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Abstract
An efficient compositional framework is developed for simulation of CO

2
 storage in saline 

aquifers during a full-cycle injection, migration and post-migration processes. Essential 
trapping mechanisms, including structural, dissolution, and residual trapping, which oper-
ate at different time scales, are accurately captured in the presented unified framework. 
In particular, a parameterization method is proposed to efficiently describe the relevant 
physical processes. The proposed framework is validated by comparing the dynamics of 
gravity-induced convective transport with that reported in the literature. Results show good 
agreement for both the characteristics of descending fingers and the associated dissolution 
rate. The developed simulator is then applied to study the FluidFlower benchmark model. 
An experimental setup with heterogeneous geological layers is discretized into a two-
dimensional computational domain where numerical simulation is performed. Impacts of 
hysteresis and the diffusion of CO

2
 in liquid phase on the migration and trapping of CO

2
 

plume are investigated. Inclusion of the hysteresis effect does not affect plume migration in 
this benchmark model, whereas diffusion plays an important role in promoting convective 
mixing. This work casts a promising approach to predict the migration of the CO

2
 plume, 

and to assess the amount of trapping from different mechanisms for long-term CO
2
 storage.
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1 Introduction

Carbon dioxide capture and storage (CCS) is one of the promising measures to reduce 
greenhouse gas emission, and mitigate the climate change (Krevor et al. 2023). This tech-
nique usually consists of subsequent processes, including collection of CO2 emission from 
large point source like power plants, transportation of the collected gas emission, and stor-
ing it in geological formations (Metz et  al. 2005). Of potential geological targets, deep 
saline aquifers are of great importance because they are prevalent in sedimentary basins 
and have promising storage capacity. However, the spatial heterogeneity in geological for-
mations, as well as high contrast between fluids when storing CO2 in saline aquifers, pose 
challenges in understanding and simulating such unstable processes (Wang et  al. 2019; 
Ershadnia et al. 2020; Jackson and Krevor 2020; Yang et al. 2020; Zheng et al. 2021; Boon 
et al. 2022; Kou et al. 2022; Shao et al. 2022).

The well-classified trapping mechanisms, by which injected CO2 can be sequestrated in 
pore spaces, include structural and stratigraphic trapping (Szulczewski et al. 2013; Emami-
Meybodi et al. 2015), residual trapping (Hunt et al. 1988; Juanes et al. 2006; Herring et al. 
2013), dissolution trapping (Duan and Sun 2003; Spycher et al. 2003; Spycher and Pruess 
2005), and mineral trapping (Dai et al. 2020; Snæbjörnsdóttir et al. 2020). Structural and 
stratigraphic trapping is the part of CO2 trapped by an overlying impermeable (or low-per-
meability) seal as CO2 migrates in the reservoir. Specifically, structural trap is formed by 
tectonic processes after the deposition of the reservoir bed, whereas the stratigraphic trap is 
created during the deposition period. Residual trapping, also known as capillarity trapping, 
applies to the CO2 that is left behind and loses its spatial continuity when water reinvades 
into pore space occupied by CO2 . Such trapping occurs mostly in areas near wellbore and 
plumes spreading under caprock after injection stops. Dissolution trapping occurs when 
CO2 and brine are in contact with each other during injection and migration. The amount 
of CO2 which can be dissolved into brine relies on pressure, temperature, and salinity of 
brine; their effects on CO2 dissolubility have been extensively studied in the literature. 
Mineral trapping refers to the process during which CO2 is precipitated as carbonate miner-
als and trapped in a more permanent form. The rate of geochemical reaction depends on 
the host rock. For instance, mineralization happens rapidly in basalt due to its high con-
centration of divalent cations. However, it can take thousands of years for all injected CO2 
to be mineralized in sandstone. In this case, mineral trapping may not act effectively in the 
short term.

