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A B S T R A C T

In carbon capture and storage (CCS) projects, the presence of layered permeability heterogeneity can strongly
affect the migration of the supercritical CO2 plume and CO2 dissolution. By conducting a systematic study of
plume migration in layered reservoirs with a wide range of permeability contrast between the layers, we show
that the relationship between CO2 plume footprint and permeability contrast has three distinct regimes. For
moderate permeability contrasts from 1 to 5, the presence of different layers has little impact on plume mi-
gration. As the contrast increases from 5 to 50, the plume footprint decreases progressively. In the event of
extreme contrast (> 50), the footprint is smallest and independent of the heterogeneity. Overall, the footprint of
the plume can vary by more than 2-fold, with large implications for monitoring, access to sites, and regulatory
issues. The mass fraction of CO2 dissolution can vary up to 2-fold depending on the degree of heterogeneity. We
also show that the common practice of using permeability anisotropy to simulate multiphase flows in layered
reservoirs works quite well in terms of plume footprint for permeability anisotropy ratios of up to 25, but large
errors occur at more extreme contrasts.

1. Introduction

Carbon capture and storage (CCS) is a greenhouse gas mitigation
strategy requiring injection of supercritical carbon dioxide (CO2) into
deep sedimentary formations for long term storage. Numerical simu-
lation is the primary tool for predicting the fate and transport of CO2 in
the subsurface, designing injection operations, and used together with
monitoring data to refine and calibrate geological models. In the United
States, numerical simulation is required by EPA as part of the permit-
ting process to determine the Area of Review (AoR) that delineates the
region of pressure buildup caused by CO2 injection activity (EPA,
2013). Another parameter, the footprint of the plume, defined as the
maximum lateral extent of separate phase CO2, is used throughout the
regulatory process of planning, operating, monitoring, and stabilization
of the plume footprint is key to the site closure decision. During site
screening, estimation of CO2 plume footprint is essential for identifying
pore space ownership issues and potential acquisition of storage leases
(Frailey, 2013). In risk assessment, the simulated plume footprint is
used to help identify potential well infrastructures, faults, or fractures
in the area that may provide leakage pathways (NETL, 2017). Conse-
quently, the ability to model plume migration accurately is a pre-
requisite for implementing CO2 storage projects.

At a minimum, simulation models for predicting plume migration

solve spatially and temporally discretized mass and energy balance
equations for multiphase flow of CO2 and brine. Plume migration is
controlled by the interplay of viscous, buoyancy, and capillary forces.
Supercritical CO2 typically has a density of 0.5 to 0.7 times that of
water at storage reservoir temperatures and pressures. Consequently,
buoyancy forces are large and play an important role in plume migra-
tion. Viscous forces are large near the injection well, but decrease lin-
early with radial distance away from the injection well. For lower
permeability rocks, capillary entry pressures are typically high, creating
locally important barriers or impediments to flow in heterogeneous
reservoirs.

Sedimentary formations being used for storage often contain
layered permeability heterogeneity that strongly affects the movement
of injected CO2 and the plume footprint (e.g. Cavanagh and Nazarian,
2014; Strandli and Benson, 2013; Doughty, 2010; Sung et al., 2014).
Absent vertical heterogeneity, CO2 will migrate buoyantly upwards
until it encounters the reservoir seal and begins to flow laterally under
the seal. Low permeability intra-reservoir shale layers baffle the vertical
migration of CO2 and typically result in larger plume volume and lower
gas saturation (Hovorka et al., 2004). At the same time, dissolution
trapping and residual trapping are enhanced since a higher volume of
brine and rock interacts with free phase CO2 (Doughty, 2010). Gen-
erally, permeability heterogeneity with longer correlation lengths
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impose more influence on plume migration compared to heterogeneity
with shorter correlation lengths (Ide et al., 2007). In reservoirs where
permeability heterogeneity correlation length is short compared to the
size of the plume (e.g. fluvial-type deposition), the plume footprints are
broadened because (1) high shale content decreases total pore volume
available for storage (Flett et al., 2007) (2) fluvial-typed heterogeneity
architecture leads to a high degree of permeability anisotropy
(Gershenzon et al., 2017). In the context of buoyancy-dominant systems
with the “inject-low-and-let-rise storage strategy”, the plume footprint
is also broadened by short correlation length heterogeneity as CO2 rises
along preferential path of higher permeability (Bryant et al., 2006; Han
et al., 2010). When the permeability heterogeneity correlation length is
much shorter than flow length, the plume footprint may be unaffected
by heterogeneity (Ide et al., 2007).

Grid orientation and resolution also have strong influences on pre-
dicted plume migration (Doughty and Pruess, 2004; Yamamoto and
Doughty, 2011). Finite-difference grids tend to distort the plume in the
grid orientation while radial grids can reduce this effect (Yamamoto
and Doughty, 2011; Pruess and Nordbotten, 2011). Coarser grids gen-
erally underestimate plume footprint and overestimate average gas
saturation due to suppressed gravity override and numerical dispersion
(Doughty and Pruess, 2004). The degree of underestimation of the
plume footprint is greater in heterogeneous models than for homo-
geneous models (Doughty and Pruess, 2004). In homogeneous models,
a vertical grid on the order of a meter near the top of the reservoirs is
considered effective in capturing the gravity override (Pruess and
Nordbotten, 2011).

