparison of leading

edge of the simulated CO2 plumes from the two models. The color indicates the magnitude of CO2 saturation.

Figure 10: Simulated CO2 plumes from scenario 2 accounting for capillary pressure. The left and middle columns are

the results from the hybrid and full-dimensional models, respectively. The right column is the comparison of leading

edge of the simulated CO2 plumes from the two models. The color indicates the magnitude of CO2 saturation.

4.4 Model comparison: scenario 3306

Fig. 11 presents the CO2 plume after injection of 1 year and 5 years for the third scenario.307

We can see that after 1 year, CO2 in the lower layer moves much faster than that in the upper layer308

because of the higher permeability. The faster moving CO2 in the bottom layer also starts to migrate309

upward and enter the upper layer driven by buoyancy. After 5 years, CO2 migrates much further in310

the bottom layer but it cannot enter the upper layer—due to the presence of the low permeability311

subdomains—until it goes beyond the right boundary of the low permeability subdomains. The312

comparison between the simulated CO2 plumes from the two models again shows an excellent313

agreement. Minor deviations (within two grid cells) are observed at approximately 500 m away314

from the left boundary (near the boundaries of the local heterogeneous zones). This is likely a315

18



2D

2DDR-2D

DR-2D

Figure 11: Simulated CO2 plumes from scenario 3 for a two-layer formation. The left and middle columns are the results

from the hybrid and full-dimensional models, respectively. The right column is the comparison of leading edge of the

simulated CO2 plumes from the two models. The color indicates the magnitude of CO2 saturation.

result of the difference in computational algorithms of the hybrid and full-dimensional models for316

computing vertical flux between the two layers (Guo et al., 2016a).317

5. Discussion318

We have developed a new hybrid framework coupling the dynamic reconstruction model and319

full-dimensional model for simulating CO2 storage in deep saline aquifers. The hybrid model320

applies to geological formations that have both layered and local geological heterogeneities. For321

the heterogeneous area, we use full-dimensional model. For the rest of the domain, we simply322

apply full-dimensional model. A key feature of this new hybrid modeling framework is that it323

can provide solutions that are almost equally accurate as those from the full-dimensional model324

while being much more computationally efficient so long as the geological heterogeneities are325

layered and/or localized. Below we comment on the computational efficiency of the hybrid model326

compared to that of the full-dimensional model.327

The computational cost of the hybrid model relative to the full-dimensional model may be mea-328

sured by a simple complexity analysis. Both models employ the IMPES algorithm that solves the329

pressure (implicit) and saturation (explicit) equations sequentially. Because the saturation equation330

is solved explicitly with a relatively minor computational cost compared to the pressure equa-331

tion, we focus our complexity analysis on the solution of the pressure. Without loss of general-332

ity, we assume that the hybrid system has a total number of m columns with k grid cells in the333

vertical direction. The heterogeneous subdomains are comprised of α fraction of the total num-334
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ber of columns and the whole domain contains l layers. At each time step, the full-dimensional335

model solves a lmk by lmk linear system with a complexity of O((lmk)n). The hybrid model336

solves a l((1 − α)m + αmk) by l((1 − α)m + αmk) system that involves a complexity of337

O((l((1 − α)m + αmk))n). Here, n is an exponent that depends on which linear system solver338

is employed to solve the matrix. For elliptic boundary value problems in 2D or 3D, n = 1.33,339

1.17, and 1 for conjugate gradient (CG), preconditioned CG, and multigrid linear system solvers,340

respectively (Heath (2018)).341

To illustrate the computational complexity of the simulations presented in Section 4, we take342

the single-layer case (Scenario 1) as an example and apply the above analysis to compare the343

complexity between the the hybrid and full-dimensional models. In this case, l,m, k and α are 1,344

150, 50, 1 and 0.2, respectively. At each numerical time step, the hybrid model needs to solve a345

1,620×1,620 linear system with a complexity of O(1, 620n), while for the full-dimensional model346

needs to solve a 7,500×7,500 linear system with a complexity of O(7, 500n). For illustration347

purpose, we take n = 1.33 for a conjugate gradient (CG) linear system solver to do the comparison.348

In this case, the computational costs of hybrid model and full-dimensional model at each numerical349

time step are, respectively, O(1, 6201.33) and O(7, 5001.33)—the computational cost of the full-350

dimensional model is approximately 10 times greater than that of the hybrid model for each time351

step. Finally, we note that the reduction of computational cost depends on how large the fraction352

of the heterogeneous subdomains (α) is. The smaller the α is, the greater higher computational353

efficiency the hybrid model will have compared to that of the full-dimensional model. When α354

approaches 1, the hybrid model would be identical to the full-dimensional model.355

6. Conclusion356

We present a novel hybrid framework by coupling the multilayer dynamic reconstruction (DR)357

model with the full-dimensional model to address both layered and local heterogeneities in two-358

phase flow systems for CO2 storage in deep saline aquifers. For this hybrid model, we assume that359

the fluid is slightly compressiblie meaning that the spatial derivative of the density can be neglected360

and the whole system is pure two phase flow indicating that we do not consider the mutual solubility361

of the two fluids.362
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This new hybrid framework can capture both the vertical and horizontal dynamics of the CO2363

plume and requires much less computational effort than the standard full-dimensional models.364

Comparisons of the hybrid model and the full-dimensional model for three injection scenarios are365

presented in: (a) injection of CO2 into a high-permeability domain with an embedded relatively366

low-permeability subdomain, (b) injection of CO2 into a low-permeablity domain with an embed-367

ded relatively high-permeability subdomain, and (c) injection of CO2 into a two-layer geological368

formation in the presence of multiple heterogeneous subdomains. The agreement between the sim-369

ulated CO2 plumes from the hybrid model and those from the full-dimensional model is excellent.370

In addition, the hybrid model is much more computationally efficient than the full-dimensional371

model as long as the heterogeneous subdomains are small relative to the entire geological forma-372

tion.373
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