The relative importance of different trapping mechanisms varies temporally (Ide et al. 
2007). Consider the full-cycle CO2 storage in a sandstone aquifer with a relatively gentle 
inclination. As governed by advective transport during injection period, structural trapping 
dominates the contribution to stored CO2 at early stage. Residual trapping comes into effect 
when injection stops, since most transitions of the displacement process, i.e., from drainage 
to imbibition, take place at this point in time. The above two trapping mechanisms operate 
at a time scale close to injection period, while the dissolution trapping lasts longer (Wang 
et al. 2022). Dissolution occurs in regions swept by CO2 during injection and continues to 
play a crucial role due to the gravity-induced convective transport in post-injection period 
(Ranganathan et al. 2012; Emami-Meybodi and Hassanzadeh 2015; De Paoli et al. 2017; 
Wen et  al. 2021). Obviously, mineral trapping operates at a even larger time scale than 
dissolution because of the slow reaction kinetics (Gunter et  al. 2000). In order to evalu-
ate the interplay of those trapping mechanisms, it is of necessity to develop an efficient 
and robust numerical framework. One of the challenging tasks is to capture the hysteresis 
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effect. Especially in the CO2-brine system, the hysteretic behavior of relative permeability 
and capillary pressure has already been revealed by experimental studies (Oak et al. 1990; 
Akbarabadi and Piri 2013; Ruprecht et al. 2014; Pini and Benson 2017), and mathematical 
models were proposed to determine residual gas saturation based on the history of satura-
tion (Land 1968; Steffy et al. 1997).

Efforts have been made to investigate CO2 storage using numerical models. In most 
case, simulations are conducted at field-scale and coarse grids are often employed (Class 
et  al. 2009; Nordbotten et  al. 2012). In consequence, the numerical error, as well as the 
spatial heterogeneity may overwhelm the relevant physical processes, and it is impractical 
to compare the simulation results with any physical observations. The FluidFlower bench-
mark study provides an excellent opportunity to examine the predictive capability of the 
Darcy-scale model, and to study the interactions of underlying physics, some of which may 
be neglected at field-scale (e.g., CO2 diffusion in liquid phase), in a comprehensive manner. 
The experiment is designed to mimic CO2 storage in a layered system using a meter-scale 
rig. Physical parameters of different sand types are measured which will be used in the 
simulation. The uncertainty arising from either spatial heterogeneity or physical properties 
are well-regulated, allowing for a direct comparison between numerical predictions and 
experimental observations.

This work is structured as follows. we first present the governing equations describing 
the CO2-brine system, thermodynamic equilibrium calculation, and the solution strategy. 
Following that we show how physical models are parameterized to improve the computa-
tional efficiency. The proposed compositional framework is validated by investigating the 
gravity-induced convective transport. Next, we present simulation results of FluidFlower 
benchmark model and discuss the impacts of key physical processes on plume migration 
and trapping of CO2 . Key findings are summarized at the end.

2  Methodology

2.1  Compositional Formulation

The governing equation describing a multi-component, multi-phase flow system is given 
by:

where subscript � represents liquid (brine) or gas (supercritical CO2 ) phase, and c denotes 
the component, i.e., brine or CO2 in this case. � is rock porosity; �� , S� , and q� are the 
molar (mass) density, saturation, and flow rate of phase � , respectively. Note that xc,� is the 
molar (mass) fraction of component c in phase � . u� is the phase velocity and described by 
the classic extension of Darcy’s law:

where k is the rock permeability; kr� and �� are phase relative permeability and viscosity, 
respectively. Jc,� is the diffusive flux in phase � . According to Fick’s law, Jc,� is propor-
tional to the gradient of molar (mass) fraction given by

(1)
�

�t

(

�

nph
∑

�=1

xc,���S�

)

+ ∇ ⋅

nph
∑

�=1

(

xc,���u� + S���Jc,�
)

=

nph
∑

�=1

xc,���q� ,

(2)u� =
kkr,�

��

∇
(

p� − ��gh
)

,
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where Dc,� is the diffusion coefficient of component c in phase �.

2.2  Overall‑Compositional Formulation

In our two-component two-phase system, the overall composition variable set is chosen to 
solve the system of nonlinear equations, using phase pressure and overall molar fraction as 
primary variables (Voskov and Tchelepi 2012). The overall mole fraction of component c, zc , 
is defined as:

where �� = S���∕(
∑nph

�=1
S���) represents the molar (mass) fraction of phase � . With the 

defined overall molar fraction term, the mass conservation equation for each component 
can be rewritten as:

here �T denotes the total density, and it is a function of phase density and saturation.