For reservoirs with layered continuous heterogeneity, it is a
common practice to use the arithmetic average as the effective hor-
izontal permeability and the harmonic average as the effective vertical
permeability (Doughty and Pruess, 2004; Lengler et al., 2010; Strandli
and Benson, 2013). In CCS models, anisotropic permeability is often
employed when dealing with sections of highly heterogeneous re-
servoirs (Kumar et al., 2005; Lengler et al., 2010; Strandli and Benson,
2013; Zhang, 2013). However, the validity of using the permeability
anisotropy in the context of CCS for predicting plume footprint and
dissolution has not been established.

In addition to anisotropy in the absolute permeability, measure-
ments in stratified heterogeneous cores show that the relative perme-
ability curves are also an anisotropic property. A non-wetting phase
often has a higher relative permeability when the flow direction is
parallel to the bedding compared to when it is perpendicular. On the
contrary, the wetting phase has a lower relative permeability in the
direction that is parallel to the bedding (Corey and Rathjens, 1956;
Iverson et al., 1996). Relative permeability can be anisotropic even for
homogeneous and isotropic reservoirs due to gravitational forces (Prats
and Lake, 2008). In the context of CCS simulations, the anisotropy of
relative permeability should receive more attention because gravita-
tional segregation and vertical displacement play an important role in
CO2 migration (Saeedi, 2012). However, the relative permeability is
typically treated as an isotropic parameter in CCS models.

To address these issues, in this study, we systematically investigate
the influence of purely layered and continuous intra-reservoir shales on
plume footprint and CO2 dissolution, including the effect of grid re-
solution. We also assess the degree to which and under what circum-
stances models using anisotropic permeability and relative permeability
can be used to predict CO2 plume migration and dissolution reliably.

2. Methodology

For these studies, we focus on thick reservoirs with layered het-
erogeneity such as the Mt. Simon Formation, in the U.S (Finley, 2014)
and the Utsira Formation, offshore Norway (Zweigel et al., 2004). We
use a purely layered system as an abstraction of the type of vertical
heterogeneity observed in these formations to systematically in-
vestigate the relationship among layered heterogeneity, plume migra-
tion and CO2 dissolution. We do not claim these are realistic models of
any reservoir, but use them as a way to understand for the simplest of
systems, how layered heterogeneities influence CO2 transport. The
model reservoir consists of 20 layers with alternating higher (sandy)
and lower (shaley) permeability materials, where each layer is 10 m
thick (Fig. 1). By decreasing the permeability and capillary entry
pressure of shaley layers, we generate a series of synthetic reservoirs to
investigate a range of increasing heterogeneity. The degree of hetero-
geneity is quantified by the “contrast ratio” defined as k /khigh low .

A 2-D radial grid is used with progressively larger grid cells in the
radial direction (Table 1). Grid cells have a uniform thickness of 0.5 m.
The reservoir extends 100,000 m in the radial direction to simulate an
infinitely acting reservoir. In Appendix A, we present a grid sensitivity
study to justify the grid dimensions selected.

2.1. Model setup

2.1.1. Reservoir properties and injection parameters
The simulations are carried out in TOUGH2 using ECO2N (Pruess

et al., 1999; Pruess, 2005). The system is simplified to be an isothermal
water-CO2 environment with reservoir temperature of 50 °C at a depth
of 2000 m. The water table starts from 10 m below the ground surface
and reservoir pressure is hydrostatic with reference to the water table.
We assume a continuous CO2 injection with a constant rate of
1000 metric tons/day (Qtotal), injecting a total of 1 million tons over the
3-year period. The injection well is located in the center of this cy-
lindrical reservoir and is perforated along the entire thickness of the
reservoir. A simplified well model is used in which the fraction of the
total injection allocated to each cell depends only on permeability as
shown in Eqs. (1a) and (1b):
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This approach neglects the fact that density differences between
CO2 and brine tend to increase the fraction of CO2 injected into the
upper portions of the formation. For the problem investigated here,
these effects are small because the reservoir is relatively thin. In addi-
tion, this approach allows us to isolate the effects of permeability het-
erogeneity compared to other factors.

2.1.2. Material types
Properties of the rocks used for the simulations are listed in Table 2.

We use Corey’s Curve to model the relative permeability curves. Ca-
pillary pressure curves are constructed with the van Genuchten func-
tion. Fig. 2 shows the relative permeability curve used for all of the
rocks and capillary pressure curves for a few representative materials.

Fig. 1. Schematic of the heterogeneous reservoir. Blue represents
higher permeability, brown represents lower permeability.
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3. Results

3.1. Supercritical CO2 saturations and CO2 dissolution

In the base case, the permeability of the sandy layers (k )high is
500mD and the values of k /khigh low range from 1 to 50,000. Fig. 3 shows
results of the CO2 saturations and the mass fraction of dissolved CO2 for
7 representative reservoirs in the base case. A volume histogram of gas
saturation for each model in the base case is shown in Fig. 4.

In homogeneous or weakly heterogeneous reservoirs
(k /khigh low > 5), supercritical CO2 migration is governed primarily by
buoyancy. The majority of the plume accumulates under the seal and
migrates as a thin layer with high gas saturation (> 0.45). In this

regime, the average saturations of the CO2 plume are the highest among
the base case models.

As the contrast ratio increases from 5 to 50, a progressively greater
fraction of supercritical CO2 remains deeper in the reservoir, trapped by
the low permeability/high entry pressure layers. As a greater fraction of
CO2 is trapped deeper in the reservoir, the plume radius decreases
progressively. In this regime, the bulk of the plume remains connected
and the majority of the plume has low supercritical CO2 saturation. The
low gas saturation causes low relative permeability, which also con-
tributes to the retention of CO2 deeper in the reservoir. The second and
third row of the histograms in Fig. 4 show bimodal distributions of CO2

saturations, demonstrating that plumes with different saturations mi-
grate in the different layers of the reservoir. Fig. 5 demonstrates that the
saturation profiles in the reservoir are close to what is expected if they
are in gravity capillary equilibrium.

When the contrast ratio further increases to greater than 50, the
movement of CO2 is hindered by the capillary barriers created by the
shaley layers. In the case where the reservoir is extremely hetero-
geneous (e.g. =k /k 500mD/0.01mDhigh low ), almost no CO2 enters the
lower permeability layers, and the plume can only travel in the high
permeability layers. In this case, the plume in each layer is disconnected
from those above and below it, except for the immediate proximity of
the injection well. Again, the comparison of saturation profile in Fig. 5
shows that the separate plumes within each layer are in gravity-capil-
lary equilibrium. We notice that the saturation distributions of the se-
parate plumes are similar to the homogeneous reservoirs (Fig. 4).
However, due to the relatively thin plumes in each layer, capillary
pressures and consequently saturations are lower compared to more
homogeneous cases. Lower saturation result in lower relative perme-
ability, which also helps to reduce the influence of gravity override in
the high permeability layers.

Summarizing the relationship between the plume radius and per-
meability contrast in Fig. 6, we recount that the rate by which the
plume radius decreases can be divided into three regimes: permeability
contrasts of 1 to 5, 5 to 50, and 50 and above. When the contrast ratio is
between 1 and 5, the plume radius is only weakly correlated with the
contrast ratio. As the permeability contrast increases from 5 to 50, the
correlation between plume radius and contrast ratio becomes stronger.
For example, in a reservoir where =k /k 50high low , the plume is 38%
smaller than in a reservoir where =k /k 5high low . Once the contrast ratio
is higher than 50, supercritical CO2 travels only in the high perme-
ability layers and the plume radius becomes independent of the contrast
ratio. The plume is separated into multiple smaller plumes under each
shale layer. In this case, the reservoir can be treated as separate flow

Table 1
Description of the grid used for the systematic comparison of the influence of contrast ratio.

Table 2
Rock properties for simulation: permeability k in mD, permeability k in m2,
porosity ϕ, capillary entry pressure P0 in Pa. P0 is scaled by the Leverett J-
function where kref = 3.95E-14 m2, ϕref = 0.185 and Pref = 7.5E3 Pa.

k
(md)

k
( m2)

ϕ
(-)

P0

(Pa)

1000 9.87E-13 0.2 1.56E+03
500 4.93E-13 0.2 2.21E+03
400 3.95E-13 0.2 2.47E+03
250 2.47E-13 0.2 3.12E+03
200 1.97E-13 0.2 3.49E+03
100 9.87E-14 0.2 4.93E+03
80 7.90E-14 0.2 5.51E+03
50 4.93E-14 0.2 6.98E+03
40 3.95E-14 0.2 7.80E+03
20 1.97E-14 0.2 1.10E+04
10 9.87E-15 0.2 1.56E+04
8 7.90E-15 0.2 1.74E+04
5 4.93E-15 0.2 2.21E+04
4 3.95E-15 0.2 2.47E+04
2 1.97E-15 0.2 3.49E+04
1 9.87E-16 0.2 4.93E+04
0.8 7.90E-16 0.2 5.51E+04
0.5 4.93E-16 0.2 6.98E+04
0.4 3.95E-16 0.2 7.80E+04
0.2 1.97E-16 0.2 1.10E+05
0.1 9.87E-17 0.2 1.56E+05
0.08 7.90E-17 0.2 1.74E+05
0.05 4.93E-17 0.2 2.21E+05
0.04 3.95E-17 0.2 2.47E+05
0.02 1.97E-17 0.2 3.49E+05
0.01 9.87E-18 0.2 4.93E+05
0.008 7.90E-18 0.2 5.51E+05
0.004 3.95E-18 0.2 7.80E+05
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units and the simulation can be performed within each unit if desired.
The percentage of the injected CO2 that dissolves is another im-