2.3  Analytical Flash Calculation

When multiple phases are present, it is usually assumed that all phases reach thermodynamic 
equilibrium instantaneously to decouple phase behavior calculation from flow (Cusini et al. 
2018). In this work, we consider a black-oil type fluid model which allows the lighter compo-
nent to exist in both phases. This model is suitable for an isothermal system without signifi-
cant change in thermodynamic conditions (Hassanzadeh et al. 2008). The equilibrium ratio, 
also known as the k-value, determines how one component is split into different phases:

The phase constraints based on molar fraction terms read:

Based on the definition of the overall molar fraction term, phase distribution parameters 
can be derived analytically as:

(3)Jc,� = −�Dc,�∇xc,� ,

(4)zc =

nph
∑

�=1

��xc,� , ∀c ∈ 1,… , nc

(5)�

�t

(

��Tzc
)

+ ∇ ⋅

nph
∑

�=1

(

xc,���u� + S���Jc,�
)

=

nph
∑

�=1

xc,���q� ,

(6)kc =
xc,g

xc,l
.

(7)
nc
∑

c=1

xc,� = 1,

nph
∑

c=1

�� = 1.

(8)
⎡

⎢

⎢
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⎥
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⎥
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⎦
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2.4  Solution Strategy

The nonlinear system of equations is solved using finite volume discretization in space 
and implicit discretization in time. The nonlinear equation for component c in cell i in 
residual form can be linearized with the Newton–Raphson method as:

here v and v + 1 are the current and next iteration step, respectively. Then the linearized 
equations are solved in an iterative manner:

where Jv and rv are Jacobian and Residual matrix, and �xv+1 is the primary variable update. 
The same function in matrix multiplication form is given below:

The process is repeated until it reaches nonlinear convergence, i.e., the infinite norm of 
the residual and variable update are less than a certain tolerance. In addition, an adaptive 
time stepping strategy is employed to reduce the number of iterations needed to reach con-
vergence. In the implementation, the time step size is dynamically changed between user 
defined maximum and minimum time step size, based on the number of iterations needed 
to converge.

3  Parameterized Physical Models

3.1  Dissolution

The solubility of CO2 in brine varies with pressure, temperature and water salinity (Spy-
cher et al. 2003). In this work, the volume of CO2 that can be dissolved into a unit vol-
ume of brine is quantified by the solution CO2-brine ratio, or Rs , at given temperature 
and salinity. As a result, Rs depends on pressure only. The corresponding parameteri-
zation space can be readily extended across different temperature and salinity settings 
nevertheless.

We follow a thermodynamic model that equates chemical potential to predict the disso-
lution of CO2 (Spycher et al. 2003; Hassanzadeh et al. 2008). The solution CO2-brine ratio 
is calculated using the mole fraction of CO2 in liquid phase obtained from the CO2 molality 
in brine as:

(9)rv+1
c,i

≈ rv
c,i
+

(

�rc,i

�pl

)v

�pv+1
l

+

(

�rc,i

�zCO2

)v

�zv+1
CO2

= 0,

(10)Jv�xv+1 = −rv,

(11)

⎛

⎜

⎜

⎜

⎝

�rCO2

�pl

�rCO2

�zCO2

�rb

�pl

�rb

�zCO2

⎞

⎟

⎟

⎟

⎠

⎛

⎜

⎜

⎝

�pl

�zCO2

⎞

⎟

⎟

⎠

= −

⎛

⎜

⎜

⎝

rCO2

rb

⎞

⎟

⎟

⎠

.

(12)Rs =

�STC
b

xCO2,l

�STC
CO2

(1 − xCO2,l
)
.
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Here STC is short for standard condition. The relationship between CO2 molality and pres-
sure is verified by comparing the calculated data against those obtained using the full solu-
bility model (Duan and Sun 2003). For more details, readers are referred to Wang et al. 
(2022). CO2 molality is then converted to the solution ratio, which is stored in a lookup 
table in the offline stage. The Rs value can be directly read from the table with known 
pressure.

It is worth mentioning that the lookup table only applies to cells in two-phase state, 
i.e., CO2 exists in both gas and liquid phases. Therefore, a stability test needs to be per-
formed to check the number of phases in each cell after updating the primary variables 
at each iteration. Assuming brine presents in liquid phase only, the k-values for CO2 and 
brine are given by:

 Here k-value denotes the mole fraction of a component c in vapor and liquid phase and 
will be used to perform stability check. If a cell is in the state of liquid phase solely, the 
amount of CO2 dissolved in brine is not enough to reach the dissolution limit (Hajibeygi 
and Tchelepi 2014). In other words, the solution CO2-brine ratio needs to be modified with 
the overall molar fraction of CO2 given by:

Note that if evaporation of liquid phase is considered, kb can be nonzero. In that case, a 
negative flash calculation is usually implemented where k-values are obtained in a iterative 
manner (Lyu et al. 2021).

3.2  Hysteresis

The hysteresis effect refers to the behavior that different constitutive relations, i.e., rela-
tive permeability and capillary pressure curves, are followed depending on the type of 
on-going process, i.e., drainage or imbibition. When flow transition occurs, a scanning 
curve will be created at the turning point to ensure the transition is continuous (Kil-
lough 1976). During the course of a simulation, the scanning curve for each cell is con-
structed independently, and process of flow is determined by comparing gas saturation 
from the previous two time steps (Wang et al. 2022), n and (n − 1) . For example, if one 
finds Sn

g
< Sn−1

g
 on primary drainage process, it indicates flow has already been transi-

tioned to imbibition at Sn−1
g

 (referred to as turning point) shown in Fig. 1a.
As mentioned earlier, the scanning curves were constructed cell by cell in previous 

work, which may lead to repetitive construction for cells with identical saturation and 
turning point. To improve the computational efficiency, a parameterized surface is con-
structed based on the scanning curves created from different turning points—see Fig. 2. 
Once the primary drainage and imbibition curves (also known as bounding curves) are 
determined, the surface is established in the offline stage. This is a generic treatment 
which can be applied to any type of rock under different reservoir conditions.

(13)kCO2
=

�STC
CO2

Rs + �STC
b

�STC
CO2

Rs

, kb = 0.

(14)Rs =

�STC
b

zCO2

�STC
CO2

(1 − zCO2
)
.



Simulation of  CO2 Storage Using a Parameterization Method…

1 3

In the newly proposed workflow, flow process of each cell is determined in a vectorized 
manner without looping each cell. Relative permeability (or capillary pressure) is obtained 
directly using multilinear interpolation shown in Fig. 1b.

3.3  Capillarity

Capillary pressure function below relates the pressure difference between different phases 
as:

Capillary pressure plays an important role in plume migration and CO2 trapping. CO2 can 
be collected under structural and stratigraphic traps when the buoyancy forces cannot over-
come the capillary forces in the narrow pore throat of caprock. This ensures CO2 will not 
enter the overlying pore space. In addition, a portion of CO2 is left as discontinuous ganglia 
and becomes immobilized because of capillary forces. This is referred to as residual trap-
ping, which is affected by pore structure and wettability of the rock. As shown by Fig. 2b, 
capillary pressure and its hysteresis behavior are also captured by the parameterized space.

(15)p� − p� = pc�,� , ∀� ≠ � ∈ 1,… , nph.

Fig. 1  Illustration of hysteretic relative permeability models. Evaluation of relative permeability based on a 
a scanning curve, and b the scanning curve surface

Fig. 2  Scanning curve surfaces used to model hysteretic constitutive relations. a Relative permeability, and 
b capillary pressure
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4  Validation

In this section, we validate the proposed compositional framework by investigating a 2D 
synthetic model. The behavior of gravity-induced convective transport, and the associ-
ated dissolution rate in the absence and presence of capillarity transition zone (CTZ) 
(Elenius et al. 2014, 2015), are studied. Two simulation cases we employ are a) single-
phase without CTZ, and b) two-phase with CTZ, which represent negligible and stag-
nant CTZ scenarios, respectively, (shown in Fig.  3). In the case of single-phase flow 
(case A), cells of the top boundary have CO2 concentration fixed at solubility limit by 
specifying a large pore volume. On the other hand, cells in the top 10 m of case B are 
saturated with gaseous CO2 . In both cases, no-flow condition is imposed on all bounda-
ries, and the bottom part of domain is fully saturated with single-phase brine at initial 
stage. The parameters of reservoir and fluid properties are summarized in Elenius et al. 
(2015).

Figure  4 presents CO2 concentration profiles after 200 years in cases A and B. It 
clearly reveals that CTZ accelerates the propagation of fingers and leads to more pro-
nounced convective transport, as evidenced by further propagation of fingers in case B 
at 200 years. Moreover, the shape of developed fingers in our results shows good quali-
tative agreement with those reported in the literature. Specifically, the width of fingers 
in both cases increases from root to tip with an average value of 5–6 m. Some slightly 
further development of convective fingers in our simulation results might be attributed 
to the randomness in perturbation at interfaces (Elenius et al. 2015).