portant model output. As shown in Fig. 3, CO2 dissolves in water
wherever supercritical CO2 is present. The mass fraction of dissolved
CO2 is determined by the supercritical gas saturation, pressure, tem-
perature, and salinity of the reservoir. To first order, the amount of CO2

that dissolves is proportional to the volume of a supercritical CO2 plume
as shown in Fig. 7a. Here we define the volume of a supercritical CO2

plume as the volume where CO2 gas saturation is greater than 5% (see
Fig. 7b). At a certain average gas saturation, a larger plume always

causes larger CO2 dissolution. At the same time, the gas saturation in a
plume is inversely proportional to the volume, and also determines the
total mass fraction of dissolved CO2. A small amount (4–9%) of addi-
tional CO2 dissolves at the leading edge of the plume when CO2 first
enters a grid cell and equilibrates with reservoir fluids. Note that the
effect of dissolution-driven gravity current is not modeled in this paper
due to the relatively short time frames. Diffusion can also contribute to
dissolution, particularly for the highly heterogeneous reservoirs where
a large surface area is between the plumes in the high permeability
layers and adjacent low permeability layers. Therefore, the surface area

Fig. 2. (a) Relative permeability curve using the Corey’s curves model, where Slr = 0.3, Sgr = 0. (b) van Genuchten capillary pressure curves of representative
materials, where S* = (Sl – Slr) / (Sls – Slr). Fitting parameter λ = 0.3, Slr = 0.3, Sls = 0.999, and Pmax = 2.0E7 Pa.

Fig. 3. Supercritical CO2 saturation and mass fraction of dissolved CO2 plots at representative contrast ratios. All results shown are evaluated at the end of the 3-year
injection.
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of a plume is another factor that contributes to the total amount of
dissolution. Quantification of the extent of dissolution at the leading
edge and surface area of the plume should be viewed with caution due
to errors associated with numerical dispersion and volume averaging,
particularly when grid cells are large. Convergence of the solutions for
our grid (Appendix A) suggest that the errors are minimal, but values
should still be viewed with caution.

Looking at the quantitative relationship between dissolution and the
degree of permeability contrast (Fig. 6), we find that the amount of

dissolution increases for contrast ratio up to 50. From the contrast ratio
of 1 to 5, the dissolution gradually increases from 12% to 15% as the
volume of the plume gradually grows larger. At the contrast ratio in-
creases from 5 to 50, the extent of CO2 dissolution becomes larger with
up to nearly 22% of all of the CO2 injected being dissolved. The max-
imum dissolution occurs at the contrast ratio of 50 with the lowest
average gas saturation and highest plume volume. As the contrast ratio
increases from 50 to 200, CO2 dissolutions drops to about 17%. Lower
dissolution percentages are explained by the lack of contact with the

Fig. 4. Volume averaged histogram of supercritical CO2 saturation for the base case simulations.
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water in the lower permeability layers and smaller plume volumes.
To investigate the sensitivity of our results to the reservoir perme-

ability, we conduct similar analyses to reservoirs where the perme-
ability of the higher permeability layers is 200 mD and 1000 mD
(Fig. 8). It is important to note that we observe the same three regimes

as identified in the 500 mD case. For lower permeability reservoirs, the
ratio of viscous to gravitational forces is greater, thus counteracting the
influence of gravity override that tends to increase the footprint of the
plume. We also observe a similar trend in the relationship between
dissolution and contrast ratio, where the maximum in the mass fraction
of dissolved CO2 occur at contrast ratios between 50 and 100. For the
1000 mD case, the maximum dissolution is the highest among the three
cases. However, when the contrast ratio is lower than 50, the amount of
dissolved CO2 in the 1000 mD reservoirs are less than the other two
cases because the plume quickly accumulates below the seal and forms
a smaller plume with a higher average saturation.

Similarly, we extended the injection period to 10 years with a total
of 3.65 Mtons of CO2 and show the result in Fig. 9. We observe a very
similar pattern of the three regimes for the relationship between the
plume radius and the contrast ratio, except that the plume radius
shrinkage due to increasing permeability contrast is even greater than
for the base case (3 years of injection). When the contrast ratio is
smaller than 100, the mass fraction of dissolved CO2 in the 10 years
case is less than the base case due to the larger CO2 gravity tongues with
higher gas saturation.

3.2. Modeling with Anisotropic permeability averages

Anisotropic permeability is commonly used in modeling to account
for layered heterogeneity (Doughty and Pruess, 2004; Lengler et al.,

Fig. 5. Saturation profiles at 200 m away from the injection for reservoirs with permeability contrast of 25 and 500.

Fig. 6. Plume radius vs. permeability contrast and mass fraction of dissolved
CO2 vs. contrast ratio, each diamond shaped point corresponds to a re-
presentative contrast ratio that is displayed in Fig. 3.