To quantify the interphase mass transfer rate of CO2 from gaseous to dissolved phase, 
a dissolution rate F is introduced in the literature, which is given by:

Here h and � denote the height and porosity of single-phase brine region, respectively. c̄ 
is the mean CO2 concentration of the same region. Figure 5 indicates that the dissolution 
rates of both cases follow well with those obtained from the previous study. As shown, the 
dissolution rate decreases at the early stage because the process is dominated by diffusion. 
After the so-called onset time, F starts to increase due to the fact that perturbations grow 
into descending fingers which enhances the mass flux. The dissolution rate in both cases 
fluctuates around constant values until fingers reach the bottom of the aquifer. At the end, 
F gradually decreases as fingers merge with each other and the driving force for downward 
transport decreases  (Tsinober et al. 2022).

(16)F = h𝜙
𝜕c̄

𝜕t
.

Fig. 3  Initial fluid distribution of 2D synthetic models used for validation. a Single-phase without CTZ, and 
b two-phase with CTZ
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Figure 6 shows the distribution of CO2 concentration after 250, 350 and 2000 years in 
the case of two-phase flow, which agree well with the profiles shown in the literature. The 
associated dissolution rates are also plotted in logarithm scale against the analytical solu-
tion. Simulation results fit well with the prediction of analytical solution. Specifically, we 
found a similar tpeel of 350 years, before which dissolution rate stabilizes around a constant 
value. As fingers start propagating along the bottom boundary, dissolution rate decreases 
and becomes proportional to 1∕t2 (Elenius et al. 2015).

5  FluidFlower Benchmark Study

The validated compositional framework is applied to study FluidFlower benchmark model. 
Numerical predictions are compared with experimental observations, and impacts of key 
physical processes on CO2 storage are examined.

5.1  Model Description

FluidFlower setup is designed to accommodate multiphase flow experiments in 2D 
and to reproduce key processes happening during CO2 storage (Flemisch et  al. 2023). 

Fig. 4  CO
2
 concentration profiles of cases A and B at 200 years

Fig. 5  Dissolution rate of cases A and B over 2000 years
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A direct visualization of flow dynamics, which is missing from numerical studies, can 
be delivered. The geometry of geological layers, conceived based on typical North Sea 
reservoirs, is formed by pouring unconsolidated sand with varying types separately into 
the water-filled experiment rig. After careful sedimentation operation, the geometry was 
flushed with different aqueous fluids prior to  CO2 injection. The length and height of 
the setup are 2.86 m and 1.53 m, respectively, while the width varies between 0.019 and 
0.028 m from two sides to the center. Simulations are performed in a 2D domain dis-
cretized by 286 × 1 × 153 cells, assuming the width is fixed at 0.019 m. Figure 7 shows 
that the geometry used in the experiment is well represented by the discretized model.

Apart from listed petrophysical parameters of different sand types in Table 1, meas-
urements from the tracer test are provided for model calibration (Nordbotten et  al. 
2022). During the tracer flow, aqueous phases with different colors are injected through 
two injection ports with a constant volumetric flow rate and square pulses pattern. Per-
meability values for different sand layers are tuned by an multiplier of 0.5 such that 
pressure pluses observed at 5 other ports are best represented. Moreover, the best pos-
sible match on the horizontal and vertical migration of plume front is found with an ani-
sotropic ratio of 0.9 between horizontal and vertical permeability. Figure 8 shows that 
the evolution of tracer front agrees well between experimental observations and simula-
tion results with the tuned permeability field.

Fig. 6  CO
2
 concentration profiles of case B after 250 (top), 350 (middle), and 2000 (bottom) years, along 

with the comparison of dissolution rate

Fig. 7  Geometry of FluidFlower model. a Original geometry, and b discretized geometry
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The relative permeability and capillary pressure curves of different sand types are con-
structed using the Brooks–Corey model, in which the effective saturation can be computed 
based on residual saturation values as:

Relative permeability is then calculated by

where k0
rw

 and k0
rg

 are relative permeability end points as listed in Table 1. Similarly, capil-
lary pressure for sand ESF, C and D is given by:

Using sand-type ESF as an example, Fig.  9 shows the hysteretic behavior of gas phase 
while the same curve is used for liquid phase in drainage and imbibition processes. Note 
that other types of sand are characterized as zero capillarity, which is indicated by the cap-
illary entry pressure shown in Table 1.