Fig. 7. (a) Plume volume (defined as greater
than 5% gas saturation) vs. contrast ratio, each
diamond shaped point corresponds to a plot of
representative contrast ration displayed in
Fig. 3. (b) Correlation between the mass frac-
tion of dissolved CO2 and the plume volume,
each data point represents a simulation in the
base case. The three lines show the relationship
between the mass fraction of dissolved CO2 and
plume volume for three examples of fixed
average gas saturation. The average gas sa-
turations are correspond to contrast ratio of 25,
1000, and 1 respectively.
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2010; Strandli and Benson, 2013). However, it can be problematic to
plume migration modeling by missing the influence of by thin hetero-
geneous layers. This phenomenon is known as the thief zone issue in oil
and gas production as well as for CO2-EOR reservoirs (Mcguire et al.,
1998; Li et al., 2016). In this study, we develop a set of homogeneous
anisotropic models to compare with models that explicitly account for
heterogeneity. The effective horizontal and vertical permeability are
calculated by the arithmetic and harmonic averages, respectively:

=k
k h
hx

1
n

j j

1
n

j (2a)

=k
h

h /kz
1
n

j

1
n

j j (2b)

The capillary pressure curve is constructed by the van Genuchten
function where the capillary entry pressure is scaled by the Leverett-J
function with the average permeability of kx and kz. The anisotropic
models have the identical reservoir condition and grids as the hetero-
geneous models with a homogeneous anisotropic permeability assigned
to each cell. The comparison of the supercritical CO2 saturation are
shown in Fig. 10 and summarized in Fig. 11.

Comparing the supercritical CO2 plume radius results using the
anisotropic model with the heterogeneous model Fig. 11a, we observe a
small difference in plume radius (up to 11%) when the contrast ratio is
smaller than 100 and anisotropy ratio is smaller than 26. As the contrast
ratio increases, the anisotropic model underestimates the plume extent
and the error increases with the contrast ratio as well as anisotropy
ratio. At high contrast ratio, the corresponding anisotropy ratio be-
comes extremely high and the plume migration behaves as if there are

no buoyancy forces, which results in a progressively more compact
plume. Simulation results using an anisotropic permeability model can
result in errors of up to 50% in plume radius at extremely high aniso-
tropy ( =k /k 12502x z ).

The anisotropic permeability models also fail to simulate dissolution
accurately as shown in Fig. 11b. For contrast ratios below 500 (aniso-
tropy ratio below 126), the anisotropic models underestimate the
amount of dissolution. The largest underestimation occurs at the con-
trast ratio of 25 and anisotropy ratio of 7, where the error by the ani-
sotropic case is up to 25%. By employing anisotropic permeability to
model heterogeneous reservoirs, the advantages of having more dis-
solution will be overlooked.

In Fig. 12, we compare the histograms of gas saturation distribu-
tions between the heterogeneous reservoirs and the corresponding an-
isotropic reservoirs at five representative contrast ratios. Unlike the
bimodal distribution of gas saturation in the heterogeneous cases, a sole
dominant gas saturation is found in the plume of anisotropic reservoirs.
The average gas saturation gradually decreases as the anisotropy ratio
increases. When the reservoir becomes extremely anisotropic
( =k /k 6250.5x z ), the reservoir behaves like a no-gravity system and
numerical dispersion can be clearly observed at the leading edge of the
plume.

Similar results are obtained for the 200 mD and 1000 mD reservoirs
(Fig. 13a). For a contrast ratio less than 100 (anisotropy ratio less than
26), the 1000 mD anisotropic permeability case has errors in plume
radius of up to 11% whereas the 200 mD anisotropic permeability case
underestimates the plume radius by up to 19%. This indicates that, at
low contrast ratio, using anisotropic permeability in lower permeability
reservoirs results in more errors than in higher permeability reservoirs.

Fig. 8. (a) Comparison of plume radius vs. contrast ratio for the 200 mD case, base case (500mD), and 1000mD case. (b) Comparison of dissolution vs. heterogeneity
for 200 mD case, base case (500mD) and 1000mD case.

Fig. 9. (a)Plume radius and (b) mass fraction of dissolved CO2 vs. contrast ratio where the injection time is extended to 10 years. The base case (3 years of injection)
results in black are displayed for comparison.
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In contrast, at extremely high contrast ratio and anisotropy ratio, ani-
sotropic models underestimate the plume radius by 47% for the
1000 mD case and 35% for the 200 mD case. This is due to the fact that
a highly anisotropic reservoir always behaves like a no-gravity system
while the actual plume radius in a heterogeneous reservoir depends on
the permeability of the sandy layers.

For the relationship between the mass fraction of dissolved CO2 and
contrast ratio (Fig. 13b), very similar patterns are overserved for the
1000 mD and 200 mD cases, where the anisotropic model under-
estimates dissolution when the contrast ratio is less than 500 (aniso-
tropy ratio less than 126). The maximum errors occur at higher contrast
ratios and anisotropy ratios for higher permeability models.

3.3. Modeling with anisotropic relative permeability curves

In order to find a more accurate method to predict the plume radius
and the mass fraction of dissolved CO2 in layered systems with the
anisotropic permeability, we attempted to use anisotropic relative
permeability curves in addition to the anisotropic permeability

averages kx and kz. The capillary pressure curve remains isotropic
where the capillary entry pressure is scaled by the Leverett-J function
with the average of kx and kz. To develop the anisotropic relative
permeability curves, we assume capillary equilibrium between the high
and low permeability layers. This allow us to calculate the saturation
values in each layer and thus, the relative permeability in each layer. By
analogy with calculating anisotropic permeability, anisotropic relative
permeability curves can be calculated with the following equations
(derivation is included in Appendix B):

=
+

+
k

k k k k

k kr,x
r,high high r,low low

high low (3a)

=
+

+
kr,z

1
k

1
k

1 k k 1 k k

high low

high r,high low r,low (3b)

Fig. 14a shows an example of the directional relative permeability
curves calculated with the capillary equilibrium assumption where

= =k 500mD, k 20mDhigh low . Red curves represent the horizontal flow

Fig. 10. Supercritical CO2 saturation and mass fraction of CO2 plot in heterogeneous and anisotropic reservoirs for the base (500 mD) case.

Fig. 11. (a) Comparison of plume radius vs.
contrast ratio between heterogeneous and ani-
sotropic systems, numbers on data points re-
presents the anisotropy ratio for the re-
presentative cases displayed in Fig. 10. (b)
Comparison of mass fraction of dissolved CO2

vs. contrast ratio between heterogeneous and
anisotropic systems, numbers on data points
represents the anisotropy ratio for the re-
presentative cases displayed in Fig. 10.
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Fig. 12. Comparison of volume averaged histogram of supercritical CO2 saturation between the heterogeneous and anisotropic models at representative contrast and
anisotropy ratios.
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while blue curves represent the vertical flow. These directional relative
permeability curves suggest that supercritical CO2 is more mobile in the
horizontal direction and less mobile in the vertical direction compared
to the case for a homogenous setting. In contrast, liquid is more mobile
in the vertical direction and less mobile in the horizontal direction.
These analytical solutions agree with the measurements from previous
studies (Corey and Rathjens, 1956; Iverson et al., 1996). Since TOUGH2
is unable to perform simulations with directional relative permeability
curves, we utilized ECLIPSE300 to apply the directional relative per-
meability curves with the anisotropic permeability. ECLIPSE300 simu-
lations were compared to the TOUGH2 and agreed well for the het-
erogeneous and permeability anisotropy cases. Results from simulations
using both anisotropic permeability and anisotropic relative perme-
ability are shown in Fig. 14b.

This result suggests that using directional relative permeability
curves can only improve the agreement in plume radius between the
anisotropic and heterogeneous models when the contrast ratio is lower
than 10 (anisotropy ratio lower than 2). At higher contrast ratios, the
directional anisotropic relative permeability promotes horizontal mi-
gration and causes overestimation of the plume radius. The largest error
occurs at a contrast ratio of 50 and anisotropy ratio of 13, where the
directional relative permeability model overestimates the plume radius
by 42%. The occurrence of the three regimes in the relationship be-
tween the plume radius and contrast ratio is not captured by using the
directional relative permeability either. Other approaches will be
needed to accurately simulate plume migration in highly heterogeneous
reservoirs.

4. Discussion

In Section 3.1, the simulations of plume migration in layered re-
servoirs show that the relationship between plume radius and the
contrast ratio can be categorized into three distinct regimes. At mod-
erate contrast ratio (1 to 5), CO2 plumes are primarily governed by
buoyancy and weakly correlated with contrast ratios. When the contrast
ratio increases from 5 to 50, the majority of the plume is governed by
gravity-capillary equilibrium and the plume radius decreases rapidly
with increasing contrast ratio. When the contrast ratio is higher than
50, the vertical migration of CO2 plume is prohibited, and the plume
radius is no longer correlated with the contrast ratio. Similar results of
the three regimes are observed in sensitivity studies for reservoir per-
meability, layer thicknesses, and injection time. The relationships be-
tween the mass fraction of CO2 dissolution and contrast ratio are also
analyzed for the layered heterogeneous systems. The maximum amount
of dissolution often occurs at contrast ratio of 25 to 50.

In Section 3.2, we compared the plume radius and CO2 dissolution
results in the layered heterogeneous models with the models that uses
anisotropic permeability averages. The comparison shows that the
traditional anisotropic averages that are commonly utilized to capture
layered heterogeneity do not do a good job in predicting plume radius
when the contrast ratio is higher than 100 and the anisotropic ratio is
higher than 26. The degree of anisotropy is commonly included in re-
servoir simulation models. The anisotropic permeability averages also
fail to capture the behavior of CO2 dissolution in heterogeneous re-
servoirs.