Neglecting the thermal effect, the system temperature is assumed to be constant at 20◦ C. 
The reservoir is initialized with atmospheric pressure. Particularly, pressure at the top 

(17)Sge =
Sg − Sgr

1 − Sgr − Swr
.

(18)krw = k0
rw

(

1 − Sge
)2
, krg = k0

rg
S2
ge
,

(19)Pc = Pce

(

1 − Sge
)−0.5

.

Table 1  Petrophysical parameters 
of different sand types

id k[D] � Pce � k0
rw

k0
rg

srw srg Alias

1 1e-6 0.001 0 2 0.71 0.09 0.32 0.14 Barrier
2 9580 0.44 0 2 0.75 0.16 0.10 0.06 G
3 4259 0.45 0 2 0.72 0.11 0.12 0.13 F
4 2005 0.45 0 2 0.93 0.10 0.12 0.06 E
5 1110 0.44 98.1 2 0.95 0.02 0.12 0.08 D
6 473 0.44 294.3 2 0.93 0.05 0.14 0.10 C
7 44 0.43 1471.5 2 0.71 0.09 0.32 0.14 ESF

Fig. 8  Snapshots of tracer test through lower injection port from experiment and simulation (cells repre-
senting sealing layer boundaries are highlighted in simulation results)
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boundary is fixed since it is open and is connected to a free water table. No flow occurs 
across other boundaries. In our study, the injection scheme is implemented following 
the experimental setting, during which CO2 is injected with a constant rate of 10 ml/min 
through two injection ports for 5 h and 2 h 45 mins, respectively. After injection ceases, 
simulation continues for 5 days to predict the migration and fate of CO2 plume. Fluid prop-
erties and some physical parameters used in the simulations are summarized in Table 2.

5.2  Efficiency Gains

We first present efficiency gains from the proposed parameterization method. As the equi-
librium compositional data for CO2-brine system, i.e., solubility of CO2 in brine, have 
been computed and stored before simulation starts, here we focus on the efficiency gains 
obtained from parameterizing hysteretic constitutive relations. Figure 10 shows the com-
parison of simulation time spent on physics evaluation, linear solver, and others during the 
first day from two cases. The (1) Base and (2) Parametrization case refer to simulation runs 
in which parametrization is unemployed/implemented, respectively.

It is observed that in the Base case, around 30% of simulation time is spent on evalu-
ating hysteretic constitutive relations, which is saved via the use of parameterized scan-
ning curve surface. Meanwhile, in the case of Parametrization, the cost on linear solver is 
also reduced. This can be explained by the fact that fewer Newton iterations are needed to 
converge.

Fig. 9  Constitutive relation models for sand ESF. a Relative permeability, and b capillary pressure

Table 2  Physical parameters 
and simulation scheme of 
FluidFlower simulation cases

Properties Symbols Values Units

Reservoir temperature T 293.15 K
Initial reservoir pressure p0 101,325 Pa
CO2 viscosity �CO2 1.77e−5 Pa.s
Brine viscosity �b 1.01e−3 Pa.s
Injection rate q 10 ml/min
Injection time tinj 5/2.75 hours
Simulation time ttot 5 days
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5.3  Impacts of Hysteresis

We model the hysteretic constitutive relations using the proposed parameterization 
method. The scanning curve surfaces are generated based on primary drainage and 
imbibition curves (shown in Fig. 9). On the other hand, in the case where hysteresis is 
neglected, we model it by assuming the drainage and imbibition processes follow the 
same curve. This assumption leads to zero residual gas saturation as the primary drain-
age curve starts from the saturation value of 0.

Figure 11 shows CO2 saturation and dissolution ratio profiles at several represent-
ative time steps in the absence and presence of hysteresis effect. Minor differences 
between the two sets of maps indicate that including hysteresis does not have a pro-
nounced impact. This is due to the fact that the primary drainage and imbibition curve 
is almost overlapped with each other in all sand types. As a result, even though flow 
may transition from primary curve to the scanning one, the deviation of relative per-
meability (or capillary pressure) value obtained from those two curves is insignificant. 
One may attribute the minor difference to loosely compacted sands used in the experi-
ment, which deserves a further investigation. Nevertheless, previous experimental 
works have reported that hysteresis effect is pronounced in the sandstone: the primary 
drainage and imbibition curves deviate significantly (Akbarabadi and Piri 2013; Pini 
and Benson 2017). In those cases, residual trapping is one of the primary trapping 
mechanisms when injection stops (Ide et al. 2007; Wang et al. 2022).