Sections 3.3 shows the results of using directional relative perme-
ability curves with anisotropic permeability curves. Models using

Fig. 13. (a) Comparison of plume radius vs. contrast ratio between heterogeneous and anisotropic systems in the base (500 mD), 200 md and 1000 mD cases. (b)
Comparison of dissolution vs. contrast ratio between heterogeneous and anisotropic systems for the base (500 mD), 200 md and 1000 mD cases.

Fig. 14. (a) Directional relative permeability curves calculated for an example where khigh = 500mD and klow = 20mD (b) Plume migration vs. contrast ratio result
by using directional relative permeability in comparison with the heterogeneous and anisotropic base case.
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anisotropic relative permeability overestimate the plume radius for
high contrast ratios and fail to capture the three regimens observed in
heterogeneous reservoirs.

Taken together, this analysis suggests that accurate plume and dis-
solution modeling requires explicitly including details about the het-
erogeneous structure of the reservoir.

4.1. Mass weighted transport distance

The mass weighted transport distance is another way to characterize
a plume, which describes the migration distance of the center of CO2

plume mass away from the injection well. A plume mass that is closer to
the injection well and the bottom of the reservoir generally has less risk
of leakage and more efficient use of the pore space. In Fig. 15, each
point represents the mass weighted migration distance in the vertical
and radial direction. For example, the top right point represents the
homogeneous case ( =k /k 1high low ), in which the whole plume mass
travels farthest from the injection well and also closest to the seal. In the
vertical direction, the mass weighted transport distance decreases as the
contrast ratio increases and the whole plume mass is closer to the
bottom of the reservoir. This is because the presence of heterogeneity
restricts the vertical migration of CO2. In the radial direction, the mass
weighted transport distance has a non-monotonic relationship with the
contrast ratio. When the contrast ratio is below 25, the mass weighted
transport distance decreases rapidly as contrast ratio increases in the
radial direction and the entire plume mass becomes closer to the in-
jection well. At a contrast ratio of 25, the radial mass weighted trans-
port distance is at its minimum, therefore has less risk of leakage and is
beneficial for CO2 storage. Once the contrast ratio is higher than 25, the
migration distance of the whole plume mass again increases as contrast

ratio gets bigger, but never to the extent it would in more homogeneous
reservoirs. Furthermore, most of the plume is much deeper in the het-
erogeneous reservoir as compared to the homogeneous reservoir, which
is again beneficial for CO2 storage security.

Comparing the mass weighted migration distance in the hetero-
geneous models with the anisotropic models (Fig. 15), we find that the
mass weighted migration estimated by all of the anisotropic models are
closer to the injection well than the heterogeneous models. As the
contrast ratio and anisotropy ratio increase, the differences of mass
weighted migration distances on the radial direction becomes sig-
nificant. At contrast ratio of 100 (anisotropy ratio of 63), the radial
mass weighted migration distance in the anisotropic model is 200 m
closer to the injection well compared to the heterogeneous model. Also,
the anisotropic models fail to capture the non-monotonic relationship
between the mass weighted migration distance in the radial direction
and the contrast ratio.

4.2. Practical evaluation metrics

Sweep efficiency is an important parameter associated with CO2

storage and enhanced oil recovery. In the context of this study where no
oil is produced, we define the sweep efficiency as the fraction of re-
servoir pore volume contacted by separate gas phase CO2. For the
purpose of these calculations, the reservoir pore volume is defined as
the porosity times the areal footprint of the plume times the total
thickness of the reservoir. Fig. 16a summarizes the relationship be-
tween the sweep efficiency and the permeability contrast ratio for the
200 mD, 500 mD and 1000 mD cases. This figure indicates that high
sweep efficiencies occur with high contrast ratios (greater than 100).
Heterogeneous reservoirs in the 200 mD cases have the highest sweep

Fig. 15. Comparison of the mass weighted migration distance calculated for a cross section of plume between anisotropic and heterogeneous models. The labels
represent contrast ratio and anisotropy ratio.

Fig. 16. (a) Sweep efficiency and (b) CO2 stored per area for the cases studied here.
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efficiencies (11%) because the mobility of the CO2 is the lowest among
all cases. In contrast, the sweep efficiencies for the 1000 mD cases range
from 3 to 7%, showing that for both CO2 storage and CO2-EOR, the
reservoir pore volume is used inefficiently.

Another evaluation metric that can be used in CO2 site selection is
the mass of CO2 stored per unit area (t/m2). For CO2 storage sites, a
reasonable range of the mass of CO2 stored per unit area is about
0.5–5 t/m2 (NAS, 2018). Our calculations fall within this range as
shown in Fig. 16b. Heterogeneous reservoirs with a contrast ratio
greater than 50 have more CO2 stored per unit area. Also, lower per-
meability reservoirs have higher amounts of CO2 storage per unit area.

5. Conclusions

In this study, we focus on modeling CO2 storage in vertically layered
heterogeneous reservoirs. By systematically investigating a wide range
of permeability contrast ratios using high resolution numerical simu-
lations, we quantify the relationship between plume radius, dissolution
and permeability contrast ratio. The major conclusions are summarized
as follows:

(1) The plume radius is highly sensitive to heterogeneity in the re-
servoir, varying by up to a factor of 2 for a range of realistic sce-
narios. The sensitivity of plume radius to contrast ratio falls into 3
distinct regimes: for contrast ratios smaller than 5, the plume radius
is largest and nearly constant; as contrast ratio increases from 5 to
50, plume radii are highly sensitive to contrast ratio and decrease
rapidly; at contrast ratios greater than 50 plume radius becomes
nearly constant, but is about 40% smaller than for homogeneous
reservoirs. This effect is explained by the role that low permeability
(high capillary pressure) layers play in counteracting gravity forces
that drive upward migration of the plume.

(2) Anisotropic permeability values can provide relatively accurate
plume radius prediction for layered heterogeneity for contrast ra-
tios of less than 100 (corresponding to permeability anisotropy of

less than 26), where the errors are up to 11% in our base case. For
higher contrast ratios, anisotropic models underestimate the plume
radius by large amounts because they do not account of the fact that
the capillary entry pressure of the low permeability layers prevents
CO2 from entering them.

(3) Dissolution of CO2 during the injection phase also depends strongly
on the permeability contrast ratio, reaching a maximum of nearly
25% at a contrast ratio of about 50. For homogeneous reservoirs or
those with small permeability contrasts, dissolution is about 50%
lower. For high contrast ratios, the amount of dissolution is be-
tween these two extremes. We show that dissolution correlates with
plume volume, and the largest plume volumes correspond to per-
meability contrast ratios between 50 and 100.

This work has implications for both practical issues such as site
selection and approaches for obtaining accurate information about
plume migration. With regard to site selection, this work shows that
moderate to high degrees of permeability heterogeneity (contrast ratios
of up to 100) is advantageous insofar as it reduces the plume footprint,
keeps the bulk of the plume deeper in the reservoir and away from the
seal, and leads to higher dissolution rates. This work also demonstrates
the need for high resolution simulations to model plume migration
accurately. For modest levels of heterogeneity (< 25), anisotropic si-
mulations can provide reliable estimates of plume radius, but for higher
degrees of anisotropy, which are not unusual, alternative approaches
are needed that capture the capillary behavior of heterogeneous sys-
tems. All of these simulations were carried out with purely vertically
layered systems using radial geometry. In reality, the situation is more
complex, but the insights gained here are relevant to the broader con-
text of geological storage.
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Appendix A. Grid selection

Since plume migration and the mass fraction of dissolved CO2 are highly sensitive to cell thickness (Yamamoto and Doughty, 2011), we per-
formed a sensitivity study with grid cell thicknesses of 10, 5, 2.5, 1 and 0.5 m cells. Representative plume CO2 saturation plots using each grid are
displayed in Fig. A17 for a range of values in k /khigh low. Summary plots of plume radius (defined as SCO2 = 0.05) and CO2 dissolution verses the
contrast ratio are shown in Fig. A18.

As shown in Fig. A18a, the plume radius simulated with a grid thickness of “z =0.5 m” converges with the “z = 1 m” case, which suggests that
the accurate prediction of plume radius can be provided by the 1 m grid. When the reservoir is homogeneous (contrast ratio = 1), using the coarsest
grid of “z = 10 m” generates approximately 9% error on the plume radius. This error in plume radius estimation increase to approximately 25% as
the contrast ratio increases. The 10 m grid generates significant error at high contrast ratio because each high permeability layer is only represented
by one cell. Having only 1 grid cell per layer prevents gravity override within each high permeability layer and consequently underestimates the
plume radius. As a result, highly heterogeneous reservoirs are more vulnerable to plume radius errors than homogeneous reservoirs.

Fig. A17. Supercritical CO2 saturation results comparison by using different cell thickness at different contrast ratios.
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In addition to the plume radius, the choice of grid thickness also has a great impact on CO2 dissolution as shown in Fig. A18b. The reasonably
close agreement between results for the 1 m and 0.5 m-thick cells suggests that grid cell thickness of 0.5 m is adequate for these simulations.

Appendix B. Derivation of directional relative permeability equations

The absolute anisotropic permeability average for a layered system can be calculated as:

=k
k h
hx

1
n

j j

1
n

j (4a)

=k
h

h /kz
1
n

j

1
n

j j (4b)

Since the thicknesses of the higher and lower permeability layers are equal in our model, the anisotropic permeability averages can be simplified
as:
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However, in the context of CCS, the effective permeability of supercritical CO2 is calculated according to the relative permeability curves and the
absolute permeability. Therefore, the anisotropic permeability average should be represented as:
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By assuming capillary equilibrium over the volume that we are averaging, the relative permeability curves of the anisotropic permeability
average are calculated as Eqs 3.
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