Figure 12 shows the evolution of residual gas saturation in the upper gas cap over 
time. During injection period, very few cells have CO2 in residual form because the 
flow is dominated by viscous force. Immediately after injection stops, the driving force 
within the system switches from viscous force to a balance between gravity and capil-
lary forces. Consequently, the drainage process occurring in most cells is interrupted 
and transitioned to imbibition. In post-injection period, brine can be imbibed into CO2 
plume, which favors the trapping of CO2 in residual form. Residual gas is further dis-
solved into brine: its region is found to shrink and even disappear as the convective 
transport proceeds.

Fig. 10  Comparison of simula-
tion cost on the first day
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5.4  Impacts of Diffusion

To investigate the impact of diffusion, the diffusion coefficient of CO2 in liquid phase, i.e., DCO2,l
 , 

is increased from 0 to positive values. Figure 13 shows the gas saturation and solution ratio maps 
for the three investigated cases. At the time when injection stops, the two cases considering dif-
fusion effect do not show observable differences compared to the base case, because viscous 
force dominates the displacement process. During post-injection period, convective transport is 
enhanced in both lower and upper gas caps in the presence of diffusion. This is indicated by 
smaller gas caps at the same time. We also observe that interfaces between descending fingers 
and surrounding brine are more diffusive in cases (B) and (C). CO2 continues to leave the lower 
gas cap by dissolving into brine, and the gas cap almost disappears after 5 days.

Fig. 11  Gas phase saturation and solution CO
2
-brine ratio profiles obtained from the case a without and b 

with hysteresis effect

Fig. 12  Residual gas saturation profiles within the upper gas plume in the presence of hysteresis effects
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To measure the degree of convective mixing, M is introduced:

where xw
c
 and xw

c,max
 denote the mass fraction of CO2 in liquid phase and the dissolution 

limit, respectively. Figure 14a shows that inclusion of diffusion effect results in a remarka-
ble increase of M. A larger diffusion coefficient leads to a stronger convective mixing under 
the lower gas cap, yet the stabilized value of M is close regardless of the strength of the 
diffusion coefficient. This finding is consistent with the quantification results of dissolution 
trapping in the lower gas cap. As shown in Fig. 14b, the largest amount of dissolved CO2 is 
found in the case of D = 1e − 8m2/s, and the three cases with nonzero diffusion coefficient 
tend to have similar increase rate at late stage.

6  Conclusion

In this work, a unified framework is developed to model the essential trapping physics of 
CO2 storage in saline aquifers across varying time scales. Particularly, a parameterization 
method is proposed to describe hysteretic behavior of constitutive relations via interpola-
tion of the parameterized space, which are constructed based on current saturation and the 

(20)M(t) = ∫
|

|

|

|

|

∇
xw
c

xw
c,max

|

|

|

|

|

dx,

Fig. 13  Gas phase saturation and solution CO
2
-brine ratio profiles in the absence or presence of diffusion. 

a, b, and c are obtained from D = 0m2 /s (base case), D = 2e − 9m2/s, and D = 5e − 9m2/s, respectively
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turning point saturation values. Moreover, analytical expressions are derived for thermody-
namic equilibrium calculation using the black-oil fluid model. Partitioning of components 
into phases is readily obtained without performing standard flash calculations.

The proposed framework is validated by investigating the dynamics of gravity-induced 
convective transport. Results indicate that both the fingering pattern and the quantitative 
dissolution rate agree well with those reported in the literature. The numerical simulator 
is then applied to study the FluidFlower benchmark model with well-defined geological 
heterogeneity. Physical parameters, i.e., the permeability of different sand layers, are tuned 
such that the simulation results match physical observations from the tracer test. Results 
indicate that hysteresis effect does not have a great impact on the migration of plume in this 
specific setting, and most of the residually trapped CO2 is eventually dissolved into brine. 
Furthermore, inclusion of diffusion into the model enhances the convective mixing thereby 
increasing the amount of dissolution trapping. Our developed numerical model is shown to 
capture the relevant physical processes for CO2 storage in saline aquifers. Especially, it pro-
vides an efficient and accurate evaluation of residual trapping, which helps to assess when 
injected CO2 is trapped or stored in a more permanent form.
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